Karst Hydrogeology and Geomorphology

Derek Ford, McMaster University, Canada
and
Paul Williams, University of Auckland, New Zealand

NNNNNNNNNNNN

o r
NNNNNNNNNNNN

John Wiley & Sons, Ltd







Karst Hydrogeology and Geomorphology






Karst Hydrogeology and Geomorphology

Derek Ford, McMaster University, Canada
and
Paul Williams, University of Auckland, New Zealand

NNNNNNNNNNNN

o r
NNNNNNNNNNNN

John Wiley & Sons, Ltd




Copyright © 2007 John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester,
West Sussex PO19 8SQ, England

Telephone (4-44) 1243 779777

First Edition published in 1989 by Unwin Hyman Ltd.
Email (for orders and customer service enquiries): cs-books @wiley.co.uk
Visit our Home Page on www.wiley.co.uk or www.wiley.com

All Rights Reserved. No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form or by any
means, electronic, mechanical, photocopying, recording, scanning or otherwise, except under the terms of the Copyright, Designs

and Patents Act 1988 or under the terms of a licence issued by the Copyright Licensing Agency Ltd, 90 Tottenham Court Road, London
WIT 4LP, UK, without the permission in writing of the Publisher. Requests to the Publisher should be addressed to the Permissions
Department, John Wiley & Sons Ltd, The Atrium, Southern Gate, Chichester, West Sussex PO19 8SQ, England, or emailed to
permreq@wiley.co.uk, or faxed to (444) 1243 770620.

Designations used by companies to distinguish their products are often claimed as trademarks. All brand names and product names used
in this book are trade names, service marks, trademarks or registered trademarks of their respective owners. The Publisher is not
associated with any product or vendor mentioned in this book.

This publication is designed to provide accurate and authoritative information in regard to the subject matter covered. It is sold on the
understanding that the Publisher is not engaged in rendering professional services. If professional advice or other expert assistance is
required, the services of a competent professional should be sought.

Other Wiley Editorial Offices

John Wiley & Sons Inc., 111 River Street, Hoboken, NJ 07030, USA

Jossey-Bass, 989 Market Street, San Francisco, CA 94103-1741, USA

Wiley-VCH Verlag GmbH, Boschstr. 12, D-69469 Weinheim, Germany

John Wiley & Sons Australia Ltd, 42 McDougall Street, Milton, Queensland 4064, Australia

John Wiley & Sons (Asia) Pte Ltd, 2 Clementi Loop # 02-01, Jin Xing Distripark, Singapore 129809
John Wiley & Sons Canada Ltd, 6045 Freemont Blvd, Mississauga, Ontario, L5SR 4J3, Cananda

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be available in electronic books.

Library of Congress Cataloging-in-Publication Data

Ford, Derek (Derek C.)
Karst hydrogeology and geomorphology / Derek Ford and Paul
Williams. — [Rev. ed.]
p. cm.
ISBN: 978-0-470-84996-5 (HB : alk. paper)
ISBN: 978-0-470-84997-2 (PB : alk. paper)
1. Karst. 2. Hydrology, Karst. I. Williams, P. W. (Paul W.)
II. Title.
GB600.F66 2007
551.447—-dc22 2006029323

Anniversary Logo Design: Richard J. Pacifico
British Library Cataloguing in Publication Data

A catalogue record for this book is available from the British Library

ISBN 978-0-470-084996-5 (HB)
ISBN 978-0-470-84997-2 (PB)

Typeset in 9/11 pt Times by Thomson Digital, India

Printed and bound in Great Britain by Antony Rowe Ltd, Chippenham, Wiltshire

This book is printed on acid-free paper responsibly manufactured from sustainable forestry
in which at least two trees are planted for each one used for paper production.


www.wiley.com

We dedicate this book to our wives, Margaret Ford and Gwyneth Williams,
who have sustained us throughout our student years
and professional careers.






Preface

Contents

Acknowledgements

1 Introduction to Karst

1.1
1.2
1.3
1.4
1.5
1.6

Definitions

The Relationships of Karst with General Geomorphology and Hydrogeology
The Global Distribution of Karst

The Growth of Ideas

Aims of the Book

Karst Terminology

2 The Karst Rocks

2.1
2.2
23
24
2.5
2.6
2.7
2.8
2.9

Carbonate Rocks and Minerals

Limestone Compositions and Depositional Facies
Limestone Diagenesis and the Formation of Dolomite

The Evaporite Rocks

Quartzites and Siliceous Sandstones

Effects of Lithological Properties upon Karst Development
Interbedded Clastic Rocks

Bedding Planes, Joints, Faults and Fracture Traces

Fold Topography

2.10 Palaeokarst Unconformities

3 Dissolution: Chemical and Kinetic Behaviour of the Karst Rocks

3.1
32
33
34
35
3.6
3.7
38
39

Introduction

Aqueous Solutions and Chemical Equilibria

The Dissolution of Anhydrite, Gypsum and Salt

The Dissolution of Silica

Bicarbonate Equilibria and the Dissolution of Carbonate Rocks in Normal Meteoric Waters
The S—O-H System and the Dissolution of Carbonate Rocks

Chemical Complications in Carbonate Dissolution

Biokarst Processes

Measurements in the Field and Laboratory: Computer Programs

3.10 Dissolution and Precipitation Kinetics of Karst Rocks

4 Distribution and Rate of Karst Denudation

4.1
4.2

Global Variations in the Solutional Denudation of Carbonate Terrains
Measurement and Calculation of Solutional Denudation Rates

xi

xiii

0 0 NN A=

12
18
24
27
28
31
31
35
36

39
39
41
44
45
45
53
57
61
62
65

77
Tl
82



viii  Contents

4.3 Solution Rates in Gypsum, Salt and Other Non-Carbonate Rocks

4.4 Interpretation of Measurements

5 Karst Hydrogeology
5.1 Basic Hydrogeological Concepts, Terms and Definitions
5.2 Controls on the Development of Karst Hydrological Systems
5.3 Energy Supply and Flow-Network Development
5.4 Development of the Water Table and Phreatic Zones
5.5 Development of the Vadose Zone
5.6 Classification and Characteristics of Karst Aquifers
5.7 Applicability of Darcy’s Law to Karst
5.8 Freshwater—Saltwater Interface

6 Analysis of Karst Drainage Systems
6.1 The ‘Grey Box’ Nature of Karst
6.2 Surface Exploration and Survey Techniques
6.3 Investigating Recharge and Percolation in the Vadose Zone
6.4 Borehole Analysis
6.5 Spring Hydrograph Analysis
6.6 Polje Hydrograph Analysis
6.7 Spring Chemograph Interpretation

6.8 Storage Volumes and Flow Routing Under Different States of the Hydrograph

6.9 Interpreting the Organization of a Karst Aquifer
6.10 Water-Tracing Techniques
6.11 Computer Modelling of Karst Aquifers

7 Speleogenesis: The Development of Cave Systems
7.1 Classifying Cave Systems
7.2 Building the Plan Patterns of Unconfined Caves
7.3  Unconfined Cave Development in Length and Depth
7.4 System Modifications Occurring within a Single Phase
7.5 Multiphase Cave Systems

7.6 Meteoric Water Caves Developed Where There is Confined Circulation

or Basal Injection of Water

7.7 Hypogene Caves: Hydrothermal Caves Associated Chiefly with CO,

7.8 Hypogene Caves: Caves Formed by Waters Containing H,S
7.9 Sea-Coast Eogenetic Caves

7.10 Passage Cross-Sections and Smaller Features of Erosional Morphology

7.11 Condensation, Condensation Corrosion and Weathering in Caves
7.12 Breakdown in Caves

8 Cave Interior Deposits
8.1 Introduction
8.2 Clastic Sediments
8.3 Calcite, Aragonite and Other Carbonate Precipitates
8.4  Other Cave Minerals
8.5 Ice in Caves
8.6 Dating of Calcite Speleothems and Other Cave Deposits
8.7 Palacoenvironmental Analysis of Calcite Speleothems

8.8 Mass Flux Through a Cave System: The Example of Friar’s Hole, West Virginia

90
92

103
103
116
124
129
132
134
136
140

145
145
146
153
163
173
181
182
187
189
191
203

209
209
214
222
231
233

236
240
243
246
249
261
265

271
271
271
281
292
294
298
306
320



Contents ix

9 Karst Landform Development in Humid Regions 321
9.1 Coupled Hydrological and Geochemical Systems 321
9.2 Small-Scale Solution Sculpture — Microkarren and Karren 321
9.3 Dolines — The ‘Diagnostic’ Karst Landform? 339
9.4 The Origin and Development of Solution Dolines 342
9.5 The Origin of Collapse and Subsidence Depressions 346
9.6 Polygonal Karst 351
9.7 Morphometric Analysis of Solution Dolines 353
9.8 Landforms Associated with Allogenic Inputs: Contact Karst 358
9.9 Karst Poljes 361
9.10 Corrosional Plains and Shifts in Baselevel 365
9.11 Residual Hills on Karst Plains 370
9.12 Depositional and Constructional Karst Features 377
9.13 Special Features of Evaporite Terrains 381
9.14 Karstic Features of Quartzose and Other Rocks 388
9.15 Sequences of Carbonate Karst Evolution in Humid Terrains 391
9.16 Computer Models of Karst Landscape Evolution 395

10 The Influence of Climate, Climatic Change and Other Environmental Factors

on Karst Development 401
10.1 The Precepts of Climatic Geomorphology 401
10.2 The Hot Arid Extreme 402
10.3 The Cold Extreme: Karst Development in Glaciated Terrains 410
10.4 The Cold Extreme: Karst Development in Permafrozen Terrains 421
10.5 Sea-Level Changes, Tectonic Movement and Implications for Coastal Karst Development 427
10.6 Polycyclic, Polygenetic and Exhumed Karsts 434
11 Karst Water Resources Management 441
11.1 Water Resources and Sustainable Yields 441
11.2 Determination of Available Water Resources 442
11.3 Karst Hydrogeological Mapping 445
11.4 Human Impacts on Karst Water 449
11.5 Groundwater Vulnerability, Protection and Risk Mapping 460
11.6 Dam Building, Leakages, Failures and Impacts 464
12 Human Impacts and Environmental Rehabilitation 471
12.1 The Inherent Vulnerability of Karst Systems 471
12.2 Deforestation, Agricultural Impacts and Rocky Desertification 473
12.3 Sinkholes, Induced by Dewatering, Surcharging, Solution Mining and other Practices on Karst 478
12.4 Problems of Construction on and in the Karst Rocks — Expect the Unexpected! 485
12.5 Industrial Exploitation of Karst Rocks and Minerals 489
12.6 Restoration of Karstlands and Rehabilitation of Limestone Quarries 494
12.7 Sustainable Management of Karst 499
12.8 Scientific, Cultural and Recreational Values of Karstlands 502
References 505

Index 554






Preface

This is a substantial revision of our earlier book Karst
Geomorphology and Hydrology, which was published in
1989. It has been recast, updated and largely rewritten,
taking care to keep what we judge to be the better
features of the earlier version, particularly its systems-
oriented approach and its integration of hydrology and
geomorphology. We have not repeated some historical
material in Chapter 1 and have not cited some early
authorities, because this information is still accessible to
readers in the earlier book.

In Chapter 2 we review pertinent features of the
medium, that is the karst rocks and their geological
structure. In the following two chapters we attempt
comprehensive description of the physics and chemistry
of dissolution processes and global dissolution rates. In
the past two to three decades the study of hydrogeology
and groundwater management has become of major
importance in the academic world and in practical man-
agement. This is recognized in Chapters 5 and 6 with
detailed consideration of the karst hydrogeological sys-
tem, emphasizing here and throughout the later text the
most important fact that, in karst, the meteoric waters are
routed underground by dissolutionally enlarged channels.
Our understanding of the genesis of those channel pat-
terns, i.e. of underground cave systems, has been much
improved in the past two decades by broader international
discussion and powerful computer modelling, which is
considered in Chapter 7. Cave systems may also function
as giant sediment traps, retaining evidence of all natural
environmental processes occurring in the soil and vegeta-
tion above them and in their hydrological catchments.
Increasingly it is recognized that caves are important
natural archives that contain information on continental
and marine climate change and rates of change. These are
now being studied intensively because of their relevance
to global warming concerns, so a broad review of recent
advances in understanding is presented in Chapter 8.
Chapters 9 and 10 then consider the variety of dissolutional

and depositional landforms created by karst processes on
the Earth’s surface, first in humid temperate and tropical
environments and then in the arid and cold extremes. The
book concludes with broad sketches of the practical
applications of karst study and the information presented
in the previous chapters. Karst water resources are
becoming increasingly important globally, and are the
focus of Chapter 11. We consider the delineation and
management of karst water supplies and the problem of
groundwater pollution, which can proceed with horrific
rapidity should there be spillage of the many dangerous
substances being moved around the land by road, rail and
pipeline. In the final chapter we review hazards arising
from the juxtaposition of human activities and karst terrain.
The very existence of karst forms and processes may pose
hazards to construction and other economic activity and,
conversely, human activity poses hazards to fragile karst
ecosystems, aquifers and landform features. The chapter
concludes with a consideration of environmental restora-
tion, sustainable management and conservation.

During the past 25 years, for a variety of reasons, there
has been an explosion of interest in all aspects of karst
research on the part of earth scientists, other environ-
mental scientists, civil engineers, and even in legal prac-
tice. As a consequence, there has been a huge increase in
the number of relevant publications. We find it impossible
to read all that is published each year in the English
language alone, not to mention the large volumes of
important and well-illustrated findings published in other
languages. Nevertheless, in this book we have attempted a
broad international perspective both in the selection of
examples that we present and in the literature that we cite.
By necessity, because there is limitation to the number of
pages we can use if this volume is to be available at a
reasonable price, we have had to work within space
constraints, and so we apologize in advance to colleagues
where we have not cited — or worse, overlooked — one or
more of their favourite publications.
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Introduction to Karst

Karst is the term used to describe a special style of
landscape containing caves and extensive underground
water systems that is developed on especially soluble
rocks such as limestone, marble, and gypsum. Large areas
of the ice-free continental area of the Earth are underlain
by karst developed on carbonate rocks (Figure 1.1) and
roughly 20-25% of the global population depends largely
or entirely on groundwaters obtained from them. These
resources are coming under increasing pressure and have
great need of rehabilitation and sustainable management.
In the chapters that follow, we show the close relation-
ship between karst groundwater systems (hydrogeology)
and karst landforms (geomorphology), both above
and below the surface. And we explain the place of
karst within the general realms of hydrogeology and
geomorphology.

Experience shows that many hydrogeologists mista-
kenly assume that if karst landforms are absent or not
obvious on the surface, then the groundwater system will
not be karstic. This assumption can lead to serious errors
in groundwater management and environmental impact
assessment, because karst groundwater circulation can
develop even though surface karst is not apparent. Diag-
nostic tests are available to clarify the situation. The
prudent default situation in carbonate terrains is to
assume karst exists unless proved otherwise.

We found in our first book (Ford and Williams 1989)
that hydrological and chemical processes associated with
karst are best understood from a systems perspective.
Therefore we will continue to follow this approach here.
Karst can be viewed as an open system composed of two
closely integrated hydrological and geochemical subsys-
tems operating upon the karstic rocks. Karst features
above and below ground are the products of the interplay
of processes in these linked subsystems.

1.1 DEFINITIONS

The word karst can be traced back to pre-Indoeuropean
origins (Gams 1973a, 1991a, 2003; Kranjc 2001a). It
stems from karra/gara meaning stone, and its derivatives
are found in many languages of Europe and the Middle
East. The district referred to as the ‘Classic Karst’, which
is the type site where its natural characteristics first
received intensive scientific investigation, is in the
north-western corner of the Dinaric Karst, about two-
thirds being in Slovenia and one-third in Italy. In Slovenia
the word kar(r)a underwent linguistic evolution via kars
to kras, which in addition to meaning stony, barren
ground also became the regional name for the district
inland of Trieste. In the Roman period the regional name
appeared as Carsus and Carso but, when it became part of
the Austro-Hungarian Empire, it was germanicized as the
Karst. The geographical and geological schools of Vienna
during that time exercised a decisive influence on the
word as an international scientific term. Its technical use
started in the late 18th century and by the mid-19th
century it was well-established. The unusual natural
features of the Kras (or Karst) region became known as
‘karst phenomena’ and so too, by extension, did similar
features found elsewhere in the world.

We may define karst as comprising terrain with dis-
tinctive hydrology and landforms that arise from a
combination of high rock solubility and well developed
secondary (fracture) porosity. Such areas are character-
ized by sinking streams, caves, enclosed depressions,
fluted rock outcrops, and large springs. Considerable
rock solubility alone is insufficient to produce karst.
Rock structure and lithology are also important: dense,
massive, pure and coarsely fractured rocks develop the
best karst. Soluble rocks with extremely high primary

Karst Hydrogeology and Geomorphology, Derek Ford and Paul Williams
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60°8 =
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Figure 1.1 Global distribution of major outcrops of carbonate rocks. Accuracy varies according to detail of mapping. Generalization
occurs in areas with interbedded lithologies and where superficial deposits mask outcrops. (Map assembled using GIS on Eckert IV
equal-area projection from regional maps, many of which were subsequently published in Gunn (2000a)).

porosity (~30-50%) usually have poorly developed
karst. Yet soluble rocks with negligible primary porosity
(<1%) that have later evolved a large secondary porosity
support excellent karst. The key to the expression of
karst is the development of its unusual subsurface hydrol-
ogy, the evolution of which is driven by the hydrological
cycle — the ‘engine’ that powers karst processes. The
distinctive surface and subterranean features that are a
hallmark of karst result from rock dissolution by natural
waters along pathways provided by the geological
structure.

The main features of the karst system are illustrated in
Figure 1.2. The primary division is into erosional and
depositional zones. In the erosional zone there is net
removal of the karst rocks, by dissolution alone and by
dissolution serving as the trigger mechanism for other
processes. Some redeposition of the eroded rock occurs
in the zone, mostly in the form of precipitates, but this is
transient. In the net deposition zone, which is chiefly
offshore or on marginal (inter- and supratidal) flats, new
karst rocks are created. Many of these rocks display
evidence of transient episodes of dissolution within
them. This book is concerned primarily with the net
erosion zone, the deposition zone being the field of
sedimentologists (e.g. see Alsharhan and Kendall 2003).

Within the net erosion zone, dissolution along ground-
water flow paths is the diagnostic characteristic of karst.
Most groundwater in the majority of karst systems is of
meteoric origin, circulating at comparatively shallow
depths and with short residence times underground.
Deep circulating, heated waters or waters originating in
igneous rocks or subsiding sedimentary basins mix with
the meteoric waters in many regions, and dominate the
karstic dissolution system in a small proportion of them.
At the coast, mixing between seawater and fresh water
can be an important agent of accelerated dissolution.

In the erosion zone most dissolution occurs at or near the
bedrock surface where it is manifested as surface karst
landforms. We refer to forms as being small scale where
their characteristic dimensions (such as diameter) are
commonly less than ~10m, intermediate scale in the
range of 10 to 1000 m, and large scale where dimensions
are greater than 1000 m. In a general systems framework
most surface karst forms can be assigned to input,
throughput or output roles. Input landforms predominate.
They discharge water into the underground and their mor-
phology differs distinctly from landforms created by fluvial
or glacial processes because of this function. Some dis-
tinctive valleys and flat-floored depressions termed poljes
convey water across a belt of karst (and sometimes other
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THE COMPREHENSIVE KARST SYSTEM
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Figure 1.2 The comprehensive karst system: a composite diagram illustrating the major phenomena encountered in active karst
terrains. Reproduced from Ford, D.C. and Williams, P.W. (1989) Karst Geomorphology and Hydrology.

rocks) at the surface and so serve in a throughput role.
Varieties of erosional gorges and of precipitated or con-
structional landforms, such as travertine dams, may be
created where karst groundwater is discharged as springs,
i.e. they are output landforms. Residual karstic hills, some-
times of considerable height and abruptness may survive on
the alluvial plains below receding spring lines and beside
rivers.

Some karsts are buried by later consolidated rocks and
are inert, i.e. they are hydrologically decoupled from the
contemporary system. We refer to these as palaeokarsts.
They have often experienced tectonic subsidence and
frequently lie unconformably beneath clastic cover
rocks. Occasionally they are exhumed and reintegrated
into the active system, thus resuming a development that
was interrupted for perhaps tens of millions of years.
Contrasting with these are relict karsts, which survive
within the contemporary system but are removed from
the situation in which they were developed, just as river
terraces — representing floodplains of the past — are now
remote from the river that formed them. Relict karsts
have often been subject to a major change in baselevel. A
high-level corrosion surface with residual hills now
located far above the modern water table is one example;
drowned karst on the coast another. Drained upper level
passages in multilevel cave systems are found in perhaps
the majority of karsts.

Karst rocks such as gypsum, anhydrite and salt are so
soluble that they have comparatively little exposure at the
Earth’s surface in net erosion zones, in spite of their
widespread occurrence (Figure 1.3). Instead, they are
protected by less soluble or insoluble cover strata such
as shales. Despite this protection, circulating waters are
able to attack them and selectively remove them over
large areas, even where they are buried as deeply as
1000 m. The phenomenon is termed interstratal karsti-
fication and may be manifested by collapse or subsidence
structures in the overlying rocks or at the surface. Inter-
stratal karstification occurs in carbonate rocks also, but is
of less significance. Intrastratal karstification refers to
the preferential dissolution of a particular bed or other
unit within a sequence of soluble rocks, e.g. a gypsum
bed in a dolomite formation.

Reference is often made in European literature to
exokarst, endokarst and cryptokarst. Exokarst refers to
the suit of karst features developed at the surface. Endo-
karst concerns those developed underground. It is often
divided into hyperkarst, in which the underground dis-
solution is by circulating meteoric waters, and hypokarst —
dissolution by juvenile or connate waters (Figure 1.2).
Some Russian authors further differentiate hypokarst into
that dissolved in the soluble rocks by waters that are
ascending into them from deeper formations, and that
created entirely within a soluble formation by the process
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Figure 1.3 The global distribution of evaporite rocks (after
Kozary, M.T. et al, Incidence of saline deposits in geologic time,
Special Paper 88 © 1968 Geological Society of America). See
Klimchouk and Andrejchuk (1996) for a global map of areas of
gypsum and anhydrite deposition during the Precambrian and
through the Palaeozoic.

of pressure solution that utilizes its contained water.
Cryptokarst refers to karst forms developed beneath a
blanket of permeable sediments such as soil, till, periglacial
deposits and residual clays. Karst barré denotes an iso-
lated karst that is impounded by impermeable rocks. Stripe
Kkarst is a barré subtype where a narrow band of limestone,
etc., crops out in a dominantly clastic sequence, usually
with a stratal dip that is very steep or vertical. Recently
there has been an emphasis on contact karst, where water
flowing from adjoining insoluble terrains creates excep-
tionally high densities or large sizes of landforms along the
geological contact with the soluble strata (Kranjc 2001b).

Karst-like landforms produced by processes other than
dissolution or corrosion-induced subsidence and collapse

are known as pseudokarst. Caves in glaciers are pseu-
dokarst, because their development in ice involves a
change in phase, not dissolution. Thermokarst is a
related term applied to topographic depressions resulting
from thawing of ground ice. Vulcanokarst comprises
tubular caves within lava flows plus mechanical collapses
of the roof into them. Piping is the mechanical washout
of conduits in gravels, soils, loess, etc., plus associated
collapse. On the other hand, dissolution forms such as
karren (see section 9.2) on outcrops of quartzite, granite
and basalt are karst features, despite their occurrence on
lithologies of that are of low solubility when compared
with typical karst rocks.

The extent to which karst develops on lithologies other
than carbonate and evaporite rocks depends largely on the
efficiency of the processes that are competing with dis-
solution in the particular environment. If the competitors
are very weak, the small-scale (karren) solutional land-
forms such as flutes, pits and pans can develop on mono-
minerallic rocks of lower solubility and even on
polyminerallic rocks such as granite and basalt, although
rates of development appear to be lower. Quartzites and
dense siliceous sandstones can be viewed as transitional,
occupying part of the continuum between karst and normal
fluvial landscapes. In thermal waters their solubility
approaches that of carbonate rocks and regular solutional
caves may form. Given sufficient time, under normal
environmental temperatures and pressures intergranular
dissolution of quartz along fractures and bedding planes
can permit penetration of meteoric waters underground.
When there is also a sufficient hydraulic gradient, this can
give rise to turbulent flow capable of flushing the detached
grains and enlarging conduits by a combination of
mechanical erosion and further dissolution. Thus in some
quartzite terrains vadose caves develop along the flanks of
escarpments or gorges where hydraulic gradients are high.
The same process leads to the unclogging of embryonic
passages along scarps in sandy or argillaceous limestones.
Development of a phreatic zone with significant water
storage and permanent water-filled caves is generally
precluded. The landforms and drainage characteristics of
these siliceous rocks thus can be regarded as a style of
fluvio-karst, i.e., a landscape and subterranean hydrology
that develops as a consequence of the operation of both
dissolution and mechanical erosion by running water.

1.2 THE RELATIONSHIPS OF KARST
WITH GENERAL GEOMORPHOLOGY
AND HYDROGEOLOGY

Geomorphology is concerned with understanding the
form of the ground surface, the processes that mould it,
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and the history of its development. Carbonate and
evaporate lithologies displaying at least some Kkarst
occur over ~20% of the Earth’s ice-free continental area
and occupy a complete range of altitude and latitude. Thus
karsts around the world are exposed to the full suite of
geomorphological processes — aecolian, coastal, fluvial,
glacial, physical and chemical weathering, etc. Hence to
understand karst we must consider the same set of natural
processes that affect all other rocks and landscape styles,
including plate tectonics and climatic change. However,
we must also recognize that dissolution is of paramount
importance in developing karst compared with its rela-
tively minor role in other lithologies. Chemical solution of
karst rocks develops a distinctive suite of features (above
and below ground) that reflect the dominance of dissolu-
tion and dissolution-induced processes, such as collapse,
compared with other processes. Even so, under extreme
climatic conditions other processes, such as frost-shatter-
ing, can totally mask the effects of dissolution. Thus in
high mountains, glacial, periglacial, and mass-movement
processes are the principal landscape-forming agents. No
karst has been reported on Mount Everest (Jolmo
Lungma), for example, even though it consists mainly of
carbonate rocks, although karst circulation may occur in
the more stable regime underground.

Karst groundwater circulation can occur only if sub-
terranean connections are established between uplands
and valley bottoms; otherwise runoff will simply flow
across the surface. Where bedrock is porous, as in many
sandstones, water will infiltrate and circulate under-
ground via interconnected pores, later to discharge at
the surface as springs. In such rocks, the movement of
water is by laminar flow and chemical solution has no
significant effect on storage capacity and transmission of
groundwater. Further, long-term circulation of water has
no effect on the ultimate transmissivity or storage capa-
city of the groundwater system. This is not the case in
karst, despite the fact that karst rocks are affected by
exactly the same set of forces that drive subterranean
groundwater circulation in other lithologies. This is
because dissolution plays a fundamental role in karst.
The very act of groundwater circulation causes progres-
sive solutional enlargement of void space and a com-
mensurate increase in permeability. Thus although initial
groundwater flow in karst is laminar, it becomes progres-
sively more turbulent. The karst groundwater system
evolves over time, distinguishing it from other ground-
water systems. Consequently, the equations that can be
used to describe laminar water flow in typically porous
aquifers become inapplicable to karst as the flow through
large subterranean conduits becomes turbulent and dom-
inates the groundwater throughput.

The progressive evolution of karst groundwater net-
works and the development of turbulent flow conditions
are intimately related to the evolution of karst landforms.
Although karst rocks may have primary intergranular
porosity and secondary fracture porosity, most water
flow through them is transmitted by conduits (tertiary
porosity) developed by solution. These systems receive
most of their inputs from point recharge sites at the surface,
such as enclosed depressions (dolines, etc.) and stream-
sinks, which also evolve over time as a consequence of
dissolution. Thus both surface landscape and subterranean
conduit system evolve together, an unusual circumstance
applicable only to karst. For this reason, if one is to
understand karst hydrogeology it is also necessary to
understand karst geomorphology, and vice versa. This
reality determines the structure and content of this book.

1.3 THE GLOBAL DISTRIBUTION OF KARST

The distribution of the principal karst rocks is shown in
Figures 1.1 and 1.3. In the aggregate their surface and
near-surface outcrops occupy ~20% of the planet’s dry
ice-free land. Regional detail depicted on these maps is of
variable quality depending on the information available.
The mapping is also generalized and approximate; many
very small outcrops are omitted, and possibly some large
ones. Thus many sites shown on Figure 1.1 in Russia, for
example, are areas in which carbonates are common, but
not necessarily continuous in outcrop. Carbonates are
particularly abundant in the Northern Hemisphere. The
old Gondwana continents expose comparatively small
outcrops except around their margins, where there are
some large spreads of Cretaceous or later age carbonates
(post break-up of the supercontinent), such as the Nullarbor
Plain in Australia. Not all carbonates display distinctive
karst landforms and/or significant karst groundwater circu-
lations because some are impure and their insoluble resi-
dues clog developing conduits; thus we estimate carbonate
karst to occur over 10-15% of the continental area.
Figure 1.3 shows the maximum aggregate of gypsum,
anhydrite and salt known to have accumulated over
geological time. Most of it is now buried beneath later
carbonate or clastic (detrital) rocks. Also, many occur-
rences have been partly removed by dissolution or much
reduced in geographical extent by folding and thrusting,
e.g. in the Andes. More than 90% of the anhydrite/
gypsum and more than 99% of the salt displayed here
does not crop out; nevertheless, there is gypsum and/or
salt beneath ~25% of the continental surfaces. Gypsum
and salt karst that is exposed at the surface is much
smaller in extent than the carbonate karst, but interstratal
karst is of the same order of magnitude. Hydrologically
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active karst within these evaporite rocks probably covers
an area comparable to active carbonate karsts.

1.4 THE GROWTH OF IDEAS

The Mediterranean basin is the cradle of karstic studies.
Although ancient Assyrian kings between 1100 Bc and
852 Bc undertook the first recorded (in carvings and
bronzes) explorations of caves in the valley of the Tigris
River, Greek and Roman philosophers made the first
known contributions to our scientific ideas on Kkarst, as
well as contributing to a mythology that, like the River
Styx, lives on in the place names given by cavers and
others. Pfeiffer (1963) identified five epochs in the
development of ideas about karst groundwaters, from
the interval 600—400 Bc until the early 20th century.
Thales (624—-548? BC), Aristotle (385-322 Bc) and Lucre-
tius (9645 Bc) formulated concepts on the nature of
water circulation. Flavius in the first century Ap described
the first known attempt at karst water tracing, in the River
Jordan basin (Milanovi¢ 1981). A Greek traveler and
geographer of the second century Ap, Pausanias, also
reported experiments that were interpreted as proving
the connection between a stream-sink beside Lake Stym-
phalia and Erasinos spring (Burdon and Papakis 1963).
The conceptual understanding of hydrology established
by Greek and Roman scholars remained the basis of the
subject until the 17th century, when Perrault (1608-70),
Mariotte (1620—-84) and Halley (1656—1742) commenced
its transformation into a quantitative science, showing the
relationships between evaporation, infiltration and
streamflow. Also in the 17th century, the understanding
of karst caves was being advanced by scholars such as Xu
Xiake in China (Yuan 1981; Cai et al. 1993) and
Valvasor in Slovenia (Milanovi¢ 1981; Shaw 1992).

By the end of the 18th century, the role of carbonic
acid in the dissolution of limestones was understood
(Hutton 1795). Experimental work on carbonate dissolu-
tion in water followed a few decades later (Rose 1837).
The concept of chemical denudation was advanced in
1854 by Bischof’s calculation of the dissolved calcium
carbonate load of the River Rhine and in 1875 by Good-
child’s estimation of the rate of surface weathering of
limestone in northern England from his observations of
gravestone corrosion (Goodchild, 1890). By 1883, the
first modern style study of solution denudation had been
completed by Spring and Prost in the Meuse river basin in
Belgium.

The mid- to late 19th century was a very significant
period for the advancement of our understanding of
limestone landforms. In Britain, Prestwich (1854) and
Miall (1870) investigated the origin of swallow-holes,

while on the European continent impressive progress was
made in the study of karren by Heim (1877), Chaix
(1895) and Eckert (1895), amongst others. But truly
outstanding among the many excellent contributions of
that time was the work of Jovan Cvijic. His 1893
exposition, Das Karstphdnomen, laid the foundation of
modern ideas in karst geomorphology, ranging over
landforms of every scale from karren to poljes. His
contribution to our understanding of dolines is rightly
considered of ‘benchmark’ significance by Sweeting
(1981): his thorough investigation of them provides the
first instance of morphometry in geomorphology, and his
conclusion that most dolines have a solutional origin has
withstood the test of time.

The role of lithology became a more explicit theme in
some of Cviji¢’s later work, best expressed in his 1925
paper in which he introduced the terms holokarst and
merokarst. Holokarst is pure karst uninfluenced by other
rocks, and is developed on thick limestones extending
well below baselevel. It contains the full range of karst
landforms and is exemplified by the Dinaric area. By
contrast, merokarst (or half karst) is developed on thin
sequences of limestones interbedded with other rocks, as
well as on less pure carbonate formations. The landscape
thus contains both fluvial and karstic elements and may be
thickly covered with insoluble residues. The Mammoth
Cave-Sinkhole Plain karst of Kentucky is a good exam-
ple. Cviji¢ also identified transitional types, such as found
in the French Causses, where there is extensive karstic
development in thick carbonates above underlying
impermeable rocks. Viewed from the perspective of our
greater worldwide knowledge in the 21st century it
appears that most karsts can be assigned to Cviji¢’s
transitional type; hence his tripartite division is not
particularly helpful. It is clear that as the carbonate
sequence becomes thinner and perhaps overlain by and
interbedded with clastic lithologies, so transitional land-
forms on the spectrum between karst and normal fluvial
landscapes become more common. Rogli¢ (1960) called
such landscapes fluvio-karst. These early ideas are dis-
cussed more fully by Sweeting (1972), Rogli¢ (1972) and
Jennings (1985). Much of Cviji¢’s writing is now avail-
able in English translation in Stevanovi¢ and Mijatovi¢
(2005), together with his publications in French, and
reviews by others.

The mid-19th century was also a time of notable
advance in our understanding of groundwater flow.
Although the experiments of Hagen (1839), Poiseuille
(1846) and Darcy (1856) were not specifically related to
karst, they nevertheless provided the theoretical founda-
tion for later quantitative explanation of karst ground-
water movement. And in 1874 the first attempt was made
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to analyze the hydrogeology of a large karst area. This
was an investigation by Beyer, Tietze and Pilar of the
‘lack of water in the karst of the military zone of Croatia’.
Herak and Stringfield (1972) considered their ideas to
be the forerunners of those that emerged more clearly in
the early 20th century. In particular, they foreshadowed
the heated and long-lasting debate that erupted on the
relative importance of isolated conduit flow as opposed to
integrated regional flow.

In 1903 Grund proposed that groundwater in karst
terrain is regionally interconnected and ultimately con-
trolled by sea level (Figure 1.4a). He envisaged a
saturated zone within karst, the upper level of which
coincides with sea level at the coast, but rises beneath the
hills inland (today we call this surface the water table).
Only water above sea level in the saturated zone was
considered to move, and that was termed Karstwasser.
The water body below sea level was assumed stagnant
and was called Grundwasser. It was conceived to con-
tinue downwards until impervious rocks were ultimately
encountered. Grund had a dynamic view of the karst
water zone and imagined that its upper surface would
rise following recharge by precipitation. Should recharge
be particularly great, the saturated zone would in places
rise to the surface and cause the inundation of low-lying
areas. In this way he explained the flooding of poljes.

However, field evidence showing the lack of synchro-
nous inundation in neighbouring poljes of about the same
altitude was used by Grund’s critics to argue against the
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Figure 1.4 (a) Essential features of the karst groundwater
system according to Grund (1903). He envisaged a fully inte-
grated circulation, although with stagnant water below sea level.
(b) The karst water system according to Katzer (1909), who
stressed the operation of essentially independent subterranean
river networks.

mechanism he proposed. Katzer (1909) observed, for
example, that when springs are at different heights, it is
not always the upper one that dries up first. He also noted
that the responses to rainfall of springs with intermittent
flow are unpredictable; some react, others appear not to.
On the phenomenon of polje inundation, he stated that
during their submergence phase water may sometimes
still be seen flowing into adjacent stream-sinks (ponors)
even when the flooding of the polje floor is becoming
deeper; thus a general explanation of polje inundation
through rising Karstwasser cannot hold. Katzer did not
accept the division of Karstwasser and Grundwasser.
Instead he interpreted karst as consisting of shallow and
deep types. In the former, karstification extends down to
underlying impermeable rocks, while in the latter it is
contained entirely within extensive carbonate formations.
Katzer was apparently influenced by results of the
impressive subterranean explorations of the Czech spe-
leologist/geographer, Schmidl (1854), and the French
speleologist, Martel (1894), who exposed considerable
new information on the nature of cave rivers. Deep within
karst Katzer imagined water circulation to occur in
essentially independent river networks (Figure 1.4b)
with different water levels and with separate hydrological
responses to recharge. His work therefore represents an
important integration of the emerging ideas of ground-
water hydrology and speleology.

One may imagine that Cviji¢ was stimulated by this
controversy, as well as by the extra dimension added by
Grund’s (1914) publication on the cycle of erosion in
karst. Thus we see the appearance in 1918 of another of
Cviji¢’s now famous papers that drew together his
maturing ideas on the nature of subterranean hydrology
and its relation to surface karst morphology. He too
rejected the division of underground water into Karst-
wasser and Grundwasser, although he implicitly accepted
the occurrence of groundwater as we now understand it.
He believed in a discontinuous water table, the level of
which was controlled by lithology and structure, and he
put forward the notion of three hydrographic zones in
karst: a dry zone, a transitional zone, and a saturated zone
with permanently circulating water. He maintained that
the characteristics of these zones would change over
time, the upper zones moving successively downwards
and replacing those beneath as the karst develops. The
idea of a dynamically evolving karst groundwater system
was thus born. The very circulation of water enhances
permeability and thereby progressively and continuously
modifies the hydrological system. This characteristic in
now recognized as an essential and unique feature of
karst. Thus over a few decades around the turn of the
previous century Cviji¢ (Figure 1.5) laid the theoretical
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Figure 1.5 Jovan Cviji¢ (1865-1927) was a graduate of Belgrade
University and a post-graduate of Vienna where he was super-
vized by A. Penck. The importance of his insights into karst
geomorphology and hydrology revealed in his 1893 and 1918
publications were so profound, comprehensive and far-reaching
that he is widely regarded as the father of modern karst science.
(Photograph provided by Karst Research Institute, Postojna.)

foundation of many of our current ideas. He synthesized
the critical observations of his contemporaries with his
own keen insights and thereby became the outstanding
figure in the field. Without doubt he must be regarded as
the father of modern karstic research.

1.5 AIMS OF THE BOOK

The main aim of this book is to demystify karst, which is
often perceived to be a separate, difficult or minor (and
hence conveniently dismissed) branch of hydrogeology
and geomorphology, and to show its place and contribu-
tion within the wider fields of hydrology, geomorphol-
ogy, and environmental science. We set about this by
demonstrating that karst is explainable in terms of the

same set of natural laws and processes that apply to other
landscapes and hydrogeological systems, albeit in a mix
in which dissolution has an unusually important role. We
place a major emphasis on understanding processes, and
show how surface and subsurface karst can be linked
within a systems framework. In the course of doing
this we aim to reconcile linkages between ‘normal’
hydrogeology and karst hydrogeology, and show when
karst aquifers can and should not be analysed using
conventional techniques. Nevertheless, our emphasis is
on the science and explanation of karst rather than on the
technical aspects of its resource exploitation and manage-
ment, which are expertly covered in other texts
(e.g. Milanovi¢ 2004; Waltham et al. 2005).

We are well aware from the abundance of modern
publications that we will have missed some excellent
research, especially when they have been published in
languages with which we are not familiar. So we apol-
ogize, especially to readers in the non-English speaking
world, if we have inadvertently overlooked fundamental
work from your country and have failed to discover
important data and diagrams. We still have plenty to
learn about karst and are well aware of the limitations of
our world view.

There has been a vast increase in interest in karst over
the past decade or so and a corresponding explosion in
the number of publications. It is impossible for one to
read all that is relevant in English, let alone the large
volumes of work in other languages. Nevertheless, col-
lected essays on karst from many regions of the world
edited by Yuan and Liu (1998), and regional studies on
karst in China (Yuan et al. 1991, Sweeting 1995), Siberia
(Tsykin 1990), and Slovenia (Gams 2003) permit further
insight into the rich international literature.

1.6 KARST TERMINOLOGY

Karst resources, especially perennial springs, caves for
shelter, and shallow (readily accessible) placer mineral
deposits became important in human affairs long before
the advent of writing. It is no surprise that there are many
different words in many different languages for a given
feature such as a doline. New terms are also being
introduced from time to time by writers unfamiliar with
the older ones. The international karst terminology thus
can be very confusing. Recent dictionaries that attempt to
provide brief definitions of features, processes, etc., and
list the names used for them in some of the major
languages include Kosa (1995/6), Panos (2001) and
Lowe and Waltham (2002). The US Environmental
Protection Agency (EPA) has also published a general
lexicon, in English only (Field 1999).
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The Karst Rocks

2.1 CARBONATE ROCKS AND MINERALS

Carbonate rocks crop out over approximately 10% of the
ice-free continental areas and underly much more. They
can accumulate to thicknesses of several kilometres and
volumes of thousands of cubic kilometres, accounting for
about 20% of all Phanerozoic sedimentary rocks. They
are forming today in tropical and temperate seas and are
known from strata as old as 3.5 Ga. They host roughly
50% of the known petroleum and natural gas reserves,
plus bauxite, silver, lead, zinc and many other economic
deposits, even gold and diamonds. They supply agricul-
tural lime, Portland cement, fine building stones, and are
the principal source of aggregate for highways, etc. in
many regions. As a consequence they are studied from
many different perspectives. There are innumerable
descriptive terms and many different classifications.

Figure 2.1 gives a basic classification. Carbonate rocks
contain > 50% carbonate minerals by weight. There are
two common, pure mineral end-members, limestone
(composed of calcite or aragonite) and dolostone (dolo-
mite). Most authors neglect ‘dolostone’ and describe both
the mineral and the rock as dolomite; we shall follow this
practice.

Carbonate rocks are distinctive because their accumu-
lation is highly dependent upon organic activity and they
are more prone to post-depositional alteration than other
sediments. Ancient carbonate rocks preserved on the
continents are mainly deposits of shallow marine plat-
forms (<30m depth), including wide tracts of ‘knee
deep’ and inter- to supratidal terrain. In areal terms
95% of modern carbonates are accumulating on deeper
oceanic slopes and floors (to maximum depths as great as
4 km, below which (the lysocline) calcite is dissolved as
fast as it settles from above), but sedimentation rates are
highest on the platforms.

Carbonate deposits that are accumulating today consist
of approximately equal proportions of calcite and arago-
nite, plus minor amounts of primary dolomite. Lithified
carbonates as young as mid-Tertiary age have little
aragonite remaining; it has inverted to calcite. In bulk
terms, calcite:dolomite ratios are about 80:1 amongst
Cretaceous strata, 3:1 in rocks of Lower Palaeozoic age
and ~1:3 in the Proterozoic. However, the ratio is about
1:1 in Archaean rocks, negating any simple time trend.

2.1.1 Calcite, aragonite and dolomite mineralogy

Some important characteristics of the principal karst
minerals are given in Table 2.1. In nature there is a
continuous range between pure calcite or aragonite, and
dolomite. These are the abundant and important carbo-
nate minerals. Blends between dolomite and magnesite
do not occur. Dolomite may become enriched in iron to
form ankerite (Ca,FeMg(COs)4 but this is rare. Also rare
are pure magnesite, iron carbonate (siderite), and more
than 150 other pure carbonates that have been recognized
(Railsback 1999).

In carbonate structures the CO3~ anions can be con-
sidered as three overlapping oxygen atoms with a small
carbon atom tightly bound in their centre. In pure calcite,
the anions are in layers that alternate with layers of
calcium cations (Figure 2.2). Each Ca®>" ion has six
CO?~ anions in octahedral co-ordination with it, building
hexagonal crystals. Divalent cations smaller than Ca®"
may substitute randomly in the cation layers; larger
cations such as Sr*™ can be accepted only with difficulty
(Table 2.2). The basic calcite crystal forms are rhombo-
hedrons, scalenohedrons, prisms, pinacoids or dipyramids
(Figures 2.2 and 2.3). These may combine to create
more than 2000 variations, associated with differing
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Figure 2.1 A bulk compositional classification of carbonate rocks. Reproduced with permission from Leighton, M.W. and C.
Pendexter, Carbonate rock types, Mem. 1, 33-61.© 1962 American Association of Petroleum Geologists.

Table 2.1 Properties of the principal karst rock minerals

Chemical Specific
Type Mineral composition gravity ~ Hardness Description
Carbonates Calcite CaCOs 2.71 3 Trigonal subsystem; rhombohedral. Habit: massive,

scalenohedral, rhombohedral. Twinning is rare. > 2000
varieties of crystals reported. Colourless or wide range
of colours. Effervesces vigorously in cold, dilute acids

Aragonite  CaCO; 2.95 3.5-4  Orthorhombic system; dipyramidal. Habit: acicular,
prismatic or tabular. Frequent twinning. Metastable
polymorph of calcite. Colourless, white or yellow.
Effervesces in dilute acids

Dolomite ~ CaMg(COs), 2.85 3.5-4 Hexagonal system; rhombohedral. Habit: rhombohedrons,
massive, sugary (saccharoidal) or powdery. Colourless,
white or brown, usually pink tinted. Effervesces
slightly in dilute acid

Magnesite MgCO; 3.0-3.2 3.5-5 Hexagonal system; rhombohedral. Habit: usually massive.
White, yellowish or grey. Effervesces in warm HCI
Sulphates Anhydrite  CaSOy4 2.9-3.0 3-3.5  Orthorhombic system. Habit: crystals rare, usually

massive; tabular cleavage blocks. White; may be pink,
brown or bluish. Slightly soluble in water

Gypsum CaS0,—2H,0 2.32 2 Monoclinic system. Habit: needles, or fibrous or granular
or massive. Colourless, or white and silky, grey.
Slightly soluble in water

Polyhalite K,Ca,Mg(SOy)4.  2.78 3-3.5 Triclinic system. Habit: granular, fibrous or foliated.
2H,0 White, grey, pink or red. Bitter taste
Halides Halite NaCl 2.16 2.5 Cubic euhedral crystals. Habit: usually massive or coarsely
granular. Colourless or white. Very soluble in water
Sylvite KCl1 1.99 2 Cubic system. Habit: cubic and octahedral crystals or
massive. Colourless or white. Very soluble in water
Carnallite  KClL.MgCl,.6H,0 1.6 1 Orthorhombic system. Habit: massive or granular.
White. Bitter taste
Silica Quartz Si0, 2.65 7 Trigonal. Habit: prismatic crystals with rhombohedral

terminations most common; also massive or granular.

Colourless, white, yellow, pink, brown or black; transparent
Opal SiO, 2-2.25 5.5-6  Crystallites. Habit: random structure ranging from near

amorphous to low cristobalite. Many different colours

due to trace elements; transparent or opaque
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Figure 2.2 Unit cell configurations of calcite, dolomite, gypsum and halite. Unit cell refers to the basic building block, e.g one Ca
plus one CO; in the case of calcite or aragonite. Calcite units can be assembled in five different configurations, pinacoid, prism,
dipyramid, scalenohedron and rhombohedron. The numbers are the Miller indices, which measure the orientation of a crystal face
to the a, b, ¢ orientation axes. Dipyramids, scalenohedrons and rhombohedrons may be found in their pure forms or in combination
with the others. Pinacoids and prisms are open-ended and so must combine with others. Combinations of these basic shapes in varying
proportions create the more than 2000 different calcite crystal habits that are known.

concentrations of trace elements in the solid or foreign
ions in the source solution (e.g. Huizing er al. 2003).
Calcite may also be massive.

In aragonite the Ca and O atoms form unit cells
in cubic co-ordination, building orthorhombic crystal

Table 2.2 Crystal cationic radii (angstroms)

Ba?* 1.34 Fit into orthorhombic structures
K" 1.33
Pb** 1.20
st 1.12
Ca*" 0.99
Na™ 0.97 Fit into rhombohedral structures
Mn** 0.80
Fe*™ 0.74
Zn* " 0.74
Mg*+ 0.66

structures. These will not accept cations smaller than
Ca. The most common substitute atom is Sr and U is also
important. Aragonite is only metastable. In the presence
of water it may dissolve and reprecipitate as calcite,
expelling most Sr and U ions. Aragonite is 8% less in
volume than calcite. Inversion to calcite therefore nor-
mally involves a reduction of porosity. Aragonite crystals
display acicular (needle-like), prismatic or tabular habits;
there is frequent twinning.

In ideal (or stoichiometric) dolomite (Figure 2.2)
equimolar layers of Ca>" and Mg>" ions alternate reg-
ularly between the CO%’ planes. The reality is more
complex. Some Ca atoms substitute into the Mg layers
and trace quantities of Zn, Fe, Mn, Na and Sr atoms may
be present in either Ca or Mg planes. Most dolomites are
slightly Ca-rich so that the formula is properly written:
Ca(11Mg(;_,)(COs),. In addition, because Fe** is inter-
mediate in size it fits readily into either Ca or Mg layers.
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Figure 2.3 Scanning electron microscope images of a rhombohedral calcite crystal forming on a raft of calcite floating in a pool in
Gorman Cave, Texas. Scale bars are in micrometres. (Images courtesy of Penny Taylor and Dr Henry Chafetz, Houston University.)

As a result, dolomite typically contains more iron than
does calcite. This is why it often weathers to a pinkish or
buff colour, Fe*>" being oxidized to Fe**. In the past such
disordered dolomites have been termed ‘protodolomite’
or ‘pseudodolomite’ but these names are now out of
favour. As disorder increases so does solubility.

Dolomite may be massive or powdery or sugary
crystalline (sucrose or saccharoidal) in texture. The
crystals are rhombic and opaque. Staining with alizarin
red is the standard means of distinguishing it from calcite
(Adams et al. 1984).

The proportions of Ca and Mg ions within a given
crystal can vary between the ideal calcite and dolomite
extremes, with a few per cent of Sr and Fe being
substituted in as well. It follows that at the larger scale
there may be variations between adjoining crystals, or
larger patches of rock. This latter scale of variation tells
much about initial depositional conditions in an ancient
rock and so is carefully classified: calcite with zero
weight per cent MgCO; is pure calcite; >0<4% is
‘low-Mg calcite’; >4<25% is ‘high-Mg calcite’,
which, like aragonite, is unstable and thus more likely
to recrystallize during diagenesis. Some representative

bulk compositions for carbonate rocks are given in
Table 2.3.

2.2 LIMESTONE COMPOSITIONS
AND DEPOSITIONAL FACIES

Limestones are the most significant karst rocks. Here we
consider the nature and environmental controls of their
deposition. These determine much of the purity, texture,
bed thickness and other properties of the final rock.
Some calcium carbonate can accumulate in almost
every environment between high mountains and the
deep sea. It forms transient crusts on alpine cliffs, in
arctic soils and even beneath flowing glaciers. It accu-
mulates in warmer, humid to arid, soils and can attain
the status of major rock units in desert and some other
lacustrine basins. At sea it precipitates locally in shallow
arctic waters, in temperate waters, and can accumulate
as ooze at depths as great as —4000m in the tropical
oceans. However, most that survives as consolidated
older rocks was formed in shallow tropical to warm
temperate marine environments, especially platforms
and ramps. Figure 2.4a shows the settings and 2.4b is

Table 2.3 Some representative limestone and dolomite percentage bulk chemical compositions

Material
Oxides 1 2 3 4 5 6 7 8 9
CaO 56.0 55.2 40.6 42.6 37.2 54.5 30.4 29.7 34.0
MgO — 0.2 4.5 7.9 8.6 1.7 21.9 20.3 19.0
Fe, Al oxides — — 2.5 0.5 1.6 — — 0.2 0.2
SiO, — 0.2 14.0 5.2 8.1 0.2 — 1.5 —
CO, 44.0 44.0 35.6 41.6 43.0 41.8 47.7 46.8 46.8

1, ideally pure limestone; 2, Holocene Coral, Bermuda; 3, average of 500 building stones; 4, average of 345 samples from Clarke 1924; 5, Hostler
Limestone (Ordovician), Pennsylvania; 6, Guilin limestones (Devonian); 7, ideally pure dolomite; 8, Niagaran dolomite, Silurian; 9, Triassic

dolomite, probably hydrothermal, Budapest.
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Figure 2.4 (a) Different types of carbonate platforms. Reproduced with permission from Tucker, M.E. and Wright, V.P, Carbonate
Sedimentology, Blackwell Science, Oxford © 1990 Blackwell Science. (b) A composite facies model to illustrate deposition of
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hundreds of metres to more than 100 km. Modified with permission from Wilson, J.L. (1974) Characteristics of carbonate platforms
margins, Bulletin, 58, 810-24.© 1974 American Association of Petrologists.
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an idealized, composite model that extends from supra-
tidal salt marshes through lagoons, reefs and shelves out
to the deep sea. Note that sulphate and halide rocks can
also be formed in these model environments. It is
claimed that the number of distinct limestone facies is
greater than facies of all other sedimentary rocks com-
bined: this gives rise to innumerable subtle variations in
the hydrogeological and geomorphological properties of
the rock.

Most of the original limestone material is aragonite or
calcite precipitated by marine animals for shell and
skeleton building, expelled as faeces or precipitated in
the tissues of algal plants. Some aragonite is formed at
the sea surface by homogeneous precipitation (whitings;
see section 3.8) or on picoplankton nucleii. Rate of
production by these various means can aggregate 500—
1000 gm?yr~" or more on platforms. Later, vadose
encrustations and beach rock may be formed if the
limestone is raised above sea level. Cementation and
recrystallization during diagenesis add inorganic calcite
spar that is relatively coarse. These principal components
of limestones are summarized in Table 2.4; see Tucker
and Wright (1990) and Carozzi et al. (1996) for compre-
hensive details.

Carbonate mud (or micrite) is the most important bulk
constituent. It can compose entire beds or formations, or
serve as matrix or infilling. Much originates as aragonite
needles from algae, some is precipitated directly, the rest

Table 2.4 The principal components of limestone

is the finest fragmentary matter produced by abrasion,
faunal burrowing, excretion, microbial reduction, etc.

Carbonate sand is formed mainly of faecal pellets,
ooliths and fragments of skeletons and shells. It may
accumulate in higher energy environments (beaches,
bars, deltas) and build to sand ripples or dunes. More
frequently it is dispersed within carbonate mud. Intra-
clasts and lithoclasts are larger erosional fragments. The
former are produced when storm waves break up the local
sea bed; the latter have been transported greater distances
by longshore, delta or turbidity currents and may include
large particles such as pebbles, cobbles and boulders, or
may consist of cliff or reef talus.

Reefs make only a small volumetric contribution to the
world’s limestones but they can be spectacular. They
range from those having a complete framework tens to
many hundreds of metres in height built of successive
generations of coral or algae (framestone) to carbonate
sand, silt or mud piles containing scattered, but unlinked,
corals, fragments and algal or microbial mats. Modern
coral grows chiefly between 30°N and 25°S in the photic
zone (upper layer of the sea where photosynthesis
occurs). It grows to the sea surface and may be exposed
at low tide, e.g. on coral atolls. Growth rates are com-
monly 1-7mmyr~" (or 1-3kgm™2). Algal mats (stro-
matolites) have a greater environmental range and can
flourish in the supratidal zone. Reefs may grow continu-
ously along marine platform edges. On platforms and in

Textural type

Description

Origin

Micrite 0.5-5 pm diameter lime mud and silt particles. The largest
component by volume in a majority of limestones

Peloids Faecal pellets, micro-ooliths, 30—100 um diameter. By volume,
the most important larger particles

Ooliths Sand-sized spherical accretions

Lumps or grapestones
Oncolites

Clumped peloids, ooliths
Algal accretionary grains up to 8 cm diameter

Skeletal Corals, vertebrates, shell fauna, etc. Algal stems and other flora
in situ or transported. Fragments of all genera

Intraclasts Eroded fragments of partly lithified local carbonate sediment,
e.g. beach rock

Lithoclasts Consolidated limestone and other fragments; often allogenic

Frameworks Constructed reefs, etc., mounds, bioherms, biostromes

Vadose silt Carbonate weathering silt

Pisoliths Large ooliths or concretions, e.g. nodular caliche, cave pearls

Stalactites Dripstones and layered accretions, caliche crusts

Sparite Medium to large calcite crystals as cementing infill; drusy,
blocky, fibrous, or rim cements. > 20 um diameter

Microspar 5-20 um grains replacing micrite

Clay- and silt-sized original marine
grains
Ooze

Sand-sized or larger original marine
grains, skeletons and growths

Formed during vadose exposure

Diagenetic cements
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lagoons they may occur as fringes, as scattered, isolated
mounds termed patch reefs when small, mounds, bio-
herms or pinnacle reefs when large (Riding 2003).
Biostromes are horizontal, tabular spreads of coral or
algae. A few coral species grow as isolated individuals in
deep water.

When first laid down or built up these carbonate
sediments contain large amounts of organic matter. This
rapidly decomposes and is removed during lithification.
Modern consolidated limestones contain ~1% of organic
matter and ancient limestones average only 0.2%.

Most initial limestone deposits will contain some
insoluble mineral impurities derived from near or distant
eroding terrains. Type and proportion clearly will vary
with differing environments. At the least there is volcanic
ash and other dust settling into deep-sea oozes where it
may supply only 0.1% by volume. At the other extreme,
river clay, sand and gravel deposited in deltas and
estuaries can exceed the local carbonate production rate
and so create the calcareous shales, sandstones, etc. of
Figure 2.1.

2.2.1 Petrological classification of limestone

Sedimentological classifications of limestone have been
based upon grain size, composition and perceived facies.
A scheme by Grabau (1913) with dominant grain size is
still widely used, especially in Europe, and guides later
schemes. It recognizes calcilutites (carbonate mud-
stones), calcarenites (sandstones) and calcirudites (con-
glomerates). Later, others added calcisiltites. Dunham
(1962) refined this principle. He first divided carbonates
into those preserving recognizable depositional texture
and those where it has been destroyed. The latter are
simply crystalline limestone or crystalline dolomitic
limestone, etc. The former are subdivided into the
organically bound and the loose sediment classes. An
amplification of this scheme (Figure 2.5a) is now widely
used. It recognizes nine original texture types, plus
crystalline limestone. Some authors also designate the
dominant particle kinds, e.g. pellet wackestone, intra-
clast rudstone, etc.

The other popular modern classification is that of Folk
(1962), partly shown in Figure 2.5b. The two end-members
are biolithites (framed and bound coral and algal
rocks) and micrite or dismicrite (pure carbonate mud or
mud disturbed by burrows). In between, other types are
defined by combining different proportions of mud and
later spar cement with differing kinds of original grains
(allochems) having differing degrees of sorting as func-
tions of the wave or current energies locally available.
Where bottom currents are weak, occasional allochems are

dispersed amongst the mud matrix, which supports them.
These are biomicrites, oomicrites, etc. Where currents
are stronger the mud is partly or entirely winnowed from
the skeletal fragments; piled pellets or intraclasts, etc.
produce grain-supported layers where the voids may be
filled with clear calcite spar during diagenesis. These are
biosparites, pelsparites and intrasparites; packstone,
grainstone and rudstone are approximately equivalent
in the Dunham classification but do not indicate the kind
of grains that are most important in a rock. For excellent
descriptions of carbonate fabrics in thin section, illustrated
by numerous colour photomicrographs, see Adams et al.
(1984), Adams and Mackenzie (1998) and Society of
Economic Paleontologists and Mineralogists (SEPM)
Photo CD-Series 1, 2, 7, 8 (Scholle and James 1995,
1996). Figure 2.6 shows a small sample of the range of
fabrics.

2.2.2 Sequence stratigraphy

As carbonate debris accumulates, platforms and ramps
will subside, at rates generally estimated to be between
0.05 and 2.5m per million years on continental passive
margins. If local accumulation rates are greater, the water
and depositional facies become progessively shallower
upwards in any given vertical section, and vice versa. At
the global scale, longer term tectonic deformation of the
ocean basins and shorter term withdrawal of seawater
during ice ages ensure that sea levels must usually be
rising or falling across sections such as shown in
Figure 2.4b. Flooding produces onlap of deeper water
facies, whereas withdrawal produces offlap with shal-
lower facies. This is the basis of sequence stratigraphy,
a modern concept widely used to interpret seismic
records and reconstruct palacoenvironments: Moore
(2001) gives a comprehensive review.

As a consequence, many limestones and dolomites
display strong cyclic features. Figure 2.7 portrays three
sequences that are commonly found. The lithology,
hydrogeological and karstic properties may vary signifi-
cantly across each cyclic accumulation. Before burial in
the next cycle, the two ending in supratidal exposure may
well develop erosional surfaces with solutional features,
or calcrete hardening and a thin clay palaeosol. After
burial, such surfaces often become prominent bedding
planes or slightly disconformable contacts offering pre-
ferential flow routes for all future marine and meteoric
groundwater circulation; they are also favoured sites for
erosional stripping, e.g. by glacier action. Hardground
develops on the seafloor when sedimentation temporarily
slows or ceases, permitting some dissolution and
reprecipitation of calcite to pit and harden the top few
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Figure 2.5 (a) The R. J. Dunham (1962) classification of carbonate rocks, as modified by Embry and Klovan. Reproduced with
permission from Embry, A.F. and Klovan, J.E., A Late Devonian reef tract in northeastern Banks Island, Northwest Territories.
Canadian Petroleum Geologists Bulletin, 19, 730-81, 1971. (b) Carbonate textural spectrum. Reproduced with permission from Folk,
R.L., Spectral subdivision of limestone types. Memoirs, American Association of Petroleum Geologists, 1, 62—84, 1962.

centimetres; this too may offer preferential flow routes
for later karstification and stripping.

2.2.3 Terrestrial carbonates

As noted, some carbonate can be precipitated in almost
every terrestrial environment. The most widespread types
are tufa and travertine. There is confusion in terminology
here, with some authors using ‘tufa’ for all surficial
deposits and restricting ‘travertine’ to cave deposits. In

this book we use tufa for grainy deposits accreting to
algal filaments, plant stems and roots at springs, along
river banks, lake edges, in cave entrances, etc. Tufa is
usually a sort of framestone. It is typically dull and earthy
in texture, and is highly porous once the vegetal frame
rots out. In contrast, travertine is crystalline, dense
calcite that is often well layered, quite lustrous and
lacks framing plant content. That formed underground
or at hot springs is largely or entirely inorganic. Other
surficial travertines may be bacterially precipitated
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Figure 2.6 Thin sections of characteristic limestones and a dolomite. (Top left) Mudstone (Dunham 1962) or micrite (Folk 1962)
coarsening upwards to microbioclastic wackestone (Dunham) or biomicrite (Folk). Ordovician, Quebec. Width (of photograph) 1 cm.
(Top right) Fossiliferous packstone (Dunham) or fossiliferous micrite (Folk) composed of foraminifers (large fossils), pelmatozoans
and bryozoans. Lower Cretaceous, United Arab Emirates. Width 1.5 cm. (Middle left) Oolitic grainstone (Dunham) or oosparite
(Folk). Jurassic, Louisiana. Width 0.8 cm. (Middle right) Bryozoan floatstone (Embry and Klovan 1971); irregular cavities are borings
filled with a second generation of geopetal mud and calcite spar. Middle Ordovician, Quebec. Width 1.5cm. (Lower Left) Coral
boundstone (Dunham), framestone (Embry and Klovan) or biolithite (Folk). Note that the large fossils are in stylolitic (pressure
solution) contact. Width ~2cm. (Lower Right) Dolomite composed of euhedral zoned crystals almost completely replacing
limestone. Miocene, South Australia. Width 5.2 mm. (From photographs and descriptions kindly supplied by Professor N.P. James,
Queen’s University, Canada.)
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Figure 2.7 Conceptual models of common shoaling upwards sequences. Reproduced from Moore, C.H. 2001. Carbonate reservoirs:
porosity, evolution and diagenesis in a sequence stratigraphic framework, Developments in Sedimentology 55. Amsterdam, p 444,

© 2001 Elsevier.

(Chafetz and Folk 1984) and are usually mixed with
tufas. These deposits may accumulate to tens or hundreds
of metres in thickness and cover many square kilometres
in area. See the Association Francaise de Karstologie
(1981), Pentecost (1995), Ford and Pedley (1996) for
comprehensive reviews, and Chapters 8 and 9 for further
details.

Calcium carbonate is deposited in some freshwater
lakes and in hypersaline water bodies such as the Dead
Sea. Freshwater deposits include laminated micrites with
a high silicate mud content, termed marls. They are
common in temperate regions but rarely accumulate to
great thicknesses. At Great Salt Lake, Lake Chad and
many smaller salt lakes, carbonate sands form locally
around the shores and out to approximately 3 m depth,
where they are replaced by sulphates and halides. Algal
mats are well developed on the carbonates. In the Dead
Sea both gypsum and aragonite are precipitated at the
water surface. The gypsum is immediately replaced by
calcite which settles with the aragonite to accumulate as
micrite.

2.3 LIMESTONE DIAGENESIS
AND THE FORMATION OF DOLOMITE

Limestone deposits begin as unconsolidated muddy sedi-
ments with a porosity of 40-80%, that are ‘bathed in their

embryonic fluids’ (James and Choquette 1984). Diagen-
esis describes their alteration to consolidated rocks with a
porosity rarely more than 15% and usually less than 5%.
The principal processes are compaction, dissolution,
microbial micritization, calcite cementation, crystal
replacement (neomorphism) and dolomitization. The
diagenetic environment may remain the shallow to deep
submarine site of deposition, or it may become vadose or
phreatic with meteoric water as a consequence of offlap,
uplift, etc. It can be deep subsurface because of burial by
later sediments, or tectonic or hydrothermal or thermal
metamorphic (Figure 2.8). In many examples several of
these environments succeed one another. All introduce
somewhat different rock fabrics or other features, so that
there is a great deal of variation in consolidated limestone
(Figure 2.9). Early alteration in shallow environments is
eogenesis; mesogenesis occurs if there is deep burial,
tectonic deformation, etc; telogenesis may then follow as
cover strata are eroded away and the deeply buried
carbonate becomes exposed to a new cycle of meteoric,
karstic groundwater circulation, perhaps the first it has
experienced. Scholle ez al. (1983) and Purser ez al. (1994)
give comprehensive reviews.

Submarine diagenesis is slow and imperfect. There is
compaction if shallow overburden is added, and some
aragonite and calcite spar is precipitated into voids as
seawater is expelled. Chalk is an extreme example of a
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C.H. 2001. Carbonate reservoirs: porosity, evolution and diagenesis in a sequence stratigraphic framework, Developments in

Sedimentology 55. Amsterdam, p 444, © 2001 Elsevier.

limestone from this environment, having undergone
minimal diagenesis because it escaped exposure to the
more acidic meteoric waters and was never deeply
buried. The chalks of northwest Europe retain a porosity
often >40% and a density of only 1.5-2.0. Cementation
may be weak. Freshwater marls are similar when drained.

Diagenesis in the subaerial and meteoric groundwater
environment can be rapid (typically ten times faster than
marine) and extensive. More than half of all ancient lime-
stones experienced one or more such episodes. When sea
level falls meteoric water invades the marine sediment and
depresses the saltwater interface in the proportion, 40:1 (see
section 5.8). The limestone deposit, which was stable in a
seawater chemical environment, is now exposed to circulat-
ing fresh waters and all degrees of mixture, fresh:salt, as the
salt solution is progressively expelled. There is now much
dissolution, including the removal of most aragonite. It is
replaced by calcite spar cements (Table 2.4). Slow dissolu-
tion and reprecipitation (crystal cell by cell) is fabric
selective, preserving aragonite skeletal fossils, etc. as calcite

‘ghosts’; this is replacement. Rapid dissolution obliterates
the fossil and substitutes a new, coarser crystalline spar. In
the vadose zone new lenticular voids may be created at
bedding planes and filled with vadose silt; they appear
rather like stromatolite biolithites and are termed stroma-
tactic. If there is strong evaporation (e.g. a semi-arid coast)
pisolites, travertine nodules and crusts (caliche or calcrete)
replace the uppermost limestone: Alsharhan and Kendall
(2003) provide a comprehensive review of them, and see
Chapter 9. San Salvador Island, Bahamas, is a spectacular
example of rapid eogenesis: carbonate sand dunes blown up
during the last interglacial stage (only 120 000—130 000 year
ago) are now firmly cemented aeolianites that host sub-
stantial karst features and caves (Mylroie and Carew 2000).

2.3.1 The formation of dolomite

Dolomite is almost as abundant as limestone. Its forma-
tion has been and remains a subject of intense study (see
review by Warren 2000). The solute Mg?™ ion is strongly
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Figure 2.9 Some representative limestones and dolomites in outcrop. (Top) Thick bedded platformal micritic limestone with regular
tension joint systems. (Bottom left) Stylobedded platy limestones dissected by kluftkarren that follow tension joints. (Bottom centre)
Cyclic alternation of thick and thin beds typical of shallow platform sequences. Rocks in this photograph are fully dolomitized, as
suggested by the high frequency of vugs. (Bottom right) A dolomite solution breccia created by the preferential dissolution of gypsum
in a sabkha sequence of dolomite and gypsum beds. It is now a firmly recemented, resistant rock.
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Figure 2.10 Dolomitization models, illustrating the depth to which the process may operate in different circumstances. p = density

of salt waters.

hydrated, its electrostatic bond with H,O molecules being
20% stronger than that of Ca**. This bond is an energy
barrier that must be broken for the ion to adsorb into a
crystal lattice. Where there is a high Mg:Ca ratio and
abundant (CO3), in the solution this can occur. Standard
seawater approaches these conditions because high-Mg
calcite can be precipitated, but it does not attain them.
That can occur in surficial waters subject to evaporation
and some loss of Ca>" ions to calcite or gypsum forma-
tion, permitting primary dolomite to be precipitated (e.g.
in saline lakes — Last 1990). However, it is accepted that
most dolomite forms by replacing earlier calcite and
aragonite, i.e. it is a secondary precipitate.

The principal modern models for secondary dolomiti-
zation are shown in Figure 2.10. In reflux models, sea-
water is first concentrated to hypersaline levels (and
greater density) by evaporation in lagoons and then fluxes
through lagoonal, reefal or supratidal lime sediments,
exchanging ions with them. The dolomite is eogenetic,
formed very early in diagenesis. These models explain

the frequent association of dolomite with gypsum beds in
sabkha facies.

Mixing models portray mixing of fresh and salt waters
to produce conditions where calcite is soluble but dolo-
mite is not and where Mg:Ca ratio requirements are met.
Hanshaw and Back (1979) hypothesized that regional-
scale dolomitization is occurring today in the mixing
zone that underlies much of Florida.

It is disputed whether burial and compaction can
achieve regional dolomitization in mesogenetic settings
via the expulsion of basinal fluids. It may explain the
preferential dolomitization of individual, more perme-
able, beds. Geothermal heat may play an important role,
establishing upward fluxes of Mg-rich connate waters in
young but deep carbonate banks such as the Bahamas (i.e.
eogenetic settings; Wilson et al. 2001). Morrow (1998)
proposed that it can also establish cellular convection
systems in carbonates that are deeply buried by imperme-
able clastics (i.e. in mesogenetic settings), concentrating
and recycling connate fluids over distances of tens to
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hundreds of kilometres. Some dolomite is undoubtedly of
hydrothermal origin because it is seen to be localized
along fractures or around solutional pipes which hot
waters have ascended: a Ca:Mg molar ratio as high as
10:1 will yield dolomite at 300°C. In many instances it is
apparent that a rock has been subject to two or more
sequential episodes of dolomitization (e.g. see Ghazban
et al. 1992b).

It is important to understand that as a consequence of
these various modes of dolomitic replacement, the scale,
extent and patterns of dolomitization within limestone
masses can be highly variable. Because consolidated
dolomite is normally less soluble than limestone, the
effects upon local and regional groundwater circulation
and karst morphogenesis can be profound.

2.3.2 Dolomite composition

Dolomicrite has grains <10um in diameter and is
believed to be early replacement of aragonite. Much
more abundant is medium crystalline or sucrosic dolo-
mite, 10-20 to 100 pm in diameter. This is the standard
dolomite. White, sparry crystalline-to-megacrystalline
(centimetres in diameter) dolomite is often found in
association with lead—zinc deposits and other situations
where several episodes of dolomitization are possible.

Where dolomitization is complete but proceeded
slowly ghosts of fossils and other allochems or frame-
work may be well preserved. Older English-language
classifications (pre-1960) define ‘primary dolomite’ as
that preserving some original depositional texture. In
‘secondary dolomite’ this is entirely destroyed (e.g.
Figure 2.9). The other category recognized was ‘hydro-
thermal dolomite’, broadly equivalent to the modern
‘white sparry dolomite’ which, however, is not always
hydrothermal in origin.

As dolomitization of limestone proceeds through the
range 5-75% there is, in general, progressive reduction in
porosity due to infilling. Thereafter, porosity increases
again because the dolomite rhombs are smaller than the
calcite crystals they have now largely or entirely
replaced. There is an increase in large vug porosity.
The high initial and early diagenetic porosity of reef
rocks (attributable to their framework) makes them pre-
ferred sites of dolomitization — which again enhances
their porosity. This is why buried reefs are prime targets
in petroleum exploration.

2.3.3 Dedolomitization

Dolomitization can be thrown into reverse during diag-
enesis if calcium ion in solution should be greatly

enriched. The solution may then be supersaturated with
CaCO; but undersaturated with respect to MgCO;. The
dolomite dissolves and crystalline calcite (pseudo-
morphic or new) precipitates in its place. The process
creates beds or patches of etched, crumbly rock. It
requires maintenance of a particular and rather delicate
hydrochemical balance (see Ayora et al. 1998; and the
discussion of incongruent dissolution in section 3.5). As
a consequence, dedolomite is rare; it is most often found
in association with large vugs in small reefs.

2.3.4 Breccias

Solution breccias are common and widespread through-
out the geological record. The brecciation may occur
entirely within limestone or dolomite or where evaporite
rocks are removed in evaporite—carbonate sequences.
It occurs during eogenesis when evaporites are dissolved
in supratidal carbonate sequences or where caves in
case-hardened carbonate sand dunes collapse. It is com-
mon during deep burial, caused by the expulsion of
connate waters or by invading thermal waters, and may
extend to depths of 5km or more. It is also common in
telogenetic settings, where modern meteoric waters are
known to be brecciating carbonate rocks at depths as
great as 2 km.

Three principal fabrics are recognized (Stanton 1966).

1. Crackle breccia, where beds sag apart and crack
upon dissolutional removal of support but there is
little displacement.

2. Pack breccia, where large fragments (clasts) support
each other in a pile. The clasts have usually dropped
and vary from partly rotated to completely disorga-
nized (chaotic brecciation) in orientation. Globally,
clast sizes range from small pebbles to ‘cyclopean
breccias’ with individual blocks of ~10*>m?, but are
normally more limited within any given breccia.

3. float breccia, where the larger fragments are sepa-
rated from each other and ‘float’ in a matrix of fines.

A genetic association of these fabrics is often found,
consisting of crackle breccias at the top and around the
perimeter of a body, pack breccia within it where beds are
thicker, and float breccias at the base or where beds are
thin. In some Mississippi Valley Type (MVT) lead—zinc
deposits, these may be underlain by a basal trash zone of
insoluble residua (Sangster 1988; Dzulynski and Sass-
Gutkiewicz 1989; and Figure 7.29a). Older breccias of all
types normally display partial or complete cementation,
usually with calcite or dolomite spar: in Mallorca there is
an outcrop of firmly cemented chaotic breccia that is as
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much as 50 km in width. Solution breccias are discussed
further in Chapters 7 and 9.

Mechanical breccias are also found in carbonate rocks,
where they accumulated as submarine foreslope, reef-foot
talus or landslide deposits, or as subaerial screes. There is
usually interstitial cement. Some chaotic breccias in the
Yucatan Peninsula of Mexico and neighbouring Belize
may be ejecta from the celebrated Chicxulub impact
crater.

2.3.5 Stylolites

Stylolites are pressure solution seams. They are a strik-
ing feature of many well-bedded limestones and dolo-
mites. They can develop in all diagenetic environments
but are most common where there is burial deeper than
500 m, with the associated high overburden pressures.
Most are bedding-parallel and can give rise to pseudo-
bedding, but transverse seams are also quite common.
The carbonate dissolves at highest pressure points.
These may be at the bottom and top, respectively, of
adjoining crystals, fossils, or larger masses. The results
are highly irregular, serrated dissolution seams with
relief ranging from a few millimetres in homogeneous
mudstones to many centimetres or more in heteroge-
neous rocks such as grainstones and framestones
(Andrews and Railsback 1997). They stand out in
exposures because they are darkened by residual inso-
luble minerals and organic matter concentrated along
them (Figure 2.6; and see Moore 2001, p. 301). As much
as 40% of the compacted mass of some carbonates may
have been destroyed at the stylolite seams. The dis-
solved and expelled material may then be reprecipitated
as cement elsewhere.

The insoluble residues reduce effective permeability at
many stylolites but others may break open upon pressure
release to offer preferred flow paths, increasing the
effective fissure frequency. They account for much
karren-scale roughness on many limestone and dolomite
surfaces (Figure 2.8). In clayey limestones they contri-
bute to nodular weathering habits. The residues are
recessive in surface exposures but may protrude as thin
ledges in solution cave passages.

2.3.6 Chert

Some silica will accumulate in many lime sediments,
from transported quartz or from siliceous sponges, radi-
olaria and diatoms. If very alkaline conditions arise
during diagenesis this is dissolved. It is reprecipitated
as accretionary nodules or lenses of chert (flint). These
usually accumulate along bedding planes where they may

coalesce to form continuous sheets. Nodules as great as
1 m in diameter are known. Sheets are rarely thicker than
~10cm and are normally perforated or fractured so that
fluid flow across them is rarely prohibited entirely.
However, it may be locally obstructed, perching or
impounding the water. It also forms resistant caps in
subaerial karst. Chert tends to be more abundant in the
older limestones and dolomites.

2.3.7 Marble and other metacarbonates

Marble is produced when limestones or dolomites are
metamorphosed by pressure and heat: pressure regimes
are mostly in the range 1-10kbar and temperatures are
generally between 200 and 1000°C. The lowest grades of
metamorphism are associated with deep but not hot
diagenesis (< 350°C), where the smaller grains plus
outer surfaces of larger ones become annealed. They
recrystallize as spar upon cooling. Fossil form, lithologi-
cal texture, etc. are quite well preserved. In the next grade
(greenschist facies, ~350-500°C), partial melt or repla-
cement (metasomatism) of crystals is nearly complete
and the new grains may be reoriented (foliated) to accord
to the ambient pressure field, destroying most fossils and
sealing bedding planes. This produces hard, dense, sac-
charoidal crystalline rock of rather even grain size, i.e.
ideal sculptors’ marble. Grains are irregular in form with
sinuous or zigzag surfaces. At >400°C dolomite may be
converted to periclase marble when part of the CO, is
driven off, leaving CaCO; with periclase (MgO)
embedded in it as insoluble octahedra. In carbonates
with abundant silica (e.g. chert) and other impurities,
reactions produce wollastonite (CaSiO;, seen as big,
lustrous white and insoluble crystals in many marbles),
chlorites (Mg, Fe,Al)s(OH)4(S1,Al)4,0109), garnets
such as grossular (CazAl,Si30,,), and tale (Mge(SigO20)
(OHy)). Marble has very low porosity and often there is
negligible permeability so that it is difficult for karst
waters to penetrate. But where this is possible it tends to
give the sharpest, cleanest dissolutional morphology, as
in the very spectacular Ultima Esperanza karsts of Pata-
gonia (see section 9.2; and Maire 1999).

The highest metamorphic grades, amphibolite (~500-
700°C) and granulite (>700°C) facies, are usually
associated with invasion of magmatic fluids from adjoin-
ing igneous intrusions, which leach the carbonates and
reconstitute them as schistose or gneissic mixtures
(skarn) of lower solubility that are unsuitable for karst.
There are always exceptions, however. In the Rudohorie
Mountains of Slovakia, Mg-rich solutions from regional
metamorphism produced lenticular bodies of magnesite
(MgCOs3) within dolomites; individual masses are up to
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hundreds of metres in size and contain small caves (Zenis
and Gaal 1986). Similar features are found in granulitic
metacarbonates within a few metres of granite stocks on
the west shore of Lake Baikal, and in western Tasmania.
In the Carlin Trend of Nevada the leachates are reprecipi-
tated as gold-bearing calcite veins, dikes and solution
breccia fillings. It is rare for high-grade metamorphism to
extend more than ~500 m or so from an igneous intrusion.

2.3.8 Carbonatites

Carbonatites are peralkaline igneous rocks composed of
60% to >90% carbonate minerals, principally calcite.
They are normally intrusive, associated with pyroxenites
and amphibolites, but eruptive tuffs and lapilli are known.
They are rare (< 1% of igneous rocks in outcrop) but
more than 350 examples are now described, ranging from
~1.0 to 20km? in area (Bell 1989). They tend to be
enriched in rare earths and base metals, suggesting that
their sources are partial melts from the upper mantle.

Karst features develop well on high-calcite carbona-
tites. Sandvik and Erdosh (1977) describe a carbonatite
intrusion containing up to 17% apatite (Cas(F,C1,0H);3
PO,), where the phosphate has been concentrated as a
weathering residuum in large sinkholes in the calcitic
rock.

2.3.9 Conglomerates

Conglomerates are debris mounds or fans of pebble-,
cobble- and/or boulder-sized clasts that have been
rounded or partly rounded during transport by flowing
water, waves or glaciers. The interstices may be filled
with clay or other fines, and they may be cemented by
calcite or silica. Conglomerates composed of limestone
or dolomite clasts are common features in carbonate
regions, where they usually originated as submarine
delta dumps from steep mountains fronts, or detrital
fans into lowland basins that later became submerged.
Where the clasts are largely or entirely carbonate and the
cement is calcite, they may function like other pure
carbonate rocks. An example is the Dolomitic Conglom-
erate of the Mendip Hills, England: the clasts (up to
boulder size) are from platform limestones of Lower
Carboniferous age that were eroded from steep desert
scarps during Permian times and swept down canyons to
accumulate as fanglomerates that then became sub-
merged. In tourist caves such as Wookey Hole solutional
forms in the passage walls can be seen to pass smoothly
from the undisturbed Carboniferous Limestone to the
Permian conglomerate. In the Italian Fore-Alps the Mon-
tello Fan is a spectacular limestone conglomerate nearly

2000 m thick that was formed during the Miocene ‘Mes-
sinian Crisis’ when the Mediterranean Sea dried up (see
below). Although its pebbles are small, it has quite a high
clay content in the matrix and cementation is not as firm
as in the diagenetically more mature case of the Mendip
Hills; nevertheless, it supports a densely packed doline
karst draining into well-formed caves (Ferrarese et al.
1997).

2.4 THE EVAPORITE ROCKS

Evaporite rocks are or have been present beneath ~25%
of the continental surfaces (Figure 1.3). They are much
less common in outcrop than the carbonates but extensive
gypsum karsts occur in parts of China, Ukraine and the
USA, and there are smaller examples in many other
countries. Salt karst landscapes are limited to small
patches in deserts. Interstratal solution of these rocks
(with or without some surface expression) is widespread
and very important (see overview by Klimchouk er al.
1996).

The rocks are formed by homogeneous or heteroge-
neous precipitation in marine, lake or ponded waters that
have been concentrated by partial evaporation, or as
residues left by complete evaporation. Seawater is quan-
titatively the most important source: restricted lagoons,
plus sub-, inter- and supratidal salt flats (known collec-
tively by the Arabic term sabkha (Figure 2.4b)) are the
chief depositional environments. Figure 2.11 shows a
good example of mingled limestone, dolomite, gypsum
and anhydrite stratigraphical sequences from Canada.
Playa lakes and interdune pondings in arid and semi-
arid environments are regionally important, and there are
substantial gypsum and salt deposits in such compara-
tively humid regions as the Ebro Valley of Spain (e.g.
Sanchez et al. 1998).

Figure 2.12a shows the evaporative concentrations
required to induce precipitation of gypsum, anhydrite
and salt. A brine is any water with total dissolved solids
equal to or greater than those in standard seawater
(~33 000 parts per million (ppm) of water). Figure 2.12b
is a comprehensive summary of the variety of brines,
precipitates and evaporites that may evolve, relating
them to differing solute chemical concentrations in the
water at the start of the processes. Calcite can precipitate
from standard seawater when it is warmed (whitings
noted above) and dolomite when there is only slight
evaporative concentration. Gypsum precipitates at about
three times seawater strength and salt at eleven times
strength; gypsum is thus the more widespread evaporite
deposit because lagoonal, sub- and intertidal waters are
generally renewed before there can be much deposition
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Figure 2.11 Schematic section through the Presqu’ile Reef at Pine Point, Northwest Territories, Canada, to illustrate lateral and

vertical facies changes in limestone, dolomite, gypsum and anhydrite formations. The rocks are of Middle Devonian age. They
display palaeokarst cavities which are believed to be younger, and which contain sulphide deposits of zinc/lead ore grade. During the
Quaternary sinkholes were rejuvenated; glacial deposits from the last ice advance (Wisconsinan) are intruded through the section.
Devonian section is generalized from the work of Rhodes ef al. (1984).

of salt. The other evaporative minerals such as poly-
halite, sylvite and carnallite (Table 2.1) tend to be thin
or peripheral accumulations and thus are of little karst
significance. In contrast to the carbonates, all of these
rocks are wholly inorganic in origin and composition
(Alsop et al. 1996; Sarg 2001).

Evaporative concentration and precipitation are power-
ful processes that produce rapid results. Table 2.5 gives
general estimates of accumulation rates for the principal
clastic, carbonate and evaporite sedimentary facies,
showing gypsum and salt building up at least ten times
faster than the others. Thicknesses may quickly come to
exceed 1000 m. In the ‘Messinian Salinity Crisis’ of the
late Miocene (~5.5a) the tectonic collision between
North Africa and Spain temporarily closed off the
Mediterranean Sea from the Atlantic; many geologists
believe that it nearly dried, depositing 1000-2000 m of
shallow marine gypsum and salt at ~2000m below
modern sea level within a timespan that was probably
less than 500 000 yr. The Dead Sea (surface at —400 m
and floor at —730 m below sea level) is the deepest saline
closed basin today; calcite and gypsum are precipitating
at its surface and salt on the floor.

2.4.1 Gypsum and anhydrite

Gypsum (Table 2.1) is the mineral normally first pre-
cipitated. Primary anhydrite is rare. When buried beneath
200-300 m or more of overburden most gypsum is con-
verted to anhydrite as the rock is dehydrated, although
some is reported to survive to depths of 3000 m. If the
overburden is then stripped by erosion, rehydration to
gypsum normally takes place. Most gypsum that is
exposed in karst has been through the cycle of dehydra-
tion and rehydration in differing temperature and pressure
environments. As a consequence, there is a wide range of
petrological and lithological forms; original depositional
environments may be difficult to discern.

Minor gypsum occurs as isolated crystals or clusters of
crystals in some carbonate rocks. It appears as rare to
frequent interbeds in sequences of medium- to thin-
bedded series containing dolomite, clay or shale inter-
beds. Where it is interbedded it is common to see dikes,
diapirs and other intrusions of gypsum penetrating the
other rocks.

Major gypsum deposits occur as coarsely crystalline
(equant, curved, acicular, prismatic or columnar forms) to
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Table 2.5 Comparison of the various depositional rates in
some sedimentary settings (Reproduced from Warren, J.K.
(1989) Evaporite Sedimentology, Prentice Hall. New Jersey,
285 pp.)

Depositional rate

Sediment type (mMyr ")
Deep-sea clay 1

Deep-sea carbonate ooze 1

Shelf carbonate and mud (non-reef) 10-30
High-productivity clastic slope 40
Deep-sea turbidite 100-1000
High-productivity marine diatomite 400-1000
Shallow-water reefal limestone 1000-3000

1 m thick section
progrades 1 km
1000 yr~!

10 000-40 000

10 000-100 000

150 000-200 000

Sabkha (supratidal) evaporate

Subaqueous gypsum
Subaqueous halite
Diapir growth (Zagros Mountains, Iran)

granular or amorphous, massive beds of the pure mineral,
usually translucent (selenite), opaque white (alabaster)
or tinged in shades of brown, grey, yellow or pink.
Individual beds 1040 m thick are known. Sequences of
them may exceed 200 m. These are rarer than the thinner,
interbedded sequences but support most of the prominent
surficial gypsum karsts.

Dehydration of gypsum to anhydrite occurs at pres-
sures of 18-75 107> Pa and results in a volume reduction
of approximately 38% (Warren 1989). In the field,
anhydrite contains little measurable porosity, and joints
and bedding planes are annealed. Flow as diapirs may
occur. Overlying strata (e.g. dolomite) are often brec-
ciated as a result of this sulphate volume reduction and
compaction.

Hydration of anhydrite has been reported as deep as
2000 m (in Texas), but most of it probably occurs within
100 m of the surface and much within the topmost few
tens of metres. Pechorkin (1986) stressed that it advances
along reopening joints or new fractures, with the conse-
quence that the hydration front can be highly irregular.
It is common to find small patches of anhydrite surviving
in gypsum cliffs where there has been rapid exposure.
Quinlan (1978) argued that hydration involves dissolu-
tion with immediate reprecipitation. It generates a pres-
sure of ~20kgem 2. Below 150-200m this is probably
dispersed in fluid flow without expansion of volume
(Gorbunova 1977). Above that limit mineral volume
expansion of 30% to 67% may occur, causing flow and
intrusion at depth, brittle fracture towards the surface, and
recreating some bulk porosity. At the surface tightly

folded (corrugated) or small-scale block-faulted topogra-
phy may appear, or blisters termed tents or teepees
(section 9.13). Little or no groundwater flow occurs
within anhydrite.

2.4.2 Salt

The mode of occurrence of rock salt is similar to that of
gypsum. It may be disseminated in carbonates, sul-
phates or shales, occur as thin interbeds, or as massive
units up to 1000 m in thickness that contain only a few
anhydrite or shale beds and often have economic depos-
its of potash salts (carnallite, sylvite, sylvinite
(KNaCl,)) at the top. Most disseminated or thin-bedded
salt is dissolved during diagenesis so that its presence is
signified only by voids, breccia or disconformities in
surviving rocks such as dolomite. In massive salt all
joints and other openings become annealed by litho-
static pressure; the rock is made quite impervious, prone
to flow and intrude to form diapirs and smaller struc-
tures. The deep solution of salt can occur only where
water approaches it via mechanically strong aquifer
strata immediately above or below it and can sap it at
the contact. Although little or no groundwater flow
occurs within salt itself, where there are outcrops
there can be significant vadose circulation and caves
(see section 9.13).

2.5 QUARTZITES AND SILICEOUS
SANDSTONES

Silica sands and pebbles cemented by silica (siliceous
sandstones, conglomerates) and their metamorphosed
equivalents, quartzites, can develop dissolutional karst
landforms at small and intermediate scales (Mainguet
1972) because, like the carbonates and evaporites, they
are monominerallic in composition or nearly so. The range
of forms and hydrogeological behaviour is more limited,
however. In the mineral habit of quartz, the solubility
of silica is very low in meteoric waters; but quartzite
strongly resists most other forms of weathering attack
as well. Amorphous silica (which forms many sandstone
cements) is more soluble. Solubility of all forms of silica
greatly increases in water above 50°C (section 3.4).
Some measure of karst development will be found
along most escarpment crests and cuestas in quartzites
because groundwater hydraulic gradients are steep, per-
mitting rapid water flow and effective flushing of residua.
Massive Precambrian quartzite scarplands of the Roraima
Formation in Brazil and Venezuela are perhaps the great-
est example, with corridors and deep shafts drained by
caves that may be several kilometres in length (see
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section 9.14; and e.g. Galan 1995, Correa Neto 2000).
Lesser instances, plus pinnacle karsts, are found on
quartzites and siliceous sandstones in many other places,
e.g. Montserrat, Spain. Limited but attractive karren
(chiefly pit, pan and runnel forms — see section 9.2) are
even more common. There are three principal require-
ments for substantial development of solution features:
(1) high mineral purity, so that initial surficial pits or
underground dissolution channels do not become filled or
blocked by grains of the insoluble aluminosilicates, etc.
that are present in a majority of sandstones; (ii) thick to
massive bedding with a few penetrable planes intersected
by strong but widely spaced fracturing; and (iii) absence
of strongly competing geomorphological processes such
as frost shattering or wave attack. The absence of
effective competition permits the comparatively slowly
developing solution landforms to become dominant.

2.6 EFFECTS OF LITHOLOGICAL
PROPERTIES UPON KARST DEVELOPMENT

The remainder of this chapter considers factors of ‘rock
control” on karst hydrogeology and morphogenesis. Karst
specialists are concerned with a narrower range of rock
types than most other hydrogeologists and geomorphol-
ogists, so it is somewhat ironic that they find it necessary
to investigate local rock properties in more detail in a
majority of field studies. The need is real; petrological,
lithological and structural features greatly influence all
aspects of karst genesis. Here we outline some main
points. Necessarily, others are illustrated throughout all
later chapters of the book.

Significant properties at the scale of individual crystals
are summarized above. This section notes properties that
are important at the scale of hand specimens. Later
sections then consider local- and regional-scale factors.

2.6.1 Rock purity

Clay minerals and silica are the most common insoluble
impurities in carbonate rocks. It is a widespread finding
that limestones with more than 20-30% clay or silt
(argillaceous limestones) form little karst. In a series of
computer models Annable (2003) found that medium-
grained silt was very inhibitive because it clogged pro-
toconduits but, treated as individual particles, finer silt
and clays did not; however, at these sizes there is much
agglomeration of particles, producing the medium silt
effect. There are no such clear-cut relationships with
respect to sand content. Large and diversified carbonate
karst assemblages do not commonly develop where silica

exceeds 20-30%, but shallow dolines and well-formed
small caves are known in some calcareous sandstones.

The best karst rocks are >70% pure carbonates.
Studies of local limestone and dolomite specimens have
been made in many countries. They have established that
laboratory dissolution rates in carbonated water may vary
by more than a factor of five. Fastest dissolution has been
recorded where the percentage of insolubles is nil and
where it was as great as 14%, although most investiga-
tions show a clear positive correlation between percen-
tage CaO and dissolution rate. Pure dolomites are
normally slowest to dissolve. But there is always much
variation about any trend that cannot be explained by
simple bulk purity. For example, in an exhaustive study
in Pennsylvania, Rauch and White (1970) found that the
greatest solubility in pure carbonates occurred where
MgO=1 to 3% and was present within silty streaks
that increased the roughness (exposed area) of the dis-
solving surfaces. This is a textural effect. James and
Choquette (1984) suggest that high-Mg calcite is nor-
mally the most soluble because of severe distortion of the
calcite lattice, followed by aragonite, low-Mg calcite,
pure calcite and dolomite, in descending order of
solubility.

In gypsum, anhydrite and salt there is normally a
simpler positive correlation between purity and solubility.

2.6.2 Grain size and texture

The finer its grain size the more soluble a rock tends to be
because the area of exposed grain surfaces is increased.
Many studies have found that micrites or biomicrites are
most soluble and that solubility decreases substantially
where sparite (coarse crystals) becomes greater than 40—
50% by volume (e.g. Sweeting and Sweeting 1969; Maire
1990). In a discriminant analysis of ten different purity,
grain size, texture and porosity measures applied to
cavernous limestones and dolomites in Missouri, Dreiss
(1982) found grain size to be the most significant,
the finer grained rocks being more soluble. However,
the finest grained limestones are sometimes less soluble
if the grains are uniform in their size and packing because
surfaces are then smooth, with exposed grain areas being
reduced; such rocks are termed porcellaneous or
aphanitic in texture. The Porcellaneous Band is a dis-
tinctive, very fine-grained micrite that obstructs cave
genesis and perches passages in Gaping Ghyll Cave,
England (Glover 1974). It is sandwiched between coarser
biomicrites.

The greater the heterogeneity of grain size in a speci-
men, the greater is the roughness of a dissolving surface.
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This increases solubility, up to a limit. Biomicrite is more
soluble than pure micrite because the tiny fossil frag-
ments protrude as roughnesses.

Karren, because they are small, are strongly affected
by texture. As homogeneity increases so do the number of
karren types that may be hosted and also the regularity of
form displayed by any particular type. No channel karren
develop well on very heterogeneous rocks such as reefs
or most conglomerates. Solution scallops (round forms)
and rillenkarren (linear) require fine grain size and high
homogeneity. Trittkarren, a mini-cirque form, are largely
confined to aphanitic rocks. The morphology of these
features is discussed in section 9.2.

2.6.3 Fabric porosity

Much of the variation in erosional behaviour of carbonate
rocks is due to variation in the nature, scale and distribu-
tion of voids within them. This is termed porosity. It is a
subject of the greatest importance. There are now many
different terms and classifications; see Moore (2001) for a
modern summary.

Sedimentologists define primary porosity as that cre-
ated during deposition of the rock (i.e. created first) and
secondary porosity as that produced during diagenesis.
For hydrogeologists, all types of bulk rock porosity are
primary. Fracture (or fissure) and channel (or conduit)
porosity are considered to be secondary and tertiary
respectively. We adopt this convention throughout all
later chapters — see section 5.2.

The widely adopted classification given in Figure 2.13
avoids these problems of precedence by distinguishing
porosity that is related to petrofabric from that which is
not. In general it is true to write that karst hydrogeology
and geomorphology are concerned largely or entirely
with large-scale, interconnected, non-fabric-selective
porosity (penetrable bedding planes and fractures, dis-
solutional channels and caverns of Figure 2.13) in rocks
where the fabric-selective porosity is low (<15%). This is
because the hydraulic pressure gradients experienced also
tend to be low, insufficient to drive significant quantities
of fluids through the tiny throats separating poorly con-
nected pores within the rock fabric itself. The converse is
true in much petroleum exploration, which is concerned
with high-pressure environments where many fractures are
closed but fabric porosity is preserved. Large-scale karstic
porosity is further discussed in section 5.1 and later.

Fabric-selective porosity can be broadly important in
eogenetic conditions. In diagenetically mature rocks it
helps determine such features as the form, scale and
distribution of solution pits and some other karren, the

distribution of many stalactites, etc. In a limestone or
dolomite it tends to be positively correlated with grain
size and textural heterogeneity, although there is much
variation. The primary porosity of micrite is generally
less than 2%, that of sparite between 5 and 10%.
Dolomitization increases porosity by 5-15% in most
instances. The porosity of most marble is <1%.
Anhydrite and salt anneal readily and so have negli-
gible porosity. Where gypsum is formed by hydration,
high intercrystal and breccia porosity may be created.

2.6.4 Mechanical strength

At small scale the strength of a rock is a function of its
interparticle bonding. Such strength can be measured in
the laboratory by compression, shear or hammer tests. At
larger scale in sedimentary rocks strength is more
obviously a function of the density of fissures such as
joints or bedding planes. This kind of strength is not
amenable to machine testing.

Compressive strength is probably the most significant
of the laboratory measures (Table 2.6). It conveys some
idea of how a given rock bed will respond if it must bear
extra load where there is no buttressing support, as at the
base of a cliff or at a cave passage junction. Weaker
rocks yield by platy fracture parallel to the unsupported
faces. This undermines higher parts of the cliff or cave
wall, etc. and may induce more widespread block
failure (Figure 7.48). A majority of carbonate rocks are
quite strong and will support vertical cliffs and cave roofs
for long periods unless they are thinly bedded and highly
fissured. Some chalks and other poorly cemented,
particle-supported limestones (e.g. aeolianites or oolites
of Pleistocene age) are too weak to support big cliffs or
caves of enterable dimensions.

The Schmidt hammer is a field tool designed to
measure the hardness of concrete on a scale of 10-100.
Its field values on natural rocks correlate quite well with
compressive strength. Sample dolomitic limestones in the
Caribbean area have mean Schmidt hardness, R, of 4041
whereas limestone micrites and sparites score 34-35;
there is some positive correlation with topographic rug-
gedness (Day, 1983). Older crystalline limestones in the
USA and Canada range from 35 to 70; Tang (2002)
obtained mean values of 40—-60 from the thick to massive
limestones supporting the great karst towers around
Guilin, China.

Gypsum, anhydrite and salt are weak. In most
instances they will support cliffs and cave roofs, but
with excessive rates of block and slab breakdown due
to mechanical failure.
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Figure 2.13 Classification of porosity in sedimentary carbonates. Reproduced from Choquette, P.W. and Pray, L.C. (1970)
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Table 2.6 Compressive strength of some common rocks (Modified with
permission from Jennings, J.N. Karst Geomorpholog, ©1985 Blackwell

Publishing)
Rock type Uniaxial compressive strength (bars)*
Limestones (excluding chalk 340-3450
and breccias)
Dolomites 620-3600
Marbles 460-3400
Anhydrite 220-800
Shales 300-2300
Sandstones 120-2400
Basalts 800-3600
Granites 1600-3000
Quartzites 1500-6300

*Suggested terms: very weak < 350; weak 350-700; strong 700-1750; very strong
> 1750.



The karst rocks 31

2.7 INTERBEDDED CLASTIC ROCKS

Here we consider the bulk solubility of rocks at the scale
of geological units, members and formations. Many car-
bonate, sulphate and salt formations are without significant
clastic interbeds for thicknesses of tens, hundreds or even
several thousands of metres. These strata generally yield
the best karst development. However, the geological
record contains many more examples of formations with
frequent beds of clay, shale, sandstone or coal between the
soluble strata. These grade to shales, etc., with limestone
interbeds, etc. and the geomorphological and hydrological
systems grade from wholly karstic to non-karstic.

It is difficult to offer valid generalizations concerning
karst development in the intermediate conditions. As
frequency of shale increases in a formation, so does the
likelihood that intervening limestones will be argillaceous
and non-karstic but this is not always true. Groundwater
penetration to initiate karst is often easier at the contact
between limestone and shale than it is at bedding planes,
joints, etc. within limestone. As a consequence small,
independent or poorly connected, solution conduit systems
may develop in adjoining, sandwiched limestones. The
same is true of gypsum. Karren develop where the soluble
rocks crop out. There may be small dolines. Collapse
features are important where gypsum is interbedded.

2.8 BEDDING PLANES, JOINTS, FAULTS
AND FRACTURE TRACES

Bedding planes, joints and faults are of the greatest
importance because they host and guide almost all parts
of the underground solution conduit networks that distin-
guish the karst system from all others. These are the
planar breaks in the rock that can be significantly pene-
trated and modified (by dissolution or precipitation) by
circulating groundwaters, past or present. When all is said
and done about properties of karst rocks it is these entities
where rock is absent that determine much of the variety
of form and behaviour that occurs in the system. In
hydrogeology it is customary to categorize all of them
as fractures, combining to form fracture aquifers
although, strictly speaking, this is only partly correct
because many karstified bedding planes are primary
depositional features without any mechanical fracturing.
Structural engineers concerned with slope stability
describe all as penetrative discontinuities.

2.8.1 Bedding planes and contacts

Bedding or parting planes in sedimentary rocks are
produced by some change in sedimentation or by its

temporary interruption. The change may be minor, e.g.
from one size of carbonate grain to another a little larger.
Major changes are represented by large differences in
grain size and, more often, by the introduction of clay
by a storm or flood, etc. that leaves a paper-thin or thicker
parting between the successive regular carbonate layers.
Interruption is usually a brief marine emergence with some
erosion and the start of meteoric diagenesis or beachrock
before renewed submergence, or the formation of a hard-
ground. Subparallel pseudobedding is created by current
scour where carbonate shell banks are reworked by the
tides, often giving rise to platiness in weathering outcrops.

Many smaller subaerial unconformities in young rocks
are diminished during diagenesis because they are pre-
ferred sites for mineral infilling or obliteration by stylolite
pressure solution. More prominent interruptions persist as
minor geological discontinuities and are widely used to
subdivide layered sequences into members or lesser
units within formations. Many authors classify them as
contacts. The junctions between layered sediments and
mounds such as reefs in carbonate deposits are another
type of contact that is often preferentially penetrated by
groundwaters.

In hydrogeology, bedding planes are only significant if
they are sufficiently open to be penetrable by water under
natural pressure gradients. Only a minority of sedimen-
tological planes will be in most cases. In karst geomor-
phology, these planes are also the most important, but
impenetrable planes that will rupture under mechanical
stress (e.g. during cave-roof collapse) are also significant.
Table 2.7 presents a standard classification of bed thick-
ness. In karst work it defines the separation between
successive bedding planes that are penetrable by water
in the prevailing conditions.

The areal extent of individual penetrable bedding
planes varies considerably. Where bedding is thin to
very thin, they may cover only a few square metres.
Where it is medium to thick the extent is normally
10°-10°m? or much more. Truly major planes may be
followed throughout a formation, sometimes for hundreds
of kilometres. As a consequence major bedding planes
and contacts can be considered to be continuous
entities when solution caves are propagating through
them, whereas penetrable joints and most faults are
discrete (they terminate in comparatively short dis-
tances). This enhances the importance of bedding planes
in cave genesis (Ford 1971a). Lowe (2000) termed such
features inception horizons.

The penetrable plane itself can be considered to com-
prise two rock surfaces in undulatory contact, with some
greater interlocked prominences and depressions due to
sand ripples, hardground pitting, etc. The voids are
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Table 2.7 Terminology for bed thickness and joint spacing

Bed thickness (cm) Description Joint spacing (cm) Description
100-1000 Very thick bedded or massive > 300 Very wide
30-100 Thick 100-300 Wide
10-30 Medium 30-100 Medium
3-10 Thin 5-30 Close
1-3 Very thin <5 Very close
<1.0 Laminated

shallow, sinuous, irregular in outline, and partly inter-
connected via throats that have openings of lesser
aperture. Planes most readily exploited by groundwater
include those with substantial depositional disconformi-
ties, plus planes with shale laminae or thicker partings
(often with disseminated pyrite) and planes with nodules
or sheets of chert. Perhaps the most important are those
that have served as surfaces of differential slippage
during tectonic events. Even if the displacement is just
a few centimetres there is some slickenside striation and
brecciation that enhances openings. Most steeply tilted
and all folded strata will display some measure of
differential slip (Sebela 2003).

It is widely recognized that the finest karst landforms
require medium to massive bedding. The solutional
attack is dispersed where beds are thin: they also lack
the mechanical strength to sustain steep slopes and
enterable caves in many instances.

Mammoth Cave (Kentucky, USA) and Holloch
(Switzerland) are amongst the most extensive limestone
caves currently known. In both the great majority of
conduits are guided by bedding planes. At Skocjanske
Jama, a UNESCO World Heritage cavern in Slovenia,
Knez (1996) recognized 62 prominent bedding planes in
the thick-to-massive limestones, but showed that just three
of them had guided initiation and development of the cave.

2.8.2 Joints and shear fractures; joint systems

Joints are simple pull-apart breaks in previously conso-
lidated (or partly consolidated) rocks. In shear fractures
there is some lateral or vertical displacement but it is too
small to be recognized in hand specimens (Barton and
Stephansson 1990). Fracturing occurs during diagenesis,
later tectonism, erosional loading and unloading. It is
caused by tensional or shear forces.

In regularly bedded rocks, most joints are oriented
normal to bedding planes, but they may be inclined. In
plan view a majority will be straight. Sinuous and curvi-
linear joints predominate in reefs, however, and are quite

common elsewhere. Parallel joints constitute a joint set.
Two or more sets intersecting at regular angles compose a
joint system. Rectangular and 60°/120° systems are the
most common, caused by simple tension and shear forces
respectively (e.g. Figure 2.9). Arcuate sets are frequently
seen in reefs and mounds. Major joints extend through
several or many beds and are often termed master joints.
They terminate at other master joints. Cross joints are
confined to one or a few beds and terminate at master
joints. Master joints in thick to massive rocks may be as
long as several hundred metres, exceptionally extending
for many kilometres: on Anticosti Island, Quebec, a
master set in thick Ordovician limestones persists for
200 km, parallel to a plate-tectonic suture in the under-
lying Precambrian strata.

Table 2.7 gives the scale of joint spacing. This is
broadly proportional to bed thickness but the correlation
is not precise. An individual bed may contain just one set
or system, or several systems imposed at different times.
Successive beds in a sequence often display different
patterns and densities.

Joint fracture openings may be latent or tiny and
impenetrable to water, or larger but filled by secondary
calcite or quartz that renders them effectively imperme-
able. Most master joints exposed at the surface will be
penetrable, however, plus many cross joints. Initially, the
opposed joint surfaces display hackling and cusps around
the point of breakage and fan-like (plumose) striations
away from it but, in karst, this fine structure is quickly
destroyed by dissolution. Under lithostatic pressure,
joints are more readily closed to impenetrable dimensions
than are bedding planes, reducing their significance in
deeper karst situations.

It is important to understand that some new joints are
created as a karst terrain is eroding, because of pressure
release as rock is removed. This is not true of bedding
planes or of most faulting. Large tensional joints form
parallel to steep faces, especially at the rims of plateaus
or along reef fronts. Small compressional joints form at
the bases of cliffs and cave passage walls.
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As with bedding, the best development of karst fea-
tures is found where joint spacing is wide to very wide.
Many caves are rectangular mazes guided rigidly by joint
patterns, including Optimist’s Cave (Ukraine), a gypsum
cave that is second in aggregate known length in the
world (Figure 7.26).

2.8.3 Faults and fracture traces

Faults are fractures with some displacement of rock up,
down and/or laterally. Where this is less than about 1 cm
they may be considered to grade into shear fractures or
joints. At the greatest, vertical displacement extends
several kilometres while lateral displacement may
amount to 10°-10° km.

Normal faults are produced by tension and therefore a
wide opening is possible (as much as a few centimetres),
although it may fill with breccia, secondary calcite, etc.
Reverse faults and lateral or transcurrent faults are
compressional features, and so may be impenetrably
tight. However, formation of breccia or slickenside
grooves can open them, while displacement may bring
together recessed facets to create wide spaces. Thrust or
décollement faults are low-angle reversed faults that are
often particularly important because they are areally
extensive (nearly vertical faults are not) and so emulate
very penetrable bedding planes in their capacity to host
interconnected solution conduits. In regions of moderate
tectonic activity it is common to see a thrust fault
originate in one slightly slipped bedding plane, pass
through a few beds as a curvilinear surface, and terminate
in a second disturbed bedding plane higher up.

Large faults are rarely represented by a single fracture
surface. Usually lesser faults feather off of them at acute
angles as a consequence of the wrenching of the rock.
Shear fractures are often oriented parallel or close to the
feathering breaks.

Fracture traces (or linears, lineaments) are narrow
linear trends detectable on high-altitude and satellite
images. Most karst landscapes display them (e.g.
Figure 2.14). On the ground they are zones of closely
spaced high-angle faults of minor displacement, plus
their feathering fractures, etc.

The hydrogeological and speleogenetic role of faults
and fracture traces varies with their type, size, and the
diagenetic record since they were formed. At one
extreme they may direct the predominant flow in a
groundwater basin, like a trunk river channel on the
surface, or have sinkholes aligned along them. Large
normal and reversed faults often have low permeability,
however, due to clayey crush fillings (mylonite) or
precipitated calcite in them, and thus serve as barriers.

Instead, there is higher permeability in the zone of
feathering fractures. Research in many regions has
found that many major karst depressions are guided
by these and may be centred where two traces intersect.
Summarizing much hydrogeological data from tunnel
works in carbonate mountains, Dublyansky and
Kiknadze (1983) showed that most water intake
occurred in the feathering zones, particularly in down-
thrown blocks. In dolomite terrains drilling on fracture
traces often yields the greatest volumes of groundwater.
In many caves the fault planes themselves control local
passage segments only, although the overall trend of
cave development may follow the fault-trace zone. In
intermediate cases cave systems extend between fault
zones and beyond them, sometimes utilizing them
locally and at other places being barred or deflected
by them. Active thrust faults deforming passage cross-
sections are reported in limestone caves in Belgium and
Italy (Figure 2.15; Vandycke and Quinif 1998), and
diapir normal faults in salt caves near the Dead Sea
(Frumkin 1996). Suster$ic (2000) shows that cave
systems and surface karst features around Postojna,
Slovenia, are being torn apart (but not destroyed) by
modern movement on transcurrent faults.

In the northwest Yucatan Peninsula, Mexico, a semi-
circular band of cenotes (drowned, shaft-type sinkholes)
is believed to coincide with a ring fault of the Chicxulub
multiring impact crater; it might be termed ‘astro-karst!’
(Perry et al. 1996).

2.8.4 Fracture apertures

Except where they are truly gaping, as in fresh quarry
walls, the physical nature of all these separations is
complex and difficult to measure. In quantitative mod-
elling it has been standard practice to treat the hypothe-
tical fracture as a fissure with strictly parallel walls
spaced a fixed distance apart. In reality this will never
apply except, possibly, along joints in the shallowest
karst. For hydrogeological purposes it is better to think
of the water passing from more widely open areas with
highly irregular shapes to others down the hydraulic
gradient via constrictions (throats). Effective throat
apertures appear to be log-normally distributed (e.g.
Chernyshev 1983). By measuring the particulate
organic matter reaching stalactites and stalagmites via
the finest cracks in cave roofs worldwide, van Beynen
et al. (2001) show that throat apertures in their tiny
feedwater channels can never be less than ~0.1 um.
The minima for effective dissolutional karst genesis
probably exceeds 10pm. Most modelling assumes
values of 100 um or greater. Hanna and Rajaram
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Figure 2.14 Recognition of lineaments in karst terrain. (Left) Aerial photograph of labyrinth-cone karst in Genung Sewu, Indonesia.
(Right) Lineaments detected in the photograph. Reproduced from Haryono, E. and Day, M. (2004) Landform differentiation within
the Gunung Kidul kegelkarst, Java, Indonesia. Journal of Cave and Karst Studies, 66(2), 62-9.

Figure 2.15 A phreatic (below water table) dissolutional conduit in Grotta del Frassino, Lombardy, Italy, that has been offset by
modern slip (normal faulting) in the bedding plane in which it was initiated. (Photograph courtesy of Dr Yves Quinif.)
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Figure 2.16 Computer modelling of the dissolutional enlargement of a fissure with an aperture that varies in a random manner. (Top
left) Standard deviation of the aperture about a mean width of 400 mm is only 10%. Deviation increases to 50% (top right), 100%
(bottom left) and 150% (bottom right). The upper pair of patterns are fair representations of typical dissolution in joints and faults, the
lower of dissolution in bedding planes; see section 7.2 for more details. Reproduced from Hanna, R.B. and Rajaram, H. (1998)
Influence of aperture variability on dissolutional growth of fissures in karst formations. Water Resources Research, 34(1), 2843-53.

(1998) have obtained particularly significant computer
results by randomly discretizing the apertures occurring
in model fissures; a standard deviation of ~50% about
the mean aperture yielded realistic approximations
of dissolutionally enlarged joint cavities, while devia-
tions of 100% or greater better represented conduit
development in bedding and low-angle thrust planes
(Figure 2.16).

2.8.5 Geomorphological rock mass
strength classification

Taking into consideration factors of rock composition,
texture and compressive strength, and the frequency of
penetrable bedding planes, joints and faults, the
Geomorphological Rock Mass Strength Classification
and Rating as proposed by Selby (1980) is a useful
guide to the strength of karstifiable rocks at the scale of
the principal karst landforms, i.e. cave systems, dolines,
karren fields, residual hills and towers. The classifica-
tion is intended to rate the strength of hillslope masses.
However, it is developed from mining engineering
applications (Beniawski, 1976; Brady and Brown,

1985); thus it is also pertinent to the stability of
cave roofs, the likelihood of catastrophic sinkhole
collapse, etc.

The Selby classification is presented in a slightly
modified form in Table 2.8. It has not been applied
widely in karst terrains as yet. Most that display well-
developed landforms seem likely to range across the
middle categories, Strong—Weak. Moon (1985), applying
the classification to hillslopes of quartzite or shale in
South Africa, considered that it should contain a further
parameter for the roughness of fissures of all kinds
(bedding planes, joints, faults). This is a particularly
complex parameter in karst because the roughness (inter-
locking) on the fissure planes becomes progressively
reduced by dissolution. In many regions, limestone and
dolomite dip slopes are preferred sites for large landslides
because of this factor (section 12.4).

2.9 FOLD TOPOGRAPHY

The world’s karst terrains encompass every type of larger
geological structure. These include plains and plateaus
with horizontal or subhorizontal strata, steep and gentle
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Table 2.8 Geomorphological rock mass strength classification and ratings (r = rating of parameter) (Adapted from Selby, M.J, ‘A
rock mass strength classification for geomorphic purposes: with tests from Antarctica and New Zealand’, Zeitschrift fiir
Geomorphologie, 24, 31-51.© 1980 © E. Schweizerbart’sche Verlagsbuchhandlung, Science Publishers

1 2 3 4 5
Parameter Very strong Strong Moderate Weak Very weak
Intact rock strength 100-60 60-50 50-40 40-35 35-10
(N-type Schmidt r: 20 r: 18 r: 14 r: 10 r:5
Hammer ‘R’)
Weathering Unweathered Slightly Moderately Highly Completely
weathered weathered weathered weathered
r: 10 r: 9 r:7 5 r:3
Spacing of fissures >3m 3-1Im 1-0.3m 300-50 mm < 50mm
r: 30 r: 28 r: 21 r: 15 r: 8
Fissure orientations Very favourable. Favourable. Fair. Horizontal =~ Unfavourable. Very unfavourable.
Steep dips into Moderate dips or nearly Moderate Steep dips out
slope, cross joints dips into slope vertical dips out of of slope
interlock slope
r: 20 r: 18 r: 14 r: 9 r2
Width of fissures < 0.1 mm 0.1-1 mm 1-5mm 5-20 mm >20mm
7 r: 6 s r: 4 r2
Continuity of fissures None continuous Few continuous  Continuous, Continuous, Continuous,
no infill thin infill thick infill
r: 7 r: 6 5 r: 4 r: 1
Outflow of groundwater None Trace Slight Moderate Great
<25Lmin~"  25-125Lmin~" >125Lmin""
10m~> 10m~> 10m >
r: 6 S r: 4 r:3 r: 1
Total rating 100-91 90-71 70-51 50-26 <26

homoclines, simple and multiple fold topographies,
nappe structures, diapiric domes, etc. Two examples are
shown in Figure 2.17. These may create differing styles
of karst at the surface and of hydrogeological organiza-
tion underground.

Rock folding requires plastic deformation and so tends
to occur at great depth where lithostatic pressures are
high. In carbonate rocks it is thus generally associated
with diagenetically mature strata of Cretaceous or greater
age. It is rare to encounter significant folding in Tertiary
and Quaternary limestones, although there are some
spectacular examples in Papua-New Guinea. Gypsum,
anhydrite and salt bodies of all ages deform, fold and
flow readily, even at quite shallow depths.

The amplitude of folds ranges from a few centimetres
to several kilometres. High folds may extend for hun-
dreds of kilometres along the strike. Tensional forces
tend to create strike-aligned master joint sets at the
crests of anticlines and in the troughs of synclines.
Differential slipping of the bedding planes is often
more important on the flanks. Where cave systems
extend across one or several anticlines or synclines it
is common to find trunk passages centred in the troughs.

However, the converse does occur and there are
instances worldwide of principal passages extending
around the noses of plunging anticlines.

Where karstic beds or formations are mingled with
siliciclastic strata, tilting and folding often create condi-
tions of artesian confinement. Meteoric recharge water
entering the karst rock becomes trapped beneath
impermeable seals and may circulate slowly to remote
springs. The longest karst groundwater flow systems that
are known are created in this manner. There are well-
confirmed examples in the London and Paris basins, in
the Eucla and Wasa basins of Australia and in the Basin
and Range country of the western USA. Recharge from
the Rocky Mountains and their eastern foothills is
believed to flow for more than 1000 km through carbo-
nates beneath confining salts, sands, clays and shales in
the Canadian Prairies, with underground residence times
perhaps more than 30 000 yr.

2.10 PALAEOKARST UNCONFORMITIES

The lower illustration in Figure 2.17 shows a profound
geological unconformity that has modern karst features
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Figure 2.17 Two examples from France of karst development in complex geological structures. (Upper) The folded Alps at
Samoens. Numbers identify individual formations, from lower Cretaceous (6) to mid-Cretaceous (1) in age; number 3, Urgonian, is
the principal karst limestone. Letters identify individual homoclinal and synclinal structures. Réseau Mirolda (MR) and Réseau Jean
Bernard (JB) are two of the world’s deepest explored caves (see Figure 7.1). TP, LP9, PF and A3 are other prominent springs or shaft
systems in the other structures. (Lower) Réseau Pierre St Martin is another deep system that is entered in the Alpine zone on the
Franco-Spanish border in the Pyrenees. It passes through a thick, gently dipping limestone formation of late Cretaceous age, to ramify
along and penetrate below a grossly unconformable contact with underlying Devonian and Carboniferous strata. Salle Verna is one of
the largest known cave chambers. Reproduced with permission from Maire, R, La Haute Montagne Calcaire. Karstologia, Memoire

3, 731 p, 1990.

developing both above and below it. Many sequences of
carbonate rocks are found to contain, or to be terminated
by, unconformities that are karst solutional surfaces or
cavities that are now inert, i.e. palaeokarst (section 1.1).
Some of these are of hypogene origin, where waters
ascending from lower formations were able to dissolve
cavities in intra- or interstratal positions: usually, these
collapsed to create breccias that are now partly or firmly
cemented by calcite (see Sporli ef al. (1992) for examples
in Antarctica). Much more frequent and extensive, how-
ever, are the unconformities created when surface karst
landscapes of the types described in Chapters 9 and 10
became buried by later consolidated rocks, and the karst
hydrological circulation systems beneath them were also
inundated and became more or less inert. The later
(burial) rocks can be any type of sediment (clastic,

carbonate, evaporitic, organic, e.g. coal) or even extru-
sive lavas and volcanic tuffs.

The buried karst landforms range in magnitude from
the cyclic type displaying only shallow dissolution fea-
tures developed during brief, sequence stratigraphical,
episodes of marine emergence and exposure to subaerial
processes (eogenetic karst — Figure 2.7), to rugged karst
landscapes with local relief of tens to hundreds of metres
that have taken millions of years to form (Figure 2.18).
The eogenetic, disconformable or weakly unconformable,
surfaces are more commonly preserved in the geological
record, as would be expected; many individual geological
formations contain stacked sequences of them or, where a
little more rugged, they themselves may be adopted as the
boundaries between individual formations (Wright er al.
1991). The oldest known examples are in Archaean rocks
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Figure 2.18 Palaeokarst interpretation of the Rospo Mare oil field, a one billion barrel field off the Adriatic coast of Italy. The
erosional interval between the Lower Cretaceous and Miocene strata is approximately 70 Myr. The surface karst of subsoil karren,
dolines and solutional corridors has a local relief of 10-40m and is underlain by a further 100m of vadose and shallow phreatic caves.
Adapted with permission from Soudet H. J., Sorriaux P., and Rolando J. P. Relationship between Fractures and Karstification - the
Oil- Bearing Paleokarst of Rospo Mare (Italy). Bulletin des Centres de Recherches Exploration-Production Elf Aquitaine 18(1),

257-297, 1994.

(>2500a) of the Canadian Shield, including solution
caves filled with sands that are now hard sandstones: the
Archaean atmosphere is believed to have had a high CO,
content, which will have favoured vigorous karst activity.
Eogenetic exposures are common in Lower Proterozoic
strata (> 1000 a) in Australia, Canada and the USA, China
and Russia (Bosak et al. 1989), and some more rugged
palaeokarst surfaces are reported in Upper Proterozoic
exposures in those nations. Reports of palacokarst uncon-
formities of all types become frequent everywhere in
Palaeozoic, Mesozoic and Eocene—Oligocene limestones
and dolomites because these are more widespread, better
preserved and exposed than the older formations (Bosak
1989). There are now several thousand well-described
examples in the literature. Surfaces younger than Oligo-
cene in age will rarely be so firmly buried that they have
become chemically inert, i.e. they are more likely to
function as cryptokarst beneath loose or weakly consoli-
dated rocks rather than as inert palacokarst.

North America provides two good examples of palaeo-
karst surfaces that are subcontinental in their extent.
Following a long period of sedimentary rock accumula-

tion (the ‘Sauk’ — Sloss 1963), marine regression at
~480a exposed large tracts of platformal and intertidal
carbonates for some millions of years. Mature karst
terrains with local relief of 10-60m and subsurface dis-
solution to —200 m or more were able to develop before
early Appalachian deformation (the Taconic Orogeny)
returned them beneath the sea and net deposition recom-
menced. This ‘Post-Sauk’ palaeokarst surface can be
traced in fragments from eastern Canada and the south-
eastern USA to west of the Mississippi River. The highly
productive Knox aquifer in the southeast, important oil
fields in Ohio and Oklahoma, and lead—zinc deposits in
Tennessee are associated with it. Another marine regres-
sion of long duration around 325 year led to development
of the ‘Post-Kaskaskia’ palacokarst. In North America this
is taken to divide strata of the Carboniferous Period into
Mississippian (earlier) and Pennsylvanian (later). The karst
itself is best exposed in western USA, especially in the
great Jewel and Wind hydrothermal maze caves of South
Dakota; some of their upper passages at least are exhuma-
tions or rejuvenations of Post-Kaskaskia meteoric water
caves (Palmer and Palmer 1989).
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Dissolution: Chemical and Kinetic
Behaviour of the Karst Rocks

3.1 INTRODUCTION

When a rock dissolves in water its different minerals (or
some of them) disintegrate into individual ions or mole-
cules which diffuse into the solution. Of necessity, study
of dissolution focuses upon the specific minerals rather
than the aggregate rock. Hence, this chapter is concerned
with mineral solubility. Because the principal karst rocks
are nearly pure, monominerallic aggregates there is often
little difference between discussion of, for example,
calcite solubility and limestone solubility.

Dissolution is said to be congruent when all compo-
nents of a mineral dissolve together and completely.
Table 3.1 gives the dissolution reactions for a range of
incongruent minerals. Dissolution is incongruent where
only a part of the components dissolve. The aluminosi-
licate minerals are the great example of the incongruent
class, releasing Na*, K, Ca’t, Mg2+, SiO4, etc., ions
in reaction with water but retaining most of their atoms in
reordered solids such as kaolinite, vermiculite or smec-
tite. Incongruent dissolution of dolomite (with accompa-
nying precipitation of calcite) may occur in some
exceptional conditions mentioned later.

The sample of congruent minerals in Table 3.1 con-
tains all the common elements of crustal rocks except Fe,
and furnishes a majority of the dissolved inorganic
species. It is seen that the range of solubility is enormous.
Gibbsite (Al(OH)3) is an example that is insoluble to all
intents and purposes; even in the most favourable cir-
cumstances encountered on the surface of this planet
physical processes will disaggregate it and remove it as
colloids or larger grains before there is significant solu-
tion damage. Rock salt (halite) is so soluble that it is
rapidly destroyed in outcrop except in the driest places; it

is principally important for its role in interstratal karsti-
fication. Sylvite and mirabilite are rarely encountered and
never in great bulk. They occur as minor secondary cave
minerals (section 8.4). Gypsum is quite common in out-
crop. Karst features develop upon it rapidly because of its
comparatively high solubility.

Limestone and dolomite are common in outcrop. Their
maximum solubility varies with environmental condi-
tions but never approaches that of gypsum. Quartzite
and siliceous sandstones are equally common in outcrop.
In terms of solubility and of common solute abundance in
water there is a large overlap with the range exhibited by
the carbonate rocks. Yet siliceous rocks are not normally
considered to be karstic. This raises the question of what
is the lower limit of solubility for the development of
karst? The answer is that a transitional situation exists in
reality, although it is rarely considered by karst specia-
lists. Karst landforms as defined in Chapter 1 develop at
all scales on siliceous sandstones and at the small scale on
many rocks of yet lower specific (mineral) solubility.
However, at the global scale these landforms must be
considered rare and of minor importance. There are less
than 30mgL~" SiO, of silica in most meteoric waters
sampled on sandstones and more than 40mgL™' of
dissolved calcite in most samples from carbonate terrains.
Karst becomes abundant above the latter concentration.

Table 3.2 presents the specifications underlying some
common chemical and environmental classifications of
waters. On the continents solutions notably stronger than
seawater are rare; most examples are in evaporating lakes
or in long-resident basinal waters intercepted in deep
drilling. In a majority of gypsum karsts it is unusual for
concentrations to exceed 2000mgL ™" CaSO,. In carbo-
nate terrains concentrations higher than 450 mg L™" total
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Table 3.1 Dissociation reactions and solubilities of some representative minerals that dissolve congruently in water, at 25 °C
and 1 bar (105 Pa) pressure (Modified with permission from Freeze, R.A. and Cherry, J.A. Groundwater © 1979 Prentice Hall)

Common range of

Mineral Dissolution reaction Solubility (mg L™!) abundance in waters (mg LY
Gibbsite Al(OH); + H,0 — 2AP" + 60H- 0.001 Trace
Quartz Si0, + H,0 — HySi0, 12 1-12
Amorphous Si0; + H,0 — H,Si0, 120 1-65
silica
Calcite CaCO; + H,0 + CO; « Ca?* + 2HCO;3 60%, 4007 10-350
Dolomite CaMg(CO3), + 2H,0 + 2CO, « Ca’" + Mg?* + 4HCO3; 50*, 3007 10-300
Gypsum CaS0, - 2H,0 — Ca** + S0~ + 2H,0 2400 0-1500
Sylvite KCl + H,0 — Kt +Cl- + H* + OH~ 264000 0-10 000
Mirabilite NaSO, - 10H,0 + H,O — Nat + SO2~ + H* + OH~ 280000 0-10 000
Halite NaCl 4+ H,0 — Na* +CIl~ + H* + OH™ 360000 0-10 000
*Pco, = 1073 bar.
JrPcoZ = 10" bar.

dissolved solids (TDS) will almost invariably prove to be
enriched by sulphates or chlorides, or nitrates if the water
is polluted. The great majority of karst waters contain only
a few tens or hundreds of mg L ™! of dissolved solids. As a
result, their chemistry is that of very dilute solutions.

3.1.1 Definition of concentration units

In the engineering and geomorphological literature mass
concentrations of dissolved solids measured in water
samples are commonly reported in milligrams per litre.
By weight, these are equivalent to parts of solute per
million parts of solution and to grams per cubic metre.
In the SI system concentrations of ions in aqueous
solutions are expressed in molar units (molarity). A
solution of 1mole of calcium (atomic weight =40.08)
contains 40.08 g of calcium per litre of solution. This is a

Table 3.2 Common chemical classifications of waters

Total dissolved solids*

(mgL™
Soft water <60
Hard water > 120
Brackish water 1000-10 000
Saline water 10000-100 000
(Seawater) (35000)
Brines > 100000

Potable water for humans
Potable water for livestock

<1000 or < 20001
<5000

*Total dissolved solids in potable waters are presumed to be only the
bicarbonates, sulphates, chlorides and their associated species as

discussed in this chapter.

TVaries between jurisdictions: these are the two most frequent limits.

large quantity in natural aqueous systems; thus, to avoid
many zeros after the decimal point concentrations are
usually reported in millimoles per litre (mmolL ™" or
mM) or even micromoles per litre (umol L™"). To convert
from mgL~":

mol - L™ = me- = L™
1000 - 4

where A denotes atomic or molecular weight. Conveni-
ently, because the molecular weight of 1 mmol of CaCO;
is equal to 100.1 mg, 1 mmol L™" of Ca®>" is the equiva-
lent of 100.1 mgL™" CaCO; dissolved.

The reactions are evaluated in equivalent units to
enable the checking of ion positive and negative charge
balances: units are eqL™", meqL ™" and peqL™".

_, mg-L!
Ll 2
med 1000 - £

where E is equivalent weight obtained by dividing atomic
or molecular weight by ionic charge; in the case of ions
with one charge (e.g. Nat, K¥, CI7) E = 4. For ions with
two charges (e.g. Ca>™, S037) equivalents = moles multi-
plied by 2. Table 3.3 gives the factors to convert
mmol L™ and meqL ™" (the preferred units of chemists)
to mgL ™', the units of bulk weathering studies.

Readers should be careful when reading scales of calcium
carbonate concentration in the literature, which may be
reported as mgL~' Ca®>" or as mgL~' CaCO;. Total
hardness (dissolved bicarbonates, carbonates, sulphates,
chlorides, etc. of calcium and magnesium) may be reported
as mmol L™, meq L, mg L} CaCO; or in national units;
one ‘English degree’ of hardness=143mgL™" CaCO;,
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Table 3.3 Molecular and equivalent weights of the common
ions and molecules encountered in karst waters

Formula Molecular weight Equivalent weight
Ca®" 40.08 20.04
Cl- 35.46 35.46
Co% 60.01 30.00
F~ 19.00 19.00
Fe*™ 55.85 27.93
Fe*" 55.85 18.62
HCOj3 61.02 61.02
K* 39.10 39.10
Mg*+ 2432 12.16
Na™ 22.99 22.99
NH; 18.04 18.04
NO; 62.01 62.01
PO}~ 94.98 31.66
No/ 96.06 48.03

one ‘French degree’=10.0mgL™' CaCO; and one
‘German degree’ = 17.8mgL~" CaCO; (Krawczyk 1996).
Example: a solution contains 250mgL~' CaCO;. The
solution contains

100mgL~! Ca?* = 2.5mmol L~ or 1072 mol L™!
150mgL~"' CO;~ = 2.5mmol L' or 107 mol L™

Ionic strength, 7, is defined as the sum of the molar
concentrations of ions in a water multiplied by the square
of their charges:

1

where m; is the molar concentration of ion i and z; is its
charge. In most karst waters there will be only seven
constituents in significant concentration:

1= % ("] + K] + 4[Ca®] + 4[M?']
+[HCO;] + [CI7] 4 4[SO} ] + [NO; ])

In limestone and dolomite areas, Na*, Cl~, SO~ and
NOj3 are often present in very low concentrations and
thus can be neglected as well, but it is important
to establish this by measurement: it should not be
assumed.

As a rule of thumb, the ionic strength of brackish
waters ~0.1; fresh waters > 0.01.

3.1.2 Use of negative logarithms

Because karst waters are usually very dilute solutions
numbers involved in calculations may be inconveniently
small. To reduce the likelihood of arithmetical errors
arising from misplaced decimal points, it is conventional
to do much of the calculation with negative logarithms.
The symbol for a negative logarithm is lower case p. In
the example given above, 100mgL~" Ca*"=0.0025
molL™". Log;, of this concentration is 107> thus
pCa*" =2.6.

3.1.3 Source books

In this book we use the thermodynamic equilibrium
approach and saturation indices to investigate problems
of mineral dissolution. It is a comprehensive approach,
giving information on the evolution of water from an
initial state towards its state when sampled at a karst
spring, etc. Accuracy of results is dependent on precision
of pH measurements which, in the past, has been difficult
to achieve in the field. Hence many karst workers have
preferred bulk quantitative approaches neglecting equili-
bria. These yield less insight but are also less prone to
error.

The ‘classic’ text is Garrels and Christ (1965) Solu-
tions, Minerals and Equilibria. Most later works use the
format and conventions adopted by these authors. A most
comprehensive recent treatment is by Stumm and Morgan
(1996) Aquatic Chemistry, 3rd edn. Other useful recent
works include texts by Dreybrodt (1988), Appelo and
Postma (1994), Langmuir (1996), Berner and Berner
(1996), Bland and Rolls (1998) and Domenico and
Schwartz (1998).

3.2 AQUEOUS SOLUTIONS AND CHEMICAL
EQUILIBRIA

3.2.1 Speciation, dissociation, hydration and the Law
of Mass Action

In addition to dissolution or precipitation at the solid—
liquid interface, in karst studies it is necessary to consider
speciation in the water, processes by which solute ions
and molecules combine or break apart or change phase
between gas and liquid. Recently there has been increas-
ing attention paid to redox (reduction—oxidation) pro-
cesses as well, in which species respectively gain or lose
electrons: these are considered later.

Water itself is an effective conductor because it is polar.
Cation—anion electric bonds are weakened in solids in
contact with it. Their normal thermal agitation suffices to
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detach some ions, which diffuse away into the solution.

For example, for halite
NaCl ‘& Na* +CI- (3.1)

H,0 . .

where < means ‘in the presence of water’. This most

simple process of solution is termed dissociation. It

adequately describes the dissolution of rock salt and

gypsum.

A more complex solution process involves the partial
or complete neutralizing of either the cation or the anion
charge. This unbalances the solution, requiring further
dissociation (or equivalent back reaction by precipitation)
to restore it.

Pure water itself dissociates to a small extent:

H,0 & H* + OH™ (3.2)
Comparatively little dissociation occurs with CaCOj3. But
if a free proton, H", approaches the solid we may write
the sequence of reactions:

CaCO; < Ca’t +CO3~ (3.3)
Ca*" +CO;” +H' & Ca*" + HCO; (3.4)

The CO%f ion has become hydrated. Unless an OH ™ is
within a few nanometers of the site of these reactions
close to the solid-liquid interface, the solution is unba-
lanced there and a further CO%f ion can dissociate to
restore it. This is the process of acid dissolution. It
dominates dissolution of the carbonate minerals.

Systems of such reactions proceed in a forward direc-
tion with rates proportional to the concentration of
reactants. Accumulation of reaction products increases
the rate of back reaction until forward and backward rates
are equal. The system then has reached a dynamic
equilibrium for the given set of physical conditions
imposed upon it, i.e. temperature and pressure. Variation
of any of these conditions induces systematic change in
the concentrations of each reacting species until equili-
brium is again attained. This is the ‘Law of Mass Action’
for reversible systems, which may be written:

ad + bB < cC +dD (3.5)
where a4 = a moles (or mmol) of reactant species A, and
¢C = ¢ moles (or mmol) of product C, etc. At dynamic
equilibrium this relation becomes

k.,

3.6
[4)°[B)" (0

where K.q is a coefficient termed the thermodynamic
equilibrium constant (or solubility product or stability
constant or dissociation constant by different authors).
As an example:

[H'][OH"]

H,O =
? [H,0]

=Ky (3.7)

By convention the value assigned to H,O is unity,
shrinking equation (3.7) to

Ky = [H']- [OH] (3.8)
Ky, is the thermodynamic equilibrium or dissociation
constant of water; it has a value of 1074 at 25°C and
1 bar (10°Pa), and 107142 at 0°C.

These are spontaneous reactions in which the energy
retained in the product phases is lower than in the
reactant phases. The difference is measured as the
Gibbs free energy of reaction, AG°, which is related
to the thermodynamic equilibrium constant, K, by:

AG® = —2.303 - RT -log;o K (3.9)
where R is a gas constant with the value 8.314 J mol ™' K™
and T is the system temperature in degrees Kelvin.

Products with the lowest Gibbs free energies are the
most stable. At earth surface temperatures and pressures
more energetic metastable phases are frequently found,
however, and may be long lasting. The concept is
sketched in Figure 3.1. Reactants must surmount energy
activation barriers to create products. In some instances,
there is a lower barrier, E,’, for the metastable product
than for the stable. In karst studies the most significant
metastable example is aragonite: the activation barrier for
inversion to calcite has been placed between 184 and
444xImol™" in various experiments. Aragonite may
survive for millions of years at low temperatures and
pressures before inverting; at 360°C it is all converted in
about 16h (see White 1997a). At the other extreme, a
molecule of carbonic acid (H,COY, formed from
H,0 + CO,, as discussed below) exists for only a fraction
of a second before dissociating into H" and HCO5. Full
discussion of the Gibbs free energy concept, including
tables of constants for compounds of importance in karst
processes, can be found in Stumm and Morgan (1996,
p. 27 et seq.), and other texts cited above.

3.2.2 Activity

Water with ions diffusing through it is a weak electrolyte.
Some ions of opposite charge will combine to form ion
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Figure 3.1 Conceptual model of the energy changes occurring in chemical reactions.
pairs with reduced charge or zero charge. Hence, the Where I < 0.1, the extended standard form is
number of potentially reactive ions of a given species i
(e.g. Ca®*") that are present in an aqueous solution is logy, = —Az} - (1) (3.11)
. 1 *
always somewhat less than the molar sum of ions of that " +B-r- ()2

species in the solution. The proportion of potentially
reactive (or free) ions is termed the activity of the species.
As ionic strength (/) increases from ~0 to 0.1, activity
decreases. This is a reflection of the increasing opportunity
for ion combination to occur. For many species it increases
again between / = 0.1 and 1.0.

Determination of activity is fundamental to the correct
computation of all equilibria for solute species. Activity
itself is symbolized by ‘a’ in most texts; standard brackets
() signify that it is the activity of the contained species
that is being considered; square brackets [ ] signify
molarity and { } molality of a species.

The activity coefficient y; is defined as

(@)
[ci]

) = (3.10)

where ¢ = concentration

yp—1 as¢—0

Approximate values of the activity coefficients for the
dissolved species of interest in most karst work are given
in Figure 3.2. Normally they are not read off graphically
but are computed with variants of the Debye—Hiickel
equations contained within larger programs computing
the equilibrium state of reported dissolved species. A
standard extended form of the equation is satisfactory for
most purposes in normal karst waters. Consult Stumm
and Morgan (1996) for better precision.

with z the valence of the ion, A and B constants depend-
ing upon temperature and pressure (4 = 0.4883+ 8.074 x
1074 x T;B=10.32414+1.6 x 107* x T, with T in °C)
and R; is the hydrated radius of the ith ion; the relevant
radii are given in Table 3.4.

Where [ is > 0.1 but < 0.5, Davies’ variant (1962) is
recommended by Stumm and Morgan (1996):

1
(1)
logy; = —Az} | ——— —0.21 (3.12)
1+ (1)
1.4
1.2 a
+
= T H2CO; H
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Figure 3.2 Activity coefficients and ionic strength of the
common ionic constituents in karst waters. Reproduced with
permission from Freeze, R.A. and J.A. Cherry, Groundwater, 604
pp © 1979 Prentice Hall, Inc.
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Table 3.4 TIonic radii of ions most frequent in karst waters

i (x107%m) Ion

2.5 NHj

3.0 K*, CI~, NOy
3.5 OH™, HS™

4.0 S0}, PO}~
4.0-4.5 Na*, HCOy

45 Cco3-

5.0 Sr**, Ba®", §%°
6.0 Ca**, Fe**, Mn?*
8.0 Mg>*

9.0 H*, AP, Fe**

For more concentrated solutions (e.g. brines) the Pitzer
equation is often applied instead (Nordstrom 2004).

3.2.3 Saturation indices

A solution containing a given mineral will be in one of
three conditions.

1. Forward reaction predominates. There is net dissolu-
tion of the mineral; the solution is said to be under-
saturated or aggressive with respect to the mineral.

2. There is dynamic equilibrium; the solution is satu-
rated with the mineral.

3. Back reaction predominates and there may be net
precipitation of the mineral. The solution is super-
saturated.

Few sampled waters are precisely at equilibrium.
Saturation indices measure the extent of their deviation,
i.e. their aggressivity or supersaturated condition. The
measured product of ion activity in a sample is compared
with the K4 value. The standard form of the saturation
index (SI) is that of Langmuir (1971):

SI = logIAP/Kq (3.13)
where Kjap is the ion activity product. Here, a solution
is at equilibrium at 0.0, aggressive waters have negative
values, etc. as illustrated in Figure 3.3. An alternative
index that is occasionally used is the saturation ratio
(SR); this is simply the non-logarithmic version, where
SR is 1.0 at equilibrium. Readers are urged to use the SI
index in order that results can be more immediately
compared.

Figure 3.3 illustrates a further point that is most
important. For the mineral species of interest in karst
research, the approach to dynamic equilibrium (SI=0.0)

supersaturated solution
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Figure 3.3 Evolutionary path of a water sample, X, approach-
ing equilibrium with respect to a given mineral. C.q = concentra-
tion at saturation=an SI value of 0.0. Change of boundary
conditions will shift the SI scale, as illustrated at right.

becomes asymptotic where boundary conditions of tem-
perature, etc. remain constant. Ideal equilibrium is diffi-
cult to impossible to attain; a comparatively long
timespan or long flow path through the rock will be
required to effect net addition of the last few ions. In
karst, a supersaturated water almost invariably indicates
that a significant change of boundary conditions has
occurred. In Figure 3.3 the change is indicated by 4P, T.

3.3 THE DISSOLUTION OF ANHYDRITE,
GYPSUM AND SALT

Anhydrite (CaSO,4) may dissociate directly in the pre-
sence of water. In field conditions it normally hydrates
first, becoming gypsum which dissolves by dissociation:

CaSO; - 2H,0 & Ca’* + SO~ + 2H,0 (3.14)

The solid, gypsum, and water are both assigned values of
unity. The equilibrium constant thus is

[Ca®*][SO77]

K, =
¢ [CaSOy)g

(3.15)
where K, signifies that the constant is that of gypsum. Its
value is 107*®1 at 25°C, declining to 107*%5 at 0°C.
Similarly, the expression for halite is

_ NatjCr]
" [NaCl] (3.16)
Ky = [Na*] - [C1]

Ky = 10712 at 25°C, declining to 10738 at 0°C.
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Figure 3.4 The solubility of calcite and gypsum in water and
the standard atmosphere between 2° and 25°C.

The saturation index for gypsum is

C 2+ 502—
SI, = 10gM (3.17)
Kg
or
SI, = log(Ca*") + 10g(SO; ") + pK, (3.18)

It takes the same form for salt; however, because salt
solubility is so great, even brines are strongly aggressive
in most instances. The salt index is of little practical
utility in karst studies.

The environmental controls of the rate and amount of
gypsum or halite in solution may be summarized very
simply. As with most other dissociation reactions there
are positive correlations with pressure and temperature.
However, the minor effects of pressure changes on
solubility can be ignored even where groundwaters cir-
culate to depths of several kilometres. The same is
broadly true of temperature. The surficial environmental
range from 0° to 30°C for meteoric waters has an effect
that is inconsequential in the case of salt. For gypsum
(Figure 3.4), it produces an increase of approximately
20% in the solubility product. It has not been shown that
this is an important boost in terms of any effect on karst
morphology or rate of development: see Cigna (1986) for
discussion of thermal mixing effects. Solution rates and
concentrations here are controlled primarily by the
amount of water contacting these minerals and, to a
lesser extent, by the mode of supply — as laminar or
turbulent flows or as impacting raindrops or spray.

3.4 THE DISSOLUTION OF SILICA

Pure silica in its compact crystalline mode as (alpha)
quartz (density =2.65) is very resistant but does react

with water, forming silicic acid by the process of hydro-
lysis:

Si0;(quartz) + 2H,O — HySiO4(aq);

Ky=11-10"* (3.19)
Written in the alternative form, Si(OHy),q, silicic acid is
seen to comprise four OH groups attached to a central
silicon atom. It is not very reactive. The solubility of
quartz in standard temperatures is only 6-10mgL™". In
hotter waters it increases rapidly (e.g. ~60mgL™' at
100°C).

If very alkaline conditions should chance to occur (pH
>9.0), silicic acid can pass through up to four dissocia-
tions (four ‘orders’) in sequence until all H* ions are
detached, e.g.

Ky =107"7
Ky = 107133

H4Si04 — H3SIOZ + H+;
H;SiO, — H,Si03” +H';

etc., substantially increasing the amount of quartz that
may be dissolved. However, such alkaline conditions can
rarely be achieved in quartzite and siliceous sandstone
terrains, where soils and waters are normally slightly
acid.

If pH is lowered, for example by the addition of CO, to
waters as discussed in the next section, the solubility of
silica may be exceeded and amorphous (or hydrous)
silica, Si0,.nH,0, precipitated. It is common in many
dry-zone soils. The water is slowly expelled to form opal,
a crystalline form of SiO, with a more open structure than
quartz (opal density =2.1). Amorphous silica is quite
soluble (K = 10727), with > 100mgL~" often measured
in waters of normal karst pH, rising to >300mgL~" in
very alkaline or hot waters.

3.5 BICARBONATE EQUILIBRIA AND THE
DISSOLUTION OF CARBONATE ROCKS
IN NORMAL METEORIC WATERS

3.5.1 Bicarbonate waters

The solubility of calcite and dolomite by dissociation in
pure, deionized water is very low, only 14mgL~! (as
CaCO0;) at 25°C. This is scarcely more than the solubility
of quartz.

Investigations in many countries have long established
that most of the enhanced solubility of carbonate minerals
that occurs is due to the hydration of atmospheric CO,
(Roques 1962, 1964). This produces carbonic acid which,
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in turn, dissociates to provide H'. Other acids may
furnish additional H", and other complexing effects
may further increase solubility. These are summarized
in later sections. Here we consider the effect of CO, from
the atmosphere and soil air. It is predominant in most
carbonate karsts, which are created by meteoric waters
that can circulate only to comparatively shallow depths
underground and, as a consequence, have not been
geothermally heated to a significant extent.

Carbon dioxide is the most soluble of the standard
atmospheric gases, e.g. 64 times more soluble than N,. Its
solubility is proportional to its partial pressure (Henry’s
Law) and inversely proportional to temperature. Partial
pressure is that part of the total pressure exerted by a
mixture of gases that is attributable to the gas of interest.

For the dissolution of CO, in water, Henry’s Law may
be written:

C02 (aq) = Cab . PC()2 -1.963 (3.22)
where CO, is in gL™", Pco, is the partial pressure of
CO,, 1.963 is the weight of 1 L of CO,, in grams, at one
atmosphere and 20°C, and C,, is the temperature-
dependent absorption coefficient, given in Table 3.5.

In the standard atmosphere, Pco, at sea level has a
modern global mean value of ~0.038% or 0.00038 atmos-
phere (380 ppm) or a little higher. This is equivalent to
~0.6mg CO, per litre of air. With increasing altitude
Pco, declines slightly; e.g. Zhang (1997) measured only
120-150 ppm at 5000 m on the Tibetan Plateau, increas-
ing to 200-300 at 4000 m. It may also be reduced a little

in forests (by assimilation) and over fresh snow. How-
ever, effects of these reductions appear to be very minor.

Of the greatest importance is the increase of Pco, that
may occur in soil atmospheres as a consequence of
organic compounds released in the rooting zones. In
principle, CO, can entirely replace O, there, i.e. increas-
ing Pco, to 21%. Soil CO; is discussed in detail in a later
section.

The role of CO, is illustrated in Figure 3.5. Its
dissolution and consequent dissociation proceed:

CO; (g) & CO; (aq)
CO; (aq) + H,0 < H,COY (carbonic acid)

(3.23)
(3.24)

Carbonic acid dissociates rapidly; nevertheless, it is
conventional to combine these reactions to obtain one
equilibrium expression:

H,CO)
Koo, = ——3 (3.25)
Pco,
The carbonic acid dissociates:
H,COj & H" + HCO; (3.26)
This first-order dissociation constant is
HCO; ][H*
[H,CO3]

Table 3.5 The solubility of CO, (Reproduced with permission from Bogli, A, Karst
Hydrology and Physical Speleology © 1980 Springer Verlag)

(a) Absorption coefficients of CO,

Temperature of solution (°C) 0 10 20 30
Absorption coefficient Cyp, 1.713 1.194 0.878 0.665
(b) Equilibrium solubility of CO, (mgL™")

Temperature (°C)
Pco, (atm) 0 10 20 30
0.0003 1.01 0.7 0.52 0.39
0.001 3.36 2.34 1.72 1.31
0.003 10.10 7.01 5.21 3.88
0.01 33.6 23.5 17.2 13.1
0.05 168 117 86 65.3
0.10 336 235 172 131
0.20 673 469 342 261
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Figure 3.5 Cartoon depicting the dissolved species, reactions and comparative reaction rates that are involved in the dissolution of
calcite and dolomite under open and closed conditions. Eddy diffusion dominates in the bulk liquid. There are very thin molecular
diffusion boundary layers and adsorption sublayers in contact with the rock — see section 3.10 for details of their significance.

Bicarbonate ion may then dissociate to carbonate:

HCO; < H' + €03~ (3.28)
The second-order dissociation constant is
[H*][CO3 ]
K=—"——— 3.29
>~ [HCO;] (3:29)

All fresh waters exposed to the ordinary atmosphere will
contain these different species of dissolved inorganic
carbon (DIC), whether or not there are carbonate rocks
in the watershed.

3.5.2 Dissolution of calcite and dolomite

The pH of water in limestone and dolomite terrains
usually falls between 6.5 and 8.9. In this range, HCO3
is the predominant species, CO3~ (aq) being negligible
below pH 8.3. It is more appropriate, therefore, to
approach equation (3.27) as a back reaction. This requires
introducing the minerals:

CaCOs(s) = Ca’" + CO%~ (3.30)

where CaCO; (s) is solid calcite.

Kealcite or aragonite — [Caer} [Cogi] (33 1 )
Then,
CaCO; (s) + H' < Ca?" + HCO; (3.32)

From laboratory experiments Plummer er al. (1978)
consider calcite dissolution to be the sum of three forward
rate processes, which are reaction (3.31) plus direct
reaction with carbonic acid

CaCOs (s) + H,CO;3 (aq) +» Ca’t +2HCO;  (3.33)
and dissolution in water ( a double dissociation)
CaCO;s (s) + H,0 «» Ca’" + HCO; + OH™  (3.34)

This full sequence of reactions from equation (3.23)
onwards is often summarized

CaCOjs + CO, + H,0 < Ca*" + 2HCO; (3.35)
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For dolomite, the dissociation reaction is
CaMg(CO3), < Ca*" + Mg?" 4 2C03~ (3.36)
the dissociation constant is

[Ca”*][Mg*][CO3 ]
[CaMg(CO3),]

4=

(3.37)

and the summary is

CaMg(COs), + 2CO, + 2H,0

& Ca’t + Mg?t +4HCO;3 (3.38)
Equilibrium constants for these reactions at a range of
temperatures are given in Table 3.6.

If the dissolution of calcite or aragonite alone is
considered (and if the ion pairs, Ccho; and CaCO?,
that appear in Figure 3.5 are ignored for the present), the
water contains six dissolved species: Ca>t, HY, H,COY,
Cco?, HCOj; and OH . These are defined by equations
(3.2), (3.22), (3.27), (3.29) and (3.31). The molar con-
centrations of these species at equilibrium in given
conditions are calculated by adding a further equation
and then solving the set simultaneously. The additional
equation is for charge balance:

mjz;(cations) = m;z;(anions) (3.39)
For calcium carbonate solutions this equation is
2megp+ +mys = 2mege- + muco; + Mo (3.40)

A more comprehensive charge balance equation (one that
will serve for almost any natural water encountered in
karst terrains) is

2mege + 2mygre + Mg + mgr + mye

= 2mCO§’ + 2m5037 + muco; + meci- + mno; + Mou-

Solutions are obtained by iterative approximations.
Figure 3.6 shows the approximate solutions for open
and closed systems (as these are defined below), with
just the six species noted.

3.5.3 The saturation indices

The saturation index for calcite is

(Ca®*)(CO3)

Slc = log X
c

(3.42)

and has the same form for aragonite. CO3~ is present in
very small amounts in pH below ~8.4 and so is not
normally measured; instead, the standard form is

(Ca?")(HCO3 K,

Sle =108 (ko)

(3.43)

or

Slc = log(Ca*") + log(HCO; ) + pH — pK> + pKc
(3.44)

Table 3.6 Equilibrium constants for the carbonate dissolution system, gypsum and halite, at 1 atm pressure. (From Garrels and

Christ 1965; Langmuir 1971; Plummer and Busenberg 1982)

Temperature (O C) pKC02 pKl pKZ chalcite pKaragonile pKdolomite ngypsum pKha]ite
0 1.12 6.58 10.63 8.38 8.22 16.56 4.65 1.52
5 1.19 6.52 10.56 8.39 8.24 16.63 — —
10 1.27 6.46 10.49 8.41 8.26" 16.71 — —
15 1.34 6.42 10.43 8.42 8.28 16.49 — —
20 1.41 6.38 10.38 8.45 8.31 16.89 — —
25 1.47 6.35 10.33 8.49 8.34 17.0 4.61 1.58
30 1.52 6.33 10.29 8.52" 8.37" 17.9

50 1.72 6.29 10.17 8.66 8.54" —

70 1.858 6.32" 10.15 8.85" 8.73" —

90 1.92" 6.38" 10.14 9.36 9.02 —

100 1.97 6.42 10.14 — — —

pK1 = 356.3094 + 0.06091964T — 21834.37/T + 126.8339 log T + 1684915/T2.
pK> = 107.8871 + 0.03252849T — 5151.79/T — 38.925611log T + 563713.9/T2.

pKc = 171.9065 + 0.077993T — 2839.319/T — 71.5951og T
log K CaHCO7 =1.11 at 25°C, log K MgHCO7
*Interpolated

0.95 at 25°C, log K CaCO§ =3.22 at 25°C.
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For dolomite the saturation index is

Sly = log(Ca*™) + log(Mg*") + 2log(HCO3)

+2pH — 2pK; + pKq (3.45)

A very significant parameter (for it reveals much of the
provenance or history of a karst water) is the Pco, with
which an analysed sample would be in equilibrium. This
is given by

(HCO3)(H)
K - Kco,

O, (3.46)

or

log Pco, = log(HCO5) — pH + pKco, +pKi  (3.47)

Figure 3.7 presents a good example of the Sl and Pco,
indices put to work to explain limestone surface and
groundwater geochemical behaviour changing over the
course of the growing season in a cool temperate region.

3.5.4 Soil carbon dioxide

Globally, soil CO, is undoubtedly the most important
source for enhanced solubility in carbonate rocks. The
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Figure 3.7 Illustrating the use of the Sl and Pco, parameters by

analysis of some simple calcium bicarbonate water samples
collected between June and August in a limestone basin on
Anticosti Island, Quebec. Allogenic rivers drain lime-rich glacial
soils and flow for several kilometres before reaching the limestone
and sinking underground. Autogenic streams drain similar local
soils but sink within a few hundred metres. These two types of
water plus direct subsoil percolation combine to discharge at a
major regional spring. As the summer season advances a pro-
gressive increase in the effect of soil CO, comes to dominate the
evolution of these waters. Reproduced with permission from
Roberge, J., Geomorphologie du karst de la Haute-Saumons,
Ile d’Anticosti, Quebec. MSc thesis, McMaster University,
p. 217 1979.

porosity of normal soils is greater than 40% but part is
occupied by bound water. The maximum volume avail-
able for air storage and circulation ranges from ~17% in
clay soils to ~31% in very sandy soils (Drake 1984).
Gases produced in soils will tend to accumulate there
because rapid diffusion or drainage are retarded by the
high friction of the tortuous intergranular pathways.

Into the pore spaces green plants respire approximately
40% of the CO, that they extract from the atmosphere
above ground. Their roots are CO, pumps. Yet greater
quantities of CO, are respired by soil fauna, microfauna
and microflora, principally bacteria, actinomycetes and
fungi. Numbers of bacteria can exceed 1-3 million per
gram of soil. Their greatest densities occur in and above
the rooting zone. From it the gas diffuses out to the surface
(and O, diffuses in) and also to the soil base and below.

Carbon dioxide productivity of roots and soil bacteria
increases with temperature and water availability. Opti-
mum temperatures for different species range from 20°C
to as high as 65°C (Miotke 1974). In recent work in the
great subtropical karstlands of southern China, for exam-
ple, Yuan (2001) measured mean monthly CO, abun-
dances at —50cm (the heart of local rooting zones)
ranging from ~500ppm during the dry, cooler winter
months to 26 00040000 ppm (Pco, = 2.6-4.0%) at the
height of monsoon rains in June, July and August. Cold-
adapted bacteria can continue to respire down to —5°C;
Cowell and Ford (1978) recorded a sharp drop in soil Pco,
after the first hard frost of winter in central Canada.

The field capacity of a soil is notionally defined as the
amount of water retained after free drainage. Soil CO,
production is greatest at 50-80% capacity but may
continue as soil dries to as little as 5%. Carbon dioxide
production and retention tends to be greatest in fine-
grained soils with swelling clays that can retain water.
For example, in a loess with a mature brown earth profile
in western Germany, Miotke (1974) found that maximum
Pco, was stable at 0.3% atm during dry spells in the
growing season. After rains it rose quickly to as much 4%
in the B horizon, presumably because water sealed pore
outlets in the A horizon.

These observations indicate that patterns of soil CO,
abundance will be most variable. They vary with soil
type, texture and horizon, depth, drainage and exposure,
types of vegetation cover, soil flora and fauna, with
seasonal and shorter period warming and wetting. There
is a considerable literature on the subject because it is
also of great interest to botanists, zoologists, agronomists,
etc. In tropical areas reported common ranges of soil
Pco, are from 0.2 to 11.0% (Smith and Atkinson 1976)
with extremes > 17.5% that may be suspected of error. In
temperate areas the usual range is from 0.1 to 6.0% but
10% is occasionally reported. In arctic tundra 0.2—1.0% is
reported over the brief thaw season. In alpine tundras
common ranges during the melt season are similar, 0.04—
1.0%, rising to brief peaks greater than 3% just below the
treeline.

As illustrated above, the soil CO, effect can be studied
also by back-calculating the equilibrium Pco, of ground-
waters that have drained through soil. By this means
Drake and Wigley (1975) investigated limestone and
dolomite spring waters in Canada and the USA that
were just saturated, i.e. very close to equilibrium with
respect to calcite. The sites ranged from the subarctic to
Texas, a 20°C range of mean annual temperature. They
obtained the linear relation:

log Pco, = —2+0.04- T (3.48)
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where T is the mean annual temperature (°C) at a given
site. This signifies a general soil enrichment effect of x5
compared with the standard atmosphere, onto which the
positive temperature effect is added.

Use of mean annual temperature will give inaccurate
estimates where there are strong seasonal variations
in temperature—recharge—growing-season relationships,
however (Bakalowicz, 1976). Brook ef al. (1983) inves-
tigated this question, using soil CO, field data from arctic
to tropical locales in place of calculated Pco, of carbo-
nate waters. Equation (3.47) was broadly confirmed. The
predictive power of mean annual precipitation was found
to be very poor but there was a fair correlation with the
logarithm of aggregate actual evapotranspiration, which
is related to the length of the growing season and thus to
the period during which soil CO, is being produced:

log Pco, = —3.47 4 2.09(1 — ¢~ 000172AET) (3.49)
where AET is the calculated mean annual actual evapo-
transpiration of a site. It was concluded that ~50% of
variation of soil Pco, can be explained by temperature,
20% by precipitation, and the balance by seasonal water
availability and by growth and inhibition factors.

Although it might appear that CO, could accumulate in
a soil until all O, was replaced (i.e. up to Pco, = 21% by
volume), this does not occur in practice. Root respiration
begins to be impaired at Pco, of ~6%. At slightly higher
concentrations aerobic bacteria begin to be killed and
anaerobic species are unable to replace them fast enough
to maintain the CO, production; hence the process tends
to be self-inhibiting.

3.5.5 Carbon dioxide in exposed epikarst, the vadose
percolation zone and caves

Over large areas in many carbonate karst regions there is
no regular soil cover. Instead, the rock is bare or mantled
only with discontinuous veneers of lichen, algae and/or
vegetal litter. It may lack soil because it is diagenetically
young and porous, as in many tropical islands of Pleis-
tocene age. In regions of intensive agriculture such as the
Mediterranean lands, older limestones are exposed due to
deforestation and overgrazing, and in glaciated areas due
to scour by ice: all are indented to varying degree by
dissolutional pits and troughs (karren).

In the uppermost dissolutional zone, the epikarst,
rotting vegetation and residual soil form a rich base for
roots of trees and shrubs and for bacterial activity.
Although difficult to measure accurately, Pco, values
up to several per cent appear to be common in the trapped
detritus, which can amount to substantial volumes.

Whether the surface is bare or covered by soil, the finer
particulate organic matter produced by decay filters down
into fissures in the vadose percolation zone below. A part
of it even penetrates into the finest cracks, those that drain
to stalactites and stalagmites in underlying caves. In a
worldwide analysis of stalagmites from all climates, hot
to cold, wet to dry, van Beynen ef al. (2001) found that all
samples contained significant amounts of organic frag-
ments too large to pass a 0.07 um filter. In the vadose
(aerobic) percolation zone this material produces CO, by
bacterially mediated oxidation. In boreholes beneath bare
karst in the Bahamas, for example, Whitaker and Smart
(1994) calculated CO, concentrations of 1.6£0.8%
which they attributed to in situ oxidation.

Soil CO, itself may drain down into any underlying
fissures or caves because it is a heavy gas. At gravitational
trap sites such as pits with no outlets for air through the
bottom, CO, from drainage and decay can accumulate to
lethal levels. There have been many local studies.

In comprehensive accounts, Renault (1982) and Ek and
Gewelt (1985) reviewed some thousands of measure-
ments of CO, in caves worldwide. Cave air is generally
enriched 2-20 times with respect to the standard atmo-
sphere but concentrations as high as 6% have been
recorded. They tend to be highest where air circulation
is weakest (e.g. in the narrowest accessible fissures) or at
sites closest to overlying soils. Northern Hemisphere
maxima occur in July—September, when CO, concentra-
tions may be two to four times as great as in winter.
Bakalowicz et al. (1985) report precise flux rates for
summer CO; in the large Grotte de Bedeilhac, Pyrenees.
Rates approximated 4-16kgm~2 day~! CO, for the sur-
face area of the cave. The gas was derived from gravita-
tional drainage and the degassing of saturated infiltration
waters.

Cave streams, especially floodwaters, will pick up this
excess CO, and so boost their solvent capacity. In river
caves of warm, humid regions where much vegetal debris
is carried underground it may make a significant con-
tribution to corrosional enlargement.

3.5.6 Open and closed system conditions

In the present context a system is open when all three
phases, solid, liquid and gas, are able to react together.
An ideal open system exists when such conditions are
maintained until thermodynamic equilibrium is achieved.
A system is closed when only two phases can interact at a
given site.

The application to carbonate dissolution is suggested in
Figures 3.5, 3.6 and 3.8. In the ideal open case, as H and
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Figure 3.8 Summary of the principal complicating effects in carbonate dissolution chemistry. The numbers indicate the
approximate equilibrium concentrations of CaCO; (mgL ') the given effects achieve. (Prepared by Ford and J.M.James.)

H,COY are converted to bicarbonate by reaction with
CaCOs3, more CO, is able to dissolve from the air and so
replenish the COjq) and H2CO(3) until equilibrium is
reached. An open air pool on limestone is such a system.
The value of Pco, is fixed at ~0.036% and is interactive
until equilibrium, which at 25°C occurs when 55 mg L!
CaCO; have been dissolved (Fig. 3.9).

In an ideal closed system, air and water alone react
until the solution is saturated with dissolved CO, plus its
derived H,COY and HCO; . The water then flows away
from the atmosphere and first contacts carbonate minerals
where no air is present, e.g. in a water-filled capillary or
fracture. The H™ and H,COY that are withdrawn by
association with CaCO; cannot be replenished. For
25°C and Pco, = 0.036%, the solution becomes saturated
at only 25mg L~ CaCOs, or 40% of that achieved in the
open system.

In reality, we may expect that many karst waters will
evolve under hybrid conditions, i.e. where the system is
part open, part closed; Figure 3.5 is an example. Drake
(1984) suggests that ideal open-system conditions may

not apply in soils with low air volume or in low
temperatures, because the rate of dissolution of CO,
into recharge waters exceeds the CO,) supply rate.
Very high rates of water recharge will have the same
effect. However, where they have been adequately stu-
died, it is found that karst waters at equilibrium tend
toward one or another of the ideal extremes, as illustrated
in Figure 3.9. The surprisingly high mean concentrations
measured in some temperate regions with average annual
temperatures 5—12°C can be explained by the fact that the
soils are young and on glacial or thermoclastic detritus
(e.g. till) that still contains many carbonate fragments
dispersed in the rooting zone, yielding ideal open condi-
tions. In the tropics, where there are deep soils on lime-
stone they are usually dissolutional residua. These are
clay-rich (favouring high Pco,) but without any surviving
carbonate fragments, so that dissolution commences only
at their base, where the system becomes partly or fully
closed.

A fundamental point to appreciate is that the
initiation and early expansion of dissolutional
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Figure 3.9 Global model for the dissolution of calcite under ideal open and ideal closed system conditions in and below soils, and
for global mean open air (Pco,~350 ppm). Open and closed functions are calculated from equation (3.47) and assume some bacterial
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conduits in the rock will almost always occur under
closed conditions.

3.6 THE S-O-H SYSTEM AND THE
DISSOLUTION OF CARBONATE ROCKS

During the past three decades there has been increasing
interest in the role of aqueous geochemical processes
producing H,S that can react to dissolve limestone and
dolomite. In most localities, such processes play only a
trivial quantitative role, if any, in creating surface karst
landforms such as karren, solution dolines, or poljes.
However, they may make important contributions to the
early opening of dissolutional conduits in general. More
certainly, they appear to be the predominant processes in
the initiation and enlargement of one rare but remark-
able class of cave, the ramiform hypogene system
(Palmer 1991; see Chapter 7.8), which is represented
by such large and magnificently decorated caverns as
Carlsbad and Lechuguilla in the USA, Frasassi in Italy,
and Novaya Afonskaya in Georgia. In addition, they are
associated with the precipitation of the majority of
sulphide ore bodies known in carbonate rocks, the so-
called ‘Mississippi Valley Type’ (MVT) deposits. This
leads many specialists to consider the S—O—H system to
be of independent significance in karst studies, rather
than a subsidiary contributor of complexity to the

CO,-H,O system such as those described in later
sections.

An initial, very simple example of the processes, one
that can be recognized in many ordinary meteoric water
caves worldwide, is the oxidation of pyrite (FeS,) and
other iron compounds that are very common constituents
of shale interbeds in limestone and dolomite. For pyrite in
shale:

15
2FeS, + ?Oz + 4H,0 = F6203 + 8H* + 45047
(3.50)

The H' acidifies the solution, permitting increased dis-
solution of calcite or dolomite (equation 3.32). Reaction
(3.50) may or may not be moderated by bacteria.

As O, has a low solubility, these effects will be of
limited importance in phreatic (anaerobic) environments,
although an exception is cited below. Physical effects are
readily seen in vadose (i.e. air-filled) caves. Water seep-
ing from a limestone bedding plane that contains a little
pyrite-rich shale may be conspicuously aggressive, etch-
ing a pattern of solutional microrills at its emergence.
Floods that push O,-rich water into such planes may
recharge the acidity of main cave streams as they recede.

Hydrogen sulphide is liberated in many volcanic regions
and may enter juvenile or meteoric groundwater as a gas.
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More important, it is also created by reduction processes
operating in fluids being expelled from sedimentary basins
as the sediments compact or are deformed. In particular, it
is created as the abundant organic matter contained in
mudstones and marls is degraded, first into kerogen by
reduction at temperatures < 50°C, and then into oil and
natural gas at temperatures up to 120°C. Mudstones and
marls are commonly deposited with carbonate rocks
(which serve as carriers for the fluids) and with sulphates
and salt. Maturation is illustrated in Figure 3.10, where
‘BSR’ is bacterial sulphate reduction and ‘TSR’ is thermo-
chemical sulphate reduction. Geothermal gradients are
generally between 20 and 40°Ckm™' in sedimentary
basins, thus the processes take place principally at depths
between 1.5 and 5km.

Thermochemical reduction is noted later. Here we
follow the bacterial reduction genetic model proposed
by Hill (1995) for an example of comparatively shallow
settings, the Delaware Basin oilfield of New Mexico—
Texas and the adjoining Guadalupe Mountains that con-
tain Carlsbad, Lechuguilla and many other remarkable
caverns. The model is illustrated in Figure 3.11, where
3.11a summarizes the complex sequence of reactions that
can occur. Not all of these are likely to be present in any
particular H,S karst; it is difficult to balance all proposed
components in certain of them and in the current state of
knowledge should be considered as indicative modelling
of the possibilities rather than proven cases.

The processes begin (Stage 1 of Hill (1995) and
Figure 3.11b) with the flow of hydrocarbon compounds
(represented here by CH4 (methane, the principal com-
ponent of most commercial natural gases) through reser-
voir rocks such as dolomites or sandstones, to the base of
impermeable anhydrite cover strata:

Ca®" + 280%™ +2CH, + 2H"

= 2H,S(aq) + CaCO; + 3H,0 + CO, (3.51)
The reactions take place at substantial depth but with
temperatures < 80°C. In the Delaware Basin they
occurred during Oligocene—Miocene times. They are
driven by anaerobic, sulphur-reducing bacterial species,
Desulfovibrio. Note that calcite may be precipitated, i.e.
it replaces the anhydrite here. This formed resistant
masses within the Delaware Basin sulphate rocks that
late Tertiary—Quaternary dissolution has exposed by
removing the surrounding gypsum, creating low hills
termed castiles (Figure 3.11c).

The concentrations of H,S produced are commonly
around 1 mgL ™" but may be much higher. Dissolution of
H,S in water produces a weak acid that may dissociate in
two steps:

H,S < HS™ +HT
HS™ < H' + 8+
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Sulfur redox reactions: hydrocarbons, native sulfur, Mississippi Valley-type deposits sulfuric acid karst in the Delaware Basin, New
Mexico and Texas. Environmental Geology, 25, 16-23.

At 25°C the dissociation constants for these reactions are  H,S, creating a redox interface within the phreatic
1077 and 10~ '3 respectively. Calcite or dolomite may be  zone:
dissolved (equation 3.32).

Oxygenated meteoric water flowing down gradient in

1
H,S +-0, = S" + H,0 (atpH <6-7 3.54
artesian trapping structures may reach the dissolved 2 Jr2 z e (atp ) ( )
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or

2HS™ + 0, +2H" = 28" +2H,0 (at 7 < pH < 9)

(3.55)

S% is pure (or native) sulphur. Economic deposits of
sulphur were formed during Stage 2 deep in the Delaware
Basin (Figure 3.11b), and much smaller but striking
mounds of it were formed in the aerated caves that had
been created by the time of Stage 6 (Figure 3.11c). The
processes are mediated by oxidizing bacteria (Thiobacil-
lus spp), which use the elemental sulphur as a food and
energy store. Native sulphur of phreatic origin appears
to be rare in karst, however, due to the low solubility
of 02.

In Stage 3 the H,S-saturated water has flowed out of
the basin into adjoining carbonate reef and back-reef
rocks, where it mixes with metal-rich chloride waters
typical of those that are expelled from any adjoining
lagoonal evaporite rocks as the latter are buried by later
deposits. In the reducing zone below any redox interface
there, limestone dissolution can occur with precipitates of
dolomite and massive sulphides filling the voids that are
created. This complex reaction may be written:

H,S + CO; + MeCl* + Mg?" 4 2CaCO; + H,0
= MeS + Ca*" 4 CaMg(CO3),

+HCO; +Cl” +3H" (3.56)

where Me represents heavy metals, chiefly Fe, Zn and Pb.
Taking its origin in the generation of methane, this is
considered to be the basic equation for deposition of
MVT sulphide deposits in carbonate rocks (e.g. Anderson
1991).

Where H,S is able to migrate to the water table or just
below it, conditions permit very effective oxidation,
creating sulphuric acid:

H,S + 20, = H,S0, (3.57)

which reacts with limestone

H,S04 4 CaCO; = Ca?™ 4 S0~ + CO, + H,0
(3.58)

This is a strong acid, capable of dissolving very large
underground chambers at the water table very quickly. If
there is high Pco, in the air or water, 600 mg L~ ! or more
of calcite may be taken into solution at equilibrium (see
Palmer, 1991, figure 22). The processes are probably

moderated by Thiobacillus spp. It is a most potent
mechanism of cave genesis; e.g. Galdenzi and Menicheti
(1990) show that it played a major role in the formation
of Grotta Grande del Vento (Frasassi), while Korshunov
and Semikolennyh (1994) suggest that the extensive
caves of Kugitangtau in Turkmenistan were largely
excavated by it. Baiyun Cave, Hebei Province, China,
is a small but good example developed at the edge of a
coal basin instead of an oil basin.

Hill (1987) calculated that the H,S required to generate
Carlsbad Big Room (Figure 7.33) is less than 10% of one
year’s natural gas production from the adjoining New
Mexico gas fields, so the mechanism is quantitatively
feasible. In the Hill model it represents Stage 4, when the
water table was being lowered through the limestones as
a consequence of the uplift of the Guadalupe Mountains
in late Tertiary times (Fig 3.11c).

From equation (3.58), a proportion of the Ca®>" and
SO?~ ions pair together, precipitate as gypsum and settle
out in the slack-water areas of any water-table ponds.
There is also direct conversion of limestone to gypsum on
cavern walls, both below and above the water line, the
latter being attributable to vapour condensation. Once
again, it is believed that sulphur-oxidizing species mod-
erate the reaction.

In Lower Kane Cave, Wyoming, Stern et al. (2002)
measured 1.3 ppm H,S in the air; vapour condensed with a
pH ~5.3, which was lowered to 3.0 by bacterial action,
and as low as pH 1.7 in some pendular droplets. In
Carlsbad Caverns the pond-floor gypsum is up to 4m in
thickness, and wall alteration crusts reach depths of 0.5—
1.0 m. This is Stage 5 in Hill’s model. The final stage, 7,
describes a minor effect occurring at present where water
droplets accumulate on the native sulphur deposits in
Carlsbad and other caverns, forming encrustations of

gypsum:

S+ Ca®" 420, + 2H,0 = CaSO4 - 2H,0  (3.59)

Hydrogen sulphide reactions play an important quanti-
tative role in one further setting. This is on modern coasts
where caves of varying origin have been inundated by
salt water as a consequence of the post-glacial rise of sea
level, and a thin freshwater layer rests on the denser salt
water. Open cave mouths, drowned shafts and collapses
(cenotes) trap organic debris from the surface. Deep in
the salt water sulphate-reducing organisms produce H,S
from marine sulphate and the debris, which anaerobic and
aerobic oxidizers around the halocline (fresh—salt inter-
face) convert to H,SO,4; many divers report that the rock
walls in this narrow zone are typically spongy and full of
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solutional holes as a consequence (see e.g. Wilson and
Morris, 1994, figure 1).

3.7 CHEMICAL COMPLICATIONS
IN CARBONATE DISSOLUTION

This major section could well be entitled ‘boosters and
depressants’. It is concerned with particular conditions
and effects that can significantly increase or decrease the
solubility of the carbonate minerals. Some of these
effects also work on gypsum but because its solubility
is so great they are of lesser importance. Most of the
analysis has been concerned with calcite solubility but
aragonite and dolomite are similarly affected in most
cases. Figure 3.8 summarizes the principal effects.

The section begins with effects that occur within the
carbonate solution systems already described, then con-
tinues with effects when foreign acids, ions or molecules
are introduced.

3.7.1 Temperature and pressure effects — deep karst

From Figure 3.8 and Henry’s Law, the solubility of
calcite in water equilibrated to the standard atmosphere
(Pco, = 0.03%) at 25°C is 55mgL~". This increases to
75mgL~" at 0°C.

Water often cools as it passes underground. This
enhances its solvent potential. For a water saturated at
240 mgL~" CaCOj5 and cooling from 20° to 10°C, Bégli
(1980) cites a boost of 17.7mg L~! CaCOs.

Increase of hydrostatic pressure has negligible effects
on dissolved species, including gases. However, if any
CO, bubbles can be introduced into water under pressure,
CO, (g) solubility increases at a rate of approximately
6mgL~" per 100m™" depth of water (at 25°C) until a
depth of ~400 m. At greater depths solubility increases at
~0.3mgL™" per 100m™".

When a cave is flooding rapidly, much air may be
trapped and dissolved at pressures up to several atmo-
spheres. Bogli (1980) and others have suggested that this
boost may explain the development of ceiling half-tubes
in cave passages because bubbles will be dissolved
against the ceiling. Much more significant, we believe,
is the combination of pressure and cooling where crustal
exhalative CO, in active volcanic or tectonic areas is
added (initially as gas bubbles) to deeply circulating
waters that emerge via karst hot springs (Yoshimura
et al. 2004).

Added CO, may greatly boost the solvent capacity of
deep, hot water, creating deep karst. As the water ascends
and pressure falls, gas is released as bubbles. The solution
may become supersaturated with calcite, or the cooling

effect may predominate so that the gas becomes redis-
solved to create a second zone of boosted solvent capa-
city; e.g. waters tapped by boreholes near Cave of the
Winds, Colorado, are highly carbonated and undersatu-
rated by ~200mgL~"' CaCO; when they emerge. The
complex association of corrosional cavities with precipi-
tated CaCO; linings in many thermal water caves is
explained by changing permutations of this cooling and/
or degassing relationship (see section 3.10 and Ford et al.
(1993) for the example of Wind Cave, South Dakota).

Deep dissolution, with some reprecipitation, is impor-
tant in carbonate-hosted oil and gas fields, at tempera-
tures generally above 50°C and with commensurate
pressures. Simple hydrolysis of calcite is very effective
above 75°C, yielding CO, (equation 3.4). Complex reac-
tions between clay minerals and carbonates may dissolve
dolomite, precipitate calcite and yield one mole CO, per
mole dolomite consumed. In the main ‘oil window’
between 80 and 120°C thermochemical reduction of
any sulphates yields H,S. Decarboxylation (destruction
of fatty acids) yields CO,. Catalytic degradation of other
kerogen produces aliphatic acids, RCOOH (e.g. acetic
acid CH;COOH), which are more soluble than carbonic
acid and behave in a similar manner.

Han (1998) cites a good example of the cumulative
effects of these processes in his study of the Renqiu
palaeokarst-hosted oil and gas deposit, part of the giant
Bohai field, China. Temperature was 80°C, pressure
300 atm and Pco, 20 atm. Total dissolved solids ranged
3750-10000mgL™" in 14 water samples, SI. being
negative (—0.5 to —1.5) in 10 of them. Using rock
samples from the oilfield cores, solubility was investi-
gated across a range of temperatures and pressures, under
both open and closed conditions, with 6-h experimental
runs. With T fixed at 60°C there was rapid increase of
solubility as Pco, was increased from 1 to 5atm, slowing
with further increase to Pco, = 25 atm; with Pco, fixed at
20 atm, solubility peaked at 55 mgcm ™ at ~50°C, with a
linear decline thereafter to ~20mgcm > at the upper
limiting temperature of 120°C. Physical effects were
readily seen under magnification, taking the form of
collapse of earlier diagenetic porosity and introduction
of new etch pits.

3.7.2 Inorganic exotic acids

Here we refer to acids generated outside the bicarbonate
and sulphur systems by reaction with other minerals. This
is illustrated in Figure 3.12 where the increase in solubi-
lity that is shown for HCI will be true for all acids
introduced in 1 N solution.
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Dilute solutions of hydrochloric acid occur in nature.
The reaction may be represented:

CaCOj; + HCl = Ca?" + HCO; + CI™ (3.60)
Most exotic production involves oxidation, e.g. the case
of manganese, which is common in very low concentra-
tions, (< 1 mgL™") in cave waters:

1
Mn?*" +-0, + H,0 = MnO, + 2H" 3.61
2

In the case of siderite (FeCOs, present as thin layers or
nodules in many limestones and dolomites) several reac-
tion paths may enhance acidity, for example:

1
2FeCO; +50; + 5H, O = 2Fe(OH); + 2HCO;

+2H* (3.62)

or
FeCO; + H" = Fe?™ + HCO; (3.63)
Fe’t = Fe** +e” (3.64)
2Fe*" + 6H,0 = 2Fe(OH), + 6H" (3.65)

The Fe(OH); is a hydrated precipitate.

Similar reactions may occur with other metal carbo-
nates in limestones, while sulphides will produce the H,S
reactions summarized above. Streams flowing on to lime-
stones from siliciclastic rocks often contain these acids
also. However, the quantities involved in most instances
are very small.

3.7.3 ‘Acid rain’

The pH of normal rainwater is between 5.6 and 6.4. In
industrialized regions and for hundreds of kilometres
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downwind of them it is now often below 4.5: indeed, it
has been recorded below 3.5 in sites as remote from
industry as Spitsbergen (Krawczyk et al. 2002). There are
two principal sources of the additional acidity:

1. H,SO4 from atmospheric oxidation of SO, produced in
the burning of sulphur-rich fossil fuels and the smelt-
ing of sulphide ores;

2. HNOjs, produced when atmospheric nitrogen is oxi-
dized in internal combustion engines and then vented
as exhaust gas, or from the manufacture of inorganic
fertilizers.

Acid rain has been attacking limestone buildings in
Europe for more than 150year. The H,SO,4 reaction
(equation 3.58) is the most noticeable because surficial
skins of stone are spalled off by the expansion involved;
the process is termed ‘sulphation’; see section 12.6).
Nitrates also are now raining out in amounts as great as
10kgha='a~! in many parts of the world. Attention has
been focused on the deleterious effects of acid rain on
forests, rivers and lakes in regions where there are no
carbonate rocks to buffer the acid, e.g. much of central
Sweden or the eastern Canadian Shield. So far as we are
aware, acid rain has not yet produced any notable new
karst on carbonate rocks (as opposed to buildings made
from them), but students of karst water equilibria and
erosion rates must be alert to its potential effects in the
water samples that they analyse. Theoretically, acid rain
at pH 4.0 may dissolve 100 times more CaCOj; than
‘normal’ rainwater at pH ~6.0, although this has not been
established in field studies.

3.7.4 Ion pairs

Ion pairs normally found in bicarbonate waters are shown
in Figure 3.5. They are weakly associated cation—anion
pairs within a solution that also contains many free ions.
As ionic strength increases, pairing will increase. This
reduces the activity of ions of interest and so increases
mineral solubility.

Chloride ions do not pair significantly, thus ion pairs in
karst and saline waters will be combinations of the cations
Ca*", Mg*", K", Na* and H', with CO}~, HCO;, OH™
and SO2~. For example, H,COY (carbonic acid) is an ion
pair. More complex pairings such as Ca(HCO;)) are
possible, but minor. In bicarbonate and sulphate waters
the significant pairs appear to be CaHCOF, CaCOY,
MgHCOJ, MgCOJ, CaS0OJ and MgSO).

As an early example, Wigley (1971) studied spring
water from a gypsum and carbonate basin in British
Columbia. Total dissolved solids were 1700mgL~". He

found that 70.6% of Ca*" ions were free, 26.7% paired
with SO3~, 1.7% with HCO; and 1% with CO%~. Ion
pairing for Mg?" was almost identical.

Although it may increase carbonate and gypsum solu-
bility a little (generally < 10%), ion pairing is truly more
important for its effect on calculated saturation indices. If
pairing is not allowed for, the index values are over-
estimated — solutions appear more saturated than they are.
Standard computer programs mentioned below
(PHREEQC, WATEQA4F, etc.) compute all probable
pairs. It is essential that this be done where total dissolved
solids exceed 100mgL ™.

3.7.5 Common ions

The principle of the common ion effect is that if one of
the ions created by dissolution of a given mineral should
be introduced from some other source, the solubility of
that mineral is reduced. For calcite, aragonite and dolo-
mite, this normally implies alternative sources of Ca>* or
Mg?" ions. Other carbonate and magnesium minerals are
rare, thus the ‘common ion effect’ occurs chiefly where
Ca®" is furnished by gypsum or (to a much lesser extent)
from calcic feldspars.

Addition of Ca®>" from gypsum decreases the activity
of the ion but increases the molar product by a much
greater amount. As a consequence, less calcite can be
dissolved before equilibrium is attained. At 10°C addition
of 100mg L ™" Ca®" from gypsum reduces a given calcite
solubility of 100mgL~" CaCO; to 66mgL~!. Where
total ionic strength is much less than 0.1, the solubility of
calcite and dolomite is considerably reduced in waters
that have already had substantial contact with gypsum;
this is a principal cause of dedolomitization, the incon-
gruent dissolution of the mineral with compensatory
precipitation of calcite.

3.7.6 Mixing corrosion in meteoric waters

The important concept of mixing corrosion in fresh
waters was introduced into karst studies by Bogli (1964;
see also Bogli 1980, pp. 35-37), which is an effect
produced by the mechanical mixing in the CO, system
of two karst waters from different sources, where both are
saturated with calcite and therefore, acting alone, are
incapable of further dissolution. In general, in such mixing
cases the resulting mixture will be somewhat aggressive if
one or more of the waters contains less than 250 mgL ™"
CaCOs;. The same effect applies in the mixing of two H,S
waters from substantially different sources.

The principle is illustrated with an example
in Figure 3.13. In the dissolved CaCO; range of
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0-350mgL~" that is found in most carbonate karsts the
equilibrium relationships between Pco, or H,S and cal-
cite are non-linear. Groundwater A is saturated for open
atmospheric Pco, (or a low H,S environment) and
groundwater B with a rich soil CO, atmosphere. They
mix along the line AB and if the two waters are of equal
volume (mixing ratio=1:1, as shown at point C in the
figure) the resulting mixture is undersaturated. The spare
H™ ions can react with calcite or dolomite until equili-
brium is regained at point D. The angle that line C-D
subtends with horizontal is determined by the mixing
ratio; A:B=1:1=45°, A:B=2:1=60°, etc.

Bogli’s proposal has been confirmed by calculations by
many others. He contended that the CO, mixing corro-
sion mechanism described here is crucial for the initiation
of caves in limestone and dolomite because otherwise
waters are saturated before they have advanced more than
a few metres along their host fissures. Subsequent deter-
minations that higher order kinetics begin to apply when
a solution becomes 80-90% saturated (section 3.10) have
greatly reduced the significance of this argument. How-
ever, it or some similar effect offers a good explanation
for the initiation of wall and ceiling solution pockets that
are common in limestone phreatic caves where penetrable
joints intersect major passages. In a computer model
Gabrovsek and Dreybrodt (2000) have shown that it
may relocate the locus of initial cave passage develop-
ment and accelerate its rate.

3.7.7 Ionic-strength effects and seawater mixing

The ionic-strength effect is sometimes termed the
foreign-ion effect. Addition of large quantities of foreign

ions such as Na™, K and Cl™ to a bicarbonate water
decreases the activity of Ca®", HCO;™, etc. and so
increases calcite and dolomite solubility (Figure 3.12).

The ionic-strength effect is primarily associated with
addition of salt. Solubility of gypsum is tripled in a
seawater-strength solution (Figure 3.12a).

In the low concentrations of normal limestone fresh
water (Fig. 3.12b) the effect appears modest. Approxi-
mately 250 mg L ™! NaCl need to be added to boost CaCO5
solubility by 10mgL~'. When thousands of mgL~! NaCl
are added in salt-water mixing situations, however, the
effects can be considerable. Figure 3.14 shows Plummer’s
(1975) analysis for seawater mixing at 25°C. With high
Pco, calcite solubility can be boosted to ~1000 mg L~

On limestone coasts a mixing zone between fresh and
marine groundwaters exists (see section 5.8), in which
dissolution, precipitation and replacement reactions can
be widespread and quantitatively very important; they are
the subject of intense investigation at the present time
(e.g. Martin er al. 2002). In an illustrative early study of
the Yucatan Peninsula of Mexico (a young, permeable
limestone plain), Back ef al. (1984) showed that waters
from the interior flow for as much as 100 km underground
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Figure 3.14 Effect of seawater—freshwater mixing upon calcite
solubility, at 25°C and Pco, as specified. Reproduced with
permission from Plummer, L.N., Mixing of seawater with
calcium carbonate ground water: quantitative studies in the
geological sciences. Geological Society of America Mem. 142,
219-236 © 1975 Geological Society of America.
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and become saturated with calcite at ~250mgL™". In the
final 1km of their journey to the sea, a further
120mgL ™" CaCO; is added from ionic-strength effects
as mixing with seawater occurs.

3.7.8 Trace-element effects

The minor element content of limestones or trace ele-
ments from other sources that are present in the water
have been found to have substantial effects on calcite
solubility in laboratory experiments. The principal study
by Terjesen et al. (1961) is confirmed by some later work.
The presence of tiny amounts of certain metals
(< 1 pmol L") reduces calcite solubility. The inhibiting
effect increases with increasing trace-element content and
is believed to be due to absorption of the metal ions onto
dislocations in the calcite crystal surface that otherwise
are the sites of dissolution, as explained in section 3.10.
In decreasing order of effectiveness, important metals
investigated were scandium, lead, copper, gold, zinc,
manganese, nickel, barium and magnesium. As examples,
6mgL™" Cu*" or 1mgL™" Pb*" reduced calcite solubi-
lity by a factor of two at Pco, = 1 atm. No research has
been conducted at more appropriate Pco, levels. No
allowance for these trace-metal effects is made in Satura-
tion Index calculations. The effects are probably insig-
nificant in most waters.

Some magnesium is present in most calcites. Effects of
differing proportions of Mg>" in the solid solution are
discussed in section 3.10 and Chapter 2. Phosphate ions
may also be a strong inhibitor and Mn>" at concentrations
> 0.5 um. Some organic compounds such as maleic and
tartaric acids are also inhibitive.

3.8 BIOKARST PROCESSES

Biokarst landforms are those ‘produced largely by the
direct biological erosion and/or deposition of calcium
carbonate’ (Viles 1984) or other karst minerals. On Earth’s
land surfaces the most important quantitative biotic con-
tribution to karstification is undoubtedly the production of
CO, in soil, summarized above; once dissolved, this CO,
is responsible for much more dissolution than the sum of
all other processes mentioned below. However, its action
is not direct because the carbonic acid dissolution process
itself is inorganic, and usually physically distant from the
CO,-generating sources. At the base of soils plant root
expansion may also break up bedrocks mechanically,
increasing their exposed surficial areas and thus their
dissolution rates. Humic and fulvic acids are secreted by
the roots and may effect minor dissolution. They are more
significant in speleothem studies, however; see section 8.7.

3.8.1 Phytokarst

Phytokarst landforms occur on rocks exposed to
daylight (or artificial light in some commercial caves)
that are bare except for a plant cover. They are ‘produced
by rock solution in which boring plant filaments are
the main agent of destruction’ (Folk er al. 1973). The
principal biota are colonies of tiny blue-green
algae (cyanobacteria), red algae (rhodophyceae) or
diatoms (bacillariophyceae). They are created by photo-
synthesis; e.g.

6CO;, + 6H,O = CsH;,06 + 60, (3.66)

Secretion of water and CO, from the filaments that attach
the cells to the rock permits general etching underneath
the colony, or boring (to depths up to several millimetres)
at the filament tips.

These processes are most effective on limestone and
dolomite but can also play a role on gypsum. Algal
colonies are found on most bare rocks in temperate and
warmer climates, sometimes veneering them completely.
The greatest effects are on sea coasts because the colonies
are most abundant and diversified there, and also serve as
food for molluscs which further grind and comminute the
rock when grazing, accelerating its dissolution. For exam-
ple, Tudhope and Risk (1985) estimated that the erosion
rate due to these processes was 350 g CaCO; mZa'ona
lagoon floor at the Davies Reef, Australia. The principal
dissolutional features are small pits, often densely packed
or overlapping, and displaying an immense variety of
forms in detail; see section 9.2.

3.8.2 Biokarst underground; bacterial activity

A wide variety of larger animals, ranging from mid-sized
mammals down to submillimetric isopods and arthro-
pods, can live in caves, lesser fissures and pores, includ-
ing tiny phreatophytes below the water table. Their
abundance is generally limited by lack of nutrition,
however. As a consequence, their contribution to dissolu-
tion and other erosion processes appears to be quantita-
tively trivial except very locally. In a pioneer review,
Caumartin (1963) suggested that phreatophytes consum-
ing O, and respiring CO, might boost carbonate dissolu-
tion by as much as 10%, but this has not received support
from field studies.

Modern attention is focused on the role of microbes,
principally bacteria, primitive single-celled animals
deriving their energy from electron transfer (redox)
processes. Heterotrophic species consume matter carried
down from the Earth’s surface. Chemolithotrophic
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species reduce oxides in rocks, chiefly S, N, Fe, Mn and
H oxides. Chemoautotrophic bacteria live on other
species. All are bases of food chains for any higher
animals in their environments. Anaerobic bacteria can
live and multiply in temperatures up to 100°C and
pressures > 1 kbar. Northup and Lavoie (2001) give a
comprehensive review.

Bacterial activity takes place in three differing under-
ground karstic environments. First and most significant is
the anaerobic, i.e. below the water table to the limiting
pressures and temperatures noted above. The reduction of
sulphates by Desulphovibrio spp (discussed in section 3.6)
appears to be the most important deep bacterial source of
acids for carbonate dissolution, probably far exceeding the
sum of all others in quantitative terms. Other chemolitho-
trophic species may contribute CO,, NH, and H' for acid
dissolution more locally (e.g. James 1994).

The second distinct environment is around the water
table itself, including streams and flooding zones in river
caves, tributary fissures, etc. Dissolved O, and other
heterotrophic sources of energy are more abundant here,
encouraging higher densities of both oxidizing and redu-
cing species. They may mediate reactions with FeCOs, etc,
to boost CO, and H™ in the water. One reaction for which
results can be seen in most cave streams is the oxidation of
Mn?* to produce birnessite and other brown or black
manganese coatings on pebbles (especially of silicate
rocks) or on passage walls; it is not known to occur in
the absence of bacteria (Ehrlich 1981).

The final environment is that of the relict cave that has
been abandoned by its formative streams. Flowing waters
no longer erode its walls and its clastic sediments are
immobile on the floors. Acidic bacterial biofilms may
then coat the walls, etching them and accelerating selec-
tive weathering to depths of several centimetres (Jones
2001; Zupan Hajna 2003), especially where they are
wetted by seepage or condensation. As entrance zones
become progressively illuminated by roof collapse, etc.,
algae compete with the bacteria, replacing them with
phytokarst pittings oriented towards the light. Seepage
waters from soils carry varying quantities of ammonia
into caves; in fine-grained, well-drained cave sediments
nitrifying bacteria convert it into saltpetre (the nitre
KNO3; component of gunpowder) in two steps

2NH; + 30, = 2NO, + 2H* + 2H,0
2NO; + O, = 2NO5

(3.67)
(3.68)

Although most investigations have focused on bacterial
activity in carbonate karst, it can also be significant in
gypsum caves. Zoloushka (‘Cinderella’) Cave, Ukraine,

has passed through all three of the above environments
during the past 50 year as a consequence of progressive
drainage for quarrying purposes. In an outstanding study,
Andrejchouk and Klimchouk (2001) identified seven
different oxidizing and reducing species at work on
rock and in sediments there. While still anaerobic, gyp-
sum cave roofs were altered to limestone plus native
sulphur (equations 3.50, 3.53) by bacterial mediation. In
the dewatered cave, aerobic species quickly started to
work; for example, in the air, N, was locally increased
from the atmospheric standard concentration of ~79% to
> 83% by the exotic reaction:

5S + 6KNO3 4 4NaHCO; = 3K,;S04

+ 2Na,SO; + 4CO, + 3N, + 2H,0 (3.69)

3.8.3 Algae, bacteria and calcite deposition

While algae and bacteria may be locally or regionally
significant in initiating or accelerating dissolution, there
has been much closer study of their roles in facilitating
calcite and aragonite deposition surficially (tufa and
travertine) and in caves. They may serve as passive
nucleii for precipitation onto surfaces or can be active
catalysts inducing it. Passive mineralization occurs where
bacterial cell walls, sheaths, etc. are covered with anionic
sites to which cations such as Ca>" can bind, whether the
bacterium is alive or dead. Active mineralization occurs
when bacteria produce enzymes or other chemicals that
induce precipitation. Biologically controlled minerali-
zation is common in algae and protozoa that build calcite
structures such as coccoloiths. Bacteria appear to
be essential for formation of many types of moonmilk
(see e.g. Northup and Lavoie 2001).

3.9 MEASUREMENTS IN THE FIELD AND
LABORATORY: COMPUTER PROGRAMS

Most nations measure total hardness, calcium hardness,
bicarbonate, sulphate and chloride concentrations as part
of their water quality monitoring programmes and
so publish handbooks of standard methods. Our purpose
here is to give only the briefest summary, with some tips
on practice for karst purposes, and to refer to some other
useful sources.

3.9.1 Temperature and specific electrical
conductivity

Measurement of the specific conductivity (SpC) of a water
sample is a quick and easy process that can give a very
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Figure 3.15  Specific electrical conductivity versus total hardness expressed as mg L™' CaCOs. The 2300 individual results plotted
here are from 20 different, recently published, data collections from carbonate karstlands worldwide. Lower dashed line is the
theoretical relationship between SpC and a pure Ca + CO, + HCOj solution, allowing for ion pairing, and upper dashed line is for the
molar equivalent. The dolomite relationships are very similar. Solid line=best fit where SpC>600uScm™'. Best fit for
SpC < 600 uScm ™' is lost in the data. The equations are for these two lines of best fit. Reproduced with permission from Krawczyk,
W.E. and Ford, D.C. Correlating specific conductivity with total hardness in limestone and dolomite karst waters. Earth Surface
Processes and Landforms, 31; 221-234, © 2006 John Wiley and Sons.

good first approximation of the dissolved load because, at
low 1, electrical conductivity is proportional to total ionic
concentration. Modern solid-state digital conductivity
meters are robust, small, light and cheap. They measure
a wide range of conductivities on linear scales, with
results corrected to a standard temperature (customarily
25°C). They include temperature probes accurate to 0.5°C
or better: this is sufficient for most applications, including
computation of saturation indices.

Figure 3.15 shows the theoretical relationship between
SpC, and pure calcite (or aragonite) and dolomite solu-
tions expressed as mgL™' CaCO;. Overlaid are the
measured results from > 2300 full ionic analyses reported
from many different carbonate karst regions worldwide in
recent years (Krawczyk and Ford 2006). Where
SpC < 600 puS cm ™', the best-fit line to the field relation-
ship is

SpC=1.86-TH +31.5 R*=093 (3.70)
where TH is the total hardness. Waters from some of
the individual sample regions closely approximate the

theoretical relationship (R?> > 0.995), signifying that
there were little but Ca>*, Mg”* and HCO; ions in
solution. In contrast, from areas of substantial agricultural
or industrial pollution, correlation sometimes drops below
R? = 0.8. The best-fit line begins to deviate significantly
from theoretical values when total hardness exceeds
~250mgL~" as CaCOs. In most instances this deviation
can be interpreted to indicate that sulphate rocks or salt are
also present in small amounts and supplying some ions to
the solution. Nevertheless, the one standard error of
estimate band about the best fit is pleasingly narrow: for
SpC=200pScm™" it gives TH =98 +2mgL""; for
SpC=400pScm™ !, TH = 193 + 2mgL"".

Very few samples with SpC > 600uScm™" are pure
calcite or dolomite solutions, although such high con-
ductivity can be achieved by evaporative concentration or
where there is deep source CO,. In addition to sulphates
and chlorides, some of the largest positive deviations are
due to nitrate contamination.

Figure 3.16 shows the same relationship for waters in
gypsum karst areas, based on 140 complete ion analyses
from five different sites in Europe and North America.
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Here total dissolved solids are expressed in meqL ™!
Ca®t 4 SO3%~. The best-fit relationship is the polynomial:

SpC =65.7-Ca*" +1329  R*=10.90 (3.71)

It is seen that deviation from the theoretical relationship
for pure gypsum becomes significant above 10meqL ™",
which is equal to ~680mgL ™" of Ca>" 4 SO3~ in solu-
tion. As saturation with respect to gypsum is approached
(30-35meqL~" or 2100-2400 mg L") the best-fit values
are again greater than the theoretical in most instances;
probably, this is due chiefly to the presence of ions from
carbonates and chlorides.

Conductivity meters can be adapted for continuous
recording. Where an accurate relationship between elec-
trical conductivity and the dissolved species of interest
has been established, therefore, continuous estimates of
the latter can be readily obtained.

3.9.2 Field measurement of pH

The accurate measurement of the pH of a water sample has
been the gravest analytical problem encountered in the
carbonate equilibrium approach that we advocate. How-
ever, modern solid-state digital pH meters are small, robust
and inexpensive; some are even submersible. Used with a
combined (glass plus reference) electrode, and buffers as
recommended by the manufacturers, field measurements
are reproducible to £0.05pH or better. A remaining
difficulty is the need to bring buffers to the ambient

temperature of the water sample before any measurement
is made, which can require uncomfortable waiting in cold
weather.

Where it is not practicable to take the instrument to the
sampling site (e.g. deep in a cave), pH should be deter-
mined as soon as possible afterwards. Ek (1973) showed
that for some karst waters a very good linear correlation
exists between field pH and laboratory pH so that the
former can be omitted. In any study area this fortunate
circumstance must be established. It cannot be assumed.

3.9.3 Specific determination of dissolved species

Ideally, all variables should be measured at the sampling
site in order to avoid disturbances, such as loss of CO,,
that occur during transport and storage. In practice, it is
quite feasible to assemble portable apparatus for a back-
pack or a small field laboratory and to obtain adequately
accurate results with it.

Total hardness (Ca®" and Mg”*") and Ca*" concentra-
tions are determined by complexometric titration with
EDTA-Na. With care, results are reproducible to
+1.0mgL™".

Carbonate alkalinity (HCO; plus a little CO%™) can
also be determined by titration using diluted hydrochloric
acid (HCl) and commercial indicators or bromocresol
green and methyl red indicator. It is better done by
potentiometric titration, using 0.01 or 0.02N HCI and
the field pH meter, with an end-point at pH4.5.
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Chloride is best determined by ion-selective electro-
des. Accurate determination of sulphate under field
conditions is more difficult. A common method is turbi-
dimetry, which measures a sulphate precipitate when a
barium salt is added; a set of turbid standard solutions
(e.g. 10) should be prepared (Krawczyk 1996). In many
karst regions nitrates of natural origin may be present. In
the modern world there can be abundant nitrates from
livestock, fertilizers or acid rain. These substances will
appear in SpC measurements and distort the ion balances
(see below); therefore it is desirable to test for them.
Standard methods use ion-selective electrodes.

3.9.4 Laboratory methods

All of the above methods can be used in a fully equipped
laboratory. However, greater accuracy and rapid proces-
sing of large batches of samples can be obtained by use of
AAS (atomic absorption spectrometry) and ICP—AES
(inductively coupled plasma—atomic emission spectrome-
try) for cations or IC (ion chromatography) for both
cations and anions, as in commercial water quality
laboratories. Samples should be acidified for cation ana-
lysis, which may dissolve any suspended calcium carbo-
nate. Filtration is also necessary, which can disturb the
equilibria by precipitating CaCOs. Dissolved silica may
be determined on a spectrophotometer at a wavelength of
816 nm, by the method of reduction to a blue complex.

3.9.5 Analytical accuracy

The completeness and/or accuracy of the analysis of a
water sample are checked by calculating the ion balance
error (IBE):

>~ cations — Y anions
>~ cations + Y anions

IBE(%) = 100 (3.72)
where all ion concentrations are given in meqL™".

Given the problems of field science, we find any error
up to 3-5% acceptable. Where error is greater, either a
mistake has been made in the determinations or there are
one or more major ionic species present that have not
been measured.

Because of the field difficulties, saturation index values
for calcite, aragonite and dolomite will normally have an
error of £0.01-0.03.

3.9.6 Computer programs

In North America at least four major programs are
currently in use — PHREEQC, WATEQ4F, MINTEQA2
and SOLMINEQ-GW. They are large, general purpose

programs that contain comprehensive data on 30 or more
minerals, solute species, their thermodynamic properties
and equilibria in groundwaters. All have been modified
through several generations and can be customized for
use with Excel, etc. PHREEQC (Parkhurst and Appelo,
1999) is perhaps the most widely used.

3.10 DISSOLUTION AND PRECIPITATION
KINETICS OF KARST ROCKS

Solution kinetics refers to the dynamics of dissolution.
Processes are at their most vigorous when a solution is far
from equilibrium. Forward processes to dissolve a
mineral and back reactions to precipitate it are governed
by the same rules and so may be considered together. The
central problem in kinetics is to determine what controls
the rate of reaction in specified conditions. Using solu-
tions to the problem, karst specialists may then devise
numerical models to estimate, for example, rates of
extension of proto-caves or growth of stalagmites. Most
relevant kinetic studies have been limited to calcite so it
is emphasized here. Aragonite, dolomite, gypsum and salt
are discussed more briefly.

Reactions are homogeneous when they take place in
one phase, e.g. CO, (aq)+H,0 — H,COY. They are
heterogeneous when two phases are involved. All rock
surface solution reactions are heterogeneous and so is all
karstic precipitation.

In a static liquid, ions and molecules of dissolved
species move from regions of higher concentration to
lower concentrations by the process of molecular diffu-
sion. If the liquid is flowing or is disturbed by waves or
currents, dissolved species are dispersed by eddy diffu-
sion which typically is several orders of magnitude more
rapid than molecular diffusion.

In most karst situations the water is in motion and
therefore eddy diffusion dominates. However, a diffusion
boundary layer (DBL) is assumed at the liquid—solid
interface where the water is static because of friction and
thus molecular diffusion must operate. The boundary layer
will be saturated with respect to the mineral, or nearly so. It
is very thin, ranging from perhaps 1um to 1mm in
differing situations; mid-range values around 30 um are
often cited by experimentalists. Its thickness is determined
by surface roughness, fluid viscosity and velocity of flow
in the bulk liquid above it. Plummer et al. (1979) proposed
that there may be a further ‘adsorption layer’ of solute ions
and molecules that is loosely bound to the solid surface.
This sublayer is only a few molecules deep.

Figure 3.5, the equilibria cartoon, includes these con-
cepts. The DBL can be conceived as a weak shield
between the aggressive bulk liquid and the soluble solid.
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Taking the calcium bicarbonate dissolution—equilibration—
precipitation sequence as our example, potential rate
controls in the open system may be divided into the
following four general categories.

1. CO, dissolves into the water, or degasses from it back
into the atmosphere.

2. Speciation of solutes takes place in the bulk liquid or,
to a limited extent, in the DBL.

3. Potentially aggressive species (H', H,COY, CO, (aq))
diffuse in through the DBL, and the resulting reaction
products diffuse out.

4. Reaction occurs at the solid-liquid interface: a Ca®* or
CO%f ion dissociates from the crystal surface, or H"
combines with a CO3~ ion to dislodge it.

The dissolution rate will be determined by whichever
reaction within these categories is the slowest. Where the
system is closed, the first category is eliminated.

Researchers have approached the dissolution question
primarily by laboratory experiments. Classically, calcite
powders or Iceland spar crystals (which have relatively
few imperfections) are dissolved in acid solutions, with
occasional or steady stirring. Constant pH is maintained by
bubbling in CO, (pH static experiments) or pH is allowed
to change as dissolution proceeds (pH drift). It is infeasible
to measure changes of concentration in the DBL itself
because it is too thin, so kinetic processes and rates are
estimated by changes of concentrations in the bulk liquid.
Later experiments have added spinning discs of polished
crystal, limestone, etc. Under laminar flow conditions, the
faster the spin, the thinner the DBL; in theory it then
maintains a constant thickness after turbulent (eddy) flow
commences, thus permitting diffusion rates in the DBL to
be estimated. Within the past decade, application of atomic
force microscopy (AFM) or optical interferometry has
made it possible to observe dissolution actually occurring
at the solid-liquid interface (i.e. in aquo) at near-molecular
scales, 0.2-0.5nm (e.g Hillner et al. 1992). Atomic force
microscopy works in real time but provides only brief
glimpses, while interferometry relies on surface mapping
of changes between successive static snapshots. However,
a convincing picture of the rate controls of calcite dissolu-
tion is now appearing; Morse and Arvidson (2002) give a
comprehensive review.

Rates of dissolution of CO, and of degassing are not
well known. There is rapid diffusion of the species in air
and flowing water so that conditions at the interface are
uniform at a scale of centimetres. Roques (1969) found
that a drop of water forming at the tip of a soda straw
stalactite lost 10% of its CO, in the first second, 30% in
90s and 70% in 15 min. Dissolution or degassing of CO,
do not appear to be rate-controlling in most circumstances.

The speciation reactions are homogeneous. Most are
effectively instantaneous but the hydration of CO, takes
approximately 30s at 25°C. Great importance is now
attached to this slow reaction by several authorities (see
below) if it occurs within the boundary layer. Roques
(1969) showed that all equilibration within the bulk liquid
occurs within 5 min. This is faster than CO, dissolution or
degassing and so is not considered to be rate-controlling.

Molecular diffusion of species in or out through a DBL
is described by Fick’s first law:

7D(Ceq - Cbulk)
X

where F is mass flux (ML>T™"), D is a diffusion
coefficient (LT, Ceq is the equilibrium concentration
of the species (which is assumed to be the concentration
at the solid—liquid interface) and Cyy its actual concen-
tration in the bulk liquid; X is the thickness of the DBL.
For the species of interest in karst work, values of D are
1-2 x 10> cm?s ™! at 25°C, falling to about one half of
these rates at 0°C. Different ionic strengths (/) have little
effect. The diffusion coefficient of CO, in still air is
~lem?s™! at 25°C and 0.14cm?s™' at 0°C. Eddy
diffusivity rates in water range 10~ to 1073 cm?s ™.

From these findings we see that where diffusion
processes are rate-controlling they must be those of the
liquid DBL and thus likely to be affected by conditions at
the solid-liquid interface. This has been appreciated for a
long time, leading to the adoption of conceptual models
such as that shown in Figure 3.17. This suggests that
diffusion of H" ions from the bulk liquid into the DBL
will be the control where H' is very abundant, i.e. in very
acid solutions. As concentrations of solutes increase in
the bulk, conditions move to a Transition regime of more
complex kinetics, succeeded by an H' Independent
regime very close to saturation.

To understand reactions at the solid surface it is best to
picture a ‘step, kink and hole’ model such as
Figure 3.18a. Atoms and molecules in calcite, etc. are
ordered in layers. Isolated atoms resting on a top layer
have highest free-energy available for dissociation
because it is likely that only one chemical bond attaches
them to the layer. Atoms at a step have two likely bonds,
at kinks three or four, and in a hole five or more. These
will be the preferred sites of dissolution. A H* ion that
has diffused to the crystal surface will move across it
until encountering a CO3~ molecule at such a site. The
HCOj3 ion created then diffuses away, laying bare a Ca**
atom which dissociates in its turn. Studies using AFM
and interferometry have found that dissolution rates are
fastest on the steepest surfaces, which are usually flights
of steps one molecule in height and width. Destruction
thus passes from one atomic layer to the next, much like

F= (3.73)
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Figure 3.17 A schematic representation of rate-controlling mechanisms for calcite dissolution as a function of pH and temperature.
Reproduced from Morse, J.W. and Arvidson, R.S, ‘The dissolution kinetics of major sedimentary carbonate minerals’. Earth Science

Reviews, 58; 51-84 © 2002 Elsevier.
unravelling successive rows of knitting. Measured migra-
tion rates have ranged 0.5-3.5nms™' in H'-dependent

regimes. Holes are also enlarged into etch pits that form
and coalesce rapidly; e.g. 800nm deep in 30min. As
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drawn in Figure 3.18a, nucleii possessing multiple bonds
to a top layer are more important in calcite precipitation
than in dissolution because they will attract ions to them
from the solution.
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Figure 3.18 (Left) A model for dissolving or accreting calcite surfaces at the molecular scale. Steps, kinks, holes and nucleii are
different types of surface sites, with numbers suggesting their likely number of chemical bonds. Adsorbed ions are shown in black.
(Right) An example of experimental spinning disc calcite dissolution rates; «'=disc rotation rate. The straight line represents the
theoretical function if the rate were entirely transport-controlled. The long dashed line is for runs with Iceland spar (few
imperfections), the short dash line for runs with Carrera marble (many dislocations). Effects of surface control become very
apparent in this figure. Adapted from Morse, J.W. and Arvidson, R.S, ‘The dissolution kinetics of major sedimentary carbonate
minerals’. Earth Science Reviews, 58, 51-84. © 2002 Elsevier and Sjoberg, E.L. and Rickard, D.T. ‘The influence of experimental
design on the rate of calcite dissolution’. Geochimica et Cosmochimica Acta, 47; 2281-2286. © 1983 Elsevier.
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Most individual crystals (and all larger aggregations of
crystals) have imperfections, small faults (termed screw
dislocations) that cut through the regularly stacked boxes
of Figure 3.18a to create offsetting in all layers. These
also function as steep surfaces for fastest unravelling.

We can now appreciate the dissolution-inhibiting
effects of trace elements such as nickel, copper, etc.
mentioned above. In eroding back, a kink or screw
dislocation arrives at one of these atoms that will not
dissociate or combine with H'. Erosional exploitation of
that particular kink, etc. ceases.

Using transmission electron microscopy (TEM) Schott
et al. (1989) found that the density of surface defects such
as dislocations, kinks and holes, and of inhibitors, had
little effect on dissolution rates in H*-dependent regimes,
but that in Transition and H*-Independent conditions the
effects became two to three times greater than earlier
estimates based on changing concentrations in the bulk
liquid had suggested. This is illustrated by the spinning
disc experiments shown in Figure 3.18b. In a Transition
regime, as spin is increased (i.e. DBL thickness, X, is
reduced) dissolution rates deviate ever further from the
linear rate predicted for a pure Transport regime. Due to
metamorphism, the Carrara marbles have high densities
of defects and of inhibitors, and are very deviant.
Iceland spars are nearly ideal calcites with few defects
or inhibitors and much less affected. Findings such as
these led Morse and Arvidson (2002) to write. .. ‘The
distressing result is that there can be no general equa-
tion that is applicable to all calcites that simply relates
surface area and solution composition! It also implies
that the influences of inhibitors will differ for different
calcites.’

In many analyses DBL and surface effects are merged
in a term, A/V, where A is the surface area of the solid and
V is the volume of the solution. At one extreme, a speck
of calcite dust settling through a pool has a very low A/V
ratio: the DBL is essentially of infinite thickness, so that
eddy diffusion is irrelevant and surface effects are trivial.
At the other extreme is the case where water is flowing
through bedding planes or joints with very small mean
apertures and high surface roughness. Here, the A/V ratio
is large and any effect that can thin the DBL to permit
eddy diffusivity to play a role is potentially very sig-
nificant: this introduces the important concept of break-
through, which is discussed later. A bare limestone
surface with rain falling upon it is one example of
intermediate conditions that are, kinetically, very com-
plex because A/V ratios change momentarily with the
rainfall intensity and pulses of sheet flow.

With these caveats in mind, calcite solution may now
be appraised.

3.10.1 Kinetics of calcite dissolution

There were comprehensive series of experiments during
the 1970s, with seawater by Berner and Morse (e.g. 1974)
and with carbonated distilled water by Plummer and
Wigley (1976) and Plummer et al. (1978, 1982). These
covered the complete range of expected natural tempera-
tures and a wide range of ionic strengths.

Results were expressed as standard rate equations of
the form:
kA

dc
@ K4 74
&~ V(Coqg— ) (3.74)

where K. is a surface dissolution rate constant for calcite,
Ceq is the concentration at saturation (i.e. at the solid
surface) and C is the concentration in the bulk flow.
Plummer et al. (1978) proposed that there are three
significant forward rate processes — reaction with H,
reaction with H,COY, and by CaCO; dissociation alone.
Their comprehensive rate equation (the ‘PWP Equation”)
is:

r = k] - dgt +k2 'aHZCOg +k3 * dH,0

- k4 sAogt cho; (375)
where a represents activity. The three forward rates were
fitted as functions of temperature: log k; = 0.98—444/T,
log ky =2.84—-217/T and log k3 = —5.86 —317/T,
where T is in °K. The final term is the expression for
back reaction. The derivation of k4 is complicated but can
be approximated by standard rate equations for calcite
precipitation given below.

Figure 3.19a compares the PWP theoretical rate model
with some dissolutional experimental results and AFM
surface measurements. Dissolution is given in moles
ecm 25!, Note that the range of pH is much larger
than will be found in any regional karst waters. It is
seen that there is close agreement with respect to the form
of the function across this great pH range, but disagree-
ment of about one order of magnitude in actual measured
rates in the general karstic range between pH~5 and
pH 8.9. The AFM results correspond well with the PWP
theory in this latter range, but there is comparatively little
change of actual rates there.

An alternative perspective is given in Figure 3.19b,
where data from the same or similar experiments are
normalized against their initial (fastest) rates, and the
evolving degree of saturation with respect to calcite (i.e.
the arithmetic Saturation Ratio, where equilibrium occurs
at 1.00). Curve 1 is for calcite in seawater, curve 2 for
dolomite. Curves 3—7 are for calcite in pure H,O + CO,
solutions — it is seen that they are all similar, displaying
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Figure 3.19 (Upper) Theoretical and experimental calcite solu-
tion rates compared. Strong dashed line=the PWP model; short
dashes=model of Chou et al. (1989). Open circles, the square and
filled triangles are from experiments with powders. Black squares
with error bars are AFM results. Reproduced from Morse, J.W.
and Arvidson, R.S, ‘The dissolution kinetics of major sedimentary
carbonate minerals’. Earth Science Reviews, 58, 51-84 © 2002
Elsevier (Lower) Dissolutional experimental approaches to calcite
and dolomite saturation. Curve 1 from Berner and Morse (1974),
using calcite in seawater. All other curves with distilled water and
added CO,. Curve 2, dolomite (Herman and White 1985); curves
3 and 4, Plummer and Wigley (1976) using Iceland spar; curves 5
and 6 from Svensonn and Dreybrodt (1992) using Iceland spar;
curve 7 from Eisenlohr et al. (1997) using limestone discs. (This
figure compiled by S.R.H. Worthington.) Reproduced from Morse,
JW. and Arvidson, R.S, ‘The dissolution kinetics of major
sedimentary carbonate minerals’. Earth Science Reviews, 58,
51-84 © 2002 Elsevier.

log-linear rates of dissolution until the solutions are 70—
80% saturated, when rates drop off rapidly in power law
form, i.e. the kinetics shift to a higher order (higher value
of n in equation 3.73). No experiment could be carried to

100% saturation under fixed boundary conditions because
the rates became too slow to measure. The small differ-
ences between curves 3, 4, 5, 6 and 7 can be attributed to
differing experimental procedures plus the problematic
surface effects.

The k; term of equation (3.74) describes the diffusion
of H* through the DBL to the solid surface and is the rate
control in the H' Dependent regime. This generally
requires stronger acid solutions than are encountered in
the majority of karst situations; it is most effective where
acid mine drainage spills onto limestone or in very acid
rains, and perhaps where organic acids drain from peat
bogs. It can occur in some instances of bacteria-mediated
H,SO, cave genesis, e.g. Cueva de Villa Luz, Mexico
(Hose et al. 2000).

It appears that most limestone dissolution takes place
in transition regimes with complex kinetics (Figure 3.17);
the processes of terms &y, k; and k3 in the PWP equation
are all in play, diffusion in and out and surface effects are
all variables with quantitative importance that may vary
from point to point and, in some instances, with time at a
given point. Rate plots against saturation, such as
Figure 3.19b, give the best practical insight: SI. increases
from < 0.1 to > 0.8 across the range.

In the HY Independent regime solutions are close to
saturation. Little free H remains, pH thus approaches its
upper limit for the ambient conditions. Back reaction
(term k4 in the PWP equation) may contribute to slowing
the net dissolution. Density of surface defects can
become the predominant control, which has led different
experimentalists to derive powers of n ranging from 2 to
11 for their best fit. There is general support for Drey-
brodt and Buhmann’s (1991) contention that the com-
paratively slow process of hydration of the little
remaining CO, (aq) within the DBL becomes an impor-
tant control of the forward reaction rate.

In seawater Sl is generally greater than 0.7, which is
only 0.2pH below thermodynamic equilibrium. Calcite
dissolution thus takes place at the high end of the transi-
tion regime or in the H' Independent regime. Only
phosphate functions as a major inhibitor. In phosphate-
free seawater, the reaction order has been found to
vary from 2 with calcite powders to 4.5 for calcite
marine tests with complex void geometry (Morse and
Arvidson 2002).

3.10.2 The solution kinetics of aragonite, Mg-calcites
and dolomite, and quartz

There have been few investigations of the solution
kinetics of aragonite. Busenberg and Plummer (1986)
found that the behaviour is very similar to that of calcite.
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Dolomite dissolution has also received relatively little
study, here because of the slow reaction rates coupled
with difficulties created by the many variations in struc-
ture and composition in the double carbonate. Uncertain-
ties in the thermodynamic solubility of ideal dolomite
remain close to x10.

Busenberg and Plummer (1982) worked with cleavage
fragments, using fixed and free-drift pH experiments,
and were unable to come closer to saturation than
SIq = —3. Others have used reactor columns, spinning
discs or scanning interferometry. Sample findings are
shown in Figure 3.20, where it is seen that kinetic

behaviour is much the same as that of calcite in very
acidic, H" Dependent conditions. There are sadly few
data for pH5.0-8.9, the normal range in karst waters.
The dissolution rates there are more than one order of
magnitude slower than the calcite and aragonite rates.
Busenberg and Plummer (1982) proposed that dolomite
dissolution proceeds in two steps. The first is reaction of
the CaCO3 component with H, H,COY and H,O as in
equation (3.74). The second sees the same reactions
occurring much more slowly with the MgCO; component:
this is rate-controlling. As solute concentrations increase
(but still at SI4 below —3 or 0.1%) there begins to be
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Figure 3.20 (a) Dolomite dissolution rates. The solid curve is the theoretical equation of Chou et al. (1989); open circles and
squares, results of selected bulk dissolution experiments; filled circle, mean results from vertical scanning interferometry. Reproduced
from Morse, J.W. and Arvidson, R.S. (2002) The dissolution kinetics of major sedimentary carbonate minerals. Earth Science
Reviews, 58, 51-84. (b) Some experimental dissolution rates obtained for quartz. Reproduced with permission from Mecchia, M. and
Piccini, L., Hydrogeology and SiO, geochemistry of the Aonda Cave System, Auyan-Tepui, Bolivar, Venezuela. Bollettino Sociedad

Venezolana Espeleologia, 33; 1-18, 1999.



Dissolution: chemical and kinetic behaviour of the karst rocks 71

significant back reaction of HCOy5. It is being adsorbed
onto positively charged sites (i.e. protruberances of Ca*"
and Mg®") at the surface. This explains the exponential
slowing of the dissolution rate. Their comprehensive
kinetic equation is of the same form as that for calcite:

A=k - anH+ + k- anﬂzcog + ks - aifho + ky - aHCO;
(3.76)

n = 0.5 at temperatures below 45°C, i.e. the square root
of activity in a double carbonate.

We can now propose a mental picture of what happens
at the solid surfaces when dolomites and Mg-calcites
dissolve. Ideal (stoichiometric) dolomite comprises
CaCO; and MgCO; molecules in alternate layers. A
layer of CaCOj; is quickly peeled away by dissolution.
Magnesium carbonate is more strongly bonded. Its
exposed layer resists dissolution while any residual
pinnacles of CaCO; plus MgCO; protruding from it
attract HCO3 ions in back reaction. As the density of
lattice defects increases so do the opportunities to ‘unra-
vel’ the crystal by following screw dislocations that
breach its MgCO; layers.

Mg-calcite is a solid solution. Molecules of MgCOs3
are scattered from place to place in the CaCOj; lattice;
there is no regular alternation of layers. In ‘low Mg-calcite’
the greater resistance of the few MgCO; clumps creates
many steps and kinks in calcite about them. Low Mg-calcite
is more soluble than pure calcite as a consequence. In ‘high
Mg-calcite’ the density of clumps may become too great;
the step and kink forward effects are overwhelmed by the
back reaction of HCO;™ adsorbing onto protruberances.
Most field researchers have found that high Mg-calcite is
less soluble than pure calcite, although it is still more
soluble than true dolomite in most instances.

Using similar experimental designs, the dissolution rates
of quartz (the predominant mineral in sandstone and
quartzite karst) are found to be much lower than those of
dolomite, 10~ molem 25! or less at 25°C (Figure 3.20b;
from Mecchia and Piccini 1999). At hydrothermal spring
temperatures (e.g. 70°C in the figure) they begin to
approach the lowest dolomite rates.

3.10.3 The dissolution kinetics of salt, gypsum
and anhydrite

These minerals are very soluble, dissolving by molecular
dissociation alone. The dissolution rates thus are
expected to be transport-controlled by diffusion out
through the DBL, with possible surface effects appearing
close to saturation.

Alkattan er al. (1997) studied salt dissolution with
spinning disc experiments, obtaining a surface rate

constant, kg, of 6.7 x 107" mmolcm=2s~! in a standard
rate equation of the form of equation (3.74). Trace
amounts of Co, Cd, Cr and Pb were found to be effective
inhibitors but Fe and Zn were not. Given the purity of
natural salt bodies, these inhibitors can be ignored in
most cases. In their absence, the dissolution rate is in
linear relation to salt concentration in the bulk solution,
i.e. n = 1 in the rate equation.

In the caves and karst of the Mount Sedom salt dome,
Israel, Frumkin (2000a,b) has found that laminar flow
films on shaft walls become saturated within a few
minutes. When turbulent flood waters sweep through
the caves, measured channel floor recession rates are as
great as 0.2mms ', in good agreement with the rate
constant given above (Frumkin and Ford, 1995).

In similar experiments with gypsum, experimenters
such as Jeschke er al. (2001) found dissolution of natural
gypsum (including selenite crystals, which have relatively
few imperfections) to be in nearly linear relation to bulk
solute concentration up to ~60% saturation, following
which mixed kinetic effects began to become significant
(i.e. Regime 2). They obtained a surface rate constant, kg,
of ~1.1 to 1.3 x 10~*mmolcm~2s~!. In laminar flow
films approximately 1 mm in thickness dissolution rates
were ~3 x 107®mmolcm™2s~!, illustrating the diffu-
sion control. Experiments with pure synthetic gypsum
found a linear rate law up to equilibrium.

At and above 94% saturation in natural gypsum, rates
of dissolution dropped abruptly as surface effects came to
dominate the process. A value of n = 4.5 was obtained,
nearly identical to the result frequently found in experi-
ments with calcite crystals.

The dissolution of anhydrite is approximately 20 times
slower than that of gypsum, essentially because the latter
is precipitating onto the anhydrite surface as molecules
dissociate there. This can be considered to be a surface
control effect that will apply until a given molecular layer
has been converted, which can then be unravelled at the
gypsum rate. The surface rate constant quoted for anhy-
drite is ky = 6 x 107 mmolecm 257!,

Large but differing increases in the gypsum rate con-
stants are seen where there are significant amounts of salt
(e.g. 10gL™") in solution. This is attributed to the ionic
strength effect (Figure 3.12). It can be expected to be an
important booster where salt beds are intercalated with
anhydrite or gypsum.

3.10.4 Penetration distances and breakthrough times
in limestone, dolomite and gypsum

As emphasized in Chapter 1, the essence of the karst
system is that its water (and thus, energy) flows are routed
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underground in channels created by dissolutional widen-
ing of fissures, rather than being discharged over the
Earth’s surface. Fissure apertures are initially very small,
offering high resistance to flow; thus two important
questions in dissolution kinetics are how far from a
groundwater input point a fissure may be significantly
enlarged in a given time? Or, conversely, how far can
underground enlargement be extended in geologically
feasible timespans?

Early penetration will occur under closed-system con-
ditions with laminar flow that prohibits eddy diffusion.
From some early experiments, Weyl (1958) believed that
Ca*" diffusion out through the DBL became the rate
control of limestone dissolution as saturation was
approached, and so introduced the concept of ‘Lo pene-
tration distance’ — the distance a given solution will flow
through a capillary or crack before it is 90% saturated
and, in his opinion, effectively incapable of further
enlargement. Given reasonable values for initial apertures
and acidity he found that it was no more than 1-2m in
most geological settings. This appears to prohibit most
karstification because, while necessary penetration dis-
tances are only 1-2 m for many types of karren, minimum
distances are 1-100 km for the majority of regional karst
drainage systems. Weyl’s argument was a factor in
Bogli’s (1964) advocacy of mixing corrosion effects as
key boosters of solvent capability in fresh waters.

In a series of experiments that successfully induced
dissolutional microconduits to extend and compete with
one another in fissures in artificial gypsum (Plaster of
Paris), Ewers (1973, 1978, 1982) showed that key cave-
pattern building events occur when the dissolutional fronts
of one or more conduits break through the full length of
the high-resistance, unmodified fissure to reach an unim-
peded point of discharge such as a spring or earlier cave;
those conduits enlarge rapidly and attract the flow in other
conduits towards them (see Chapter 7.2). White (1977a)
coupled this concept of hydrodynamic breakthrough with
the new findings of Berner and Morse (1974) and Plum-
mer and Wigley (1976) on rate controls of calcite dissolu-
tion, to invert Weyl’s (1958) argument: Kinetic
breakthrough occurs when a fissure or conduit within it
becomes sufficiently enlarged to permit Regime 2 Mixed
Kinetics to operate throughout its length. Further enlarge-
ment to permit turbulent flow with eddy diffusion may
then follow rapidly.

Since 1977 there has been much computer modelling
of breakthrough and conduit development; Dreybrodt and
Gabrovsek (2000b, 2002) and Palmer (1991, 2000) give
comprehensive reviews, and the findings are further
developed in Chapter 7.2. To illustrate the key impor-
tance of kinetic considerations in karst system evolution

in the carbonate and sulphate rocks here, we present only
the most simple modelling case, using recent results of
Dreybrodt and his associates because they have been in
the forefront of such work.

The simple case is that of the ‘parallel plate’ fracture,
i.e. the walls are straight and one fixed distance apart, as
in an idealized bedrock joint. In the example given in
Figure 3.21, the rock is pure calcite, the fracture is
1000 m in length and 1 m in height or breadth. Its initial
aperture is 200 um, a popular value in modelling. There is
a pressure head of 50m at the input end, giving a
hydraulic gradient of 0.05, a rather high value for many
karst settings. At the input end the water is in equilibrium
with a Pco, of ~2.1072° (a common value in forest soils)
and has not yet acquired any Ca®". The system is closed
to further addition of CO, thereafter.

Figure 3.21a shows the dissolutional widening that
occurs in model time. At time 1 (curve 1) 100 year
after flow commences, effects are negligible. At time 2
(~13 000 year) the fracture is 0.5 m wide at the upstream
end but tapers rapidly to < 1.0 mm at 200 m downstream.
At the downstream end, 1000m, the aperture has
increased to ~300 um but the fracture remains a high
resistance, Regime 3 element. At time 4 (18 850 year) the
downstream aperture is ~550pum and kinetic break-
through is about to occur. Within the next 150 year (to
time 5) the aperture there increases x 10 and the amount
of water discharged from the fracture increases x100.
The model terminates at 19 150 year (time 9), when the
fracture has become a conduit 20 cm wide at the down-
stream end. Its discharge is then more than five orders of
magnitude greater than at the start (Figure 3.21b) and is
probably quite capable of handling the flow of great
storms, i.e. the system is fully karstic. Figure 3.21c
shows the evolution of saturation along the fracture
(Weyl’s (1958) Ly penetration distance). As late as time
4 waters are > 90% saturated after 400 m of travel; when
breakthrough is complete they are < 3% saturated at
1000 m. Evolution of the hydrostatic head behind the
remaining high-resistance element in the fracture is close
to a mirror image of the advancing front of undersatura-
tion. In this particular model realization the breakthrough
events all took place between 18850 and 19015 year
after beginning, a dramatic demonstration of a kinetic
trigger.

The model assumed zero dissolved Ca®" at the input
end. Figure 3.21d shows the effect for the same model
conditions if some limestone has already been dissolved
before the water enters the fracture. In cases 1, 2 and 3
the waters are, respectively, 0, 50% and 75% saturated
at the input: it is seen that their evolution over time is
very similar despite this large range in initial dissolved
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Figure 3.21 Computer modelling of the dissolutional penetration of a single, parallel plate, fracture. The fracture is initially 200 pm
in aperture, 1 m in height or width, and 1000 m in length; hydraulic head is 0.05 and Pco,= 10727, (a) Curves showing dissolutional
widening at nine different times between 100 year and 19 150 year after commencing the model run. Kinetic breakthrough occurs
between times 4 and 5. (b) Discharge from the downstream end of the fissure over time. Numbers give temporal positions of curves 1—
9 in (a) and (c). (c) Time curves for evolution of the saturation ratio. (d) Modelling the same initial conditions but with differing
values of the saturation ratio at the input end. Curve 1= 0 saturation (as in (a)—(c); curve 2 =0.5 (50%) saturation, etc. See the text for
further details. Reproduced from Dreybrodt, W., and Gabrovsek, F, ‘Basic processes and mechanisms governing the evolution of
karst’. In Gabrovsek, F. (ed). Evolution of Karst: from Prekarst to Cessation. Postojna-Lubljana, Carsologica. 115-154 © 2002

Zalozhba.

load. Where Regime 3 kinetics (>90%) apply even at
the input point, however, quite minor increases in the
dissolved load can have dramatic effects. The water is
97.5% saturated in case 6 and 99.5% in case 8. After
40 000 year discharge in case 6 is nearly 10° times greater
and karstic flow has developed; it may never develop
in case 8 because surface erosion processes might remove
the rock before breakthrough could be completed.

The Regime 3 rates of evolution of Figure 3.21d are
most applicable in deeply circulating groundwaters,
which emphasizes the potential significance over long
periods of quite minor variations in their initial composi-
tion. In surficial karst, before passing underground many
streams will be > 90% saturated in most weather condi-
tions; effective dissolution occurs during storms, when
SI. generally falls below 0.01.

Breakthrough times will be significantly longer in
dolomite but 10-100 times shorter in gypsum.

3.10.4 The precipitation of calcite

Calcite, in the form of travertine and tufa at the surface
and speleothems underground, is the dominant karst
precipitate. Its kinetic factors prove to be many and
complex, and are the focus of much ongoing research
in the field and laboratory.

The basic equation describing precipitation of any
mineral from a solution may be written

R=0(C—Cqy) (3.77)

where C > C,q and « is a rate constant governed by
kinetic factors. By definition a solution at thermodynamic



74  Karst hydrogeology and geomorphology

equilibrium is in its lowest energy state. An energy barrier
(the nucleation potential) therefore has to be overcome
before precipitation can begin. As a consequence, in the
case of calcite precipitation need not commence as soon as
a solution is carried above SIc = 0.00.

Homogeneous precipitation can occur in the bulk
liquid, with the formation of clusters of molecules.
These are enlarged by regular or irregular accretion of
further molecules to form a microcrystal (or crystallite).
Crystallites ‘ripen’ by regular accretion to become
crystals that settle out of the liquid. The nucleation
potential is high; SIc values above + 1.5 are required
before there is any significant production. These are
readily achieved in some lagoonal seawaters, etc. but
more rarely in fresh waters (see Zhong and Mucci, 1993).
Homogeneous precipitation is of little significance in
karst studies except, possibly, in some marl lakes.

The nucleation potential for precipitation onto existing
solid surfaces (heterogeneous precipitation) is much less.
As a consequence significant precipitation may begin at
SIc = 40.30 (or lower in optimum circumstances —
Contos and James (2001) report formation of calcite
rafts around dust nucleii on pools in Jenolan Caves,
Australia, at SI. ~+0.05, but this appears to be excep-
tional). Fastest deposition occurs where SI. >+1.0. In
heterogeneous nucleation ions, molecules and ion pairs
diffuse into the adsorption layer where they are adsorbed
directly at steps, kinks and other dislocations in the
lattice. Slow adsorption builds the most regular crystals,
layer by layer, by 2D or higher order nucleation (ion
positions 2 and greater in Figure 3.18a). If the degree of
supersaturation is increased by processes such as eva-
poration, there may be a simultaneous formation of
clusters of crystallites and even small crystals within
the boundary layer. These then attach to the substrate
by adhesive growth (position 1 in Figure 3.18a) to create
a solid that is less regularly ordered and of higher
porosity. It lacks the lustre of crystalline surfaces, may
crumble in the fingers, and is often described as ‘earthy’.
The fastest precipitation occurs onto earlier calcite
because of its best lattice match. Micro-organisms can
be important nucleii. Pentecost (1994) identified 12
different types of cyanobacteria that can live on accreting
tufa surfaces. They serve as framework for the deposi-
tional microfabric, and may accelerate deposition by
extracting CO, from the solution. Other micro-organisms
can retard accumulation by respiring CO,; at the famous
travertine terraces of Huanglong, China, biofilms with
diatoms reduce accumulation rates by ~40% where they
are present (Lu ez al. 2000).

The calcite lattice is quite robust, able to adsorb a wide
variety of foreign ions and molecules without becoming

totally disordered. For example, large uranyl ions, UO,>",
can be adsorbed; see Chapter 8.6. Humic and fulvic acids
(long-chain molecules with atomic weights up to 30,000
daltons) can be taken up in cave calcite; they furnish
much of its variety of colours. However, as in the case of
dissolution, other substances inhibit precipitation by
attaching to a step or kink, blocking further accretion
there. They are often termed ‘poisons’ and include some
micro-organisms, phosphates and trace metals. Most
important is Mg®", which strongly inhibits calcite when
present in high molar ratio. It does not adsorb onto the
aragonite lattice to inhibit that polymorph, however,
which is why much aragonite is precipitated from Mg-
rich seawater. Some freshwater aragonite precipitation
occurs where first there is deposition of gypsum to
deplete Ca®" and so increase the molar proportion of
Mg“.

Dreybrodt and colleagues have undertaken recent the-
oretical and experimental studies of calcite deposition
from fresh waters, with special reference to conditions in
vadose (air-filled) caves; see Dreybrodt and Buhmann
(1991) and Baker er al. (1998), for full reviews. A
modified PWP equation is found to be appropriate:

R =k (H") + k2 (H,COY) + k3 (H,0)

— fka(Ca®")(HCOy) (3.78)
The rate control here is the back reaction, k4, because
there is net deposition; f is a factor < 1.0 to reduce it,
shifting the equilibrium (minimum) Ca®* concentrations
necessary to higher values in response to varying kinetic
controls of precipitation. Three semi-independent con-
trols may operate:

1. surface effects, giving f = 0.8 on most natural crystal
surfaces, falling to as low as f=0.5 where
the solution is flowing through fine-grained porous
materials such as silt;

2. conversion of HCO; and H" into CO, and H,O,
because the quantity of calcite precipitated must be
balanced by CO, released — where V/A ratios are small
(as they are in thin films on flowstones) this CO,
production may be rate-controlling;

3. molecular diffusion of Ca**, CO?~ and HCO; across
the DBL.

Figure 3.22 presents the resulting growth models. In
Figure 3.22a the model is for calcite being deposited from
a static film of water. Rates of deposition (mma~') are
determined by Ca®" concentration in the bulk solution
(mmol L), by temperature of the reactions (the cases of
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Figure 3.22 Modelling rates of deposition of calcite on speleothems. (a) From stagnant films of water; curves are for three different
film thicknesses at three different temperatures. (b) From turbulent flow. Solid curves are for deposition from turbulent flow with four
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text for further details. Reproduced from Dreybrodt, W. and Buhmann, D. ‘A mass transfer model for dissolution and precipitation of
calcite from solutions in turbulent motion’. Chemical Geology, 90; 107-122 © 1991, Elsevier.

2, 10 and 20°C are plotted) and by film thickness. From
bottom to top, the three solid lines in each temperature
cluster are for film thicknesses of 0.05, 0.1 and 0.2 mm
respectively; circles plot rates for a film thickness of

0.4 mm. It is seen that, as thickness increases to ~0.2 mm,
the greater number of Ca>" ions made available because
of the thickening are an important control at all concen-
trations and temperatures, but not thereafter.

Figure 3.23 (Left) Scanning electron microscope image showing experimental dissolution of rhombohedral calcite. 10 um scale bar.
(Photograph by Henry Chafetz, with permission.) (Right) Rhombohedral calcite being precipitated to form the tip of a straw
stalactite. It is fed by a capillary from a helictite erratic. The droplet is ~5mm in diameter. (Photograph by Patrick Cabrol, with

permission).
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Figure 3.22b gives the model for turbulent flow, which
will be more common in caves: 7 = 10°C and pCO, is the
same as Figure 3.22a. The DBL (where the slow mole-
cular diffusion rates apply) is much thinner than in the
static case and rates of deposition become much larger as a
consequence. The solid lines are for a DBL thickness of
0.1 mm, with flow depths of 0.1 cm (1), 1.0cm (2), 10 cm
(3) and 100 cm (4). Dashed lines, A, B, C and D, are for
this same sequence of depths but with a DBL only
0.05mm in thickness. Flow depths as great as 10—
100 cm are rarely achieved in streams depositing calcite
in caves, so rates at 0.1-1.0 cm depths in the figure should
be taken as more typical. Figure 3.23 shows an extreme
instance of a rhomb growing in a water droplet beneath a
calcite capillary tube in a speleothem.

Field testing of these models is in progress. For karst
situations a truly static film of water is an artificial
concept, but it may be approached in condensation
films or in stranded ponding between flood events. For
turbulent flow Baker and Smart (1995) found the model
overpredicting by two to five times in two caves in
southwest England, but Baker er al. (1998) and Genty
et al. (2001b) report R? correlations of ~0.7 or better
from later studies for sites ranging from northern

Scotland to southern France; there is minor overpredic-
tion or underprediction in different situations.

Deposition of calcite below the watertable (i.e. in
phreatic settings) is generally much slower. The lowest
published rate that is confirmed by independent dating is
from Wind Cave, South Dakota. The cave is a backwater
in a thermal water flow system and has been draining at a
mean rate of ~0.4m 1000a " during the past half million
years or so. Calcite deposition commences at a depth of
approximately 70 m below the water table (7 atm). The
rate equation is

R=0x10""(Z — Zy)[mmol cm 2 s~ !] (3.79)
where & is determined by DBL thickness (with an esti-
mated maximum value of 1x 10™° ¢m sfl), Zy is the
pressure-limiting depth for precipitation (—70m in this
example) and Z is any lesser depth. Actual rates at —70 m
were ~0.00007mm a~' or less, increasing to
0.0008mma~" at the water table. Equilibrium concentra-
tion in the solution at —70m is Ca** = 2mmol L™'. The
value of Zj elsewhere will depend on temperature, Ca>*
and foreign ion concentrations, and hydrodynamic factors
(Ford et al. 1993).
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Distribution and Rate of Karst Denudation

4.1 GLOBAL VARIATIONS
IN THE SOLUTIONAL DENUDATION
OF CARBONATE TERRAINS

The power of rainwater to dissolve karst rocks has been
appreciated for over 200 year, as is evident from James
Hutton’s (1795) comments on solution forms on lime-
stones in the Alps. Estimates of natural solution rates have
been made since at least 1854, when by some extraordinary
computation Bischof asserted that the annual dissolved
CaCOs; load of the River Rhine was equivalent to ‘332,539
millions of oysters of the usual size’! Credit for being the
pioneer of modern methods for estimating solutional
denudation must go to Spring and Prost (1883) in Belgium
and Ewing (1885) in the USA. After 366 days of sampling,
Spring and Prost determined the annual solute load of
the River Meuse at Liege to be 1081 844 t, whereas Ewing
calculated limestone denudation in a river basin in
Pennsylvania to be equivalent to 1ft in 9000 year
(34mmka!). These figures are of the same order as
more recent estimates in the regions concerned.

In the 1950s the French geomorphologist Jean Corbel
made a great impact on conventional thinking concerning
chemical denudation when he published results derived
from analyses of thousands of field samples. He con-
cluded (i) that cold high mountains provide the most
favourable environment for limestone solution and (ii)
that there is a factor of ten in the difference of solution
rates between cold and hot regions for a given annual
rainfall, hot regions having the lowest karst solution rates
(Corbel 1959). He inferred from this that the principal
control on solutional denudation is temperature, probably
operating through its inverse effect on the solubility of
carbon dioxide (section 3.4).

These conclusions really rocked the boat. They ran
contrary to both morphological evidence and conven-
tional wisdom — that weathering processes in general are

most rapid in hot humid conditions. Corbel’s findings
were strongly disputed and so stimulated numerous other
process studies on karst. The published results of some
200 later investigations were synthesized by Priesnitz
(1974), who found a significant, positive relationship
(r = 0.74) between the rate of limestone solution and
the amount of runoff. This confirmed conclusions by
Pulina (1971), who had identified a linear relationship
between chemical denudation and precipitation, and
Gams (1972), who showed solution denudation rates in
Slovenia to be dependent on runoff. Bakalowicz (1992)
has since reinforced this conclusion.

Smith and Atkinson (1976) used two data sets: 134
estimates of the rate of solutional denudation in different
regions of the world and 231 reports on the mean hardness
of spring and river waters. They confirmed the above
conclusions and added more detail and critical interpreta-
tion. Runoff probably accounts for 50—77% of the variation
in total solution rates, the remaining variation being mainly
accounted for by solute concentration. Smith and Atkinson
supported Corbel’s hypothesis in that they found the
greatest solutional denudation to occur in alpine and cold
temperate regions, but they stressed that the climatic effect
is much less marked than Corbel claimed. For a given
runoff, it appears to involve an increase not of ten times
between the tropics and the cool temperate alpine zones,
but only 36%. The greatest rate of solutional denudation of
limestone in the world occurs where it is wettest. Hence
precipitation rather than temperature is the principal con-
trol. On marble in coastal Patagonia at 51°S where pre-
cipitation is about 6600mmyear—', Maire (1999)
estimated dissolutional denudation to be of the order of
160mmka~" of which 25-37% contributes directly to
lowering of surface outcrops. This compares with his
earlier estimates from New Britain (6°S) in Papua New
Guinea from five areas with rainfall ranging from 5700 to

Karst Hydrogeology and Geomorphology, Derek Ford and Paul Williams

© 2007 John Wiley & Sons, Ltd



78  Karst hydrogeology and geomorphology

12000 mma~', where he calculated solutional denudation
rates of 270-760 mmka~! (Maire 1981b).

In an investigation of the factors responsible for the
observed variability in limestone denudation rates, Baka-
lowicz (1992) concluded that whereas climate is impor-
tant because it determines water surplus and the amount
of CO, production, it is not necessary the overriding
factor. Geological and morphological conditions are also
significant because they can considerably increase water
transmission through karst (by encouraging surface flow
to divert underground); and regional evolution and neo-
tectonics can create conditions that can profoundly mod-
ify Pco, (e.g. a thick cover of sediments can augment
groundwater CO, by limiting air exchange at depth,
whereas significant porosity inherited from previous
phases of karstification can reduce it because it enables
vigorous air exchange). Under some conditions climate-
independent processes related to hypogenic sources of
acidity are the main factors promoting subterranean karst
development, such as the S—O-H system (section 3.6).

4.1.1 Distinction between solution rates
and denudation rates

The term ‘solution rate’ as widely used in geomorpholo-
gical literature is ambiguous. The solubilities of various
minerals in water are listed in Table 3.1, in which the
values refer to the maximum concentration that can be
achieved under a particular set of conditions given
unlimited time. They represent an equilibrium state but
tell us nothing about the rate at which that equilibrium
was reached. This is determined by the dissolution
kinetics or reaction dynamics and can be visualized as
the slope of a curve plotting solute concentration or state
of saturation against time (Figure 3.3). This is the mean-
ing of rate of solution as understood by chemists and is
to be preferred to the looser usage by geomorphologists,
who also take it to mean the annual rate of chemical
denudation, i.e. the solutional denudation rate. This
latter must also be distinguished from the karst denuda-
tion rate, which is the sum of both chemical and
mechanical erosion processes. However, since in practice
it is much easier to estimate chemical than mechanical
erosion, only solutional denudation rates are usually
considered. This ignores an often significant part of the
picture and so must be conceded as a major deficiency in
karst process research.

Karst erosion occurs underground as well as on slopes
and is a surface-area-dependent process, but in karst it is
difficult to measure the ‘true’ contact surface between
water and the rock (Lauritzen 1990); thus while denuda-
tion rates would be best expressed in units of volume/

volume (m’km~>a~!), they are more commonly
expressed in units of volume/area (m>km~2a™"), which
by convention and for ease of comparison are quoted as
an equivalent thickness of rock removed per unit time
across a horizontal surface. Millimetres per thousand
years (mmka~!) are most commonly used (I mmka™!
is equivalent to 1 m*km~2 a~'). However, to generalize a
mass transfer rate calculated for 1year to an equivalent
rate per 1000 year is only justified if there has been no
significant change in environmental conditions in that
period. This is an increasingly untenable assumption
given the intensity of human impact on the ecosystem,
although natural conditions for the past 6000 year or so
can be considered metastable.

4.1.2 Separation of autogenic, allogenic and mixed
denudation systems

In interpreting results of karst erosion studies, it is
important to know from where the water and its load
has come. An autogenic (or autochthonous) system is
one composed entirely of karst rocks and derives its water
only from that precipitated onto them (Figure 4.1a). By
contrast, a purely allogenic (or allochthonous) system
derives its water entirely from that running off a neigh-
bouring non-karst catchment area. In practice, many if
not most karst systems have a mixture of autogenic and
allogenic components (Figure 4.1c). Lauritzen (1990)
explained how the contribution from each may be sepa-
rated in a mixed-lithology basin and the autogenic com-
ponent computed.

Allogenic waters flowing into a karst area represent an
import of energy capable of both chemical and mechanical
work. Thus at the output boundary the autogenic and
allogenic components of denudation must be separated if
sense is to be made of the landform development and if
valid comparisons of denudation rates are to be made with
other areas. Clearly a small karst area with a massive
throughput of allogenic water (such as Mulu in Borneo)
will experience very much more erosion than it would if it
operated only as an autogenic system. In the Riwaka basin,
New Zealand, autogenic solution is about 79 mm ka~! but
karst rocks cover only 46.6% of the catchment. The large
allogenic input increases net solution of this karst by over
20% (Table 4.1). Meaningful comparisons of solution
denudation rates from different areas thus can be made
only when the relative proportions of carbonate rock are
taken into account. Pitty’s (1968a) and Bakalowicz’s
(1992) results are particularly illuminating in this respect
and show that if the proportion of limestone in a basin is
reduced from 100% to 50% then the specific dissolution
can increase by about 60% (Figure 4.2), assuming that the
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Figure 4.1 Three karst denudation systems: (a) autogenic and
(b) allogenic are end-members with (c) the mixed autogenic—
allogenic intermediate case being the most common. Reproduced
from Ford, D.C. and Williams, P.W. (1989) Karst Geomorphol-
ogy and Hydrology.

Table 4.1

non-karst rock is on the upstream side of the basin and a
source of allogenic runoff.

4.1.3 Distinction between gross and net solution

Published estimates of karst denudation are not always
consistent in what they represent. The reason for this is
that solute load may be derived from various sources,
some non-karstic (including pollution sources), and some
reprecipitation of previously dissolved materials may
have occurred upstream of the sampling site. The total
solute discharge is the product of river discharge Q at the
outflow of the basin and the corresponding solute con-
centration C. Each has a value that comprises the relative
contributions made by its different components. Thus

Q = (P - E)aulogenic + (P - E)allogenic + 48 (41)
where P is precipitation, E is evapotranspiration and 4S5
is change in storage. (P — E),genic 18 karst runoff and
(P = E) jjogenic 18 non-karst runoff. Salts introduced by
precipitation onto autogenic and allogenic components
contribute to solute load at the outflow as do solutes
derived from the corrosion of non-karst rocks by
allogenic runoff. Therefore

solute load = (autogenic + allogenic karst corrosion
— karst deposition) + allogenic non karst
corrosion -+ solute load from rain,

snowfall and atmospheric pollution

Gross karst solution comprises autogenic solution plus
solution of karst by allogenic waters. Subtraction of

Sources of solute load in the Riwaka basin, New Zealand (Reproduced with permission from

Williams, P.W. and Dowling, R.K., Solution of marble in the karst of the Pikikiruna Range, northwest
Nelson, New Zealand. Earth Surf. Proc. 4, B1010 15-36 © 1979 John Wiley and Sons)

tal
Source of Ca+ Mg load

Tonnes per year

Percentage of Percentage of to-

karst solution solute load

From solution of marble by 1709*
autogenic waters

From solution of marble by 440%*
allogenic waters

Net karst solution 21491

From solution of non-karst rocks 250

Introduced by precipitation 116

Total solute load 2515

79.5% 68

20.5%* 17.5
100 85.5
— 9.9
— 4.6
— 100

“Mainly surface lowering.
Mainly cave conduit development.

+Equivalent to marble removal rate of 100 + 24 m?km 2a~!.
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Figure 4.2 Relatonship of solutional denudation rates to the percentage of limestone in a catchment. Data from England (Pitty
1968a) and France (Bakalowicz 1992). Part of the scatter is attributable to the position of the non-karst rocks in the catchment.
Solutional loss will increase where these are in the headwaters of the catchment.

karst deposition (speleothems and tufa) yields net karst
solution. To gain a realistic appraisal of the rate of
transformation of relief, estimates are required of gross
karst solution. Where reprecipitation is not important, as
in most cold climates, net solution approximates the
gross. But in tropical and warm temperate regimes
speleothem and tufa deposition can be profuse; so net
solution can significantly underestimate gross rates. Solu-
tional denudation will be overestimated where the pro-
portion of solutes introduced by rainfall and non-karst
rocks is not subtracted. In arid regions the introduction of
carbonate in dew and dust by airborne fallout may also
complicate the picture (Gerson 1976).

4.1.4 Factors influencing global variations
in net autogenic solution

In the presence of water, there is no dynamic threshold of
calcite or dolomite solution (Ford 1980). Solutional
denudation rates have also been found to depend linearly
on runoff. Hence it might be supposed that because runoff
values form a worldwide continuum there can be no
regional discontinuities in solutional denudation. This
would be so if variations in solute concentrations are
minimal. This is not always the case, as illustrated for
instance by the differing CaCO; values of groundwaters
from various limestone lithologies in southern Britain
(e.g. Paterson 1979). The underlying reasons for varia-
tions in solute concentrations need closer scrutiny.

In section 3.7 we considered factors that boost or
depress the solution of carbonate minerals and stressed

the importance of open and closed system conditions.
Important variables superimposed upon system condi-
tions that influence the percentage saturation of percolat-
ing groundwaters were identified as occurrence of
carbonate in the soil, rooting depth, porosity, CO, con-
centration and availability, and the residence time of the
water. The model presented in Figure 3.9 helps to explain
why dissolved carbonate concentrations are often much
higher in some regions than others, e.g. open-system
conditions in carbonate-rich glacial tills in cold northern
regions explain why very high carbonate values are
recorded in groundwaters there despite relatively low
Pco, values often found in the soils. Porosity includes
the many lithological, mineralogical and structural char-
acteristics of the rock that will affect the surface area
exposed to corrosional attack, its solubility, and the flow
through time of water. The term requires further refine-
ment and probable redefinition before the influence of
different lithologies on groundwater carbonate values can
be explained adequately. Theoretical chemical considera-
tions bearing on the solubility of rocks with different
mineral assemblages were discussed in sections 3.3-3.7,
and geological factors in sections 2.6-2.8.

The link between chemical and environmental factors
in the solutional denudation of limestones was explored
by White (1984), who developed a theoretical expression
for their relation:

100 [KcK K.
Dypay = 1200 (—C 120, (4.2)

1
3 1

= Pco(P— E

max p(4)% KZ ) COQ( )
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Figure 4.3 Theoretical relationships of solutional denudation of limestone to water surplus and CO, availability under open-system
conditions. Based on White (1984) with empirical relationships derived from Smith and Atkinson (1976) superimposed as dashed
lines. Reproduced from Ford, D.C. and Williams, P.W. (1989) Karst Geomorphology and Hydrology.

where Dy« 1s the net autogenic solutional denudation rate
(mmka~!) for the system at equilibrium, P is precipitation
and E evapotranspiration (both in mma~'), p is rock
density and K refers to the equilibrium constants cited in
Table 3.5. All terms in the equation can be calculated. It
combines in a single statement the rock and equilibria
factors and the important climatic variables of precipita-
tion and temperature. The equation expresses the linear
variation of solutional denudation with runoff (P — E),
and indicates solution to vary with the cube root of Pco,
the partial pressure of CO,. Carbon dioxide volume in the
atmosphere and soil varies from about 0.03% to 10% or
more but, as White pointed out, because of the cube root
dependence, a factor of 100 Pco, only admits a factor of
five in the denudation rate. The complex effects of
temperature on solutional denudation rates are incorpo-
rated in the equilibrium constants. White (1984) con-
cluded that autogenic denudation increases by about
30% as mean temperatures decrease from 25° to 5°C,
which broadly concurs with Smith and Atkinson’s (1976)
empirical findings. Temperature is thus the least important
of the climatic variables in the equation and in practice is
often more than offset by the influence of other factors.

Figure 4.3 illustrates the theoretical relationships embo-
died in equation (4.2), with empirical trends derived from
field studies being superimposed on them. Further discus-
sion of this point is available in White (2000).

The difference between the theoretical and observed
trends of Figure 4.3 can be explained by several factors
termed ‘boosters and depressants’ in section 3.7. First, as
White pointed out, the theoretical curves assume that the
water and carbonate rocks are in equilibrium, whereas in
reality most karst waters are undersaturated; second, and
more important, the model assumes ideal open system
conditions, which often do not occur.

For a given water surplus and under open system and
autogenic conditions, the effect of increasing latitude on
solutional denudation in theory is to increase it, provided
waters do not freeze. Increasing altitude will have a
similar effect because Pco, decreases only marginally in
the open atmosphere, up to elevations of 4000 m at least
(Zhang 1997). However, the treeline provides an impor-
tant threshold for soil CO, values that in turn affects
calcium concentrations in groundwaters (Figure 4.4).
Thus for a given runoff, solutional denudation tends to
be greater below the tree-line than above it.
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In this chapter we discuss dissolution under present
climatic conditions, but of course must remain cognizant
of the fact that environmental conditions have changed
considerably in the past, with major implications for
karstification. Thus extrapolation of modern rates of
dissolution into the past is fraught with difficulty. For
example, over the past 60 Myear there is no doubt given
fossil and isotopic records that there has been a steady
decline in mean global temperatures and that atmospheric
Pco, values have also changed considerably (the two
probably being linked because of the greenhouse effect).
Atmospheric Pco, was probably four times higher at
S50year than today, which is relevant for the rate of
karst development during the Tertiary (and it was about
10 times higher in late Jurassic times, with implications
for palaeokarst). During the Quaternary Pco, values have
been relatively low, but have fluctuated 30% through
glacial cycles, and on present Earth are in fact close to a
minimum (Edmond and Huh 2003). The vigour of the
hydrological cycle has also responded positively to
changes in global temperature. Thus values of Pco,, P
and E in equation (4.2) can be subject to considerable
variation as one investigates the past.

4.2 MEASUREMENT AND CALCULATION
OF SOLUTIONAL DENUDATION RATES
4.2.1 Objectives

Erosion rates are measured:

1. to obtain a generalized value for the overall rate of
denudation or transformation of relief;

2. to compare denudation rates in contrasting environ-
ments and by different processes;

. to gain more understanding of the evolution of land-
forms;

to understand the processes themselves;

to estimate the amount of carbon dioxide removed

during limestone dissolution.

Where the principal objective is to obtain a number to
compare with other karsts, perhaps in other climatic
zones, then an estimate of the autogenic solutional
denudation rate is required (for reasons discussed in the
previous section). Where erosion by karst solution is
being compared with erosion by mechanical processes,
autogenic rates are also needed unless the role of allo-
genic water is being explicitly assessed.

The study of denudation in karst is best undertaken in a
systems context, the karst drainage basin being treated as
an open system with a definable boundary and identifi-
able inputs, throughputs and output. Secondary objectives
being to define the system boundary (usually the
watershed) and to measure the flux of solvent and solutes.

Hundreds of studies of solutional denudation have been
completed since 1960. A major shortcoming of much of
the work is that autogenic rates have often not been
distinguished from mixed autogenic—allogenic rates so
that there is still no unequivocal answer to the question
posed long ago by climatic geomorphologists: in which
climatic zone does karst evolve most rapidly? Wet regions
are certainly more important than dry ones, but the field
data are too ‘noisy’ to confirm with confidence what
theory suggests (cf. Figure 4.3). Thus an important
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objective of solution studies over the next few years will
be to compare autogenic rates in different environments
with a view to clarifying this issue. At the same time it is
necessary to recognize that high rates of solutional denu-
dation do not necessarily imply rapid karstification,
because that depends on where the dissolved rock comes
from.

The value of denudational data is much enhanced there-
fore if information is available on where the erosion has
taken place. The karst denudation system is three-dimen-
sional, and if an understanding of the transformation of
relief is to be acquired, the relative importance of sites
contributing to the total denudation must be identified.
However, to achieve a quantitative understanding of the
spatial distribution of corrosion throughout the system
requires a more sophisticated experimental design than
that required merely to estimate total solutional denudation.

4.2.2 Experimental design and field installations

Here we assume that the objective is to measure the net
autogenic solutional denudation rate in a karst basin. The
most important measurements to characterize the hydro-
logical system are rainfall input and streamflow output.
Topographic complexity determines the number of rain
gauges that are required to obtain an acceptable estimate
of basin rainfall. Thiessen polygons or the isohyetal
method can be used to calculate rainfall input (Dunne
and Leopold 1978). The representativeness of the rainfall
record may be assessed by comparison with long-term
records from a nearby meteorological station. Under the
very best conditions, the mean annual rainfall estimate is
likely to have an error of at least 5%. Point measurements
for individual storms can be in error up to 30%.

In many karst basins a convenient outfall point is a
spring. Since the solute load (or flux) is the product of
discharge and concentration both must be carefully mea-
sured. Discharge measurements are usually made in a
straight channel reach a short distance downstream, but
one must ensure that any discharge from underflow and
overflow springs is included. The hydrological literature
(e.g. Ward and Robinson 2000) provides guidance on site-
selection criteria, appropriate measurement techniques
and the associated errors. Ideally a solid rock channel
is desirable to avoid cross-section change and to minimize
leakage. Where a watertight weir or flume is used
(Figure 4.5), discharge values of small streams can be
accurate to 1%. Correlation of the outflow data with longer
term records at nearby hydrological stations will permit
assessment of the representativeness of the karst data set.

The need for secondary discharge stations depends on
the objectives of the research and the nature of the

Figure 4.5 (a) A V-notch weir measuring the flow of the
autogenic Cymru stream in Mangapohue Cave, New Zealand.
(Photograph by J. Gunn.) (b) Rectangular section weir at Puding
experimental karst basin, Guizhou Province, China.

catchment. Estimation of mean annual solutional denuda-
tion from an autogenic basin requires only a master
discharge measurement site at the outfall. But in a
mixed autogenic—allogenic basin, secondary sites are
required to gauge the allogenic inputs. Where the spatial
distribution of corrosion is being assessed, secondary
sites are also desirable, but not always practicable if the
system is entirely subterranean.

At the principal flow-measuring site discharge records
should be continuous, e.g. with stage data accumulated by
data logger (Figure 4.6). Equipment for the continuous
measurement of some aspects of water quality (such as
electrical conductivity) is available, but needs regular
servicing, especially if flow becomes turbid and if calcite
precipitation occurs. Continuous recording of electrical
conductivity is valuable, because it often correlates highly
with Ca®* concentration (Fig. 3.15). But be warned: too
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much reliance on automatic equipment without regular
maintenance will inevitably mean data losses through
power failures and other malfunctions. Conventional
field sampling and laboratory analyses to check recorded
values are essential. Appropriate field sampling and
laboratory techniques are explained in detail by Krawczyk
(1996).

A minimum requirement at the outflow site is to estab-
lish the relationship between solute concentration
(Figure 3.15) and discharge. This is often achieved satis-
factorily by constructing a rating curve, although the

relationship of solute concentration to discharge fre-
quently shows much scatter due, in particular, to pulses
of hard water emerging at the beginning of storms (section
6.7). Errors in the rating curve also arise from the precision
of the chemical techniques used to determine Ca*, etc.,
and from the representativeness of conditions when sam-
ples were taken, which must include a very wide range of
flows in every season. The standard error of estimate on
the regression assumes that the Ca>* and discharge values
are accurate, which may not be the case; thus a large
number of samples is required to reduce the problem.
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Sampling at regular intervals (e.g. weekly) seldom
obtains the information needed, except over a very long
period, because most flows encountered will be below
mean discharge. Although continuous sampling provides
the best source of water quality data, sampling based
around storm-induced events is an acceptable fall-back
alternative, because it focuses on sampling through the
range of flows encountered prior to, during and after
floods. Having constructed a statistically acceptable rat-
ing curve, one must then be alert to the probability that
the general relationship may change from one year to the
next (Douglas 1968), that it will not be equally valid for
every season (Hellden 1973), and that there will probably
be significant interannual variability (Bakalowicz 1992),
i.e stationarity cannot be presumed. Thus continuous
measurement over several hydrological years is essential
for the derivation of reliable medium-term estimates.

4.2.3 Calculation of solutional denudation

The best known formula for calculating solutional denu-
dation is that by Corbel (1956, 1957, 1959):

_ 4ET (4 3)
~ 100 ’
where X is the wvalue of limestone solution

(m*km2a ! =mmka™"), E is runoff (dm) and T is
the average CaCO; content of the water (mgL~"). This
formula is important because it forms the basis of many
of the earlier published figures of solutional denudation
and its use provides insight into the methods used. The
equation has been criticized for (i) assuming all carbonate
rocks to have a density 2.5 (density can range from 1.5 to
2.9), (ii) ignoring MgCOj (although it would be included
if total hardness was used for 7) and solute accession
from rainfall, (iii) ignoring the possibility that sulphate
rocks contribute to Ca?*, and (iv) for generalizing car-
bonate hardness to the mean value, thus overlooking its
possible variation with flow. Nevertheless, when data are
limited it is still an appropriate method for obtaining a
first-order estimate of solutional denudation (e.g. see
Ellaway et al. 1990).

Drake and Ford (1973) pointed out that a strict for-
mulation of the solute discharge rate D could be
expressed as

[codt
[ dt

(4.4)

where C = C(¢) is the solute concentration, Q = Q(¢) is
the instantaneous runoff and ¢ is time. This may be

approximated by

S Co,

m

D= (4.5)

where i refers to equal time intervals in which C and QO
may be considered constant, and m is the number of such
periods. Since the sum of deviations of concentration and
discharge from the mean is usually negative, Corbel’s
formula generally overestimates solutional denudation
(e.g. Drake and Ford 1973, Schmidt 1979).

Very often karst rocks occupy only part of the basin
being considered, in which case Corbel incorporated the
fraction 1/n into his equation thus:

_ 4ETn
100

(4.6)

However, because it is assumed that T is entirely derived
from the carbonate rocks, another source of error will be
introduced if some of the solute load has an allogenic
origin. Using this approach, corrosion by autogenic and
allogenic waters cannot be separated.

Modifications to Corbel’s method by several authors
resulted in only minor improvements, but significant
increases in accuracy were achieved by applying mass-
flux rating curves (Figure 4.7) to the flow duration curve
(Williams 1970, Smith and Newson 1974, Schmidt 1979)
or better still to the outflow hydrograph (Drake and Ford
1973, Julian et al. 1978, Gunn 1981a). Automatic equip-
ment now permits accumulation of records of instanta-
neous solute concentration and discharge, and so enables
annual solute flux to be determined from summation over
the year. Deductions can then be made for non-karst
inputs to give the net solutional denudation rate. Gunn
(1981a) found that applying mass-flux rating curves to
hourly discharge data and summing over a year yielded
values 4% lower than those estimated from an equation
using mean solute concentration (the equivalent of 7 in
equation 4.3). This is because changes in solute concen-
tration with discharge are not adequately taken into
account in the more traditional methods which, inciden-
tally, can also produce results differing by up to about 9%
from the same data.

Errors in estimating solutional denudation can arise
from many sources. The hydrological representativeness
of a given sample year can be assessed by correlating
runoff with rainfall data, the latter usually having by far
the longer record. However, variations in seasonal dis-
tribution of rainfall from year to year can still yield
differences in solute flux even if total annual rainfall
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Figure 4.7 Mass-flux rating curves showing the relationships of equivalent CaCO; loads to discharge in karst springs in lower
Provence, France, and Lebanon. The overlapping curves for the four French sites indicate the operation of a regional carbonate
solution regime. Reproduced from Julian, M., J. Martin and J. Nicod, Les karsts Mediterraneens. Mediterranee 1 & 2, 115-31, 1978.

amount is the same. Table 4.2 illustrates potential errors
in a carefully conducted study by Gunn (1981a). His best
estimate of net autogenic limestone solution was
69m>km~2a~!, with qualitative assessment of potential
errors indicating that the true value could lie between 61
and 88. The numerous sources of error that can occur in
applying the Corbel technique suggest that published
solutional denudation values derived by that method
may be up to 100% or more in error.

In order to reduce the inherent complexities of natural
systems and thus minimize potential sources of error, it is
desirable to monitor entirely autogenic catchments. But
geological circumstances do not always permit this, in
which case autogenic denudation rates have to be
deduced from mixed autogenic—allogenic systems.
Should this be necessary, we recommend that a procedure
similar to that described by Lauritzen (1990) should be
followed. This involves a linear mixing model in which
the apparent solutional denudation rates are determined
from two (or more) sub-basins having different
autogenic/allogenic area ratios (but otherwise similar

lithologies), and then from these the autogenic rate
Dyuio is deduced from the following equation:

Dy + D + Difs — Dofy
f—h

Do = (4.7

where D; and D, are the apparent solutional denudation
rates (i.e. autogenic plus allogenic solution) for each sub-
basin and f; and f; are the respective fractions of the sub-
basins underlain by carbonate rocks. Lauritzen illustrated
this method using sub-basins from arctic Norway with
annual precipitation of 20004000 mm, mean annual
temperatures of 3 to 4°C and f values of 0.1 to 0.4. The
rate of autogenic solutional denudation was determined to
be 32.5+ 10.2mmka .

4.2.4 Weight loss measurement using standard tablets

Another technique sometimes used to assess limestone
solution rates is to measure the loss in weight of rock
tablets of standard dimensions and lithology. Gams
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Table 4.2 Data used in computing rates of solutional denudation in the autogenic Cymru basin, New Zealand (Reproduced with
permission from Gunn, J, Limestone solution rates and processes in the Waitomo district, New Zealand. Earth Surf. Proc.

Landforms 6, 427445 © 1981 John Wiley and Sons)

Probable maximum Probable minimum

Parameter Measured value Potential error (%) value value

Basin area (m?) 95350 +5, =2 100117.5 93443
Precipitation (mm) (water year total) 2366 +7.5 2544 2189
Discharge (L x 10%) (water year total) 155455 +5 163227 147682
Mean Ca concentration (mgL~!) 48 +3 50 46

Mean Mg concentration (mgL™") 1.26 +3 1.3 1.2
Mean Ca concentration in rain (mgL~!) 1.5 1.5 0.5
Mean Mg concentration in rain (mgL™") 0.32 0.56 0.32
Limestone density (gcm™3) 2.66 2.66 2.5
(1981) summarized results of an international 6. In arid climates weight loss in the air is often higher

project using limestone tablets which was designed to
determine:

1. the effect of different climates by means of suspend-
ing the tablets in the open air;

2. the rate of solution of bare limestone by laying the
tablets on either rock or grass;

3. the corrosion rate in soil by burying the tablets at
various depths;

4. the variability of corrosion within a single karst area
by placing tablets in a variety of sites.

More than 1500 standardized tablets were distributed
around the world. Results from nine countries were
reported by Gams (1981, 1985) and a careful analysis of
about 5 year data from Wisconsin was presented by Day
(1984). Urushibara-Yoshino et al. (1999) reported results
of 3 year measurements from Japan with data recorded as
weight loss after different periods of exposure at the
various sites, and Plan (2005) has reported data from
Austria. The following international results are indicated.

1. Weight loss in tablets placed in the soil is generally
greater than that from tablets in the air or on the
surface and seems directly dependent on water surplus
(P — E) rather than on temperature.

2. Solution rates show a distinct climatic control, with
generally higher rates being recorded in the humid
tropics.

3. The effect of varying lithology is often greater than
that of varying climate.

4. Mechanical erosion may be significant even in areas
with high solution rates.

5. Solution of tablets on the surface is less at higher
elevations than at lower elevations (at least in Slovenia
and the French Alps).

than on the ground surface, although the opposite
appears to hold for humid climates.

7. Weight loss at a site (in Slovenia) is considerably less
than that expected from solution rates calculated from
basin runoff and solute data.

This last point is reinforced by the findings of Crowther
(1983), who concluded for a site in West Malaysia that
rates derived from tablet weight loss are one to two
orders of magnitude less than those calculated from
water hardness and runoff data. Solution tablet data
must therefore be interpreted cautiously. Results tend
to confirm, rather than add to, our understanding of
processes.

4.2.5 Short-term lowering of limestone surfaces
determined by micro-erosion measurements

The micro-erosion meter (MEM) was developed by High
and Hanna (1970) and improved by Coward (1975) and
Trudgill et al. (1981). The instrument consists of a probe
connected to a micrometer gauge and locks precisely into
stainless steel studs set into the rock surface. Selected
points in this surface can be repeatedly measured to
evaluate erosional lowering. Results have been claimed
accurate to the nearest 10~ mm. Its use and limitations
have been assessed by Spate et al. (1985), using a
traversing version which permitted measurement of
a large number of points within a triangular area of
12-200 cm’.

Spate et al. (1985) undertook experiments in tempera-
ture-controlled rooms to assess three possible sources of
error in the use of the traversing MEM. They found:
(i) different instruments have differing temperature cor-
rection factors; (ii) differential expansion and contraction
of the rock and rock—stud interface produced an apparent
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lowering of the surface with increasing temperature; and
(iii) a considerable range in erosion of rock by the probe
from point to point within a site (up to an order of
magnitude). Instrument wear, particularly of the probe
tip, is also a problem but no reliable data are available.
Results corrected for the above factors from more than
4 year of measurements at 11 sites on Palacozoic lime-
stone surfaces in New South Wales, Australia (annual
rainfall about 950 mm), showed a range of surface
lowering rates of 0.000-0.020mma~!, averaging
0.007mma~!, but with average errors of £0.011. Since
in most cases the error term is of the same order as the
solutional lowering rate, published results for other sites
have to be treated with great caution. For example, the
figures for bare-rock surfaces in the well-known karsts of
Clare, Ireland and Yorkshire, England (Trudgill et al.
1981) are similar to those of New South Wales. However,
Spate et al. (1985) concluded that the values reported for
coastal sites are likely to be more reliable than those for
inland sites because their rates are far greater and so the
errors are not likely to be as significant. Trudgill (1976)
and Spencer (1985) measured subtidal and inland rates on
atolls in the range 0.1-1.8mma~! with a deep organic
subsoil value reaching as much as 12.5mma~'. Never-
theless, at inland sites long periods of observation should
reduce uncertainties. Thus measurements over 15 year at
more than 50 sites in northeastern Italy yielded average
surface lowering rates of 0.02 mma~!, but with a range of
0.01-0.04mma~' depending on the petrographic charac-
teristics of the carbonate rocks concerned (Cucchi and
Forti 1994). Similar values were found in southeast
Alaska (annual precipitation 1752-2540 mm) by Allred
(2004). Bare-rock dissolution rates ranged from
0.03mma~! under old-growth forests to 0.04mma~! in
alpine settings, but runoff from peat bogs produced dis-
solution rates up to 1.66mma".

4.2.6 Long-term lowering of bare-rock surfaces
determined by measurement of surface irregularities

Direct solutional lowering of bare-rock surfaces has been
estimated from pedestals of limestone protected from
corrosion by a non-carbonate caprock boulder that func-
tions as an umbrella. These are sometimes known as
Karrentische, and they are found on glacially scoured
rock surfaces, the non-carbonate boulders being glacial
erratics (Figure 4.8a). The height of the pedestal is a
measure of the corrosion of the surface since the last
glaciation. By this method Bogli (1961) estimated the
rate of surface lowering in the Swiss Alps to be
1.51ecm + 10% per 1000 year and Peterson (1982) mea-

sured pedestal heights at 4300 m in the glaciated tropical
mountains of West Irian (Figure 4.8b), where surface
solution appears to have been twice as fast as in the Alps.
In glaciated terrains currently below the treeline pedestals
can be even taller. They have been measured up to 50 cm
in northwest Yorkshire, England and to 51 cm in County
Leitrim, Ireland (Figure 4.8c). However, recent detailed
investigations using large sample populations have
shown some earlier measurements to have considerably
overestimated average pedestal heights, presumably
because the more prominent and obvious pedestals were
targeted. Thus in the Burren of County Clare, Ireland,
average pedestal height has been shown to be about 60%
of previous estimates (V. Williams pers. comm.) and in
northern England only 10-40% of previous estimates
(Goldie 2005). With the time since deglaciation now
also known to have increased, this has considerably
reduced estimated rates of surface lowering in those
regions and now appears to confirm values measured
independently by micro-erosion meter (Table 4.3).

Similar information can be obtained from the heights of
emergent quartz veins and siliceous nodules (Figure 4.8d)
that stand proud of a limestone surface because of differ-
ential solution, although quartz does weather and so the
amount of emergence is a minimal figure unless the vein is
wide (Lauritzen 1990). We must also caution that in some
arctic and alpine settings severe storm blasting by grit and
ice crystals can differentially abrade quartz and carbonate
bedrock and thus skew results. Nevertheless, some inter-
esting data can be obtained. From quartz veins standing
proud of dolomitic limestone surfaces in Spitsbergen
(latitude 78°N), Akerman (1983) estimated surface low-
ering to have averaged 2.5mmka~! since isostatic
uplift raised the area above sea level following the last
glaciation. His data set also shows that 4000-9000 year
ago the lowering rate was 3.5mmka~! compared with
1.5mmka™" during the past 2000-4000 year. The latter
rate represents about 11% of the present total solutional
denudation in the area, estimated by Hellden (1973) as
11-15mmka~! (although the range of chemical denuda-
tion in Spitsbergen is now considered to be wider). A
similar approach using data from igneous dykes and
marble pedestals led Maire er al. (1999) to estimate a
surface lowering rate in Patagonia of about 60 mmka~!
since the last glaciation around 8—10 a; which is consistent
with evidence from paint marks made in 1948 in an old
quarry that were found raised 3 mm in relief by dissolution
of the surrounding surface. This is perhaps the greatest
rate of superficial corrosion known on bare rock and is
associated with a mean annual precipitation of about
7300 mm.
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Figure 4.8 (a) A glacial erratic protecting a pedestal on a limestone pavement, Inishmore, Aran Island, Ireland. Glacial retreat was
about 14ka ago. (b) Limestone pedestals formed in about 10000 years in a glaciated valley on Mount Jaya (Carstensz) in alpine
tropical Irian Jaya. (Photograph by J. Peterson.) (c) Limestone pedestal with a glacial erratic caprock protecting it from solution by
rainfall, County Leitrim, Ireland. The average height of the pedestal (51 cm) suggests either an unusually rapid rate of dissolution
since deglaciation about 14 ka ago or that the area was ice-free in marine oxygen isotope stage (MIS) 2 and the erratic may have been
emplaced in an earlier (MIS 4?) glacial advance. (d) Chert nodules standing proud of a marble surface, Mount Owen, New Zealand.
The camera case provides scale. About 10 cm lowering has occurred since deglaciation about 15ka ago.

Table 4.3 Approximate rates of dissolutional lowering of limestone surfaces deduced from limestone pedestals and compared
with micro-erosion meter measurements where available (Reproduced from Ford, D.C. and Williams, P.W. (1989) Karst
Geomorphology and Hydrology)

Average height Time since ice Rate of surface Extrapolated micro-erosion

Locality of pedestals (cm) retreat (year) lowering (mmka~") meter rate (mmka~')
Maren Mountains, Switzerland 15" 14 000 11 —

Burren, western Ireland 9f 14000 6 5T

Leitrim, western Ireland 51t 14000? 36 —

Pennines, northern England 5-20% 15000 3-13 1377

Mt Jaya, West Irian 309 9500 32 —

Svartisen, Norway 13" 9000 15 25

Patagonia 40607 800010000 40-75 —

*Bogli 1961; TV. Williams pers. comm. 2004; "Williams 1966; SH. Goldie 2005; TPeterson 1982; *Lauritzen 1990; 'Trudgill et al. 1981; #Maire
et al. 1999, who used veins as well as pedestals.
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Utilising data from pedestals, quartz veins and nodules,
André (1996a) provided an interesting comparison of
rates of subaerial surface lowering in polar, temperate
and tropical high alpine zones. Rates ranged from
<3mmka~! in the Arctic to >8mm ka~' in the temp-
erate alpine zone, and >30mm ka~! in alpine New
Guinea. She concluded that increasing rates coincide
with increasing amounts of precipitation. These rates
compare with < I mmka~' on non-carbonate quartzose
rocks (André 1996b).

4.2.7 Cosmogenic chlorine-36 measurements

Cosmogenic exposure age dating has been in increasing
use in geomorphology since the 1990s (Nishiikumi 1993,
Cockburn and Summerfield 2004, Phillips 2004). It is
most readily applied on horizontal rock surfaces at high
latitude and high altitude, but with appropriate correction
factors can be used at lower latitude and altitude. Expo-
sure of calcite to cosmic radiation results in the produc-
tion of °Cl from “°Ca (Stone er al. 1998). The total
production rate of *°Cl is greatest at the surface, but
decreases exponentially by two orders of magnitude after
about 15m. Time to saturation is about 10°-10°year.
Denudation by natural processes reduces the concentra-
tion of *°Cl at the surface, and so there is a relationship
between **Cl concentration (at any given depth) and
surface erosion rate. Details are discussed by Stone
et al. (1994).

Erosion rates of five limestone surfaces calculated
from 3°Cl measurements of samples from Australia and
Papua New Guinea were determined by Stone et al.
(1994). Rates varied from <S5uma~' (equivalent to
<5mmka™') on the arid Nullarbor Plain to 18-
29pma~! in humid southeast Australia and to
184puma~! in the wet Strickland ranges of Papua
New Guinea, although a subsequent recalibration of the
36C1 production rate lowered the calculated rates by about
20%. Associated errors were estimated as about +12%.
In detailed analysis at Wombeyan (~650m above sea
level and 760 mm annual rainfall) in New South Wales,
Stone et al. (1998) took account of surface **Cl concen-
tration and subsurface *°Cl gradient and calculated an
erosion rate of 23 uma~! prior to ~15a, increasing to
about 100 uma~' at present. These cosmogenic erosion
rates are of the same order as those determined from
previous estimates by other methods, although results are
not easy to compare because the integration time of the
3%Cl method is 10°~10°year. They yield a long-term
average, which in fact is more useful in a geomorpholo-
gical context than the usual short-term estimates by mass-
flux methods.

4.3 SOLUTION RATES IN GYPSUM, SALT
AND OTHER NON-CARBONATE ROCKS

4.3.1 Solution rates in gypsum and salt

A priori, dissolutional rates in gypsum karsts will be at
least one order of magnitude more rapid than in limestone
karsts because, for example, at 20°C the equilibrium
solubility is 2500mgL~! compared with 60mgL~" for
calcite (and 360 g L~! for halite). However, where Pco, is
increased in soils, etc., the dissolution of calcite is en-
hanced, which considerably reduces the difference in
solubility between gypsum and calcite. Dissolution rates
of gypsum and carbonates exposed to precipitation were
compared directly in a field laboratory in Trieste, Italy.
The results indicated that average rates of dissolution of
gypsum samples are roughly 30 to 70 times greater than
the dissolution rates of carbonates, which Klimchouk
et al. (1996) noted accords broadly with theoretical
expectations.

In purely sulphate regions it is comparatively rare to
measure spring waters that are saturated; most are aggres-
sive with respect to gypsum and anhydrite. This suggests
that gypsum dissolution often does not attain the equili-
brium maximum before the waters are discharged from the
karst. For example, in the great interstratal gypsum karst of
Ukraine, Klimchouk and Andrejchouk (1986) reported
that both vadose and phreatic waters are undersaturated
where the groundwaters flow with normal vigour, although
where downfaulting has produced deeper artesian flow that
is very sluggish, waters can be saturated. In most instances
where saturated sulphate waters have been identified, it
appears that saturation results from the foreign ion effect
(see section 3.7 and Klimchouk 1996) due to the presence
of disseminated halite or halite interbeds.

Field evidence for the rate of solutional denudation of
gypsum terrains in the Ukraine, Spain and Italy has been
reviewed by Klimchouk et al. (1996), and the results
reported for the Ukraine have since been updated by
Klimchouk and Aksem (2000). They reported that
gypsum tablets of standard lithology and size (40-45mm
diameter, 7-8 mm thick) were installed at 53 sites, re-
presenting varying conditions of water—rock interaction
in unconfined and confined aquifers, and that 644 weight-
loss measurements were taken over the period 1984 to
1992. Tablets were exposed to surface precipitation
(~640 mm), cave air in zones of condensation, percola-
tion, and static or semi-static water in caves and bore-
holes. Aggressive groundwaters were found able to
dissolve gypsum at a rate of up to 26 mma~'; the solution
rate under active unconfined circulation averaged about
11 mma~!; whereas in the bulk aquifer the solution rate

was about 0.1 mma!.
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In the dry Sorbas region of southern Spain (annual
rainfall 250 mm) measurements were made both by
standardized tablets and by micro-erosion meter
(MEM), and it is interesting to note that the MEM values
were about 1.5 times greater than those measured by
tablets directly exposed to rainfall. In the Sorbas region,
Pulido-Bosch (1986) had previously reported a surface
dissolution rate of 260 mmka~', whereas in a wet region
of the French Alps with an annual rainfall exceeding
1670 mm Nicod (1976) calculated a rate of more than
I mka~!. Other measurements made in Italy revealed
different erosion rates on gypsum rocks of different
lithology and a strong relationship between dissolution
loss and the amount of annual precipitation.

The effect of dissolution by condensation water in cave
air was measured in Spain as well as in the Ukraine and
the data from the tablets were found to be essentially the
same for both regions (0.004 and 0.003mma~! respec-
tively). However, the diurnal wetting and drying effect
that some cave entrances experience in tropical coastal
settings can considerably increase the rate of condensa-
tion solution. Thus Tarhule-Lips and Ford (1998a) mea-
sured 0.4-0.5mma~' on gypsum tablets exposed in the
entrance zones of caves on Cayman Brac and Isla de
Mona in the Caribbean. Condensation in caves as a
microclimate process involving the continuous process
of vapour transfer has been examined in New Zealand by
de Freitas and Schmekal (2003).

Salt karsts mainly exist in arid terrains where the low
rainfall permits rock-salt outcrops to escape complete
destruction by dissolution. Although salt tectonics have
been the subject of considerable investigation (Jackson
et al. 1995, Alsop et al. 1996), mainly because of the
interest of the petroleum industry, there is relatively little
information on rates of rock-salt dissolution. However,
field evidence shows that the development of solution
features on rock salt is very rapid because of its great
solubility. For example, where allogenic streams were
diverted into salt domes during mining operations in
Europe, multilevel caves of enterable dimensions and
profusely decorated with speleothems have developed in
200-300 year. Further, Davison et al. (1996) noted devel-
opment of ‘spectacular’ karst on top of Al Salif diapir in
Yemen since 1930 following the start of mining opera-
tions, despite an annual rainfall of only 80 mm. Insoluble
residue often occurs as ‘dissolution drapes’ over the
surface. In the 14km? area of the salt diapir of Mount
Sedom in Israel, a region with an annual rainfall of only
50mm, Frumkin (1994) estimated the regional karst
denudation rate to be about 0.50-0.75mma~' with
most of this occurring within the rock-salt mass rather
than near the surface. The downcutting rate in natural

vadose cave-stream passages was estimated to be
~20mma~' when averaged over 10year (Frumkin and
Ford 1995, Frumkin 2000a). This is in the context of a
maximum diapir uplift rate of 6-7mma~! over the past
8000 year (Frumkin 1996).

4.3.2 Solution of quartzose rocks

The dissolution of silica is explained in section 3.4 and
methods for spectrometric determination of ionized silica
(Si0,) are explained in Krawczyk (1996). Discussions of
dissolution processes affecting quartzites, quartz sand-
stones and silicate minerals are available in Young and
Young (1992), Dove and Rimstidt (1994), Wray (1997)
and Martini (2000). Simms (2004) compared denudation
rates in silicate and carbonate rocks as a function of
runoff (Figure 4.9).

The rate of dissolution of quartz is extremely slow
under normal surface conditions, but under high tempera-
ture and high salinity the solubility and rate of quartz
solution is much higher. Field observations show that
waters draining from quartzose rocks have silica contents
averaging about 6-7mgL~! but with a range of 1 to
30mgL~". In the high rainfall tropical region of
Venezuela, water draining from the well known karst-
like relief developed in the Roraima Quartzite has silica
values of 5-7mgL~!; thus quartz undersaturation is

T 200
500

400

Desert: z?l
sorub Grassland i

Forest

300
- 100

200 +

Average yield (tonnes km=2 a-T)

(=]
S

Approximate denudation rate (mm ka™')

T T T Q
0 500 1000 1500 2000

Average effective precipitation [runoff] (mm a-1)

Figure 4.9 Relationship between effective precipitation, an-
nual sediment yield for silicate outcrops and annual dissolved
carbonate load from karst regions. Note that a limestone denuda-
tion rate of 1 mmka~' is equivalent to about 2.5tkm 2a~'.
Curves (a) and (b) are estimates by Langbein and Schumm
(1958) and Ohmori (1983), respectively. Carbonate data (c) are
from Atkinson and Smith (1976). Reproduced with permission
from Simms, M.J., Tortoises and hares: dissolution, erosion and
isostasy in landscape evolution. Earth Surface Processes and
Landforms 29, 477494 © 2004 John Wiley and Sons.
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Figure 4.10 Steps in the progressive weathering of quartzite rock and the exhumation of bedrock pinnacles. Dissolution proceeds
along crystal boundaries to produce a moderately weathered rock termed ‘neosandstone’. Further weathering releases sand grains
which are later removed mainly by mechanical erosion, thereby exposing bedrock pinnacles. In seasonally arid climates the exposed
surfaces become case hardened by interstitial cementation by opaline silcrete. Small hemispherical pockets (tafoni) form in the
neosandstone by granular disintegration of the softer parts of the rock. Reproduced from Martini, J.E.J, Silicate karst. In Gunn, J. (ed.)
Encyclopedia of Caves and Karst Science, 649-653, © 2004 Fitzroy Dearborn, Taylor and Francis.

suggested. Low values are often associated with high
organic acid content. Higher silica values tend to be
measured in waters draining from silicate rocks such as
granites, although sometimes higher values indicate
supersaturation possibly by evaporation. Opaline silica
can precipitate when groundwater becomes supersatu-
rated. Opaline cave minerals are discussed by Hill and
Forti (1997).

Microscopic observation shows that the weathering of
quartzite is penetrative through the mass of the rock and
consists of quartz dissolution along crystal junctions that
are progressively enlarged until the rock loses its cohe-
sion and is reduced to sand (Figure 4.10; Martini 2000,
2004). This operates preferentially down joints and along
bedding planes where water access is facilitated, although
the joints themselves do not necessarily enlarge. Tripathi
and Rajamani (2003) found that the development of
weathering rinds and karst-like topography in Proterozoic
quartzites in India is explained by the chemical weath-
ering of minor minerals such as pyrite and aluminosili-
cates, with the sulphate-bearing acidic solution that is
released being responsible for the decomposition of the
primary silicates.

Any quartz sand released can be gradually removed by
dissolution, although if joints are wide enough and hydrau-
lic gradients are high (e.g. along zones of tension near
cliffs) then turbulent subsurface water flow can mechani-
cally remove the grains. But sometimes the weathering of
silicate rocks can produce such large amounts of insoluble
clay residue, especially kaolinite, that interstices and joints

become clogged, and the development of subterranean
drainage is inhibited. Thus while surface landforms on
some sandstones may resemble karst (Figure 4.11), for
example cones and ruin-form hills in some semi-arid
subtropical settings, the essential hallmark of karst—
subterranean drainage—is often absent. In a similar way,
not all carbonate rocks develop karst if the insoluble con-
tent is too great.

The development of subsurface drainage in quartzose
rocks requires them to be fairly pure and to be prepared
by dissolution before enlargement of subterranean pas-
sages by physical stream erosion can occur. Thus even
though mechanical processes may come to dominate
underground, preconditioning by dissolution is critical.
Because quartz solubility and dissolution rates are low,
very long periods of time are required for the effects of
quartz solution to be noticeable in the landscape regard-
less of climatic zone, although the presence of traces of
pyrite will accelerate the process. Yanes and Briceno
(1993) suggested that karst-like processes may have
continued in the Roraima Quartzite for at least 70 Myear.

4.4 INTERPRETATION OF MEASUREMENTS

The large accumulated error that is likely to arise in the
calculation by the mass-flux approach of a solutional
denudation rate demands that caution be exercised in its
interpretation and in its extrapolation over long periods of
‘time’. The representativeness of individual sample years
is also a significant issue. Bakalowicz (1992) showed
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Figure 4.11 (a) Karst-like topography in Upper Proterozoic quartz sandstone (Bessie Creek Formation) from Arnhem Land,
northern Australia. (Photograph by G. Nansen.) For a discussion of this ruiniform relief see Jennings (1983). (b) Pedestal protected by
relatively insoluble ferruginous clast in quartzitic Kombologie Sandstone on the Arnhem Land escarpment, northern Australia. In this
tropical monsoon climate, surface lowering is mainly achieved by physical removal of loose grains after weakening by dissolution
along grain boundaries.

interannual variability in carbonate flux over five hydro-
logical years in the Baget basin in the French Pyrenees to
be about +25%. He ascribed it as due partly to variations
in annual precipitation, and partly to the seasonal dis-
tribution of flood events; floodwaters in summer being
more mineralized than those in spring. Furthermore, point
estimates from MEM measurements or from tablet
weight loss are difficult to extrapolate over ‘space’ and
provide less reliable areal estimates of solution than do
basin studies. Consequently, the problem of the validity
of karst erosion data is the problem of transforming
unique values into values representative of some defined
time and space. Nevertheless, acceptable convergence of
estimates made by different methods can sometimes be
achieved. Thus in northern Norway, Lauritzen (1990)
calculated autogenic denudation by solute flux as
32.54+10.2mmka~!; annual surface denudation mea-
sured over 10year by MEM was found to average
0.0254+0.0027mma!; and surface lowering over
9000 year since deglaciation (from maximum erratic
pedestal and quartz vein heights) averaged 13.3 and
233mmka~" respectively. These results compare quite
favourably and suggest that in northern Norway 42-72%
of the denudation takes place at the surface of the karst.

4.4.1 Vertical distribution of solution

The contrasts in karst landform styles in humid tropical
and temperate zones appear not to be attributable to
radically different solutional denudation rates (Smith
and Atkinson 1976). Therefore it follows that contrasts
in the three-dimensional distribution of corrosion must be

the explanatory factor — unless comparative denudation
estimates are seriously in error. For this reason it is
essential to gain an insight into the vertical and spatial
distribution of corrosion. We will consider the vertical
distribution first.

Information on the vertical distribution of corrosion
can be obtained by following the evolution of the
chemical characteristics of water as it runs across the
surface and percolates through the soil and underlying
bedrock. In this way Gams (1962) found the bulk of the
corrosion of limestone in Slovenia to occur in the top
10 m of the percolation zone. This important conclusion
has since been found to apply to most other places where
the vertical distribution of corrosion has been studied
(Table 4.4). Data on the vertical distribution of dissolu-
tion are available from Smith and Atkinson (1976),
Williams and Dowling (1979), Gunn (1981a), Crowther
(1989) and Zambo and Ford (1997). Measurements show
that in vegetated soil-covered karst most autogenic solu-
tion occurs near the top of the profile, i.e. in the soil and
vegetation, at the soil-bedrock interface and in the
uppermost bedrock. The consensus is that about 70% of
autogenic solution takes place in the uppermost 10 m or
so of the percolation zone, although actual figures vary
from ~50 to 90% depending on lithology and other
factors. The implications are that (i) most solutional
denudation leads to surface lowering and (ii) solutional
activity in cave conduits is of relatively minor signifi-
cance in the total denudation budget, although funda-
mental to the development of the karst landform system.
In entirely autogenic systems, much field evidence sug-
gests that corrosion in vadose cave passages of enterable
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Table 4.4 Vertical distribution of solutional denudation (Reproduced from Ford, D.C. and

Geomorphology and Hydrology)

Williams, P.W. (1989) Karst

Overall rate

Distribution of dissolution

Source

Locality (m*km~2a™")
Fergus River, Ireland 55
Derbyshire, UK 83
Northwest Yorkshire, UK 83
Jura Mountains 98
Cooleman Plain, NSW, Australia 24
Somerset Island, NWT, Canada 2
Riwaka South Branch, New Zealand 100
Waitomo, New Zealand 69
Caves Branch, Belize 90
Svartisen, Norway 32.5

60% at surface, up to 80% in
the top 8 m

Mostly at surface

50% at surface

33% on bare rock, 58% under soil,
37% in percolation zone, 5% in conduits

75% from surface and percolation zone,
20% from conduit and river channels,
5% from covered karst

100% above permafrost layer

80% in top 10-30m, 18% in conduits
mainly by allogenic streams

37% in soil profile, most of remainder
in to 5-10m of bedrock

60% on surface and in percolation zone,
40% in conduits (in large allogenic
river passages)

42-72% at surface

Williams 1963, 1968
Pitty 1968a
Sweeting 1966
Aubert 1967, 1969
Jennings 1972a, b
Smith 1972
Williams and

Dowling 1979
Gunn 1981a

Miller 1982

Lauritzen 1990

dimensions is negligible except during occasional floods
(when corrasion may also be important). In two systems
at Waitomo, New Zealand, Gunn (1981a) found water
contributing to cave streams to be saturated or super-
saturated in most conditions, as did Miller (1981) in
caves draining a tropical cockpit karst in Belize.

Rates of surface lowering on bare rock derived from
heights of pedestals and veins are compared with extra-
polated MEM values in Table 4.3. The MEM results for
northern England are more than double those for Clare—
Galway, as also are the average pedestal heights, and the
estimated surface lowering rates by both MEM and
pedestal methods are of the same order. Rates of surface
lowering can also be computed from rainfall volume and
solute concentrations achieved in runoff over rock out-
crops (Miotke 1968, Dunkerley 1983, Maire et al. 1999).

Even when rock appears bare, this is seldom the case,
and most rock surfaces are in fact covered with a patchy
thin layer of bacteria, fungi, green algae, blue-green algae
and lichens. Features produced by the action of flora and
fauna on karst rocks are termed biokarst (Viles 1984,
2003) or phytokarst (Folk et al. 1973, Bull and Laverty
1982) and processes associated with it are discussed in
section 3.8. Naylor and Viles (2002) have extended the
discussion to bioerosion and bioprotection in the inter-
tidal zone, providing evidence that bioerosion, biological
etching and chemical weathering are reduced once the
surface is colonized by macro algae.

Blue-green algae such as Chroococcus minutes have
been found to weaken the crystalline structure of lime-
stone surfaces thereby facilitating physical removal of
small rock fragments by raindrop impact. Most species are
surface dwellers (epilithic), but in ecologically stressful
environments some cyanophytes bore into rocks to depths
of ~1 mm while others dwell in vacated borings or other
microcavities. Borers create pits directly (Figure 4.12)
whereas other species may contribute to their creation or

Figure 4.12 Scanning electron photomicrograph of cyanobac-
teria boring into a limestone surface of an inland pool, Aldabra
Atoll. (Photograph by H. Viles.)
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Figure 4.13 Depths of pits resulting from cyanobacteriain-
duced weathering in comparable limestone walls of varying
age in Jerusalem. Reproduced from Danin, A., Weathering of
limestone in Jerusalem by cyanobacteria. Zeitschrift fir Geo-
morphologie. 27(4), pp. 413-421. © 1983 E. Schweizerbart’sche
Verlagsbuchhandlung, Science Publishers.

enlargement by way of the organic acids or CO, that they
excrete. Trudgill (1985) provided a particularly good
discussion of the role of organic acids as weathering
agents. However, Viles and Spencer (1986) and Vilas
(1987) could not relate algal activity to specific microkarst
except on sea coasts, so that their role remains uncertain.
Nevertheless, it is widely agreed that, once established,
small pits and fissures may be preferentially deepened if
fungi, lichens or mosses can establish in them and excrete
CO,. Excellent studies of the role of cyanobacteria and
lichens in the weathering of limestones in have been
published by Danin (1983, 1993), Danin and Garty
(1983) and Darabos (2003). Cyanobacteria are shown to
lead to rock weathering at a rate of Smmka~!
(Figure 4.13) and cyanobacteria-induced pits have been
measured to 14mm and are associated with exfoliative
weathering of limestones in Japan (Darabos 2003).
When the surface is forested, it is more obvious that
biological processes will play a part in solutional denuda-
tion, but even then the role of vegetation is easily
underestimated. In a study of autogenic karst solution
process in peninsular Malayasia, Crowther (1989) pre-
sented a clear picture of Ca and Mg fluxes in the
vegetation—soil-bedrock system (Figure 4.14). He con-
cluded that Ca concentrations in vadose waters closely
reflect Pco, and that: (i) dissolutional activity is concen-
trated at the limestone surface, both on rock exposures
and at the soil-rock (and root-rock) interface; and (ii)
humid tropical forests annually take up amounts of Ca
and Mg equivalent to the net solute output in ground-
waters. Vegetation was found to have an important role in
solute generation through absorption of Ca and Mg by
roots, canopy leaching and litter decomposition. It is
probable that forests elsewhere in the world have a

similar role. In tropical forest in Belize, Miller (1982)
found 60% of limestone solution to occur on the surface
and in the percolation zone and, under temperate rain
forest in New Zealand, Gunn (1981a) concluded that 37%
of the solution occurs within the soil, at the soil-rock
interface, or on occasional limestone outcrops, with most
of the remainder concentrated in 5-10m of weathered
bedrock beneath. However, when significant organic
material is transported underground its bacterially
mediated oxidation can supply another important source
of CO, that can sustain continued dissolution in the
vadose and phreatic zone (Atkinson 1977a, Whitaker
and Smart 1994).

The vertical distribution of denudation depends upon
two factors: (i) the distribution of water flow and (ii) the
distribution of solute concentrations. Efforts have focused
mainly on the latter, with data being used in a budget
approach to deduce the relative contributions to total
solutional denudation (Table 4.1). Illustrations of results
are provided by Jennings’ (1972) research in New South
Wales, Australia, Atkinson and Smith’s (1976) in the
Mendip Hills, England, and Williams and Dowling’s
(1979) in New Zealand (Figure 4.15). An estimation of
mass flux through the vadose zone has been made by
Crowther (1989) (Figure 4.14), but much more informa-
tion is still required, especially on the spatial variation of
dissolution within the epikarst, for it is there that such
landforms as solution dolines are made. The most
detailed study of this to date is by Zambo (2004) and
co-workers in Hungary who, since the 1970s, have
measured hydrological and geochemical characteristics
of the zone between a doline and an underlying cave (see
further comments below).

4.4.2 Spatial distribution of solution

The solutional denudation rate is derived from the product
of water flow and solute concentration. Topographic
variations give rise to inequalities in runoff distribution:
hills encourage runoff divergence, whereas hollows
encourage runoff convergence. Soil thickness also varies
spatially, tending to be thicker in depressions than on
hilltops. In a karst context, spatial inequalities in the
availability of solvent (water) arise from the distribution
of runoff following rain, and spatial variability in soil CO,
production arises from variations in biological activity
associated with soil thickness, soil moisture and aspect. In
an autogenic percolation system a wide range of flows
occur on a continuum from very slow seepages through
trickles to showering cascades (discussed further in sec-
tion 6.3). Discharges of observed flows range over several
orders of magnitude, whereas their associated solute
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Figure 4.14 Calcium (left) and magnesium (right) concentrations and fluxes within the vegetation—soil-bedrock system in humid
tropical karst in Malaysia. Reproduced from Crowther, J, Groundwater chemistry and cation budgets of tropical karst outcrops,
peninsular Malaysia, 1 calcium and magnesium. Journal of Hydrology 107, 169-192. © 1989 Elsevier.

concentrations are unlikely to vary by more than one order
of magnitude. Although direct relationships have been
reported between flow-through time and calcium hardness
(e.g. Pitty 1968b), the small volumes of highly miner-
alized seepages do not account for much denudation,
although they make an impressive contribution to spe-
leothem deposition. Recent observations show that in
well-developed karsts the upper part of the percolation
zone (the epikarst or subcutaneous zone) has a significant
water storage capacity. Drainage from this zone is not
uniform, but flows down preferred paths which act as foci
for subcutaneous streamlines. Therefore it is probable that
dissolution within the epikarst is greatest where flow paths
converge above the more efficient percolation routes.
Because solute concentrations do not vary widely com-
pared with percolation discharge rates, corrosion denuda-
tion in a zone of convergent flow can be many times
greater than in a zone where flow diverges. Karsts with

spatially uniform infiltration and percolation through the
epikarst will experience uniform surface lowering,
whereas karsts with patterns of flow divergence and
convergence within the epikarst will develop accentuated
relief. Inequalities in subcutaneous corrosion become
increasingly manifested topographically as the surface
lowers over time. Even the effect of aspect on biological
activity can be important, because solute concentrations
can be significantly higher in springs issuing from sunny
slopes than in springs emerging from slopes that are
relatively shaded (Pentecost 1992).

These points are born out by field measurements
reported by Zambo6 and Ford (1997) in the Aggtelek
area of Hungary. They found that the capacity to dissolve
limestone varies from ~3 to 30gm~2a~! depending on
variations in soil cover and soil water, being lowest on
well drained high spots and slopes where soil is thin, and
highest in closed depressions where storm runoff
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converges and soil cover is thick (Figure 4.16). They
calculated the mean rate of lowering of the land to be about
0.5cmka™!, but noted that it varies from 0.4 cmka™! or
less on interdoline crests to 0.7-1.0cmka™" in doline
bottoms. Thus the differential deepening rate for the
doline investigated was in the range of 0.3-0.6 cmka™!
which, considering its depth of 20m, implies that at
present rates it could have developed since the Mio-
Pliocene. Given the importance of flow divergence and
convergence for the development of the karst topogra-
phies modelled by Ahnert and Williams (1997), the
processes measured by Zambo and Ford (1997) are likely
to be important for the development of any style of
doline relief.

4.4.3 Rates of denudation and downcutting

The rates of denudation of carbonate and silicate land-
scapes as a function of effective precipitation are com-
pared in Figure 4.9, although the silicate values refer
mainly to mechanical erosion. Cave streams incise as a
consequence of both chemical and mechanical processes.
Their downcutting rate is equivalent to the rate of base-
level lowering and is equal to or less than the rate of
tectonic uplift. In stable alpine and cratonic areas long-
term denudation and uplift will tend to balance and can
be estimated by cave-passage incision rates.

Gascoyne et al. (1983) used the ages of speleothems in
various positions above active streamways to estimate

cave passage incision rates, and data on downcutting
determined by such methods have been reviewed by
Atkinson and Rowe (1992). However, caution must be
exercised in assuming that the rate of lowering of a water
table is always due to valley incision, because sometimes
it is attributable to an increase in hydraulic conductivity
over time, as Ford ef al. (1993) demonstrated in the case
of the Wind Cave aquifer in the Black Hills of South
Dakota.

Stalagmites can accumulate only when they are not
submerged or subject to erosion by flood waters, as
explained in section 8.3. Hence the height of the base of
a stalagmite above a bedrock stream channel divided by
the stalagmite basal age yields a maximum downcutting
rate for the stream. Rates of about 20-50 mmka~! over
the past 350 000 year were determined in this manner for
cave channels in northwest Yorkshire, England, with a
mean maximum rate of valley entrenchment (aided by
glaciation) in the area of 50 to <200mmka~!
(Gascoyne et al. 1983). This compares with: valley
deepening rates of 40-70mmka~' as a minimum, with
maximum values to 2mka~', calculated by the same
method by Ford er al. (1981) in the Canadian Rocky
Mountains; a rate of 280 mmka~! in the Southern Alps of
New Zealand (Williams 1982b); rates of 190-
510mmka~! in the Qinling Mountains of China (Wang
et al. 2004); and rates of 80-1040mmka~' in the Alpi
Apuane of Italy (Piccini et al. 2003). Sometimes incision
is so slow that the use of uranium-series dating is not
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Figure 4.16 Infiltration and dissolution rates in a doline at Aggtelek, Hungary. (a) Infiltration and lateral runoff as a percentage of
precipitation generalized from data for two sideslope sites and three dolines. (b) Mean annual CaCOj3 dissolution rates, showing an
order of magnitude difference depending on location. Solution at the base of the doline is enhanced by flow convergence. Reproduced
with permission from Zambo, L. and Ford, D.C. Limestone dissolution processes in Beke doline, Aggtelek National Park, Hungary.
Earth Surface Processes and Landforms, 22, 531-43 © 1997 John Wiley and Sons.

helpful, because dates exceed the upper age limit of the
method. Under these circumstances the minimum ages of
cave passages have been determined by magnetostratigra-
phy of sediment fill and ancient speleothems (Schmidt
1982, Williams et al. 1986, Webb et al. 1992, Auler et al.
2002). Thus in the Buchan karst of southeastern Australia,

the rate of incision has averaged only 0.004mka~! since
the last reversal (Webb et al. 1992, Fabel et al. 1996).
However, even when uplift and incision rates are quite
rapid, magnetostratigraphy can be a valuable tool when
cave passages extend over a large vertical range. This
was shown at Mulu in Sarawak by Farrant et al. (1995),
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where a stable rate of incision of about 0.19mka~! was
demonstrated over the Quaternary (Figure 4.17). Cosmo-
genic burial-age dating of pebbles has also been used to
deduce bedrock incision rates, which at Mammoth Cave,
Kentucky, averaged <3-5mMa~! in the late Pliocene
(Granger et al. 2001).

From the above results we find that downcutting rates
of 50-1000mmka~' (50-1000mMa~") are typical for
tectonically active mountainous areas, but that rates of
<5mMa~! can be found in stable cratonic areas. How-
ever, even the highest incision rates in carbonate rocks are
only a fraction of what can be achieved in salt karst, even
under arid climatic conditions. Thus Frumkin (2000a)
assessed long-term vadose incision rates in the Mount

Sedom diapir near the Dead Sea as about 20 mma"'.

4.4.4 Vertical distribution of carbonate deposition

Chemical processes involved in the dissolution and pre-
cipitation of calcite were discussed in Chapter 3; crystal
growth of carbonate precipitates in caves is examined in

Chapter 8 and case hardening and tufa deposition in
rivers and lakes in Chapter 9. This section focuses
on general aspects of the vertical distribution of carbonate
deposition by meteoric waters.

Most dissolution of limestone occurs in the epikarst. It
may even occur entirely in the soil where this is rich in
carbonate fragments, such as a calcareous glacial till.
Consequently, most autogenic percolation water is close
to saturation with respect to calcite as it moves down-
wards through the remainder of the vadose zone. Ground-
air CO, may sustain a slight degree of undersaturation,
although when percolating water leaves the soil zone it is
likely that most solution will occur under essentially
closed (or sequential) system conditions.

Carbonate precipitation most commonly occurs when
water percolating beneath soil enters a cavity that has
some connection with the outside atmosphere. Cavities
may be large caverns or small vugs, but gaseous
exchange with the external air is essential because it
ensures that the Pco, of the cave air is broadly of the
same order as that measured in the normal atmosphere
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(section 3.5). The percolating water is equilibrated with a
higher, soil Pco, with the result that carbonate is pre-
cipitated if significant (SI.>-+0.3) supersaturation is
attained. Should cave ventilation also be strong, relative
humidity may be less than 100%, in which case evapora-
tion will also occur. This accelerates deposition as well as
encouraging the growth of a different suite of speleothem
forms. For further discussion of the kinetics of calcite
precipitation see section 3.10.

In seasonally dry environments carbonate deposition
can occur in the soil as a result of evaporation. In some
humid environments carbonate precipitation may closely
follow dissolution due to a combination of CO, degassing
and evaporation, resulting in formation of calcrete case
hardening (section 9.12). However, most carbonate de-
position takes place beneath the solum and commences in
the first cavity where Pco, is less than in the soil atmo-
sphere. There are countless instances of caves profusely
decorated with actively growing speleothems within a
few metres of the surface. In raised atolls carbonate
deposits fill interconnecting vugs in the rock matrix like
butter melting down into hot toast; under such circum-
stances deposition reduces primary (bulk) porosity
although in the standard vadose cave it reduces secondary
(fissure) porosity. Case hardening is a form of eogenetic
diagenesis and can reduce primary porosity by a factor of
ten or more (Mylroie and Vacher 1999). In Puerto Rico,
Ireland (1979) found the indurated layer to follow the
topography and on average to be 2 m thick but to vary up
to 10 m. Ivanovich and Ireland (1984) suggested that the
formation of a case-hardened layer 1 m thick could occur
within 10 000-20 000 year, assuming a constant denuda-
tion rate of between 50 and 100 mmka~'. However, work
by Mylroie et al. (1995) on the marine oxygen isotope
stage (MIS) 5e aeolianites of the Bahamas implies that
much faster case-hardening rates can occur in young
eogenetic rocks.

The degree of supersaturation of percolating ground-
water diminishes following continued carbonate precipi-
tation. Thus with depth through the vadose zone the
amount of speleothem deposition may decrease. How-
ever, the secondary porosity of well-karstified terrains is
often no more than a few per cent; thus percolating water
often does not encounter aerated vadose cavities and the
first opportunity to precipitate carbonate may be in the
saturated zone. In a partly flooded cavern communicating
directly with the outside atmosphere, heterogeneous car-
bonate precipitation can take place onto solid surfaces
such as cave walls or other crystals. It is comparatively
rare because it occurs only where currents are slow
moving. Deposits are commonly destroyed if the passage
is liable to turbulent floods.

These points on the vertical distribution of deposition
apply to autogenic karst. Under other geological situa-
tions differing hydrological and hydrochemical condi-
tions dictate where deposition is possible. Impervious
caprocks preclude percolation and hence limit deposition
to streamways, provided that mechanical action is also
not too strong. Streams in allogenic systems, however,
are commonly undersaturated with respect to calcite so
that carbonate deposition is not usually a feature. This
contrasts strongly with vadose streams in autogenic
systems, which are often very favoured sites for cascades
of speleothems that form rimstone pools (or gours).

The distribution of carbonate deposition in the vadose
zone has received remarkably little quantitative study.
However, it is generally acknowledged that the pattern of
deposition discussed is much better displayed in tropical
and warm temperate zones than in cold regions. This is
presumed to be a consequence of the greater contrast
achieved between soil and atmospheric CO, in the tropics
compared with subarctic and alpine environments.

4.4.5 Magnitude, duration and frequency of solution

Gunn (1982) reviewed the magnitude and frequency
properties of dissolved-solids transport. He compared
results from 24 basins of which 10 are underlain by
carbonate rocks (Table 4.5) and reached the following
conclusions.

1. The greatest variation in solute transport work
achieved is shown by high flows operational for
only 5% of the time. In the carbonate basins these
flows account for less than one-quarter of the work
done (except in one case where it is 44%) compared
with 24-57% in the non-carbonate catchments.

2. Flows less than mean discharge occur for 60-75% of
the time and account for 20-55% of the dissolved-
load transport. Flows less than median discharge
usually account for less than one-quarter of the solute
load.

3. High flows are less significant for dissolved-load
transport in carbonate basins than in non-karst basins.
Nevertheless, Gunn refuted Wolman and Miller’s
(1960) suggestion that a very large part of solute
load is transported by flows as low as the mean or
even the median discharge. In the carbonate basins
flows greater than the mean account for 45-74% of
the dissolved-load transport. Groves and Meiman
(2005) found from a 1-year study in a partly allogenic
basin in Kentucky that intense events that occurred
<5% of the time were responsible for 38% of the
dissolved-load transport.



Distribution and rate of karst denudation 101

Table 4.5 Magnitude and frequency parameters for dissolved solids transport (Simplified from Gunn, J., Magnitude and frequency
properties of dissolved solids transport. Zeitschrift fir Geomorphologie, 26(4), 505-11 © 1982 E. Schweizerbart’sche

Verlagsbuchhandlung, Science Publishers)

Percentage of annual solute load transported by:

Flows equalled
or exceeded

Drainage basin 5% of time

Flows less than
the mean discharge

Flows less than
the median discharge

Percentage of time required
to remove 50% of solute load

Shannon (CO3) — 32
Rickford (CO3) 5 34
Langford (CO3) 10 48
South Rockies (CO3) 13 26
(SOy) 12 35

Riwaka (CO3) 44 33
Honne (CO3) 16 —
Cymru (CO3) 18 34
Glenfield (CO3) 15 33
Cooleman Plain (CO3) 21 55
Southeast Devon (1) (TDS) 57 20
(2) (TDS) 29 —

(3) (TDS) 29 46

Slapton Ley (TDS) 28 26
Ei Creek (TDS) >25 —
East Twin GP1 (TDS) 27 —
GP2 (TDS) 24 —

New England (TDS) 50 —
Creedy (TDS) 25 —

28 —
23 24
35 30
19 20
26 23
20 10
26 26
21 22
24 25
29 29
7 5
17 15
25 18
12 12
— 10
11 1.5
20 18
— 5
15 12

The evidence is not sufficiently comprehensive to
distinguish with confidence between the magnitude and
frequency behaviour of autogenic as compared with
allogenic basins. However, theoretical considerations
suggest that the greater the autogenic component, the
less significant will be the relatively high-magnitude but
low-frequency discharges in transporting solute load.
This is because in autogenic basins the Ca’t versus
discharge relation usually has a lower slope than in
allogenic basins, i.e. the dilution effect is less marked;
and in autogenic basins the discharges are in any case less
variable, i.e. the flow duration curve shows a narrower
range. In purely autogenic karsts the solute magnitude
and frequency relationships are essentially controlled by
the regime of the outflowing stream.

4.4.6 Solutional denudation, karstification
and inheritance

In discussing the relevance of solution rates to geomor-
phology, Priesnitz (1974) quite rightly observed that an
average annual denudation rate does not characterize
karstification. For example, there is a strong discrepancy
between average lowering of the surface and the solutional

modelling of the terrain. Regions with high solutional
denudation rates do not necessarily display well-developed
karst. He suggested that factors important in modelling
karst include the size and form of the solution front, its
location, the intensity of dissolution at each point across
the front, and the form and location of eventual redeposi-
tion. Priesnitz also proposed the use of a surface-lowering:
surface-modelling ratio as an indicator of the morpholo-
gical effectiveness of solution. Estimating the surface-
modelling effect from the volume of dolines and applying
this idea to an area of gypsum and limestone karst near
Bad Gandersheim in Germany, he concluded that for both
rock types 98-100% of the considerable solution in the
Holocene has produced only surface lowering. In the
decades since that investigation we have not made much
more headway on this topic: the relationship between
karstification and solutional denudation clearly requires
much more study.

Another factor barely recognized and certainly unre-
solved in the interpretation of denudation rates is that of
inheritance. Imagine two areas of dense limestone near
baselevel that are identical in every respect except that one
is already karstified and the other is not. They are uplifted
an equal amount and subjected to similar climatic
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regimes. What would be the effect of the different geo-
morphological inheritance on the amount and distribution
of solutional denudation and redeposition that results in
these two karsts? Although this question is unresolved,
different geomorphological inheritances must be signifi-
cant in steering erosion processes, ventilation and degas-
sing of groundwaters, and resultant landform development.
In geomorphology as a whole, timescales are so long that
there is seldom a recognizable beginning for a landscape,

only an inheritance. In karst terrains more than most we can
sometimes identify a beginning; perhaps a time when an
impervious caprock was first breached or when a coral reef
was uplifted from the sea. But the commencement of
karstification in some of the world’s greatest karsts, as in
southern China for instance, is so far back that landforms
developing in response to modern processes must depend
in part on preconditioning that provides ready made ave-
nues for solute attack.
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Karst Hydrogeology

5.1 BASIC HYDROGEOLOGICAL CONCEPTS,
TERMS AND DEFINITIONS

Karst groundwaters display many of the characteristics of
underground water in other rocks. Consequently many of
the concepts, principles and techniques applied to
groundwater hydrology in general are applicable here.
Therefore we recommend that for general detail on
aspects of groundwater hydrology, texts such as those
by Freeze and Cherry (1979) and Domenico and
Schwartz (1998) should be consulted. However, karst
groundwater systems have some features that markedly
distinguish them from the rest. Thus the purpose of this
chapter is to explain when universal principles of ground-
water hydrology are appropriate for application in a karst
context and, most importantly, when they are not.

5.1.1 Aquifers

A rock formation is regarded to be an aquifer when it can
store, transmit and yield economically significant
amounts of water. Karst aquifers like those of other
rocks may be confined, unconfined and perched
(Figure 5.1). A confined aquifer is contained like a
sandwich between relatively impervious rocks that over-
lie and underlie it. In contrast to the formation containing
the aquifer, an impermeable rock that is incapable of
absorbing or transmitting significant amounts of water is
known as an aquifuge. Other rocks such as clay and
mudstone, may absorb large amounts of water, but when
saturated are unable to transmit it in significant amounts.
These are termed aquicludes. A relatively less permeable
bed in an otherwise highly permeable sequence is
referred to as an aquitard; a calcareous sandstone in a
karstified limestone sequence could provide such a case.

The lower boundary of an aquifer is commonly an
underlying impervious formation. But should the karst

rocks be very thick, the effective lower limit of the
aquifer occurs where no significant porosity has devel-
oped. This may be because the rocks have only recently
been exposed to karstification or because lithostatic
pressure at depth is so great that there is no penetrable
fissuring and groundwater is consequently precluded.
In regions of extensive or continuous permafrost, the
aquifer may be restricted to a surficial ‘active’ layer
from about 0.5 to 1m in depth. However, in karstic
rocks the permafrost aquifuge beneath the active layer
is often breached by groundwater drains termed taliks
and there may be an underlying circulation (e.g. Ford
1984).

Water within the rock occurs in pore spaces of various
size, shape and origin. A distinction is made between the
porosity n of a rock and its effective porosity ..
Porosity is defined as the ratio of the aggregate volume
of pores V,, to the total bulk volume V, of the rock.
Thus

n=",/" (5.1)
Effective porosity refers only to those voids that are
hydrologically interconnected. For a fully saturated
rock, it can be expressed as the ratio of the aggregate
volume of gravitation water that will drain from the rock
V, to the total bulk volume of the rock V%

e = Va/Vb (52)
In unconfined aquifers, it amounts to the volume of water
that will drain freely under gravity from a unit volume of
the aquifer; thus bound water still remains held by
molecular forces in small pores. Castany (1984b)
describes measurement techniques.

Effective porosity is influenced by pore size. Thus
clays with a porosity of 30—60%, but with pores of only
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Perched aquifer

Siltstone —

/

Siltstone
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Stream

Water table

Aquiclude

Figure 5.1 Confined, unconfined and perched aquifers. Reproduced from Dunne, T.R. and L.B. Leopold, Water in Environmental

Planning, San Francisco © 1978 Freeman.

1 x 1072 to 1073 mm in width yield almost no water
when able to drain freely under gravity. This is because
the force of molecular adhesion involved in the adsorp-
tion of water in clay is sufficient to overcome the force of
gravity. Yet massive karstified limestone with a porosity
of perhaps only 3%, but with interconnected voids
measuring 1-10°mm or more in diameter, will yield
almost all the water in storage if freely drained.

We saw in Chapter 2 that when a carbonate sediment is
formed it acquires a fabric-selective porosity of about 25—
80% from interstitial spaces between its mix of materials.
However, later chemical diagenetic processes involving
dissolution and reprecipitation, dolomitization and subse-
quent fracturing by tectonic movements result in the mod-
ification of the original porosity. Sedimentologists define
primary porosity as that created during deposition of the
rock (i.e. created first) and secondary porosity as that
resulting later from diagenesis. However, for the hydrogeol-
ogist, all types of bulk rock porosity are primary (some-
times referred to as matrix porosity), and only fracture (or
fissure) porosity arising from rock folding and faulting
should be considered to be secondary. When dissolution
along penetrable fissures by circulating groundwaters devel-
ops some pathways into pipes (conduits or caves), this is
referred to as tertiary porosity. These voids may continue
to enlarge while groundwater circulation persists.

Average total porosity is a function of the reference
volume of the rock considered, i.e. whether it is of regional
scale (macroscopic or first-order), pumping-test scale
(mesoscopic or second-order), or at hand-specimen scale
(microscopic or third-order). Clearly we do not find caves

in hand specimens, and nor do we usually encounter them
in boreholes. Scale of investigation is therefore an impor-
tant consideration when evaluating porosity (Figure 5.2)
and so too is depth, because lithostatic pressure and
chemical compaction during burial and early diagenesis
results in an exponential reduction of porosity with depth.
Castany (1984a) cited an example from South Africa
where effective porosity diminishes from 9% at 60m
below the surface to 5.5% at 75m, 2.6% at 100m, 2%
at 125m and 1.3% at 150m. However, porosity—depth
curves can in fact be quite variable according to the
processes to which they respond (Figure 5.3).

Carbonate rocks thus acquire a range of voids of
different origin that affect their capacity to store and
transmit water. Karst aquifers are therefore commonly
differentiated into three end-member types, according to
the nature of the voids in which the water is stored and
through which it is transmitted, namely granular (or
matrix), fracture and conduit (Figure 5.4). In practice,
most karst aquifers have components of each, but by
definition must possess a significant conduit component
(cave-like tubes). Table 5.1 provides examples of the
distribution of porosity in four carbonate aquifers of
widely differing rock type (limestone and dolostone),
recharge (allogenic and autogenic) age and diagenetic
maturity (Palaeozoic to Cenozoic). Matrix porosity is
important in every case and is also important in providing
storage capacity (Table 5.2), yet despite this and as we
shall see later, in each of these cases it is the tertiary
conduit (channel) porosity that dominates when it comes
to providing pathways for groundwater flow.
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Figure 5.2 Schematic representation of the effect of scale on the hydraulic conductivity of karst. Reproduced from Kiraly, L.,
Rapport sur 1’etat actuel des connaissances dans le domaine des caracteres physiques des roches karstiques. In A. Burger and
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Figure 5.3 Changing porosity in limestones with depth beneath the surface. (Left) Exponential decrease of porosity with depth in
shallow-marine limestones of the south Florida basin. The ornament shows the range. This illustrates the response of primary porosity
to lithostatic pressure upon burial. (After Halley 1987; cited in Tucker and Wright 1990.) (Right) Exponential increase in karstification
towards the surface in crystalline limestones of the Dinaric karst. This shows the response of secondary and tertiary porosity to karst
dissolution. Based on data from 146 boreholes. Adapted from, Milanovic, P.T, Karst Hydrogeology Colorado, p. 434 © 1981 Water
Resources Publication; and Milanovic, P. 1993. The karst environment and some consequences of reclamation projects. In
Afrasiabian, A. (Ed.), Proceedings of the International Symposium on Water Resources in Karst with Special Emphasis on Arid
and Semi Arid Zones, Shiraz, Iran, 409-424, 1993.
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open bedding plane
with channels shown

Figure 5.4 Granular, fracture and conduit aquifers. Reproduced
from Worthington, S. R. H., A comprehensive strategy for under-
standing flow in carbonate aquifers. In A. N. Palmer, M. V.
Palmer and I. D. Sasowsky (eds), Karst Modelling, Karst Waters
Institute Special Publication 5, Charles Town, W. Virginia, 30—
37, 1999.

5.1.2 Water table, piezometric and potentiometric

surfaces

Water in an unconfined aquifer descends freely under
gravity until it finds its own level, known as the water

Table 5.1

table. This is an English language term for the surface
defined by the level of free-standing water in fissures and
pores that delimits the top of the saturated (or phreatic)
zone. It is an equilibrium surface at which fluid pressure
in the voids is equal to atmospheric pressure. An equiva-
lent and completely acceptable alternative term fre-
quently used in continental European literature is the
piezometric surface, i.c. a surface defined by water
levels in piezometers (observation wells) in an uncon-
fined aquifer. We note that Domenico and Schwartz
(1998) prefer the term water table.

The pressure at a given point below the water table is
equal to the product of the depth and the unit weight of
water, termed the pressure head, plus atmospheric
pressure (Figure 5.5). When there is no flow pressures
are equal in all directions and conditions are termed
hydrostatic. The hydraulic head ‘%’ is the sum of the
elevation head and the pressure head. The product of
hydraulic head and acceleration due to gravity g yields
the hydraulic potential ‘®’, an expression of the
mechanical energy of water per unit mass. As gravita-
tional acceleration is nearly constant near the Earth’s
surface, hydraulic head and hydraulic potential are very
closely correlated.

In a confined aquifer the water in a bore tapping the
water-bearing formation usually rises up the borehole
under pressure to a level that is above the top of the
aquifer. The theoretical surface fitted to the water levels
in such bores is termed the potentiometric surface.
When water rises up a bore, it is sometimes called an
artesian well and the water is said to be confined under
artesian conditions.

Unfortunately, confusion has arisen in the literature
because the potentiometric surface, which is an imagin-
ary surface contoured from hydraulic head data, has
sometimes been referred to as the piezometric surface.
The usage recommended and adopted here follows both
Freeze and Cherry (1979) and Domenico and Schwartz
(1999).

Matrix, fracture and channel (conduit) porosity in four carbonate aquifers. The channel

porosity in the chalk is equivalent to that of the ‘secondary fractures’ of Price er al. (1993)
(Reproduced from Worthington, S.R.H. A comprehensive strategy for understanding flow in carbonate
aquifers, in Karst Modelling (eds A.N. Palmer, M.V. Palmer and 1.D. Sasowsky), Special Publication
5, Karst Waters Institute, Charles Town, WV, pp. 30-7, 1999)

Porosity (%)

Location Matrix Fracture Channel Age of rocks
Smithville, Ontario, Canada 6.6 0.02 0.003 Silurian
Mammoth Cave, Kentucky 24 0.03 0.06 Mississippian
The Chalk, England 30 0.01 0.02 Cretaceous
Nohoch Nah Chich, Yucatan, Mexico 17 0.1 0.5 Eocene
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Table 5.2 Fractions of storage contributed by matrix, fracture and channel (conduit) porosity
in four carbonate aquifers. (Reproduced from Worthington, S. R. H., Ford, D. C. and Beddows,
P. A., Porosity and permeability enhancement in unconfined carbonate aquifers as a result of
solution. In Klimchouk, A.B., Ford, D.C., Palmer, A.N. and Dreybrodt, W. (Eds.),
Speleogenesis: Evolution of Karst Aquifers. National Speleological Society, Huntsville,

220-223, 2000

Proportion of storage (%)

Location Matrix Fracture Channel
Smithville, Ontario, Canada 99.7 0.3 0.05
Mammoth Cave, Kentucky 96.4 1.2 24
The Chalk, England 99.9 0.03 0.07
Nohoch Nah Chich, Yucatan, Mexico 96.6 0.6 2.8

In the unsaturated (or vadose) zone above the water table,
voids in the rock are only partially occupied by water, except
after heavy rain when some fill completely. Water percolates
downwards in this zone by a multiphase process, with air and
water coexisting in the pores and fissures. Air bubbles may
even impede percolation by blocking capillary channels.
More significant impediments to downwards flow are some-

water—table level \/

arbitrary point
in groundwater —=eP
body

Datum \

AT POINT P, THE HYDRAULIC HEAD h = hp+ z

WHERE hp= PRESSURE HEAD
AND z = ELEVATION HEAD

Figure 5.5 Definition of hydraulic head, pressure head and
elevation head for an unconfined aquifer. Reproduced from
Ford, D.C. and Williams, P.W. (1989) Karst Geomorphology
and Hydrology.

times provided by localized impermeable layers, such as
shale or chert bands in a limestone sequence. Ponding occurs
above these layers, producing a localized saturated zone
known as a perched aquifer, suspended above the main
water table (Figure 5.1). Subdivisions of the unsaturated
and saturated zones of an unconfined aquifer are listed in
Table 5.3, although not all categories may be present in any
given karst.

5.1.3 Flow nets

A map of the water table or of a potentiometric surface
provides a two-dimensional view of the aquifer. The
general movement of groundwater can be deduced as
being perpendicular to the contours on these surfaces, in
the direction of the steepest hydraulic gradient. However,
aquifers are three-dimensional phenomena. Consequently
a more complete view of groundwater movement
is obtained from considering variations in hydraulic
potential throughout the aquifer (Figure 5.6).

Points of equal fluid potential within an aquifer can be
depicted by equipotential surfaces. When mapped in two
dimensions on the horizontal plane these project as
equipotential lines, and are represented in the case of

Table 5.3 Karst hydrographic zones

la Soil

1b Epikarst
(subcutaneous) zone

lc Free-draining percolation
(transmission) zone

Epiphreatic zone (zone of
fluctuation of water table)

3a Shallow phreatic zone

3b Deep phreatic
(bathyphreatic) zone

3¢ Stagnant phreatic zone

1 Unsaturated (vadose) zone*

2 Intermittently saturated zone*

3 Saturated (phreatic) zone*

*Each may be traversed by caves, permanently flooded in zone 3.
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Figure 5.6

Streamline

Water table
contour

Equipotential

Water table contours, streamlines, equipotentials and flow net in an ideal porous, homogeneous medium. Reproduced

from Ford, D.C. and Williams, P.W. (1989) Karst Geomorphology and Hydrology.

an unconfined aquifer by contours on the water table.
These are lines of equal head. They can also be mapped
in two dimensions in the vertical plane, when they show
cross-sections of equipotential surfaces (Figure 5.6).

Water flow in an aquifer is always orthogonal to the
equipotentials, and the path followed by a particle of
water is known as a streamline. A mesh formed by a
series of equipotentials and their corresponding stream-
lines is known as a flow net. Since water flows from
zones with high potential to places where it is lower, if
fluid potential increases with depth then groundwater
flow will be towards the surface (Hubbert 1940). Flow
nets in the vertical plane parallel to the hydraulic
gradient of the water table usually show flow to con-
verge near valley floors or along the coast. If a large
conduit (such as a water-filled cave) traverses the
saturated zone, it may also be a zone of relatively
low fluid potential and thus may cause flow to converge
on it (Figure 5.7).

5.1.4 Flow through pores and pipes

Conventional groundwater hydrology usually considers
aquifers to be porous, granular media; so we must
question whether the normal laws of groundwater

(a) Tunnel as a steady-state drain

Z 7

v Water table

1
!

(b) Tunnel as a transient drain

7

!
!

t

Figure 5.7 Tunnel or cave as (a) a steady-state and (b) a
transient drain. Reproduced from Freeze, R.A. and J.A. Cherry,
Groundwater, p. 604 © 1979 Prentice Hall.
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hydrology are applicable to fractured rocks perforated
by large solution pipes as found in limestones. The
consideration raised by this is whether a better expla-
nation of groundwater movement in karst will be
achieved by understanding the flow of water through
individual conduits or by treating the rock as an
idealized continuum of saturated voids in a solid
matrix. The pioneering work of Hagen (1839) and
Poiseuille (1846) as compared to Darcy (1856) helps
to illustrate the point.

Hagen and Poiseuille studied the flow of water through
small tubes and discovered that the flow per unit cross-
sectional area, or specific discharge u, is directly propor-
tional to the hydraulic head loss by friction between one
end of the tube and the other

2 dh wr* pg dh
g2 (P88 T P R 5.3
PET\R W) T8 (5:3)

where 772 is the cross-sectional area of a tube of radius
r,7*/8 is the permeability of the tube, g is gravitational
acceleration, u is the dynamic viscosity and p is the fluid
density of the water, and dA/d/ is the change of head with
distance along the tube (also termed the hydraulic
gradient). This equation is sometimes referred to as
Poiseuille’s law. It shows specific discharge to vary
directly with the pressure drop and with the fourth
power of the radius, but to vary inversely with the length
of the tube and the viscosity of the fluid.

By contrast, Darcy (1856) studied the flow of water
through saturated sand, and the results of his experiments
confirmed Hagen and Poiseuille’s findings by showing
that the quantity of water flowing through a granular
medium is proportional to the difference in pressure, as
represented by a hydraulic gradient, between the inflow
and outflow points. The relationships are expressed in
what is termed Darcy’s law

dhn QO

u=-K i a (54)
where Q is the discharge, a is the cross-sectional area of
granular medium through which it flows and K is the
hydraulic conductivity (or coefficient of permeability).
Because water moves down a gradient in response to
changes in hydraulic potential, the negative sign on the
right-hand term of the equation is a convention to indicate
a loss in hydraulic potential in the direction of flow over the
distance / travelled. Whereas discharge Q has the dimensions
(L*T™"), specific discharge u has the dimensions (LT™").

Hydraulic conductivity K is sometimes loosely (and
incorrectly) referred to as the permeability k. The latter,
also called the intrinsic permeability, is a measure of the

ability of a material to transmit fluids. It depends on the
physical properties of the material, especially pores sizes,
shapes and distribution. By contrast, the hydraulic con-
ductivity reflects the properties of both the medium and
the fluid. The two terms are related as follows

kog
u

K= (5.5)

where p, mass density, and x, dynamic viscosity, are func-
tions of the fluid alone, K has the dimensions of a velocity
(LT~") and is commonly expressed in m s ', and k has the
dimensions (L?) and is sometimes expressed in darcy
units, 1 darcy being about 10™% cm? (Freeze and Cherry
1979). Figure 5.8 shows the range of values of hydraulic
conductivity and permeability encountered in common
earth materials. Permeability is not easy to measure in
karstified aquifers, because it varies with the scale of the
measurement and can be so high that standard pump tests
obtain no measurable drawdown (Halihan et al. (1999).

Darcy’s law assumes flow to be laminar. Under these
conditions individual ‘particles’ of water move in parallel
threads in the direction of flow, with no mixing or
transverse component in their motion. This can be visua-
lized most easily in a straight cylindrical tube of constant
diameter (Figure 5.9), but it also applies to granular
media. At the tube wall flow velocity v is zero, because
of adhesion, and it rises to a maximum at the centre. But
as the radius of the tube and flow velocity increase, so
fluctuating eddies develop and transverse mixing occurs.
The flow is then termed turbulent. Such conditions
frequently arise in pipes and fissures in karst, and can
be considered predominant in cave systems.

The Reynold’s number Re is usually used to help
identify the critical velocity at which laminar flow gives
way to turbulent flow. It is thus valuable in helping to
define the upper limit to the validity of Darcy’s law.
Reynold’s number is expressed as

ovd
u

Re = (5.6)
where v is the mean velocity of a fluid flowing through
a pipe of diameter d. In a porous or fissured medium,
the macroscopic velocity # may be substituted for v and d
becomes a representative length dimension characterizing
interstitial pore-space diameter or fissure width.

Under laminar flow conditions, discharge through a
pipe can be evaluated by Poiseuille’s law (Equation 5.3),
or with the Hagen—Poiseuille equation

and“pg dh
To128u dl

(5.7)
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Figure 5.8 Range of values of hydraulic conductivity and permeability. Reproduced from Freeze, R.A. and J.A. Cherry,
Groundwater, p. 604 © 1979 Prentice Hall.
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Figure 5.9 Laminar flow through a cylindrical tube. Reproduced from Hillel, D. (1982) Introduction to Soil Physics, Academic Press,
New York.



Since the discharge is proportional to the fourth power of
the diameter, large capillary tubes are very much more
conductive than small ones. A tube of 2 mm diameter will
conduct the water passed by 10 000 capillaries of diameter
0.2mm. This factor dominates the processes of cave
pattern construction as they are developed in Chapter 7.
Increasing velocity, sinuosity and roughness may even-
tually result in flow through the tube becoming turbulent.
When this occurs, the specific discharge may be calculated
using the Darcy—Weisbach equation (Thrailkill 1968)

) 2dg dhiQ2

and hence
2dga®\'"? (dn\ "
o-(*7) (@) 59)

where f is a friction factor or coefficient. Spring and
Hutter (1981a, b) explained the determination of the
friction factor and discussed the relationship of
the Darcy—Weisbach and Manning—Gauckler—Strickler
approaches. They pointed out that in turbulent pipe
flow wall friction gives rise to a quadratic dependence
of shear stress T on mean water velocity v, as expressed
by the Darcy—Weisbach friction law

.

: (5.10)

where py is the density of fresh water. The friction factor
can thus be estimated by rearranging the equation.
Relative roughness Ry on a flow boundary (e.g. walls of
a pipe) can be described by the ratio of pipe radius r to a
characteristic length e representing the size of the fea-
tures contributing to roughness, such as projections,
cavities and loose grains.

An excellent study by Lauritzen et al. (1985) revealed
the relationship between f and Q in an active phreatic
conduit in Norway (Figure 5.10a). Apparent friction
shows a dramatic decrease with discharge, until attaining
a constant value. A similar conclusion was reached by
Crawford (1994) in New Zealand (Figure 5.10b). Friction
is affected by complexity of conduit geometry, tube
dimensions, roughness of walls and occurrence of break-
down. In the comparatively simple conduit studied in
Norway, Lauritzen et al. found f'to be particularly related
to the hydraulic radius of the passage and the character-
istic scallop size on its walls. Darcy—Weisbach f values
determined in karst investigations lie in the range 0.039 to
340, with up to 208 estimated in the great drowned cave
systems of Florida, whereas 0.25 was found appropriate
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Figure 5.10 (a) Relationship between f and Q in an active
phreatic conduit in Norway. Reproduced from Lauritzen, S.-E.,
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of an active phreatic conduit. Cave Science, 12(4), 139—46. (b)
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Bullock Creek cave system, New Zealand. Reproduced from
Crawford, S.J., Hydrology and geomorphology of the Paparoa
Karst, north Westland, New Zealand. Auckland Univ. Unpub-
lished PhD thesis, New Zealand, 1994.
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for a cave in ice (Spring and Hutter 1981b). Dreybrodt and
Gabrovsek (2000a) modelled the influence of fracture
roughness on the time it takes for newly developing
tubes to penetrate right through the developing aquifer
(termed the break-through time of conduits) and found
that even when the flow through a smooth fracture is
reduced by roughness by a factor of ten, breakthrough time
is increased only by a factor of four.

5.1.5 Flow through fractured rocks

Most karst rocks are fissured because of the presence of
joints, faults and bedding planes. Interconnected fissures
provide routes for water flow, with the solid intervening
blocks of rock constituting the matrix often (but not always)
being relatively impermeable. Contemporary understand-
ing of fluid flow through fractures in rock has been reviewed
by the Committee on Fracture Characterization and Fluid
Flow (1996), although they did not specifically address flow
through fractures in karstified rocks. Domenico and
Schwartz (1998) mentioned that at the scale of the field
problem one of two approaches might be followed when
trying to understand the flow of water in these rocks.

1. The continuum approach, which assumes that the
fractured mass is hydraulically equivalent to a porous,
granular medium (equivalent porous medium
(EPM) model).

2. The discontinuum (or discrete) approach, which
assumes that the rock cannot be characterized as a
granular medium, and so considers that flow is best
dealt with in individual fractures or fracture sets.

Where a continuum approach is considered inappropri-
ate, information is required about the orientation of
fracture fields, the fissure frequency (i.e. fracture den-
sity), the extent of their interconnectivity, and the size
and smoothness of the fracture openings. Where laminar

flow conditions exist in jointed rock, the volumetric flow
rate Q through a single fracture of unit length represented
by two smooth parallel plates separated by a constant
distance can be modelled by what is sometimes called the
‘cubic law’. Porosity increases linearly with the fracture
aperture w, whereas permeability increases with the cube
of the aperture

w3 dh
0_rew

11
12 dl (5-11)

The hydraulic conductivity of the fracture can be deter-
mined from the expression

2
K = pEW
12u

(5.12)

Brady and Brown (1985) observed that for water at 20°C,
if w increases by a factor of 10 from 0.05 mm to 0.5 mm,
then K increases by a factor of 1000 (from K = 1.01x
1077 to 1.01 x 107*ms~!). Values of fluid density,
dynamic viscosity and kinematic viscosity for different
water temperatures are given in Table 5.4.

For a set of planar fractures an equivalent hydraulic
conductivity and permeability may be calculated from

N 3
K= pi; (5.13)
and
Nw?

where N is the number of fissures per unit distance across
the rock face and Nw is the planar porosity. Domenico
and Schwartz (1998) pointed out that in an array of
fissures with an aperture of 1 mm and with a density of
one joint per metre, the equivalent hydraulic conductivity

Table 5.4 Values for fresh water of fluid density and viscosity for different water
temperatures at one atmosphere pressure (1 bar=100 kPa). Kinematic viscosity
v=m=r. Reproduced from Handbook of Chemistry and Physics © 2003 CRC Press, Taylor

and Francis

Temperature Fluid density p Viscosity p
Q) (gem™) (uPas)
0 0.99984 1793
10 0.99970 1307
20 0.99821 1002
30 0.99565 797.7
40 0.99222 653.2
50 0.98803 547.0
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is 8.1 x 102 cms~!; and that just as much water will be
conducted through the fissures of 1m? of such rock as
through the pores of 1m? of a conventional Darcian
porous medium under identical hydraulic gradients.
Natural conditions are of course more complex than
the above, partly because of the uneven openness and
roughness of fractures (e.g. Figure 2.15) and partly
because of the three-dimensional complexity of fracture
patterns. Kiraly (2002) has modelled more complex

cases, where permeability and porosity are associated
with (i) three orthogonal and equally developed fracture
families (Figure 5.11a) and (ii) three intersecting bundles
of tubes of dissolutional origin (Figure 5.11b). Plotted on
the diagrams are field measurements from the karst of the
Swiss Jura Mountains of permeability (about 10 ®m s™")
and effective porosity (only 0.4—1%). He concludes that a
unique fracture aperture or channel diameter cannot be
found that would explain these measurement values. Thus
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Figure 5.11 (a) Hydraulic conductivity and porosity values for various fracture networks. (b) Hydraulic conductivity and porosity
values for various channel (intersection) networks. Reproduced from Kiraly, L.,. Karstification and groundwater flow. In Gabrovsek, F.
(Ed.) Evolution of Karst: from Prekarst to Cessation. Postojna-Ljubljana: Institut za raziskovanje krasa, ZRC SAZU, 155-190, 2002.
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Table 5.5 Matrix, fracture and channel (conduit) permeability in four carbonate aquifers
(Reproduced from Worthington, S. R. H. A comprehensive strategy for understanding flow in
carbonate aquifers. In A N Palmer, M V Palmer and I D Sasowsky (eds), Karst Modelling,
Karst Waters Institute Special Publication 5, Charles Town, W. Virginia, 30-37, 1999)

Hydraulic conductivity (m sfl)

Location Matrix Fracture Channel
Smithville, Ontario, Canada 1 x 10710 1x1073 3% 107*
Mammoth Cave, Kentucky 2 x 1071 2x 1073 3x1073
The Chalk, England 1x10°8 4x107° 6x 1073
Nohoch Nah Chich, Yucatan, Mexico 7 %107 1x1073 4% 107!

the void geometry that determines the permeability is not
the same as the void geometry that determines the
effective porosity. The effective porosity value requires
large openings in the fracture planes (up to 1mm
aperture), but the permeability value shows that these
voids are not well connected. It follows that large open-
ings are well connected to the tubes through which the
groundwater flows but are poorly connected to each
other. Further information on flow through fractures can
be found in papers by Brush and Thomson (2003) and
Konzuk and Keuper (2004).

The same set of widely differing carbonate rock types
used in Table 5.1 provides a valuable illustration of how
permeability and groundwater flow are affected by
matrix, fracture and conduit porosity. The Tertiary and
Quaternary limestones of Yucatan have large well-
connected pores and channel networks and, as a conse-
quence, have extremely high hydraulic conductivity
values with channel permeability two orders of magni-
tude higher than that encountered in the well-karstified
Mammoth Cave network in Kentucky (Table 5.5).
Although at least 96% of aquifer storage is provided by
the rock matrix, regardless of which lithology (from these
examples) is considered (Table 5.2), the proportion of
groundwater flow that passes through this matrix is
minimal in all cases (Table 5.6). In every example almost

all the flow takes place through the conduit network.
Such is the nature of karst.

5.1.6 Homogeneous and heterogeneous, isotropic
and anisotropic aquifers

We can appreciate from the example from the Jura
Mountains that karst aquifers can have a complex poros-
ity that is difficult to describe. This contrasts with well-
sorted sand and gravel aquifers that have comparatively
consistent values for porosity and permeability through-
out their extent. Under these latter conditions in a simple
porous medium hydraulic conductivity K is independent
of position within the formation and the aquifer is then
considered homogeneous. But if K varies with location
within the formation then it is considered heterogeneous.
If hydraulic conductivity is the same regardless of direc-
tion of measurement, then the aquifer is defined as
isotropic, but if K varies with direction then it is
anisotropic. A characteristic of karst aquifers is that
they become increasingly heterogeneous and anisotropic
with time. In an unkarstified rock, heterogeneity within
the permeability field may be perhaps 1 to 50, whereas
karstification may increase it to perhaps 1 to 1 million.
Palmer (1999) provides an interesting discussion of
anisotropy in carbonate aquifers.

Table 5.6 Reproduced from Worthington, S. R. H., Ford, D. C. and Beddows,
P. A., Porosity and permeability enhancement in unconfined carbonate aquifers as a
result of solution. In Klimchouk, A.B., Ford, D.C., Palmer, A.N. and Dreybrodt, W.
(Eds.), Speleogenesis: Evolution of Karst Aquifers. National Speleological Society,

Huntsville, 220-223, 2000

Proportion of flow (%)

Location Matrix Fracture Channel
Smithville, Ontario, Canada 0.000003 3.0 97.0
Mammoth Cave, Kentucky 0.00 0.3 99.7
The Chalk, England 0.02 6.0 94.0
Nohoch Nah Chich, Yucatan, Mexico 0.02 0.2 99.7
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The ease with which water flows through a karst
aquifer usually varies according to direction. This condi-
tion can be approximated by a parallel capillary tube
model, where hydraulic conductivity is greatest in the
direction of the tubes but very much less at right angles to
them. Thus hydraulic conductivities K, K,, and K. may
be envisaged for different directions, although only one
value for K will apply in an isotropic aquifer. Horizontal
values (K, K,) are of particular interest in the analysis of
flow in the phreatic zone, and vertical values K. are of
importance in characterizing recharge through the vadose
zone. However, the hydraulic conductivity in any
particular direction is unlikely to remain constant over
a large distance. Vertical hydraulic conductivity, in
particular, diminishes considerably with depth below
the surface in most well-karstified rock, because second-
ary permeability is usually greatest near the surface.

5.1.7 Storage and transmissivity

The proportion of water storage held in matrix, fracture
and conduit porosity is illustrated for four carbonate

Epikarst

Vadose Zone

Epiphreatic Zone

lithologies in Table 5.2. However, not all of the water
held in storage is released by gravitational flow, because
that in the smallest pores is held by capillary attraction
and molecular forces, and that below the level of the
outflow spring is impounded (Figure 5.12). The volume
of water that a unit volume of saturated rock releases
following a unit decline in head is a measure of the
available storage capacity of the aquifer. In an unconfined
aquifer it is termed specific yield S, and in a confined
aquifer specific storage S, (Figure 5.13). The storativity
S of a confined aquifer is defined as the product of
specific storage and aquifer thickness b

S =80 (5.15)
Alternative approaches to determining aquifer thickness
are shown in Figure 5.12.

The ability of an aquifer to transmit water is defined by
its transmissivity T, which is dependent on the thickness b
of the aquifer and its hydraulic conductivity

T =Kb

(5.16)

Phreatic Zone

B

Base of active circ

1. Baseflow thickness

2. Dynamic reserves zone thickness

igh
—oration at M9

3. High flow thickness

4. Average thickness of aquifer

Figure 5.12 Alternative approaches to determining the thickness of an unconfined karst aquifer. For the calculation of reserves,
themaximum dynamic volume is dependent on the thickness of zone 2. Reproduced from Ford, D.C. and Williams, P.W. (1989) Karst

Geomorphology and Hydrology.
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Figure 5.13 Specific storage defined for (a) unconfined and
(b) confined aquifers. Reproduced from Castany, G., Hydrogeo-
logical features of carbonate rocks. In P. E. LaMoreaux, B. M.
Wilson and B. A. Memon (eds.), Guide to the Hydrology of
Carbonate Rocks. Studies and Reports in Hydrology 41, Paris:
UNESCO, 47-67, 1984.

Clearly, T varies with direction in an anisotropic
aquifer.

Specific yield and transmissivity values for some karstic
limestone aquifers are presented in Table 5.7. The specific
yields of unconfined aquifers are considerably larger than
the storativities of confined aquifers (Freeze and Cherry
1979). Both T and Sy for karst aquifers can be estimated
from spring hydrograph recession characteristics (Atkin-
son 1977, Sauter 1992, Baedke and Krothe 2001).

Transmissivity values will vary between the rock
matrix, fissure system and conduits, and specific yield
can be expected to vary according to vertical position in
the karst rock, because effective porosity also varies

vertically. In most cases it will be highest in the most
weathered zone of limestone near the surface (the
epikarst, Table 5.1) and usually diminishes exponen-
tially with depth, but there are exceptions (Figure 5.3).
Eventually lithostatic pressure prevents the penetration of
groundwater and precludes the development of secondary
porosity.

5.2 CONTROLS ON THE DEVELOPMENT
OF KARST HYDROLOGICAL SYSTEMS

5.2.1 Boundary conditions and related factors

Kiraly (2002) pointed out that groundwater flow depends
on hydraulic parameters and on boundary conditions and,
consequently, that other factors such as geology, geomor-
phology and climate exert their influence on groundwater
movement solely through hydraulic parameter fields and
boundary conditions. The relationship of the above factors
to the physical characteristics of an aquifer, such as
porosity, hydraulic conductivity and storage capacity, is
illustrated schematically in Figure 5.14. There is consider-
able interaction amongst the principal factors as well as
between them and the chemical and mechanical processes
whose rates of activity they determine. Boundary condi-
tions are determined especially by geological, topographic,
climatic and biological influences, which control sites and
quantities of recharge and discharge, including altitude of
recharge, altitude of discharge, rainfall and infiltration rate.
Thus one may identify flow boundaries, where flow either
enters or leaves the karst, as well as no-flow boundaries,
such as provided by an aquiclude beneath the aquifer or
a downfaulted impervious block along one side of the
karst.

For a given set of boundary conditions, hydraulic
gradient and specific discharge can be estimated. But in
the long-term the very process of karst groundwater
circulation modifies effective porosity, specific storage
and hydraulic conductivity, and lowering of the outlet
spring modifies hydraulic potential. Consequently, the
karst circulation system undergoes more feed-back giving
rise to continuous self-adjustment than occurs in any
other type of groundwater system.

The most abrupt changes to boundary conditions are
brought about by geomorphologically rapid events (often
associated with climatic change) that culminate in major
alterations to hydraulic gradient because of modifications
to outflow conditions. For example, valley deepening by
glaciation increases the hydraulic potential of the system,
whereas submergence of coastal springs by glacio-
eustatic sea-level rise reduces it.
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Table 5.7 Specific yield Sy and transmissivity T values for some karstic aquifers (Reproduced from Castany, G., Hydrogeological
features of carbonate rocks. In P. E. LaMoreaux, B. M. Wilson and B. A. Memon (eds.), Guide to the Hydrology of Carbonate
Rocks. Studies and Reports in Hydrology 41, Paris: UNESCO, 47-67, 1984)

Carbonate rock category Age Location Sy (%) T (m>s")
Fissured limestone Turonian—-Cenomanian Israel 0.1 x1072to 1.3 x 107!
Upper Cretaceous Tunisia 0.5-1 1
Jurassic Lebanon 0.1-2.4 0.1 x1072to 6 x 1072
Karstic fissured Urgonian Salon (France) 1-5 1073
limestone Jurassic Parnassos (Greece) 5 1to2x 1073
Fissured dolomite Jurassic Grandes Causses (France) 1073
Lias Morocco 1072 to 10~*
Jurassic Parnassos (Greece) 3x107°
Murcie (Spain) 7
Fractured marble Almeria (Spain) 10-12
Marly limestone Jurassic Grandes Causses (France) 1073

Geological control influences karst aquifers in several
ways (Table 5.8) and is discussed in more detail in
Chapter 2. Boundary conditions are influenced at the
regional scale through the definition of outcrop pattern,
thickness and properties of karst rocks and their relation-
ship to other lithologies. Tectonism affects the balance
between rates of uplift and denudation and thus has a
major influence on hydraulic potential. Regional structure
is also important for its control of folding and faulting.
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Figure 5.14 Schematic representation of the relations between
groundwater flow field, hydraulic properties and geological
factors in karst aquifers. Reproduced from Kiraly, L., Karstifica-
tion and groundwater flow. In Gabrovsek, F. (Ed.) Evolution of
Karst: from Prekarst to Cessation. Postojna-Ljubljana: Institut za
raziskovanje krasa, ZRC SAZU, 155-190, 2002.

5.2.2 Input control

A Kkarst aquifer can be envisaged as an open system with a
boundary defined by the catchment limits and with input,
throughput and output flows, mechanisms and controls.
In the simplest case, only karst rocks are found within
the catchment and recharge is derived solely from pre-
cipitation falling directly on them—termed autogenic
recharge (Figure 4.la). However, commonly more
complex geological circumstances occur and runoff
from neighbouring or overlying non-karst rocks drains
into the karst aquifer—termed allogenic recharge
(Figure 4.1b). Whereas autogenic recharge is often
quite diffuse, down many fissures across the karst out-
crop, allogenic recharge normally occurs as concentrated
point-inputs of sinking streams. Both the water chemistry
and the recharge volume per unit area are different in
these two styles of recharge, with considerable conse-
quences for the scale and distribution of the development
of secondary permeability.

Emerged coral reefs provide natural examples of
simple autogenic systems. Recharge is spatially uniform
and distributed through innumerable pores and fissures
across the outcrop. Where thick soils cover the bedrock
recharge conditions are modified. If the soil is less
permeable than the rock beneath, then it provides a
recharge regulator, limiting recharge to the infiltration
capacity of the soil. Permeable rock formations overlying
the karst also act as percolation ‘governors’ in much the
same way, their vertical saturated hydraulic conductivity
being the principal control. Percolation input from a
permeable soil is considered autogenic, whereas that
from a permeable non-karstic caprock is considered
diffuse allogenic in origin.
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Table 5.8 Effect of hydrogeological setting on carbonate aquifers (Reproduced from White, W.B.,
Conceptual models for carbonate aquifers: revisited. In R.R. Dilamarter and S.C. Csallany (eds.)
Hydrologic Problems in Karst Regions. Western Kentucky Univ., Bowling Green, 176-187, 1977)

Geological element Control

Macrostructure (folds, faults)
Topographic setting
Stratigraphical sequence
Ministructure (joints, fractures)
Relief

Placement of carbonate rock units relative to other rocks
Placement of recharge and discharge regions

Thickness and chemical character of aquifer

Orientation and transmissibility of primary flow paths
Defines hydraulic gradients

Relatively concentrated recharge occurs in autogenic
systems only where solution dolines are well developed
(Figure 5.15), as in carbonate and sulphate polyonal
karsts (sections 9.6 and 9.13). This is because solution
dolines reflect underlying spatial inequalities in vertical
hydraulic conductivity that result in the development of
preferred percolation paths or zones. The funnelling of
rainwater by enclosed depressions positively reinforces
the significance of the underlying percolation path by
an autocatalytic process (Williams 1985, 1993). How-
ever, the volumes of point-input recharge are small
compared with those derived from allogenic basins,
because of the relatively small surface areas of individual
dolines.

Concentrated inflows of water from allogenic sources
sink underground at swallow holes (also known as swal-
lets, stream-sinks or ponors). They are of two main types:
vertical point-inputs from perforated overlying beds and
lateral point-inputs from adjacent impervious rocks. The
flow may come from: (i) a retreating overlying caprock,
(i1) the updip margin of a stratigraphically lower imperme-
able formation that is tilted, or (iii) an impermeable rock
across a fault boundary (Figure 5.16). A perforated
impermeable caprock will funnel water into the karst in
much the same way as solution dolines, except that the
recharge point is likely to be defined more precisely and
the peak inflow larger. Inputs of this kind favour the
development of large shafts beneath. Lateral-point inputs
are usually much greater in volume, often being derived
from large catchments, and are commonly associated with
major river caves. The capacity of many ponors in the
Dinaric karst exceeds 10m>s™! and the capacity of the
largest in Biograd-Nevesinjko polje is more than
100m*s™" (Milanovi¢ 1993). When the capacity of the
swallow hole is exceeded, back-flooding occurs and sur-
face overflow may result.

Discharge through a conduit depends either on the
amount of available recharge or on the hydraulic capacity
of the passage, termed catchment control and hydraulic
control, respectively, by Palmer (1984, 1991). The capa-
city of the input passages is the ultimate regulator of the

volume of recharge; thus if the instantaneous inflow from
surface streams is too great then ponding occurs, giving
rise to overflow via surface channels or to surface flood-
ing in blind valleys and poljes. White (2002) refers to the
discharge ‘carrying capacity’ for the conduit drainage
system, from stream-sink to spring.

A more unusual form of input control is provided by
head fluctuations caused by floods. This may result in
discharge conduits reversing their function temporarily to
become inflow passages. This occurs where outflow
springs discharge at or beneath river level into a major
river flowing through the karst. If a flood wave generated
by heavy rain in an upstream part of its basin passes down
the major river, the springs will be more deeply sub-
merged and the hydraulic gradient in the karst will
reverse, especially if the tributary karst catchment was
unaffected by the storm. Inflow into the karst will then
occur, as a form of bank storage. Water intruded by
back-flooding will later be withdrawn from storage as the
flood wave in the main river passes and the hydraulic
gradient reverts to normal. Reversing springs of this sort
that can temporarily function as sink points are known as
estavelles. There are many examples along the Green
River of Kentucky (Quinlan 1983). The converse is also
common: some stream-sinks become temporary springs
as the water table rises. These are also estavelles.

5.2.3 Output control

Most of the largest springs in the world are karst springs
(Table 5.9). Only those from volcanic rocks rival their
discharge output. They represent the termination of
underground river systems and mark the point at which
surface fluvial processes become dominant. The vertical
position of the spring controls the elevation of the water
table at the output of the aquifer, whereas the hydraulic
conductivity and throughput discharge determine the
slope of the water table upstream and its variation
under different discharge conditions.

The difference in elevation between the spring and
the water table upstream determines the head in the
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Figure 5.15 The relationship between (a) surface solution doline topography, (b) underlying relief on the subcutaneous (epikarst)
water table and (c) vertical hydraulic conductivity near the base of the epikarst. Reproduced with permission from Williams, P.W.,
Subcutaneous hydrology and the development of doline and cockpit karst. Zeit. Geomorph. 29(4), 463-482, Zeitschrift fiir
Geomorphologie © 1985 E. Schweizerbart’sche Verlagsbuchhandlung, Science Publishers.

system and thus the energy available to drive a deep
circulation.
control on the operation of karst groundwater bodies.

Furthermore, that control can vary markedly, because scour.

springs are most susceptible to geomorphological
Hence springs exercise considerable events such as glacio-eustatic sea-level fluctuations,
valley aggradation, and valley deepening by glacial
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Figure 5.16 Recharge by allogenic streams flowing (a) from overlying beds, (b) from underlying beds exposed updip and (c) across
a faulted contact with impervious rocks. Reproduced from Ford, D.C. and Williams, P.W. (1989) Karst Geomorphology and

Hydrology.

The influence that springs exert on the aquifer which
they drain depends principally upon the topographic and
structural context of the spring. Springs may be classified
in several ways (Sweeting 1972, Bogli 1980, Smart and
Worthington 2004), but when considering their hydrologi-
cal control function the following perspective is important.

1. Free Draining Springs (Figure 5.17a and b). In these
cases, the karst rock slopes towards and lies above the
adjacent valley, into which karst water drains freely
under gravity. The karst system is entirely or dom-
inantly vadose, and is sometimes termed shallow karst
(Bogli 1980). Complications may arise where the
underlying impermeable rock is folded or has an
irregular surface, because then subterranean ponding
can occur with the consequent development of iso-
lated phreatic zones. 3.

2. Dammed Springs (Figure 5.17c—e). These are the
most common type of karst springs. They result from
the location of a major barrier in the path of under-
ground drainage. Impoundment may be by another
lithology, either faulted or in conformable contact, or

be caused by valley aggradation, such as by glacio-
fluvial deposits. The denser salt water of the sea also
forms a barrier to freshwater outflow. In each case,
temporary overflow springs may form in response to
high water tables. The type of cave upstream of the
spring will determine whether its discharge spills from
a flat passage developed close to the water table or
wells up from a great depth within the phreatic zone.
Thus a dammed karst outflow site typically consists of
a main low-water spring with one or more associated
high-water relief springs; Smart (1983a, b) has termed
these overflow—underflow systems. In some situations
water escapes via a distributary system of several
springs at about the same level, as described by
Quinlan and Ewers (1981) in the case of the Sinkhole
Plain—~Mammoth Cave—Green River system.

Confined Springs (Figure 5.17f and g). Artesian
conditions prevail where karst rocks are confined by
an overlying impervious formation. Fault planes some-
times provide exit routes for the water; elsewhere it
may escape where the caprock is breached by erosion.
Since the emerging water is usually under hydrostatic
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Table 5.9 Discharges of some of the world’s largest karst springs

Discharge (m3s—1) Basin area
Spring Mean Maximum Minimum (km2) Reference
Tobio, Papua New Guinea 85-115 — — — Maire 1981c
Matali, Papua New Guinea 90 >240 20 350 Maire 1981b
Trebisnjica,Herzegovina 80 — — 1140 Milanovi¢ 2000
Bussento, Italy >76 117 76 — Bakalowicz 1973
Dumanli, Turkey* 50 — 25 2800 Karanjac and Gunay 1980
Galowe, Papua New Guinea 40 — — — Maire 1981a
Ljubljanica, Slovenia 39 132 4.25 1100 Gospodari¢ and Habi¢ 1976
Ras-el-Ain, Syria 39 — — — Burdon and Safadi 1963
Disu, China 33 390 4 1050 Yuan 1981
Stella, Italy 37 — 23 — Burdon and Safadi 1963
Chingshui, China 33 390 4 1040 Yuan 1981
Spring Creek, Florida, USA 33 — — > 1500 Smart and Worthington 2004
Oluk Képrii, Turkey >30 — — > 1000 Smart and Worthington 2004
Timavo, Italy 30 138 9 > 1000 Smart and Worthington 2004,
Frio, Mexico 28 515 6 > 1000 Fish 1977
Ombla, Croatia 27 110 4 800-900 Bonacci 1995, Bonacci 2001
Yedi Miyarlar, Turkey >25 — — > 1000 Smart and Worthington 2004
Mchishta, Georgia 25 — — — Smart and Worthington 2004
Coy, Mexico 24 200 13 > 1000 Fish 1977
Buna, Herzegovina 24 — — 110 Smart and Worthington 2004
Liulongdong, China 24 75 9 900 Yuan 1981
Kirkgozler, Turkey 24 — — — Smart and Worthington 2004
Silver, Florida,USA 23 37 15 1900 Faulkner 1976
Rainbow, Florida, USA 22 — — > 1500 Smart and Worthington 2004
Vaucluse, France 21 100 4 1115 Blavoux ef al. 1992
Sinjac (Piva), Yugoslavia 21 — — 500 Smart and Worthington 2004
Bunica, Herzegovina 20 — — 510 Smart and Worthington 2004
Grab-Ruda, Croatia 20 — — 390 Smart and Worthington 2004
Trollosen, Spitzbergen 20 — — — Smart and Worthington 2004

*Dumanli spring is the largest of a group of Manavgat River springs that collectively yield a mean flow of 125-130m>s~".

pressure, an updomed turbulent ‘boil’ is particularly
characteristic of spring pools in this class, although
dammed springs that are semi-confined by a particu-
larly thick bed may also ‘boil’, especially during flood.
Artesian springs are also sometimes termed vauclu-
sian after the type example, La Fontaine de Vaucluse
(Tables 5.5 and 5.9), in the south of France (Durozoy
and Paloc 1973, Blavoux et al. 1992).

The discharge capacity of the artesian spring determines
the elevation of the potentiometric surface in the aquifer
and hence the depth of the phreatic zone. Artesian
springs may also have associated high-water relief springs.

Many confined springs are also thermal because of the
deep circulation of the water prior to emergence. Numer-
ous examples of geothermal karst springs are found in
China, Hungary and Turkey (Giinay and Simgek 2000).

Other characteristics have also been used to classify
karst springs, as noted by Bogli (1980). These include:

1

1. according to the outflow
e perennial
e periodic
e rhythmic (ebb and flow)
e cpisodic
2. according to the supposed origin of the water
e cmergence (no evidence of origin)
e resurgence (re-emergence of a known swallet
stream)
e cxsurgence (autogenic seepage water)

Periodic and rhythmic springs, sometimes referred to
as ebbing and flowing wells, are particularly interesting
natural phenomena. They are usually dammed springs
with a siphoning reservoir system controlling their out-
flow. They are discussed by Trombe (1952), Mangin
(1969), Gavrilovic (1970) and Bonacci and Bojani¢
(1991).
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and Hydrology.

5.2.4 Throughput control

At the scale of the basin flow direction is determined by
the direction of the hydraulic gradient, but locally flow
direction is determined by pathways made available by
interconnected fissures and pores. The factors which
determine the density, size and distribution of voids are
of fundamental importance in controlling the throughput

and storage of water in a karst aquifer, because they
dictate the potential flow paths. Anticlinal and synclinal
structures are associated with tension and compression,
respectively, and thus with joint patterns that reflect these
conditions. Joints are most readily penetrated by percolat-
ing waters when under tension; thus anticlines (and
domes) are potentially important sites for aquifer
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recharge. On the other hand, synclinal troughs favour flow
convergence and the accumulation of groundwater (Latt-
man and Parizek 1964, Parizek 1976; Figure 2.17). Never-
theless, the relationship between the specific capacity of
boreholes and their association with lineaments (joints,
faults, etc.) can be complex (Tam et al. 2004).

Bedding planes also play a role in linking joint-
dominated routes for downward percolation in the vadose
zone, but are more important in the phreatic zone because
of their great lateral continuity. As dip becomes steeper,
so bedding-plane partings can increasingly provide
recharge routes. Water confined in major bedding planes
between dense, thick sheets of rock may be led to great
depths in what amounts to artesian conditions, before
cross-joints permit lateral movement.

Faults often operate hydrologically like major joints.
Their vertical and lateral continuity can render them
particularly important features in the orientation of
water flow in both the vadose and phreatic zones. How-
ever, many fault planes are highly compressed or filled
with secondary calcite of low porosity; they are then
barriers to groundwater flow. Further, they are also
sometimes important in introducing blocks of other
lithologies that may act as barriers to water movement.
This may arise from normal or reverse faulting of
adjacent non-karst rocks or may involve fault-plane-
guided intrusions of igneous material. These impose an
impervious barrier across an aquifer, considerably inter-
rupting groundwater flow and aquifer development.

The influence of tectonic structures on karst flow
patterns in the fold and thrust belt of the eastern Jura
Mountains of Switzerland has been investigated inten-
sively by Herold er al. (2000), who conducted three
extended multitracer experiments followed by three
months of monitoring at around 95 springs. They found
that fast long-distance transport along fold axes in crest
and limb areas of anticlines is related to extension joints
resulting from synorogenic folds, and that concentrated
lateral drainage of water flow from anticline limbs is
exclusively related to pre-orogenic normal faults that
were transtensively reactivated during folding. Water
flow through otherwise impermeable layers was sus-
pected to take place through porous calcite fault gouges
or breccias. By contrast, transpressively reactivated nor-
mal faults and synorogenic reverse faults were found to
have no influence on groundwater circulation. The results
of this outstanding study are probably applicable to many
other karst areas.

Effective porosity (equation 5.2) is strongly influenced
by pore size and determines specific storage and stor-
ativity (equation 5.14). Void space (diameter or width)
available for water movement ranges over seven or eight

orders of magnitude up to tens of metres, and since
permeability is a function of void size it also varies
over a wide range. As void size and continuity increase,
permeability increases and resistance to flow diminishes;
thus hydraulic conductivity (equation 5.5) is enhanced
and, for a given aquifer thickness, transmissivity
(equation 5.15) also grows.

The intrinsic properties of some rocks, such as young,
highly porous corals and calcareous aeolianites, immedi-
ately permit significant aquifer storage and throughput
even before a significant amount of dissolution has
occurred, whereas at the other extreme marble and
evaporites may be almost impermeable before karstifica-
tion takes place. Rocks with an initially low void density
will tend eventually to develop high conduit permeability
with minimal fissure storage and diffuse phreatic flow. In
contrast, rocks that are quite porous, thinly bedded and
highly jointed can still develop conduit permeability if
point recharge occurs, but will always have a relatively
high diffuse component in the saturated zone.

The development of secondary voids is very strongly
influenced by characteristics of recharge; so much so that
simply because of this effect, throughput conditions in
allogenic and autogenic systems are often radically dif-
ferent, even in the same rock type. Allogenic point-
recharge favours the growth of large stream passages,
whereas spatially diffuse autogenic recharge enhances
pore and fissure porosity, but has little impact on the
development of conduits. Thus for a given lithology, in
the first case rapid turbulent throughput can occur, while
in the second case flow may be mainly laminar and
diffuse.

As karstification proceeds and large secondary cavities
(i.e. cave systems) develop in the phreatic zone, there is a
progressive decoupling of flow between that passing
relatively rapidly through the karst pipes and that in the
surrounding porous and fissured matrix (White 1977b).
Water movement may be rapid and turbulent in one,
while slow and laminar in the other. This makes the
analysis of the aquifer and its response to recharge
particularly difficult. Thus, for example, the speed with
which a spring responds to recharge is not a simple
reflection of the velocity of water flow through the
aquifer; there will be a range of velocities through
different subsystems within the aquifer. Constrictions
within the system, for example, can produce local pond-
ing and so exercise local control on its response to
recharge that may dominate regional effects (Halihan
and Wicks 1998, Halihan ez al. 1998).

As a consequence of the effects of porosity, fissuring
and differential solution, permeability may be greater in
some directions than in others, as well as in certain
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preferred stratigraphical horizons. However, while geo-
logical factors dictate where storage is greatest, local
relief normally exerts a still greater influence on the
direction in which groundwater flows, because hydraulic
gradient is strongly influenced by it. It is local relief that
determines both the highest positions where recharge can
occur and the lowest points at which groundwater outflow
can take place. Where the horizontal distance between the
points of input and output is minimized, the hydraulic
gradient is steepest. Thus, the shortest flow path from
input to output boundaries determines the direction of
groundwater movement in an isotropic aquifer, because
its innumerable pores and fissures provide pathways for
water flow in any direction; i.e. their control on flow is
merely of secondary importance, a rate control. However,
where strongly preferred penetrable fissure patterns cause
the aquifer to be markedly anisotropic, the orientation of
maximum hydraulic gradient will reflect a balance
between the direction in which resistance to flow is
least (i.e. where hydraulic conductivity maximized) and
the direction in which the rate of energy loss is max-
imized (i.e. the shortest and steepest route). In discussing
the origin and morphology of limestone caves, Palmer
(1991) expressed essentially the same notion in a slightly
different way by pointing out that passages of vadose
origin are formed by gravitational flow and so trend
continuously downward along the steepest available
openings, whereas phreatic passages originate along
routes of greatest hydraulic efficiency (least expenditure
of head per unit discharge) that conduct water to the
outflow spring. Thus passages in a typical dendritic
branchwork system might commence by plunging down
the dip in the vadose zone, later to follow the strike in the
phreatic zone.

5.3 ENERGY SUPPLY AND FLOW-NETWORK
DEVELOPMENT

5.3.1 Energy supply

The development of flow paths in karst aquifers depends
upon the energy supply available and its spatial distribu-
tion. This derives mainly from:

1. the throughput volume of water;

2. the difference in elevation between the recharge and
discharge areas;

3. the spatial distribution of recharge, i.e. on whether it is
evenly distributed (as is characteristic of diffuse
autogenic recharge) or is focused (as is characteristic
of allogenic point recharge);

4. the aggressivity of the recharging waters.

Close to volcanic areas and in some other hot-spring
regions the geothermal heat flux may also be important.
Elsewhere the magnitude of the thermal flux is only
sufficient to warm the groundwater flux by about 0.1°C
a~! (Bogli 1980), an effect which generally can be
neglected.

The amount of dissolution that is accomplished is
directly related to the amount of rainfall, as discussed
in Chapter 4, but in addition to chemical energy, the
principal forms of fluid energy are potential energy,
kinetic energy and internal energy. Most of the potential
energy is realized as kinetic energy as the water descends
through the vadose zone, where much mechanical
work can be done by fluvial processes. Flowing water
can be regarded as a transporting machine, the stream
power of which can be determined by Bagnold’s (1966)
equation

Q = pgQo (5.17)
where (2 is the gross stream power, p the fluid mass
density, g gravitational acceleration, Q discharge and 6 is
slope. From this, the energy available per unit area of
channel bed — termed specific stream power — can be
derived from

=TV

(5.18)

s[2

where o is specific stream power, W is stream width, 7 is
mean shear stress at the bed and v is mean stream velocity
(see also equation 8.1). Most of this power is dissipated in
overcoming fluid shear resistance to flow; so relatively
little energy surplus is available for erosion and transport
by the stream.

The velocity of water flow in karst varies considerably
both within a given aquifer and between aquifers. Within
a given aquifer and for a given hydraulic gradient, it
varies over several orders of magnitude between water
movement in the matrix, fissures and conduits, as indi-
cated by hydraulic conductivity values in Table 5.5.
Within conduits in different aquifers it also varies con-
siderably, as illustrated by the wide range of groundwater
conduit velocities determined by dye-tracing experiments
(Figure 5.18a); a histogram of 2877 tracer tests in many
different conduit systems shows the global average chan-
nel flow velocity to be 0.022ms™", but to vary over more
than four orders of magnitude (Figure 5.18b). Milanovi¢
(1981) reported that from 281 dye tests over distances of
10—15 km or more in the Dinaric karst, 70% of cases had
a flow velocity of < 0.05ms ™", although they varied over
a range from 0.002 to 0.5ms~". Within a given conduit,
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Figure 5.18 (a) Karst groundwater conduit velocities as a
function of straight line distance travelled determined from dye
tracing different systems. Reproduced from Worthington, S.R.H.
(1994) Flow velocities in unconfined carbonate aquifers. Cave
and Karst Science, 21(1), 21-2. (b) Frequency distribution of
2877 dye traces in karst conduit systems. Reproduced from
Worthington, S.R.H., Ford, D.C. and Beddows, P.A. (2000)
Porosity and permeability enhancement in unconfined carbonate
aquifers as a result of solution, in Speleogenesis; Evolution of
Karst Aquifers (eds A.V. Klimchouk, D.C. Ford, A.N. Palmer
and W. Dreybrodt), National Speleological Society of America,
Huntsville, AL, pp. 220-3.

flow velocity normally increases substantially with dis-
charge, as determined by Kruse (1980) in the Maligne
River system in Canada and by Stanton and Smart (1981)
for swallet to resurgence systems on the Mendip Hills in
the UK. Figure 5.19 provides other examples.

The rate of throughput of water through a karst system
can be measured in two ways: flow-through time and
pulse-through time. The previous paragraph discussed
the rate of movement of tracer dyes through the system.
When their density is about the same as water, they travel
at the same speed as the molecules of water. They
therefore measure its flow-through time. However,
when a recharge pulse from heavy rain reaches a
stream-sink it injects water and sediment into an aquifer.
The flood passes as a kinematic wave down the vadose

cave passages. But once the saturated zone is reached, the
recharge wave causes a rise in the water table and a
pressure pulse is forced through phreatic conduits,
giving a hydrograph peak at the spring. Kinematic
waves in open channels travel about 30% faster than
the water itself, in the order of tens to thousands of
metres per hour, whereas pressure pulses through flooded
pipes are propagated almost instantaneously (at the speed
of sound). The flow-through time of the water responsible
for the hydrograph rise at a spring is much longer than
either and can be estimated from the travel velocity of the
turbidity peak or of dyes injected into the flooded stream.
The pressure pulse mechanism is also known expres-
sively as piston flow.

Internal energy, best expressed by rock and water
temperature, is another form of energy of significance
for aquifer development. However, temperature is a
secondary factor that moderates mechanical processes
through its influence on the dynamic (and kinematic)
viscosity of water (Table 5.4), which is more than twice
as viscous at 0°C as at 30°C. The lower viscosity at
higher temperatures permits a greater discharge through
capillary tubes (Poiseuille’s law, equation 5.3) and
increases hydraulic conductivity (equation 5.5) in gran-
ular, porous media. The influence of temperature on the
physics of flow therefore helps to explain some of the
differences in karst encountered in the cool temperate
and tropical zones, by influencing penetration distances
of capillary water and the consequent work that can be
done by chemical processes. Dreybrodt et al. (1999)
noted that considering the temperature dependence of
viscosity, breakthrough times for conduits in the initial
stages of karstification are lower by about a factor of six
in tropical karst compared with cool environment karsts,
other things being equal. Worthington (2001) contends
that this is an important factor in deep-cave genesis.

The temperature distribution in karst systems and the
role of air and water fluxes have been reviewed by
Leutscher and Jeannin (2004). Geothermal heat flux as
measured in mines and boreholes shows that rock tem-
peratures increase with depth; away from volcanic areas
the standard gradient is ~3°C 100m~'. However,
numerous temperature measurements made in deep
caves and at karst springs show that temperatures usually
are close to the mean annual values in the outside atmo-
sphere. Cave-air circulation within the highly permeable
vadose zone results in temperature gradients that are
similar to the lapse rate of humid air. Leutscher and
Jeannin (2004) present a synthetic conceptual model of
heat fluxes in a karst massif that is built on numerous field
observations (Figure 5.20). Within 50m or so of the
surface they identify a heterothermic zone in which
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Figure 5.19 Karst groundwater conduit velocities as a fraction of maximum annual discharge in 11 different systems. Reproduced
from Worthington, S.R.H. Flow velocities in unconfined carbonate aquifers. Cave and Karst Science, 21(1), 21-2. © 1994 British

Cave Research Association.

seasonal variations are observed (see section 7.11 for
further discussion). But deeper into the vadose zone
(which can be up to 2000 m thick) conditions become
homothermic, being characterized by high temperature
stability. Rock, air and water are almost in thermal
equilibrium, although water and rock temperatures are
always slightly lower (~0.15°C) than air. Observed
gradients usually vary from 0.4 to 0.6°C 100m™'
although highly ventilated conduits near the top of the

homothermic zone show steeper temperature gradients
than the more poorly ventilated deeper parts. The tem-
perature gradient is close to zero in a well-karstified
phreatic zone down to the bottom of the main conduit
network; Benderitter et al. (1993) have modelled the heat
transfer conditions there. Below the conduits or where all
of the saturated zone has poorly developed permeability,
the temperature gradient may be strongly affected by the
geothermal heat flux (Liedl and Sauter 1998).
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Lismonde (2002, cited by Leutscher and Jeannin 2004)
calculated that the loss of potential energy of water
during its vertical transit is 9.81Jkg™'m™" and showed
that if this energy is fully transformed into heat by
friction, then it leads to a temperature increase of
0.234°C100m~'. By this means, the heat supplied
annually by the work of gravity to the homothermic
zone is proportional to the annual recharge. In a vadose
zone 1000 m thick with a recharge of 10-50 Ls™' km ™2,
this amounts to between 3 x 10° and 1.5 x 10"°kJkm >
annually. When considering the relative importance of
the roles of air and water in heat transfers within the
vadose zone, Leutscher and Jeannin (2004) concluded
that air circulation plays the dominant role, although the
relative effect of water on heat transfers is likely to
increase at greater depth where air circulation is reduced.
Air flow is also relatively less important in promoting
heat flux in areas such as the tropics where there is little
seasonal contrast in outside air temperatures. Leutscher
and Jeannin’s model is based on the assumption that the
‘chimney effect’ is at the origin of most air circulation
observed within alpine caves, although they recognized
that barometric fluctuations are also important in promoting
air flows in larger systems. Such fluctuations will increase
the influence of air flow in the flux of heat. A classic
example is Castleguard Cave, Canada, a lengthy relict
conduit which passes through a glacierized mountain; it
displays both chimney effect and barometric air flows, but
temperatures rise to +3°C in the centre due to the geother-
mal flux, while water temperatures in the phreatic conduits
underneath are only 0.5-1.0°C (Ford er al. 1976).

Temperature plays a role in influencing total chemical
energy for dissolution, which can be viewed as the
product of the volume and aggressivity of the solvent
throughput. Kinetic factors, which are largely tempera-
ture dependent, determine the rate at which dissolution
occurs; while equilibrium factors determine the ultimate
solute concentrations that can be achieved given suffi-
cient time (as explained in Chapter 3). In a conduit-
dominated groundwater system, throughput is fast and
there is likely to be insufficient time for most of the water
to reach equilibrium solute concentrations; thus for a
given discharge kinetic factors dictate both the location
and the total amount of work done by chemical processes.
In a preponderantly porous carbonate rock with a diffuse,
largely laminar flow system, kinetic factors still deter-
mine where most chemical energy is expended (in the
upper part of the vadose zone), but for a given water
throughput it is equilibrium considerations that determine
the total chemical load discharged from the system.

So far the discussion has centred on meteoric water and
carbonic acid derived principally from soil CO,, but it
should be noted that hot hypogean waters from

deep-seated sources, often associated with H,S and
CO,, can also sometimes be a source of aggressive
water capable of enhancing porosity at depth (Figure
5.3) and dissolving cave networks (Palmer 1991).

Where water is stored under confined artesian condi-
tions, the influence of another form of energy can some-
times be observed. Water levels in artesian bores can
fluctuate twice daily by several centimetres as a conse-
quence of earth tides (Figure 5.21). These are caused by
the same mechanism that produces marine tides, the
moving tidal bulge in the solid earth causing the reservoir
rocks to compress and relax and thus the fissures to close
and open. The pumping action of earth tides may be
especially significant in the earliest stages of karstifica-
tion, when it is difficult to initiate a secondary perme-
ability because of the short penetration distance of
groundwater before it becomes fully saturated with
respect to calcium carbonate (Davis 1966).

As relief is lowered by karstic denudation, regional
precipitation and hence recharge may also be reduced,
thus further diminishing available total energy and the
depth of active circulation. Ancient peneplained karsts
with only a small local relief have relatively little energy
for water circulation, but they may possess very con-
siderable storage in ancient flooded cavities.

5.3.2 Flow network development

We may conclude from the above discussion that, given
sufficient hydraulic potential, the style of recharge has a
strong influence on the occurrence, density and size of
conduit permeability (although not on the process of
conduit development). The following end-member con-
ditions occur in the development of flow networks.

1. Diffuse recharge onto a carbonate rock with high
primary porosity, e.g.rain on aeolian calcarenite or
uplifted coral, when few or no karst conduits form
until subaerial diagenesis (case hardening) focuses
recharge;

2. Widely spaced, large volume, point recharge into a
dense carbonate rock with well-developed fissures, e.g.
recharge windows in a breached caprock over massive
limestones, when a few very large diameter conduits
form commensurate in size with their throughput
discharge. Competition is limited to corridors down-
stream of recharge points that are separated by unkar-
stified rock beneath the umbrella of still intact caprock.

Doline karst falls between these two recharge extremes
because, although the recharge is autogenic in origin, the
flow is internally focused through a large number of point
inputs of modest volume (Figure 5.15).
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Figure 5.21 Earth tide effects as measured (a) in a borehole and (b) in an artesian karst spring. Adapted from Mangin, A.
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Once water has recharged the karst, the various forms
of available energy mentioned above are expended in the
enlargement of selected primary pores and fractures into
secondary conduit networks. This process is discussed in
detail in Chapter 7, so suffice it to say here that White
(2002) has noted that in the early stages of this process
three thresholds are crossed when fracture apertures
exceed about 0.01 m: (i) a hydrodynamic threshold that
permits the breakdown of laminar flow and the onset of
turbulent flow; (ii) a kinetic threshold that marks a shift in
dissolution rate from the fourth-order kinetics to linear
kinetics (see Chapter 3); and (iii) a transport threshold that
enables flow velocities to be sufficient for the physical
entrainment and transport of insoluble clastic material.
White pointed out that the coincidence of all three thresh-
olds at an aperture of 0.01 m provides a natural dividing
line between fracture aquifers and conduit aquifers and,
further, that it separates the process of conduit develop-
ment into an initiation phase as the protoconduit grows to
critical threshold dimensions and an enlargement phase as
it then expands to the size of typical cave passages. After
breakthrough of the protoconduit at the outflow boundary
(and consequently the development of a spring from what
was previously just a seepage), there is a fairly sudden
transition to rapid dissolution throughout the entire sub-
terranean flow path. The entire route then enlarges

rapidly. Most caves formed in this way by meteoric waters
are dendritic branchworks (Figure 5.22), but many other
cave network patterns can develop, depending on the style
of recharge and the kind of pre-solutional porosity that
these processes act upon (Figure 5.23).

Thus conduit networks integrated from recharge points
to springs extend like a plumbing system right through
the karst and drain it effectively. This may seem obvious
enough when rivers are observed to disappear under-
ground into caves, but efficient, integrated drainage
networks also underlie fields of dolines, for dolines and
conduit networks develop simultaneously. And even in
carbonate terrains where stream-sinks and dolines are
rare or absent, as in much of the European chalk, caves
with turbulent flow are known and borehole evidence
reveals many solutionally enlarged voids (Banks er al.
1995, Waters and Banks 1997, Matthews et al. 2000). In
the Chalk of northern France a fracture maze cave of over
1km has been mapped (Rodet 1996) and numerous
conduits have developed under the edge of overlying
clastic deposits that shed allogenic runoff (Crampon et al.
1993). Only in argillaceous limestones are enlarged
fissure networks uncommon or ineffective, largely
because of their clogging by insoluble residues.

The continued dissolution associated with groundwater
circulation ensures that the void volume of the network
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Figure 5.22 Typical dendritic flow networks in carbonate karsts
formed by meteoric waters. Reproduced by permission of
Worthington, S. R. H., Ford, D. C. and Beddows, P. A. 2000.
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increases over time and so, as a result, and provided that
recharge throughput remains constant, the level of the
zone of groundwater saturation gradually falls. We can
appreciate from the foregoing that there are considerable
variations in the size and distribution of secondary voids
in karst, and therefore in the ease with which water is
transmitted through them. As a consequence the water
table is seldom flat, as the term might suggest, but is more
often irregular — even sometimes disjointed — and slopes
towards the discharge boundary.

5.4 DEVELOPMENT OF THE WATER TABLE
AND PHREATIC ZONES

5.4.1 Pre-established water tables

Nevertheless, there are some circumstances when
the effective primary porosity is so high that when the
limestones are first occupied by fresh waters a saturated
zone with a very low-gradient water table readily estab-

lishes beneath the surface. On Niue Island for example,
which is a coral atoll in the Pacific uplifted during the
Pleistocene and with no rocks other than carbonates,
the water table is always within a few metres of sea
level, and even 6.5km inland from the coast has an
elevation of only 1.6 m (Williams 1992). The permeabil-
ity is so high (typically > 25%) that in the centre of the
island the water table 60 m below the surface responds
diurnally by a few centimetres to marine tidal fluctua-
tions. There is little scope for lowering the groundwater
level because it is already close to sea level and con-
tinued groundwater circulation will result in minimal
increase to the already high effective porosity because
of high saturation levels. However, dissolution at the
freshwater—saltwater interface has enhanced secondary
porosity in the mixing zone and has encouraged the
focusing of freshwater discharge at springs around the
coast (see Figure 5.37); thus despite the high porosity the
aquifer has developed conduits within the zone of palaeo-
sea-level variation.

5.4.2 Karstic enhancement of porosity

Massive limestone typically has very low primary por-
osity and consequently very low permeability, but
groundwater circulation increases it over time. If a
typically anisotropic karst aquifer is conceptualized as
behaving hydrologically like rock pierced by straight,
parallel capillary tubes, it is possible to illustrate the way
in which increasing tube diameter and percentage poros-
ity affect hydraulic conductivity in the direction of the
tubes, assuming laminar flow (Figure 5.24) (Smith et al.
1976). Secondary enlargement of the fissure network can
lead to at least an order of magnitude increase in porosity
and more than 10° increase in hydraulic conductivity. For
example, there is about 107 difference in hydraulic
conductivity between matrix and secondary channels in
the Mammoth Cave region (Table 5.5). Thus the phreatic
zone can acquire considerable storage capacity and fast
throughput potential.

5.4.3 Changes in the phreatic zone

Once percolating water reaches the water table, the energy
of water per unit mass, the hydraulic potential, is deter-
mined by gravitational acceleration times the local head,
i.e. by the height of the water table above the outflow
spring. It is this energy coupled with the vertical hydraulic
conductivity characteristics of the phreatic zone that
determines the depth to which groundwater can circulate,
and hence the thickness of the phreatic zone: the larger the
hydraulic potential the deeper the circulation. It tends to be
particularly great when massively bedded, steeply dipping
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Figure 5.23 Summary of cave patterns and their relationship to types of recharge and porosity. Reproduced from Palmer, A.N., Origin

and morphology of limestone caves. Geological Society of Americ

limestones slope towards the outflow boundary. Under
such circumstances flow paths tend to become trapped in
plunging bedding planes with only occasional cross-joints
to lead water back to higher levels. The outcome is conduit
systems with deep phreatic loops that can penetrate in
excess of 400 m below the water table. At the other end of
the spectrum are thinly bedded, fractured limestones with
shallow dips. Under these circumstances and for the same
throughput discharge, very high permeability develops and
a lower hydraulic gradient, and so consequently a shal-
lower circulation is supported and the phreatic zone is not
very deep. Worthington (2001, 2004) provides empirical
evidence that the depth of the conduit flow path is directly
proportional to flow-path length, stratal dip, and fracture
anisotropy, thus

D =0.18(L0)"" (5.19)
where D is the mean depth of flow in metres below the
water table, 6 is the dimensionless dip (equal to the sine
of the dip in degrees) and L is the flow-path length in
metres. However, Ford (2002) contested this relationship
on several grounds.

a Bulletin 103, 1-21. © 1991 Geological Society of America.

When significant secondary porosity develops in the
zone where the water table fluctuates above its basal level
(the epiphreatic zone), two things happen: (i) the
increased horizontal hydraulic conductivity favours
greater water movement in the shallow phreatic zone
rather than at depth and (ii) the increased storage lowers
the water table gradient and thereby extends the vadose
zone. Circulation in the deep phreatic zone becomes less
vigorous and, as karstification continues, the increasingly
active shallow phreatic zone may lead to relatively
stagnant conditions in the deepest phreatic voids. A
stagnant phreas can also be produced as a consequence
of positive baselevel changes. A rising sea level, valley
aggradation or tectonic subsidence can submerge a pre-
viously active phreatic region beyond the zone of con-
temporary circulation. It then becomes a variety of
palaeokarst and may be simply a passive store or vessel
for the receipt of the finest suspended sediment. Such
features are known to depths greater than 3 km in oil wells.

Estimates of phreatic zone thickness are required for
the calculation of transmissivity (equation 5.10) and
storativity (equation 5.11). It is not necessarily the entire
depth of the phreatic zone to the base of karstification that
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Figure 5.24 (Upper) Relationship of primary and secondary porosity and pore size to the hydraulic conductivity of karst rocks. The
limestone is considered an equivalent porous medium consisting of straight tubes. Reproduced from Smith, D.I., Atkinson, T.C. and
Drew, D.P. (1976). The hydrology of limestone terrains, in The Science of Speleology (eds T.D. Ford and C.H.D. Cullingford),
Academic Press, London, pp. 179-212. (Lower) Model of the changes in porosity and equivalent pore diameter in limestones from
their initial state after deposition, through burial, uplift and exposure to surface karstification (telogenetic karst). A short circuit can
occur when young limestones are karstified during diagenesis (eogenetic karst). The labels N/A on the dashed lines refer to equivalent
tube density in number of tubes per square centimetre. Reproduced from Vacher, H.L. and Mylroie, J.E. (2002) Eogenetic karst from
the perspective of an equivalent porous medium. Carbonates and Evaporites, 17(2), 182-96.

should be used, because only the upper part of the England, was to estimate the depth of active circulation
phreatic zone may be involved in active groundwater from the elevation range of the phreatic looping of a
circulation over the span of a few years. Atkinson’s trunk conduit leading to Wookey Hole spring — one of
(1977b) solution to this problem in the Mendip Hills, the main resurgences in the region (Figure 7.15).
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However, information of this kind is available only if
springs have been dived for long distances. Alternatively
it could be estimated using Worthington’s (2001, 2004)
approach (equation 5.19).

Transmissivity calculations for the entire phreatic zone
will take into account the aquifer thickness from the
water table to the base of karstification. However, since
porosity and hydraulic conductivity usually diminish with
depth through the aquifer, total transmissivity can be
envisaged as comprising the sum of the transmissivities
of different subzones within the phreas (Figure 5.12).

Active aquifer thickness varies spatially and tempo-
rally. The depth of active circulation may be less when
close to the spring than when further into the aquifer and
it may also be less under baseflow than under flood
conditions. Where there is a stagnant phreatic zone, the
karstified rock may have a high permeability and storage
capacity, but zero specific discharge if there is no
pressure gradient to drive the flow. Hence total aquifer
thickness can be appreciated to be a sum of several parts;
the different dynamic zones of the aquifer.

5.5 DEVELOPMENT OF THE VADOSE ZONE

5.5.1 The vadose zone as a resultant following
phreatic drawdown

Most unkarstified crystalline carbonate rocks have a very
low primary porosity (typically <2%). So when they are
first invaded by fresh waters the standing water level in
the rock is close to the surface. But the porosity and
permeability of karst increases over time, so progres-
sively more void space becomes available to store and
transmit the groundwater. As a result the standing water
level gradually falls and so the aerated zone becomes
deeper. However, while this is happening the surface also
lowers by denudation. Consequently, the resultant thick-
ness of the vadose zone is the outcome of the relative
rates of movement of its upper and lower boundaries: the
rate of surface lowering and the rate of water table
lowering (which also responds to outflow boundary low-
ering caused by valley deepening). Speleological explo-
ration in the western Caucasus Mountains shows that the
vadose zone in well-karstified rocks can sometimes extend
as much as 2km below the surface.

Variability in lithology, structure and geomorphology
causes contrasts in the course of evolution of the vadose
zone. Thus in coral reefs interconnected primary porosity
can exceed 20% and so, following reef emergence, a
freshwater lens establishes near sea level with a very
permeable vadose zone above it. In active alpine zones
rapid rates of uplift, denudation and valley incision can
give rise to rapid unloading of exposed rocks and to
rearrangement of stress fields. This creates a series of

unloading fractures subparallel to the surface that are
superimposed upon older joint and fault systems that
may also gape. As a consequence, all these fissures are
relatively open near the surface where pressure is least, but
close with depth. Even the early water table in such cases
may be hundreds of metres below the surface, especially
where climates are relatively arid. With subsequent dis-
solutional enlargement of the fissure systems’ void space
gradually increases at depth and the zone of saturation in
the rock falls, thus deepening the vadose zone.

Sometimes heavy rain causes deep back-flooding and
temporary pressure flow in subvertical drains passing
through deep vadose zones, giving rise to processes
that interrupt the evolution of regular vadose conduit
morphology. This contrasts with the normal drawdown
effect of a gradually falling water table by providing
short-lived episodes of rising water table — a flood water
invasion effect.

5.5.2 Epikarst development

The epikarst (also referred to as the subcutaneous zone)
occupies the top of the vadose zone (Table 5.1). It
consists usually of a particularly weathered zone of
limestone that lies immediately beneath the soil, and it
gradually gives way to the main body of the vadose zone
that comprises largely unweathered bedrock. The epikarst
is typically 3—10m deep, but its characteristics can vary
considerably. Sometimes there is little or no soil, for
example in the arid zone and in glacially scoured regions,
and if the rock is especially massive and has a low density
of fissuring it can be 30 m or more deep. The develop-
ment of the epikarst is explained by Mangin (1975),
Williams (1983), Klimchouk (2000a) and by several
contributors to Jones et al. (2004).

Chapters 3 and 4 explained that the greatest expendi-
ture of chemical energy on the dissolution of carbonate
rocks occurs near the surface, because of proximity to the
main source of CO, production in the soil. These dis-
solutional processes act on fissure systems that may
themselves be evolving, because of stress release follow-
ing unloading. We also noted in Chapter 4 that up to
about 80% of solutional denudation in the catchment is
accomplished within the top 10m or so of the limestone
outcrop and that the effectiveness of corrosional attack
gradually diminishes with distance from the surface (and
from the CO, supply). The outcome of this is that the
network of fissures through which percolation water
passes is widened by solution near the surface, but the
extent and frequency of widening diminishes gradually
with depth. Solutionally widened joints taper downwards
and become less numerous. This can be readily observed
in quarries (Figure 5.25). A consequence of this is that
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Figure 5.25
solutionally enlarged joints with depth in the epikarst.

permeability also diminishes with depth (Figure 5.26).
Porosity in the epikarst typically exceeds 20%, whereas
in the relatively unweathered rock beneath it is com-
monly <2%. This gives rise to a contrast in hydraulic
conductivity and so, as a consequence, water tends to
accumulate at the base of the epikarst, because it cannot
escape as freely as it came in. However, not all fissures
close and a few of them can be observed to penetrate as
major openings right through the rock (Figure 5.27). As a
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Figure 5.26 Variation of permeability with depth in the epi-
karst at Corconne, France. Gouisset divided the epikarst into two
zones based on contrast in permeability. Reproduced from
Gouisset 1981, cited in Smart, P.L. and Friederich, H. Water
movement and storage in the unsaturated zone of a maturely
karstified carbonate aquifer, Mendip Hills, England, Proceedings
of Conference on Environmental Problems in Karst Terranes and
their Solutions 59-87, © 1987 National Water Well Association.

‘Pinnacle and cutter’ relief exposed in a limestone quarry face in Kentucky. This illustrates the tapering closure of

Figure 5.27 Very high fissure frequency exposed in a quarry
face near Te Kuiti, New Zealand. The vertical feature to the right
of the figure is a minor fault and is the kind of discontinuity that
permits doline initiation by providing a preferred drainage path
for infiltrating rainwater. Reproduced from Williams, P.W.,
Polygonal karst and palaeokarst of the King Country,
North Island, New Zealand. Zeitschrift fiir Geomorphologie,
Suppl. Vol 136, 45-67, Zeitschrift fiir Geomorphologie © 2004.
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result, these become the main drainage routes for water
passing downwards to the vadose zone. They act as
centripetal flow foci that funnel water from the fissured
epikarst. These sites of flow concentration become the
distal tributaries of drains through the vadose zone and
are the main routes by which diffuse autogenic recharge
is transmitted to conduits in the unsaturated zone and
thence to the phreatic zone. Smart and Freiderich (1987)
estimated that in the epikarst of the Mendip Hills in
England as much as 77% of annual recharge is trans-
mitted via the highest capacity flow routes (shaft flow to
subcutaneous flow), whereas only 23% percolates via the
narrow low-capacity seepage and vadose flow routes.

The epikarst is therefore underdrained. Klimchouk
(1995) explained how the concentration of flow at the
base of the epikarst encourages the formation of shafts
and, in a particularly well-illustrated paper, Klimchouk
et al. (1996) provided convincing field evidence of the
efficacy of the process from the Sette Communi Plateau
in the Italian Pre-Alps. These blind vertical shafts are
known as avens by cavers. Although they develop down-
wards from the base of the epikarst, they can eventually
be exposed by collapse as the surface lowers, and many
become the main drainage route beneath dolines.

If the rate of recharge during heavy rain is greater than
the maximum rate of vertical throughput, then excess
recharge is stored in the void space of the epikarst, i.e. in
the widened fissures and in the intergranular porosity of
any fill they may contain. Water stored in that way
constitutes an epikarstic aquifer that is perched above
a leaky capillary barrier (Figure 5.28). Its piezometric
surface is drawn down over the main leakage paths
afforded by shafts developed down major joints
(Figure 5.15), and the direction of subcutaneous flow is
down the hydraulic gradient. After a long dry period the
epikarst drains almost entirely, although some water
remains held by capillary tension. The processes of
infiltration and percolation through the epikarst are dis-
cussed more fully in section 6.3.

In many alpine regions, where the carbonate rock has
been tectonically stressed and deformed during uplift and
then later unloaded by rapid erosion and deep valley
incision, fissures can be deep and their apertures can be
relatively wide. Conditions are then favourable for the
development of deep vertical shafts. As a result surface
drainage is facilitated and there may be relatively little
water storage capacity in the epikarst except under
patches of karrenfeld (Figure 9.6), although there may
be considerable seasonal storage of snow. Klimchouk
(2000a) also pointed out that in alpine regions in summer
condensation recharge can be significant as air is drawn
into the karst at high altitudes and cools to dew point in
the epikarst zone.

5.5.3 Case-hardening and the reduction
of vadose porosity

Although the top of the vadose zone in dense crystalline
carbonate rocks generally experiences the enhancement
of secondary permeability as a result of intense
dissolution, where the rocks have high primary porosity
the opposite may occur because porosity is reduced
(Figure 5.3) during meteoric zone diagenesis by a process
known as case-hardening. This involves redeposition in
primary pores further down the profile of calcite dis-
solved near the surface, redeposition usually occurring
within a few metres. The effect is to produce a concrete-
like calcrete crust and to reduce the primary porosity of
the surface rock by a factor of 10 or more. It is especially
common in porous rocks such as aeolian calcarenite
(carbonate dune sands), coral and some chalky lime-
stones, particularly in warm temperate to tropical zones
where strong drying cycles follow rain. Carbonate
deposition closely follows dissolution because of eva-
poration and CO, degassing in cavities well connected to
the outside atmosphere. Frequent wetting and drying
accelerates the process. The significance of case-hard-
ening for karst is discussed further in section 9.12.

5.6 CLASSIFICATION AND
CHARACTERISTICS OF KARST AQUIFERS

Significant characteristics that might be incorporated into
a classification of karst aquifers include: style of
recharge, flow media, flow type, conduit network topol-
ogy, stores and storage capacity, and outflow response to
recharge. Depending on the purpose of the classification,
one or more of these may be emphasized or neglected.

An important starting point for the more useful general
classifications is the conceptualization of recharge and
flow type. Burdon and Papakis (1963) first drew attention
to this, distinguishing diffuse infiltration from concen-
trated infiltration and diffuse circulation from concen-
trated (or localized) circulation. They also pointed out
that the style of recharge may not precondition the type
of flow in the saturated zone: thus concentrated circula-
tion can occur even if recharge (infiltration) is diffuse
and vice versa. White (1969) termed these flow styles
‘diffuse’ and ‘conduit’. He also suggested how the
occurrence of these contrasting forms of circulation
might be deduced from readily observable geological
variables. Thus his classification of carbonate aquifers
(Table 5.10) is of value in identifying the range of
aquifer types that occur.

Chemical contrasts in groundwaters draining from
aquifers that are dominantly porous, fissured or cavernous
(conduit) have encouraged the view that to consider
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Figure 5.28 Drawdown doline initiation in the subcutaneous (epikarst) zone. Reproduced from Williams, P.W., The role of the
subcutaneous zone in karst hydrology. J. Hydrol. 61, 45-67.© 1983 Elsevier.

carbonate flow media as being essentially bimodal is too
simple (Bakalowicz 1977). Thus Atkinson (1985), also
citing data from China (Yuan 1981, 1983), suggested that
a more appropriate way of representing the older concept
of granular, fracture and conduit aquifers would be its
visualization by means of a ternary or three end-member
spectrum (Figure 5.29a). This conceptual classification of
flow media is then related to presumed phreatic flow
regimes (Figure 5.29b). Hobbs and Smart (1986) elabo-
rated this approach. They proposed a model in which the
three fundamental attributes of recharge, storage and
transmission are ranged between end-members; thus giv-
ing a three-dimensional field into which carbonate aqui-
fers may be conceptually plotted (Figure 5.30).

Work in France by Mangin (1975) and Bakalowicz
(1977) brought closer attention to the structure and
transfer functions of drainage systems within karst (see
section 6.5). Spring hydrograph response to recharge was
used as a measure of aquifer karstification (Bakalowicz
and Mangin 1980), four groups of karst systems being
recognized that range from aquifers with extremely well-
developed speleological networks to those carbonate
terrains which can barely be considered karstified. How-
ever, external factors that can also be responsible for
variation in spring discharge (e.g. the influence on hydro-
graph form of climate, recharge variability, recharge
regulation by overburden, and outflow distributaries)
were not fully considered.
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Table 5.10 Hydrological classification of carbonate aquifers (Reproduced from White, W.B Conceptual models for carbonate
aquifers. Ground Water 7(3), B97515 21 © 1969 Blackwell Publishing)

Flow type Hydrological control

Associated cave type

Diffuse flow Gross lithology.

Caves rare, small, have irregular patterns

Shaley limestones; crystalline dolomites; high primary porosity

Free flow Thick, massive soluble rocks
Perched Karst system underlain by impervious rocks near or above base
level

Open Soluble rocks extend upwards to surface
Capped Aquifer overlain by impervious rock

Deep Karst system extends to considerable depth below base level.
Open Soluble rocks extend to land surface
Capped Aquifer overlain by impervious rocks

Confined flow
Artesian
Sandwich

Structural and stratigraphical controls

Impervious beds which force flow below regional base level
Thin beds of soluble rock between impervious beds

Integrated conduit cave systems

Cave streams perched, often have free
air surface

Sinkhole inputs; heavy sediment load;
short-channel-morphology caves

Vertical shaft inputs; lateral flow under
capping beds; long integrated caves

Flow is through submerged conduits

Short, tubular abandoned caves likely
to be sediment-choked

Long, integrated conduits under caprock.
Active level of system inundated

Inclined three-dimensional network of caves
Horizontal two-dimensional network caves

Figure 5.31 expresses our understanding of possible
structural linkages within karst groundwater systems,
although not all the characteristics shown are possessed
by any one system. The dynamic relationships between
the components and aquifer properties are best examined
by computer modelling techniques, which we discuss in
section 6.11. However, it is now common in computer
modelling to represent karst aquifers being examined
in terms of single, double and triple porosity types
(Table 5.11), although most karst aquifers are best
considered triple porosity.

5.7 APPLICABILITY OF DARCY’S LAW
TO KARST

5.7.1 When and when not does Darcy’s Law apply

It is of fundamental importance to establish whether or
not it is justified to treat a karst aquifer as a granular,
porous medium in the Darcian sense (i.e. a single-con-
tinuum porous equivalent) or even a double-continuum
porous equivalent with a fractured continuum as well as a
porous matrix. An implication of accepting the Darcian
approach is that the rock is considered as a continuum of
voids and solid matter for which certain generalized
macroscopic parameters (such as K) can be defined,
that represent and in some sense describe the true micro-
scopic behaviour. In karst this means that the fractured
rock penetrated by solution conduits would be replaced

by a conceptual representative continuum for which it is
assumed possible to determine hydrologically meaningful
macroscopic parameters.

In Darcy’s experiment, discharge was measured from a
given cross-sectional area a of the saturated medium.
Hence in equation (5.4) Q/a is an expression of the
discharge per unit area. It therefore has the dimensions
of a velocity and is sometimes simply denoted by u, the
specific discharge (filtration velocity or Darcy flux).
However, the flow does not issue from the entire cross-
sectional area, but only from the voids between the solid
grains. It follows then that the real microscopic velocities
of flow through the interstitial spaces must be considerably
larger than the averaged, macroscopic velocity denoted by
u and that at some stage laminar flow will give way to
turbulent flow. When this occurs is shown in Figure 5.32.
Freeze and Cherry (1979) pointed out that Darcy’s Law is
a linear law and that if it were universally valid a plot of
the specific discharge against hydraulic gradient would
reveal a straight line gradient for all hydraulic gradients.
This is not the case and at relatively high rates of flow
Darcy’s Law breaks down. Darcy’s Law imposes a statis-
tical homogeneity, but since the distribution of karst voids
has a hierarchical nature, it cannot be treated as random,
and the average total permeability is a function of the
volume of the rock (aquifer) considered.

Since the specific discharge defines the macroscopic
velocity through the medium, the average microscopic
velocity u* can be determined by taking into account the
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Figure 5.29 (a) Conceptual classification of karst aquifers and
(b) their presumed relationship to predominant flow regimes.
Modified from Atkinson, T.C., Present and future directions in
karst hydrogeology. Annales de la Societe Géologique de Belgi-
que, 108, 293-96, 1985.

actual cross-sectional area of voids through which the

flow occurs. This depends upon the porosity n (equation

5.1) and hence
._ 9

u ==
na

(5.20)

If pore spaces through which water flows comprise 20%
of the rock (n =0.2), then u* is about five times the
Darcy flux. However, since water follows relatively long
tortuous flow paths through the rock, the actual velocities
must be greater still.

Bear (1972) concluded from experimental evidence
that Darcy’s Law remains valid provided Re does not
exceed 1 to 10. Since fully turbulent flow does not occur
until velocities are high and Re is in the range 107 to 10°,
there is an interval between the turbulent and linear
laminar regimes characterized by non-linear laminar
flow (Figure 5.32). It should also be noted that dynamic

viscosity p varies markedly with temperature, in the
tropics being about half that encountered in the cool
temperate zone (Table 5.3). Thus under some conditions,
turbulent flow will occur in the tropics when it would be
laminar in a cooler groundwater environment.

In a comprehensive series of experiments, Ford and
Ewers (1978) showed that the law applies strictly when
solutional protoconduits up to 1mm diameter are first
extending through a fissure (Figure 7.5a), but that it ceases
to apply once the extension is completed and the proto-
conduit is connected to others. Reviewing recent evidence,
White (2002) concluded that for normal hydraulic gradi-
ents the onset of non-Darcian behaviour occurs in conduits
when apertures exceed about 1 cm. Nevertheless, conduit
flow can remain in the laminar regime in pipes up to about
0.5m diameter provided velocity does not exceed
1 mms~" (Figure 5.33). It is therefore evident as Mangin
(1975) noted that in karst the range of conditions under
which Darcy’s Law can be considered valid is very
restricted. It only applies in conditions that permit velo-
cities to be low, and this usually involves some combina-
tion of relatively small aperture and low hydraulic
gradient. Darcy’s Law also assumes isotropic conditions
and will not apply to an aquifer that is anisotropic and
heterogeneous. Nevertheless, this variability may become
relatively less important as scale increases.

We can see from Table 5.2 that even in aquifers as
highly karstified as Mammoth Cave most storage is in the
rock matrix. In spite of there being 550km of cave
passages in the area, the porosity attributable to the
cave is less than 0.1% and that the chance of a drilled
well hitting a conduit is only about 1.4% (Worthington
et al. 2000). Thus most bores would miss the cave and
well tests would be undertaken in conditions acceptable
for the application of Darcy’s Law. But this manifestly
does not mean that the aquifer as a whole is Darcian,
because 99.7% of flow passes through the conduit system
(Table 5.6). In most karstified aquifers, it is probable that
well testing using darcian assumptions is more-or-less
acceptable in many cases, but it would be totally
erroneous to conclude from that that the management
of water resources (and pollution transport) in the
groundwater basin as a whole can be based on Darcian
principles. Even the Cretaceous Chalk of Britain and
northern France, which has long been considered an
archetypal porous aquifer, is now known to possess
significant conduit porosity (Crampon et al. 1993,
Banks et al. 1995, Rodet 1996, Waters and Banks
1997). Flow is Darcian in parts of the aquifer, but
turbulent and non-Darcian elsewhere.

Wide international experience now shows that with
respect to unconfined carbonate aquifers ‘the prudent
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A conceptual three-dimensional field model of recharge, storage and transmission in karst aquifers. Reproduced from

Hobbs, S.L. and Smart, P.L. Characterization of carbonate aquifers: a conceptual base. Proc. 9th International Speleological Congress,

Barcelona 1, 4346, 1986.

default position should be to assume karstification’.
However, if diagnostic tests (see section 6.4) fail to
support this, then it is justified to assume that Darcy’s
Law is applicable within the Ilocality considered
(although not necessarily over the wider region).

5.7.2 A question of scale of investigation?

Karst aquifers often comprise a thick, fissured mass of
rock, often layered and traversed by a large branching
pipe network that transmits the flow of an underground
river and its tributaries to a spring or springs. Within the
areally extensive body of rock the continuum approach
using Darcy’s Law can sometimes be justified to obtain
spatially defined values of hydraulic characteristics, but
this is totally inappropriate for describing flow in indivi-
dual major conduits. The continuum representation of the
aquifer is often an acceptable generalization when
hydraulic gradients are low and storage very large. It is
largely a matter of void/fissure frequency and scale. It is
evident that small samples, as used in core and pump
tests, yield inadequate estimates of basin-wide hydraulic
characteristics (Figure 5.2). Halihan ef al. (1999) under-
took a very thorough investigation of the effect of scale of
measurement on permeability (k) estimates in the karsti-

fied Edwards aquifer in Texas, and found permeability
estimates to vary by up to nine orders of magnitude,
depending on the scale and direction of measurement.
Worthington er al. (2002) collated data from six carbo-
nate rocks that illustrate the difficulty of obtaining repre-
sentative hydraulic conductivity (K) estimates from
conventional techniques (Figure 5.34). From core tests,
two Palaeozoic carbonates have very low K values for the
matrix (107''-107"ms™"), three Mesozoic aquifers
have moderate values (10 ®ms™!) and the Cenozoic
aquifer has the highest value (10™*ms™"). All estimates
are higher when evaluated at larger scales (using pump
tests and regional evaluations) and show a much smaller
range (from 10™* to 107 'ms™).

5.7.3 Alternative approaches

An alternative to Darcian-based techniques of aquifer
analysis is to accept the anisotropic and heterogeneous
nature of a karst aquifer and to treat it as an inter-
connected system of conduits and fractures embedded
in a more-or-less porous matrix. This is closer to the
Hagen—Poiseuille approach in which the hydraulics of
flow in individual fractures and pipes are considered.
Methods used to simulate flow and transport through
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karst in this way have varying degrees of complexity.
For example, black-box models (input—output models)
examine the relationship between input characteristics,
such recharge by rainfall, and output response, such as
water quantity and quality variations, and focus parti-
cularly on spring hydrographs (Atkinson 1977b, Baka-
lowicz and Mangin 1980). The assumption made is that
a spring hydrograph provides an integrated representa-
tion of the network of stores and passages delivering
water to the aquifer outflow point, and that both the
quality and the quantity of the water are of diagnostic
importance for understanding the functioning of the
system. However, as Teutsch and Sauter (1998) pointed
out, due to their non-physical nature black-box models
can describe only the flow and transport behaviour
within observed ranges of input and output functions

and therefore often lack predictive power. By
contrast, distributed parameter models integrate the
physics of flow and transport processes in conduits
and in porous media and so have more predictive
power (see section 6.11 for further discussion of hydro-
geological modelling).

A wide range of aquifer types are encountered in karst
and, further, investigations are on difference scales and
for different purposes. So we must conclude that the most
appropriate tool for quantitative description and simula-
tion of flow and transport through karst groundwater
systems must be chosen with the nature of the aquifer
and the objective of the investigation in mind. Different
approaches to aquifer analysis have their place as will be
seen in Chapter 6, but whereas analyses using Darcy’s
Law are usually appropriate for individual wells, they are
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Table 5.11 Principal differences between single-, double- and triple-porosity aquifers. Most karst
aquifers have triple-porosity characteristics Reproduced from Worthington, S. R. H., and Ford, D. C.,
Chemical hydrogeology of the carbonate bedrock at Smithville. Smithville Phase IV Bedrock
Remediation Program. Ministry of the Environment, Ontario, 2001

Aquifer type

Single porosity

Triple porosity

Parameter (porous medium) Double porosity (karst)
Flow components Matrix Matrix Matrix
Fracture Fracture
Channel
Flow laws Darcy Darcy Darcy
Hagen—Poiseulle Hagen—Poiseulle
Darcy—Weisbach
Flow modes Laminar Laminar Laminar
Turbulent
Flow lines are Parallel Mostly parallel Convergent to channels

inappropriate for the groundwater basin as a whole,
because most of the assumptions applicable to flow
through Darcian media are violated in karst systems.

5.8 FRESHWATER-SALTWATER INTERFACE

We conclude this chapter by considering the unusual
conditions encountered near the coast. The water table
declines towards sea level and water quality analyses

from samples taken at various depths from bores just
inland show that fresh water overlies salt water, which
penetrates the aquifer at depth. This interesting phenom-
enon was first investigated by two European scientists,
Ghyben(1889) and Herzberg (1901), whose names are
lent to the relationship they found (Reilly and Goodman
1985). The depth below sea level Z; at which the
freshwater—saltwater interface (the halocline) occurs is
related to the elevation of the water table above sea level
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Figure 5.32 Range of validity of Darcy’s Law. Reproduced from Freeze, R.A. and J.A. Cherry, Groundwater, p. 604 © 1979
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hy and to the density of the fresh p; and salt p, waters
respectively. The Ghyben-Herzberg principle can be
expressed as

7, = Pt
Ps — Pt

Ty (5.21)

Thus if the density of the fresh water is 1.0 and that of the
salt water is 1.025, then under hydrostatic equilibrium the
depth to the saltwater interface is 40 times the height of
the water table above sea level. A practical consequence
of this is that if the pumping of a bore in a coastal aquifer
causes the water table to be drawn down by 1 m, then salt
water will intrude upwards beneath the well by a distance
of 40 m. Excessive pumping can therefore risk contam-
ination by saline water, as discussed by Mijatovic (1984a)
in cases of seawater intrusion into aquifers of the coastal
Dinaric karst and elsewhere.

The interface between fresh and salt water can be seen
from isochlor values in Figure 5.35 to be a zone of
transition rather than an abrupt discontinuity. It is also
evident from the equipotential lines in Figure 5.35 that
much of the fresh water must escape through the sea bed
in the nearshore zone. The existence of submarine springs
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Figure 5.34 Scaling of hydraulic conductivity in six carbonate
aquifers. The key lists carbonates in increasing order of age from
Cenozoic (Yucatan) to Palaeozoic (Smithville). Reproduced
from Worthington, S. R. H., Schindel, G. M., and Alexander,
E. C, Techniques for investigating the extent of karstification in
the Edwards Aquifer, Texas. In Martin, J B, Wicks, C M and
Sasowsky, I D (eds), Hydrogeology and Biology of Post-
Paleozoic Carbonate Aquifers © 2002 Karst Waters Institute.

(vruljas) in karst terrains is a well-known phenomenon
recognized from at least the first century Bc (Herak 1972).
Their occurrence implies confined pipe flow at depth and
their location below present sea level may be partly
related to the position of springs developed during low
stands of the sea in glacial episodes (section 10.3). High
secondary porosity below present sea level in the zone of
mixing is also a consequence of the geochemistry of
brackish water (Back er al. 1984) — see section 3.6.

The Ghyben—Herzberg principle of gravitational equi-
librium simplifies the relationship usually found in nat-
ure, because the two fluids are treated as immiscible and
groundwater conditions are normally dynamic rather than
static. Hubbert (1940) showed that the interface is deeper
under dynamic conditions than under static. He treated
the interface as a boundary surface that couples two
separate flow fields, with continuity of pressure being
maintained across the interface (Figure 5.36). Assump-
tions of essentially horizontal flow (termed Dupuit
approximations) are combined with gravitational equili-
brium in so-called Dupuit-Ghyben—Herzberg analysis
(Bear 1972) to determine the position of the saltwater—
freshwater interface.

Within simple carbonate islands such as uplifted coral
reefs, the freshwater body is often described as an
idealized freshwater lens. Vacher (1988) provided an
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authoritative explanation of the process and explained
why groundwater lenses beneath islands can vary from
their idealized lenticular form. The unexpected complex-
ity of the apparently simple carbonate island case is
amply illustrated by numerous contributions in Geology
and Hydrogeology of Carbonate Islands (Vacher and
Quinn 1997). For example, differences in porosity and
permeability of the fore-reef, main reef and back-reef
facies of the carbonate host rock can be considerable, and
this heterogeneity is reflected in the topography of the
piezometric surface of the lens (Figure 5.37). Further-
more, Elkhatib and Giinay (1993) pointed out that in
anisotropic and heterogeneous karst aquifers the form of
the interface is difficult to predict and concluded that the
configuration of the saltwater wedge depends mainly on
the structure of zones of high karst permeability and the
geology of the coastal region.

The dynamic circulation of fresh waters towards the
coast is thought to induce entrainment of the underlying
saline water, which results in an inflow of saline water at
depth, a mixing zone of saline with fresh water and the
discharge of brackish water along the coast. The Wai-
koropupu Springs in New Zealand provide evidence for
this (Williams 1977). The springs are artesian, have a
mean flow of 15m> s™" and are located 2.6 km inland
from the head of tide. The main vent is 7.1 m above sea
level and draws water from a marble aquifer that

extends well below sea level and continues beyond the
coastline. The spring water contains from 0.4 to 0.6%
salt water with values increasing as discharge increases,
indicating that the more dynamic the outflow the greater
the entrainment of saline water (note that no evaporite
beds are known in the region that could provide an
alternative source of salt). Other examples are provided
by Drogue (1989, 1990, 1993), Ghannam et al. (1998)
and Arfib et al. (2002) for cases around the Mediterra-
nean coast.
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Figure 5.36 Illustration of the Ghyben—Herzberg principle
under hydrodynamic conditions. Reproduced from Hubbert, M.K.,
The theory of groundwater motion. J. Geol., 48, 785-944 ©
1940 University of Chicago Press.
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Recent interesting work in the low-lying carbonate
platform of the Yucatan Peninsula between the Gulf of
Mexico and the Caribbean Sea sheds further light on
these ideas. The Cenozoic limestones are comparatively
porous, have both high permeability and hydraulic
conductivity (Table 5.5 and Figure 5.34), and contain
well-developed cave systems that convey 99.7% of
groundwater flow (Table 5.6). Beddows et al. (2002)
noted that cave-diving exploration along the Caribbean
coast has identified at least 74 horizontally extensive
submerged cave systems with a combined length of
more than 400km and at an average depth of —16m.
They also observed that the Yucatan caves contain
numerous speleothems and so must have been resub-
merged after having formed during previous high sea-
level stands. They reported that during diving the
mixing zone can be observed as a defined interface in
the middle of some of the passages, and comment that
the enhanced aggressivity of water in the mixing zone
(section 3.6) supports the hypothesis that mixing corro-
sion is responsible for much cavern enlargement at this
level. They found that some coastal springs on the
Yucatan Peninsula discharge water up to 75% marine
salinity, but their observations indicated that not all of
the saline water comes from entrainment. Dye-tracing
experiments and current-meter observations showed
that at least some saline—water is recharging inland
via flow in caves beneath the saline—freshwater inter-
face. They observed that ocean water circulates to more
than 9 km inland and that tidal rise can still be measured
at that distance. Incorporation of saline groundwater
into the overlying fresh water occurs progressively
seawards at a relatively slow rate, but becomes more

rapid within 1km of the coast. Recharge of saline water
beneath the freshwater body was found to be driven by
rising net ocean level, with discharge back to the sea
occurring as net ocean level fell over several days.
These processes were generated even though the ampli-
tude between net high and low ocean levels was only a
matter of decimetres. Saline groundwater flow veloci-
ties were measured up to 2cms” .

James (1992) also reported visually distinct freshwater—
saltwater interfaces some 25 km inland from the coast of
the Great Australia Bight in large flooded caves in late
Eocene limestones of the Nullarbor Plain. She also
provided evidence for the operation of three mixing
zones:

1. close to the water table in cave lakes and canals where
low ionic strength recharge from storms rests as a
layer up to 2.5m thick on underlying high ionic
strength (brackish) water;

2. close to the water table in the rock matrix where
variable ionic strength percolation waters encounter
brackish groundwater;

3. at the halocline, which is usually about 20 m below
the surface of cave lakes, where brackish water rests
on water of ionic strength similar to sea water.

In conclusion, the Dupuit-Ghyben—Herzberg model
provides a theoretical basis for understanding the config-
uration and hydrology of coastal karst aquifers, but field
studies have revealed that secondary porosity distribution
and changing aquifer boundary conditions (sea level) can
be important controls on the fresh and saline groundwater
flows.
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Analysis of Karst Drainage Systems

6.1 THE ‘GREY BOX’ NATURE OF KARST

Determining the structure and properties of karst aquifers
presents severe practical problems because of the aniso-
tropic and severely heterogeneous nature of most karst, and
the sparseness of information about it. Yet it is essential
for water resources estimation, planning and manage-
ment to be able to answer such questions as how much
water can be used, where is it coming from, and what
are the physical parameters characterizing the aquifer?
The ability to be able to predict is important both for the
management of water resources and for the development
of protection strategies against pollution. But it is diffi-
cult to generalize about karst aquifers, because so many
different geological contexts, storage and flow conditions
exist. However, there is sometimes the opportunity to
make direct observations underground, in caves, even
though accessible passages penetrate only a small part of
any given karst terrain.

With direct observations limited to caves, boreholes,
inputs and outputs, the remaining aquifer characteristics
must necessarily be deduced. Sometimes a choice is made
when modelling aquifer functions in terms of rainfall-
response (input—output) relationships to treat the system
as a ‘black box’ (Knisel 1972, Dreiss 1982, 1989), but this
can be fairly far removed from physical reality and tell us
little about the structure of the aquifer and how it really
operates. More realistic is a ‘grey box’ approach that uses
such information as is available on the subterranean condi-
tions to clarify the structure of the system and help explain
its observed behaviour; such model representations of karst
aquifers are discussed later in the chapter. Although each
karst aquifer is unique in its individual characteristics,
some structural components are widely found (Figure 5.31),
although they vary in relative significance in different
systems.

Comprehensive analysis of karst drainage systems
involves determining the following:

the areal and vertical extent of the system

its boundary conditions

input and output sites and volumes

the interior structure of linkages and stores

the capacities and physical characteristics of the stores
the relative importance of the flow paths

throughput rates

the response of storage and output to recharge

the system’s response under different flow conditions.

The information required can be obtained by taking five
complementary approaches: water balance estimation,
borehole analysis, spring hydrograph analysis, water
tracing and aquifer modelling. Water balance estimation
and borehole analysis apply conventional techniques of
water resources surveys to karst, whereas water tracing
and spring hydrograph analysis have been mainly devel-
oped for karst. Aquifer modelling is widely applied in
groundwater hydrology, but most of the conventional
techniques are inappropriate for karstified aquifers because
Darcian porous media assumptions do not apply. Conse-
quently, an alternative set of models designed specifically
for karst have been developed (section 6.11).

Decisions are often made about the most appropriate
form of analysis that depend on certain initial assump-
tions about flow and aquifer characteristics (Table 6.1).
Such assumptions, for example that the aquifer is iso-
tropic and flow is laminar, should be recognized as such
and treated as working hypotheses that may be modified
in the light of field results. This chapter elaborates these
points and discusses methods available for exploration,
survey, data analysis and interpretation — the clarification
of the grey box.

Karst Hydrogeology and Geomorphology, Derek Ford and Paul Williams

© 2007 John Wiley & Sons, Ltd
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Table 6.1 Assumptions and decisions made about the nature of a karst aquifer and appropriate methods for its analysis (After
Ford, D.C. and Williams, P.W. (1989) Karst Geomorphology and Hydrology)

Flow conditions Boundary conditions

Aquifer characteristics

Scale and state Form of analysis

Linear-laminar Infinite areal extent Confined/unconfined Site specific Borehole dilution
(diffuse Darcian) Impermeable/leaky Constant/variable Local Borehole recharge

Mixed laminar and upper and lower thickness Regional Borehole pumping
turbulent boundaries Homogeneous/ Groundwater basin Recharge response

Turbulent Spatially uniform/variable heterogeneous Steady state modelling
(conduit flow) vertical recharge Isotropic/anisotropic Transient state Water budget

Constant/variable potential
recharge boundary

Constant/variable potential
discharge boundary

Fixed/mobile phreatic
divides

Spring hydrograph
and chemograph
Aquifer modelling

6.2 SURFACE EXPLORATION AND SURVEY
TECHNIQUES

Practical methods for the evaluation of groundwater
resources in general are explained in a wide variety of
excellent publications, for example by Freeze and Cherry
(1979), Todd (1980), Castany (1982), UNESCO/IAHS
(1983), Hotzl and Werner (1992), and Domenico and
Schwartz (1998). Repetition of material presented there is
unnecessary, but evaluation of its applicability to karst is
essential, because most groundwater texts deal inade-
quately with karst aquifers. However, engineering geology
texts by Milanovi¢ (2000, 2004) are devoted exclusively
to karst.

6.2.1 Defining the limits of the system

All aquifers have boundaries that modify flow conditions
as discussed in section 5.2. For example, transmissivity is
limited by the confining beds of an artesian aquifer, and
by both the water table and lower limit of karstification in
an unconfined aquifer. These factors determine vertical
boundary conditions. Also very important are those that
limit the horizontal extent of an aquifer; here, discharge
and impermeable boundaries should be distinguished
from recharge boundaries.

In non-karstic terrains, groundwater divides are
assumed to directly underlie the surface topographic
divides as determined from contour maps, aerial photo-
graphs, etc. This approach is acceptable in karst only as
an initial working hypothesis, because experience in
innumerable karst catchments has shown phreatic and
vadose divides to deviate significantly in plan position
from overlying surface watersheds. For example, the

Continental Divide between Atlantic and Pacific catch-
ments is breached in this manner in the Rocky Mountains.
Furthermore, phreatic divides may migrate laterally in res-
ponse to changing water-flow conditions. A groundwater
divide determined at low water-table levels may not be
valid when the piezometric surface is higher.

Within a simple karst aquifer there may be several
groundwater basins with minimal hydraulic connection,
each draining to a different spring (or set of springs). In
an unconfined aquifer, the limits of each system can be
determined:

1. by mapping piezometric contours and thus establishing
regions of divergence of flow (groundwater divides);

2. by water tracing, perhaps using fluorescent dyes or
isotopes (section 6.10).

In a study in Kentucky, Thrailkill (1985) showed that dye
tracing can reveal narrow groundwater basins that cannot
be identified by interpretation of groundwater contour
patterns. This and many other dye-tracing studies indicate
that water tracing should be used to verify groundwater
divides determined from water-table maps. Groundwater
divides may also be deduced from the potentiometric
surface in confined aquifers, but since flow-through times
are likely to be much longer than under unconfined
conditions, water tracing by dyes may not be practical.
Instead, the provenance of groundwaters may have to be
determined using environmental isotopes or by pulse-
train analysis (section 6.10).

The impervious basin area that sustains any allogenic
inputs along recharge boundaries can be determined
accurately by conventional plan mapping of surface
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watersheds. However, the swallow holes where surface
streams sink are less easily located, especially if the sites
are small or under forest. Influent rivers that gradually
lose their flow over several kilometres are also difficult
to detect, especially if not all of the flow is lost. Field
mapping and discharge measurement is the only sure way
of obtaining accurate information, but aerial photograph
interpretation is of considerable assistance.

6.2.2 Estimating the water budget

An important first step in the management of water
resources is to estimate the size of the reserves and the
gains and losses to the system. Water-balance calculation
provides an order of magnitude estimate of reserves and
storage changes. This is undertaken by preparing a
hydrological budget, which is a quantitative evaluation
of inflows, outflows and changes in storage over a speci-
fied period of time, usually a hydrological year, although it
can be applied to longer or shorter periods. A hydrological
year runs from dry season to dry season, i.e. it starts and
ends when storage is at a minimum, and so it often does
not correspond to a calendar year.

With respect to surface streams, the water balance
equation in its simplest form is usually written

OQ=P—E+A4AS+e (6.1)
Where Q is runoff, P is precipitation, E is evapotranspira-
tion, =4S represents withdrawal from or replenishment
of storage and e represents error. Evapotranspiration
includes interception losses, transpiration and evapora-
tion from wet surfaces, and is the most difficult term to
estimate. Average catchment precipitation can also be
quite difficult to evaluate, because the distribution of rain
gauges may not provide a representative sample of
average precipitation across the catchment. Nevertheless,
knowing the catchment area A, the acceptability of the
estimates can be checked by comparing water surplus
calculated from P — F with measured Q. Dunne and
Leopold (1978) expand on this approach. However, in a
groundwater context the perspective may sometimes
differ; thus the US Department of the Interior (1981)
suggested that the hydrological budget may be summar-
ized as

P—-E+R+U=4S8 (6.2)
where R is the difference between stream outflow (—) and
inflow (+), and U is the difference between deep ground-
water outflow (—) and inflow (+4); with A4S being the

resultant change in total storage in groundwater, soil
moisture, channels and reservoirs. The groundwater com-
ponent of this is AS, and can be estimated from

A48, =G—-D (6.3)
in which G represents recharge to groundwater and D the
discharge from it. Recharge to groundwater can be
assessed from

G=P—(E+0s) (6.4)
in which Qq represents surface runoft.

Blavoux et al. (1992) provide a particularly good
example of water-budget estimation for the basin that
sustains the flow of the famous Fontaine de Vaucluse
in southeastern France. Its mountainous catchment rises
to 1909 m, has an area of 1115km?, and an average
altitude of 870m. The boundaries of the basin area
were determined from dye tracing and geological con-
siderations. An altitude-belt model was used to calculate
the moisture balance, using local precipitation and tem-
perature gradients. Because precipitation increases by
about 55mm 100m~! and temperature decreases about
0.5°C 100m™", actual evapotranspiration loses are rela-
tively uniform with altitude. The weighted effective
rainfall (P — E) is ~570mmyr~"' for the whole basin.
About 75% of the total and the whole of the dry season
effective rainfall occur at elevations higher than the
average altitude. Weak summer rainfalls do not influence
discharge, but the spring responds to heavy rain in 1-4
days. The mean spring discharge of 21 m’s™" (range of
3.7 to >100m>s™!) is consistent with the calculated
effective rainfall and the estimated basin area.

Whereas the above example is from a well-researched
catchment, many other karst areas have been less well
studied and do not have good background data. Two
cases from the ‘classic’ karst of Slovenia illustrate why
derivation of a water budget in karst is not always straight
forward. Trisi¢ (1997) investigated the water balance of
the area draining to the karstic springs of the Vipava
River. The catchment area was estimated as 125.25 km?,
but could not be determined accurately because of its
karstic nature. Average annual rainfall is 2024 mm but
evapotranspiration withdraws about 31%. The measured
average discharge of the springs is 6.78 m>s™!, which
proved to be more than could be accounted for by the
estimated size of the catchment. Increasing its area to
~150km? made the precipitation and discharge data
compatible but, to accept a basin size adjustment of
this magnitude would require independent support by



148 Karst hydrogeology and geomorphology

water tracing. It also assumes that the other terms of the
water balance were not in significant error. A similar
problem was encountered by Trisi¢ et al. (1997) in the
water balance in the Bohinj region of the Julian Alps. In
this mountainous area it is particularly difficult to
estimate precipitation accurately because it falls as
snow and there are few measurement stations at high
altitude. Having estimated the water balance compo-
nents, they encountered major discrepancies between
calculated runoff (P — E) and measured runoff at gau-
ging stations. They concluded that the main problem
was incorrect data on catchment area size, which had
been estimated as 94 km?, because compared with cal-
culated runoff the measured discharge in the Bohinjka
catchment was 10% too small. Dye tracing of stream-
sink to spring linkages was therefore undertaken to
improve catchment definition.

Bonacci (2001) pointed out that in many small karst
catchments only limited precipitation data are available
and yet, for engineering practice and water resources
management, water-balance estimates are required. Con-
sequently it is valuable to have a reliable estimate of the
regional effective infiltration coefficient, defined as the
ratio of effective precipitation to total precipitation,
because this knowledge permits transfer of hydrological
information from catchments having adequate hydrolo-
gical and meteorological measurements to those where
they are insufficient. Bonacci (2001) reviewed methods
for estimating monthly and annual effective infiltration
coefficients, and concluded that antecedent conditions
must be taken into account and that rainfall distribution
during the year has a significant effect on the coeffi-
cients calculated.

The two most important problems encountered in
calculating the water balance in karst areas are, firstly,
determination of effective precipitation and, secondly,
determination of the catchment boundaries, not least
because in karst the recharge area often varies in time
depending on groundwater levels. These examples show
that derivation of accurate water-balance equations with
acceptable and known errors can be challenging. This
issue is taken up again in section 6.3, when we discuss
recharge and percolation in the vadose zone.

A good example of large-scale karst water-balance
estimation was given by Bocker (1977). The aim was
to investigate the environmental impacts of coal and
bauxite mine dewatering operations in the 15000 km?>
of the Transdanubian Mountains, Hungary. A finite-
element model using 4km? elements was developed.
Infiltration into each element was estimated from an
algorithm derived from a 15-year field experiment, and
data from 480 waterworks, 93 mines, 270 observation

wells and 155 meteorological stations were included in
this major computation.

6.2.3 Remote sensing using multispectral techniques

Remote sensing using conventional stereoscopic aerial
photographs as well as multispectral imagery from air-
craft and satellites is an important reconnaissance tool in
hydrology and water resources management (Schultz and
Engman 2000), including groundwater investigations
(Farnsworth et al. 1984, Meijerink 2000). For example,
Lopez Chicano and Pulido-Bosch (1993) undertook a
detailed analysis of fracture patterns in the Sierra Gorda
karst of Spain using aerial photographs and field mapping
(Figure 6.1); Kresic (1995) provided evidence of the
control of groundwater flow in the Dinaric Karst by tectonic
fabric interpreted from aerial photographs and satellite
images; and Tam et al. (2004) investigated the relationship
between lineaments and borehole capacity in Vietnam.

A general review of multispectral remote sensing in
karst was presented by Milanovi¢ (1981). LaMoreaux and
Wilson (1984) demonstrated the particular importance of
thermal infrared imagery in identifying recharge and
especially discharge points, including submarine springs
(Gandino and Tonelli 1983). Thermographic techniques
have great (and still largely unrealized) potential for
identifying springs, especially in winter in areas of
deciduous forest, with modern instrumentation capable
of resolution to a few metres.

6.2.4 Electrical resistivity, ground-penetrating radar
and other geophysical techniques

Remote sensing using geophysical techniques is a long-
established and widely accepted tool in groundwater
hydrology. Milanovi¢ (1981), Arandjelovic (1984), Astier
(1984) and Stierman (2004) have explained the general
application of the methods to karst.

Deep exploration typically uses a combination of
techniques such as three-dimensional seismic imagery
supported by drilling. In this way an Oligo-Miocene
palaeokarst surface buried beneath 1200m of Mio-
Pliocene sediments was mapped at 1320-1360 m depth
in Cretaceous limestones beneath the Adriatic Sea
(Soudet et al. 1994). Within the palacokarst, a palaeo-
epikarst zone of 35 m thickness was distinguished from
an underlying palaeopercolation zone of 15—45 m thick-
ness above a palaecophreatic zone with conduits of
35-79m thickness. The karstified limestones host an
oil column about 140 m high.

For shallower exploration, electrical resistivity surveys
have proved to be particularly important, especially for
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Figure 6.1 Fracture pattern in the high Sierra Gorda karst, Spain. The cumulative length of the 2904 fractures mapped is 358.6 km
with fractures having an average length of 165 m. Inset: orientation direction of (A) number of fractures and (B) cumulative length.
Reproduced from Lopez-Chicano, M. and Pulido-Bosch, A., The fracturing in the Sierra Gorda karstic system (Granada), in Some
Spanish Karstic Aquifers (ed. A. Pulido-Bosch), University of Granada, pp. 95-116, 1993.

establishing the vertical dimensions of a karst aquifer,
because the method can distinguish between compact
limestone, water-saturated karstified limestone and dry
karstified limestone (Figure 6.2). Resistivity imaging
introduces artificially generated electric currents into
the ground and resulting potential differences are mea-
sured at the surface. Dry air-filled caves and fissures will
have relatively high resistivity values, whereas values
will be relatively low if they are water-filled. Resistivity
surveys use a grid of survey points, and the procedure
involves measuring a series of traverses with constant
separation between the electrodes and then repeating the
traverses with increased electrode separation several
times. The increasing separation leads to information
being obtained from successively greater depth. Vertical

contoured sections are then produced that display the
variation of resistivity both laterally and vertically over
the surveyed section. Arandjelovic’s (1966) work in
Bosnia-Herzegovina, interpreting the base of karstifica-
tion in the Trebisnjica valley (Figure 6.3), provides an
especially good illustration of the value of resistivity
surveys. From geophysical and other data, Milanovi¢
(1981) considered the base of karstification in the Dinaric
region to be usually no deeper than 250 m.

Resistivity and microgravity methods are often used to
map shallow subsurface karst features (Patterson et al.
1995, Rodriguez 1995, Crawford er al. 1999, McGrath
et al. 2002). Gravity surveying measures variations in
Earth’s gravitational field produced by density differ-
ences in subsurface rocks. Caves and depressions cause
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1984.

a reduction in the gravitational acceleration over them
because of the missing mass associated with the void,
whereas topographic highs on the bedrock surface will
exert greater gravity pull than the surrounding less dense
material. However, microgravity variations are very
small, so very high-precision instruments and meticulous
field techniques are essential. The survey involves
establishment of a regular grid of observation points
over the survey area with station spacing depending on
the possible size and depth of the cavities that are to be
detected. The microgravity data recorded are then pre-
sented as a residual Bouger anomaly map (e.g. McGrath
et al. 2002).

Rodriguez (1995) described what he called the Inte-
grated Geophysical Approach in which three geophysical
methods are combined to optimize data quantity and
quality acquisition, and yet to be cost effective. He
recommended an initial strategic investigation of the
site using a microgravity survey followed by a resistivity
survey over the same grid. This is then followed by a
high-resolution seismic survey and microresistivity sur-
vey in combination to map in detail the karst features
found in the first stage.

McGrath et al. (2002) compared the results of micro-
gravity surveying and resistivity imaging over a spring
conduit that had been explored by cave diving in an area
of dense Carboniferous Limestone in South Wales, UK.
They used an observation-station spacing of 2.5m on a
30 x 50m grid to detect conduits a few metres wide at
depths up to 10 m below the surface. A residual micro-
gravity map of the resurgence zone was produced that
successfully identified subsurface karst channels and

probable feeder conduits. They then followed this up
with a resistivity survey in which profiles were aligned
perpendicular to the already identified negative micro-
gravity anomalies. Fifty electrodes were deployed with
1 m spacing so that a depth penetration of 7m could be
attained. The result showed a low-resistivity layer
around 2-4m depth that corresponded well with the
negative amplitude microgravity anomaly. The depth
scale from the electrical resistivity section could be used
as an independent constraint allowing inversion of the
microgravity data to give the thickness of the under-
ground cave system. These results are reassuring, because
they demonstrate that voids can be detected in areas using
remote geophysical techniques where other direct methods
have shown them to exist.

With recent attention being focused on the near-surface
zone of karst, because of problems of building founda-
tions and spillage of pollutants, the potential of ground-
penetrating radar (GPR) is becoming more widely
realized. Al-fares et al. (2002) provided a particularly
good illustration of its capabilities. They investigated a
site on the Hortus karst plateau near Montpellier in
southern France, and concluded that GPR is particularly
well-adapted to the analysis of the near-surface (<30 m
depth) structure of karst, especially when clay or soil
that would otherwise absorb and attenuate the radar signal
is thin or discontinuous. They conducted six parallel 120 m
long radar traverses spaced at 15m intervals over the
course of a shallow karst conduit leading to Lamalou
spring, and used a low frequency (50 MHz) signal. The
radar interpretation was verified by comparing it with
data available from 10 boreholes (of 32—-80.5 m depth)
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and from a vertical shaft giving access to the underlying
cave (Figure 6.4). The conclusions were that the relative
absence of electrically conductive sediments on the
surface made the use of a low GPR frequency efficient,
and that discontinuities in the bedrock such as bedding
planes, faults and fractures could be distinguished. A
strongly fissured epikarst of 8—12 m thickness could be
readily separated from the underlying more massive
limestone, and a cave could be clearly identified 20 m
below the surface. They also considered that the results
can probably be generalized to karstic aquifers of the
Mediterranean type.

Although thick soils and cover deposits attenuate
the GPR signal, a study by Collins ez al. (1994) clearly
revealed solution pipes in limestone bedrock covered
with a clay layer in Florida. Further, Mellett and
Maccarillo (1995) provided a good demonstration of
how useful GPR can still be in areas with particularly
thick drift cover over karstified limestone. They inves-
tigated a site adjacent to a major highway that had been
experiencing cover collapse, probably exacerbated by
runoff from the road. They repeated GPR surveys at 2-
year intervals across the same traverse and detected very
clearly the progressive upwards development of cylin-
drical subsidence structures through thick sediment

overburden. Radar penetration was achieved to a depth
of about 6 m.

Currently the only proven geophysical technique that
responds to the movement of fluids, rather than just their
presence, is the natural-potential (NP) method. Lange and
Barner (1995) explained that this method measures nat-
ural voltage at the Earth’s surface resulting from ambient
DC electric currents that occur everywhere on land and
sea. Such currents can arise from a variety of sources, but
especially from the flow of water through pores, fissures
and conduits in the ground, the electrokinetic effect. In a
survey to locate karst conduits on the island of Guam in
the western Pacific, they identified ten NP anomalies as
targets for drilling. Drill depths ranged from 9 to 28 m
and eight intercepted cavernous zones and water-filled
cavities up to 2m high. Lange and Barner (1995) also
noted that experience elsewhere showed that surface NP
signals related to caverns could be identified through up
to 280 m of rock.

We must caution, nevertheless, that all these remote
geophysical techniques have their limitations, especially
with respect to the size of cavities that can be detected
and the depth below the surface that can be explored with
confidence. Geophysical methods usually become more
difficult to apply in areas of rugged topography, and
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whereas resistivity requires electrodes to have good
ground contact in soil, too great a thickness of soil reduces
the effectiveness of GPR by attenuating the signal. In all
cases, geophysical results must be treated with caution and
only be accepted for planning purposes where confirmed
by independent methods such as drilling.

In spite of that, it must be said that a problem
particularly amenable to geophysical study is found in
coastal aquifers: that of determining the depth to the
saltwater—freshwater interface (section 5.8). Since its
position cannot be located very accurately using the
Ghyben—Herzberg principle (equation 5.20), electrical
resistivity surveys (usually combined with drilling) are
often conducted to determine the distance to the interface.
This technique is appropriate because in a saturated rock
of given density and porosity, the resistivity is largely
dependent on the salinity of the saturating fluid. Investi-
gations of the groundwater hydrology of Niue and Nauru
islands, two uplifted subcircular coral atolls in the south-
west Pacific of 259 and 22km?® respectively, provide
excellent illustrations of the technique. These islands
have been raised 60-70m above sea level and consist
of about 400-500m of carbonate rock on basaltic sea-
mount pedestals. In their survey of Niue Island, Jacobson
and Hill (1980) determined the depth to the saltwater—
freshwater interface by electrical resistivity, its general
location having been ascertained by electrical conductiv-
ity profiles down deep boreholes. Their work showed the
existence of a broad transition zone rather than a sharply
defined boundary, and a freshwater body that did not
conform to the ideal lenticular shape, but had the form of
a ring-doughnut (Figure 5.37). Further detail has been
added to their work by Williams (1992) and Wheeler and
Aharon (1997). A similar investigation was made on
Nauru Island by Jacobson et al. (1997), who showed
that the island is underlain by a discontinuous layer of
fresh water averaging 4.7 m thick distributed in two main
lenses. The water table has an average elevation of only
0.2 m above sea level, yet the underlying mixing zone of
brackish water is up to 60 m thick. They attributed the
unusually thick mixing zone to high permeability in the
limestone with open karst fissures allowing intrusion of
sea water throughout the island’s substructure. Cavities
over Sm deep were encountered below sea level when
drilling. Seismic refraction, resistivity and salinity pro-
files were also used successfully to determine the base of
the freshwater lens on Pingelap Atoll by Ayers and
Vacher (1986).

We conclude that for the karst hydrogeologist, geo-
physical techniques need to be useful to depths of a few
hundred metres in most instances, but drilling is always
necessary to confirm interpretation.

6.3 INVESTIGATING RECHARGE AND
PERCOLATION IN THE VADOSE ZONE

6.3.1 Autogenic recharge

When discussing input control in section 5.2 it was
noted that recharge into karst can be autogenic or
allogenic (Figure 4.1). Autogenic recharge is often dif-
fuse and slow (although it is more concentrated and rapid
when focused by dolines), whereas allogenic recharge
normally occurs as concentrated, very rapid point inputs
of sinking streams from adjacent non-karst terrains. It
follows therefore that recharge is highly variable in
space, and because of the changeability of weather and
climate it is also highly variable in time.

In this section we confine our attention to the autogenic
component of recharge. Only a proportion of rain that
falls on the surface recharges the groundwater system,
because part is intercepted by vegetation, where it sub-
sequently evaporates from leaves and branches, and some
is transpired by plants (equations 6.1 and 6.2). These
processes return water to the atmosphere as vapour. Some-
times rainfall is so intense that not all the water reaching
the ground can be absorbed because the infiltration capa-
city of the surface or subsoil horizons is exceeded. This
infiltration excess component therefore runs off across the
surface or passes laterally through the soil as throughflow
and ultimately reaches surface streams. It is the component
that does not vaporize or runoff, but percolates down
through the soil and epikarst that concerns us here, because
this is usually the major source of groundwater recharge.

A conceptual model by Sauter (1992) for calculating
components of autogenic recharge is illustrated in
Figure 6.5. It takes account of rainwater passing through
a canopy store, a tree-trunk store and a soil-moisture store
before recharging the underlying limestone. Appropriate
techniques for calculating potential evaporation and soil-
water balance are discussed by Fowler (2002). The field
capacity of soils over karst varies considerably from
almost zero in thin skeletal soils to 150 mm or more of
water in deep loams and clays, and so must be assessed on
a site-by-site basis. This is important, because according to
Sauter’s model groundwater recharge occurs only if field
capacity is exceeded. However, even when there is a soil-
moisture deficit in summer, heavy rain has often been
observed to stimulate a percolation response in stalactite
drips in caves; thus bypasses must occur by way of
macropores and desiccation cracks in the soil. This is
recognized in the term RR in the model, and comes into
effect when a threshold effective daily rainfall amount
has been exceeded. This was set at 6 mm by Sauter
(1992) for the Swabian Alb karst in southwest Germany.
Other parameter values used are shown in Table 6.2.
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The region has soils of 20-80 cm thickness over Jurassic
limestones, and about 60% of the area studied is forested
(70% coniferous), the rest being used for agriculture.

Calculated results from recharge models can be ver-
ified, assuming that the basin area is known accurately,
by comparing them with measured outflow (spring dis-
charge) from the basin. This would normally be done
for a hydrological year between dry seasons, when the
difference in the volume of stored groundwater between
years is at a minimum. Sauter (1992) found discrepancies
of up to £10%, and attributed this mainly to inaccuracies
in determining the stored groundwater and/or the
unknown quantity stored within the epikarst and the
unsaturated zone, although discharge measurements and
aerial rainfall estimates were recognized as other possible
sources of error. Deriving a representative estimate of
basin rainfall is a well-known problem in hydrology,
because the distribution of rain gauges is usually for-
tuitous and seldom optimal for water-balance purposes.
So all things considered, an error of 10% is a reasonable
result and £5% would be considered exceptional.

A largely unappreciated form of recharge in karstified
mountains is provided by condensation induced by air
exchange through conduits in the massif. This is explained
by Dublyansky and Dublyansky (2000), who calculated
that annual condensation in the karsts of the western
Carpathians and western Caucasus Mountains can aver-
age 54mm (range 1-149 mm), although it does not nor-
mally exceed 9% of the annual precipitation in any given
region. Since it occurs mainly in summer, it can provide a
significant contribution to dry-season recharge particularly
in arid zones.

In addition to water-balance techniques of estimating
recharge, water quality techniques are also available
and are especially useful when estimating recharge on
islands. Jones and Banner (2000) review techniques in the
context of Barbados and conclude that comparison of
groundwater chloride concentrations and 8'30 values
with those in rainfall permits accurate estimation of
recharge. The chloride ion is conservative. It accumu-
lates in the soil when evapotranspiration occurs, later
to be flushed down to groundwater during recharge
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Table 6.2 Input parameters for recharge calculation for
agricultural and forested areas (Reproduced from Sauter, M.,
Quantification and forecasting of regional groundwater flow
and transport in a karst aquifer. Tiibinger Geowissenschaftli-
chen Abhandlungen, Reihe C, 13, p. 150, 1992)

Parameter Description Value
P Precipitation Variable
p Percentage throughfall 25%
of precipitation
Pt Percentage stemflow 1.6%
of precipitation
Sc Canopy capacity 4.7mm
St Trunk water capacity 0.014 mm
FC Field capacity 75 mm
Ep Potential evaporation Variable
(grass)
Esok Potential evaporation Variable
(forest)
RC Root constant 50 mm
WP Wilting point 10 mm
RR Rapid recharge Forest: none

Agricultural: 6 mm

events. Thus the ratio of the concentrations of chloride in
groundwater and rainfall gives a measure of the pro-
portion of rainfall that is lost to evapotranspiration; the
remainder providing recharge. In the case of §'%0,
comparison of 8'%0 values of groundwater with seaso-
nal fluctuations of rainwater 8'%0 values shows that
groundwaters have relatively low §'%0, similar to that
of rainfall in the wet season (June to December). The
average groundwater 8'0 is equal to the weighted-average
3'%0 values of rainfall when monthly P > 195 mm, which
in Barbados is usually between August and November.
Jones and Banner concluded that the chloride and oxygen
isotope methods of estimating recharge (i) have fewer
uncertainties than recharge estimates based on direct
measurement of hydrological parameters, (ii) have the
advantage of providing some insight into the spatial
and seasonal distribution of recharge to the aquifer, and
(iii) require fewer field measurements than alternative
techniques.

6.3.2 Infiltration, percolation and the epikarst

Autogenic recharge infiltrates a surface that can have
widely differing characteristics from bare karrenfeld to
thick-soil-covered bedrock, although even in a karrenfeld
there is usually some detrital debris and insoluble residue
down the solutionally widened joints. We saw in section
4.4 when discussing the vertical distribution of karst

dissolution that most of the corrosional attack is near
the surface close to the major source of biogenic CO,,
measurements showing that usually 50-90% occurs
within 10m of the carbonate bedrock surface. This
imparts a very high secondary porosity, permeability
and storage capacity to the epikarst.

The epikarst is at the top of the zone of infiltration
(section 5.5). The highly variable nature of water flows
(hydraulic behaviour) and karstic void distribution (struc-
ture) within it distinguishes the epikarst from the rest of
the vadose zone, sometimes called the transmission
zone, that lies beneath it (Bakalowicz 1995). Although
the characteristics of the epikarst illustrated in Figures
5.28 and 6.4 convey as representative a model as any for
what is normally conceptualized for the epikarst, it does
in fact vary considerably from place to place. The reason
for this is that every karst has its unique combination of
lithology, structure, geomorphological history and cli-
mate. A few examples will demonstrate the range of
conditions that can be encountered.

The karst surface of the Hortus plateau in Mediterra-
nean France (the example in Figure 6.4) has low relief
and thin patchy soil, with outcrops of karren and a few
closed depressions. The epikarst is 8—12m deep. This
situation contrasts strongly, for example, with areas of
intense surface dissection such the ‘stone forest’ regions
of Mount Api in Sarawak, Lunan in Yunnan, China, the
giant grikelands of the Kimberly Ranges in the Northern
Territory of Australia, the ‘tsingy’ of Madagascar, the
labyrinth karst of Nahanni, Canada, or the aréte and
pinnacle karst of Mount Kaijende in Papua New Guinea
(Figure 6.6a). These areas have wide open joints that can
be 10-100m or more deep and several metres wide.
Consequently, the epikarst is also very deep. However,
sometimes (as at Lunan) the epikarst terminates at the
water table with no intervening vadose transmission zone
(Figure 6.6b). In other places widened joints are deep, but
are largely full of weathered residue such porous dolo-
mitic sand, as in parts of the Grands Causses of southern
France (such as at Montpellier-le-Vieux). Elsewhere
some karsts are thickly blanketed by combinations of
weathering residue and allogenic deposits (e.g. alluvium,
loess, tephra, etc.), as in the Sinkhole Plain of Kentucky.
By contrast, in many karsts in high latitudes, great
Pleistocene glaciers have stripped the soil and truncated
the epikarst, reducing it in places to only a few metres in
thickness beneath a glacio-karstic pavement surface, as
in parts of Manitoba, Ontario, western Ireland and the
Pyrenées (Figure 6.7). In alpine zones, faulting and deep
joints opened by tension may so readily drain the vadose
zone that the epikarst may not be a particularly strong
feature of the groundwater system, although it will still
store snow and ice.
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Figure 6.6 (a) Aréte-and-pinnacle landscape of Mount Kaijende, Papua New Guinea, at around 3000 m above sea level. Local relief
on the pinnacle ridges is up to about 120 m. (b) In parts of the Stone Forest of Yunnan widened joints reach the zone of water-table
fluctuation. Consequently there is direct communication between the epikarst and the epiphreatic zone. Horizontal banding on the

rocks shows the range of water-table fluctuation at this site.

6.3.3 Transmission and storage in the epikarst

The variable characteristics described above strongly
influence the capacity of the epikarst to absorb and store
precipitation. Where the karst surface is largely bare, the
uptake of water is determined by the characteristics of

the rock (its vertical hydraulic conductivity); but where
it is covered, it is controlled by the nature of the soil (its
infiltration capacity). The storativity of the epikarst is
determined by three factors: (i) the thickness of the
epikarst, (ii) its average porosity (these first two together
determining the available storage space) and (iii) the
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Figure 6.7 (Upper) Glacially stripped limestone pavements in the Pyrenees Mountains between France and Spain. (Lower) Eroded
limestone surface in the Taurus Mountains, Turkey, exposed in a road cut.

relative rate of inflow and outflow of water. The epikarst
is like a colander: the capacity of the vessel to hold
water is determined by the balance between the rate at
which water comes in and the rate at which it drains.
Whereas the average porosity is determined by the karst
void space less the volume of granular fill, the drainage

rate is controlled by the vertical hydraulic conductivity
of the underlying vadose zone (Figure 5.15). This varies
because of the uneven pattern of opened joints and
faults and their variable permeability. Thus some epikarsts
have a large storage potential but drain rapidly, others are
frequently replenished by rain and are usually at least
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partially saturated, and some are low lying and always
partly flooded.

Diffuse autogenic recharge leads to surges of per-
colation through the vadose zone. The hydraulic pressure
of recharge produces a pressure pulse that stimulates
a transfer of water. This process is distinct from the
transit of individual molecules of water through the sys-
tem (Bakalowicz 1995). Recalling section 5.3, these effects
lead to different pulse-through and flow-through times
following a recharge event, the latter being significantly
longer.

Various investigations have been made of water move-
ment through the epikarst and vadose zone by following
natural and artificial water tracers and by making obser-
vations in caves. We now recognize that flow follows a
range of paths from extremely slow seepages down
capillary-sized openings to variable and sometimes
high-volume cascades down open shafts. Some of the
earliest empirical classifications of vadose waters were by
Gunn (1978, 1981b), Friederich and Smart (1982) and
Smart and Friederich (1987). They came to complemen-
tary conclusions by recognizing (i) a spectrum of dis-
charges from slow low-volume seepages to variable,
sometimes large, flows down open shafts (Figure 6.8a),
and (ii) a range of discharge volumes and variabilities
from almost unvarying low-volume seepages to extre-
mely variable flows that responded rapidly to recharge
(Figure 6.8b). These characteristics have since become
better defined with improved instrumentation. Thus, for
example, we now also know that high variability can
occur at low discharge and that percolation from spe-
leothems can be sensitive to air-pressure changes (Genty
and Defladre 1998). Nevertheless, the interpretations
made by Smart and Friederich (1987) in their outstanding
study of water movement and storage in the epikarst of
the Mendip Hills in England remain valid (Figure 6.9),
and their recognition of flow switching when recharge
exceeds certain values and non-linearity of percolation
response has been confirmed by other workers (e.g.
Baker er al. 2000, Baker and Brunsdon 2003, Sondag
et al. 2003).

The time it takes for a molecule of water to pass
through the system is its flow-through time, which can
be measured by dye tracing. Friederich and Smart (1981)
placed fluorescent dyes at several sites at the base of the
soil above GB Cave in the Mendip Hills. It first appeared
in the cave close to the injection site, but spread rapidly
until most sites sampled in the cave were positive
(Figure 6.10). This indicated that lateral diffusion of
dye occurred. Since some positive sample sites were
80m from the injection point and at a shallow depth, it
was also evident that this diffusion took place within the

top 10m of the epikarst. The majority of the injected
tracer was discharged as a high concentration pulse via
shaft flow adjacent to the injection site, but part was still
detectable elsewhere 13 months later. Under conditions of
slow recharge, seepage inlets had the highest concen-
trations, but following increased recharge after rain, a
sharp high-concentration response was obtained again
from shaft flow, thus indicating flushing from storage.
At any particular time, concentrations varied signifi-
cantly between adjacent inlets, indicating that they were
not fed from a homogeneous store but from one that was
imperfectly mixed.

Similar dye-tracing experiments were conducted by
Bottrell and Atkinson (1992) in the Pennine karst in
England. Four different fluorescent dyes were placed
beneath the soil above White Scar Cave, where
24 water inlets were monitored. Ten traces were per-
formed from seven injection sites. Weather conditions
ranged from extremely wet to very dry. The dyes
traversed the 45-90-m-thick vadose zone and were
detected in the cave, sometimes within 24h. It was
found that water did not necessarily flow to the closest
inlet below the input point, but could appear at inlets over
100 m away without also appearing at others apparently
below the intervening path. These observations thus
suggested that, in this karst, flow in the unsaturated
zone was through discrete systems of isolated fractures.
However, what happened also depended on hydrological
conditions, with greatly increased spatial dispersion of
dye occurring during flood events, indicating lateral flow
switching. Dye concentration at inlet points showed expo-
nential decay over time, as might be expected in a notional
mixing tank. However, at some sites after a rainfall event,
rather than being more diluted the dye concentration
increased again, indicating a pulsed flushing effect from
a dye store. This produced a ‘sawtooth’ pattern of gradual
decay in dye concentration over several months. Bottrell
and Atkinson (1992) deduced three components of flow:

1. rapid through-flow with a characteristic residence time
of approximately 3 days;

2. a component with short-term storage and residence
time of 30-70 days;

3. a long-residence stored component with a character-
istic time of 160 days or more.

Storage components 2 and 3 were considered probably
to be in water-filled voids. Those corresponding to type 2
are flushed slowly and constantly, whereas those corre-
sponding to type 3 are flushed only for short periods
during high states of flow when water (and dye) is
released into type 2 storage.
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Figure 6.10 First-arrival times in days for fluorescent dyes
injected at site A above GB Cave in the Mendip Hills, England.
Reproduced from Smart, P.L. and Friederich, H., Water move-
ment and storage in the unsaturated zone of a maturely karstified
carbonate aquifer, Mendip Hills, England. Proceedings of Con-
ference on Environmental Problems in Karst Terranes and their
Solutions, 59-87. © 1987 National Water Well Association.

epikarst. Bakalowicz and Jusserand (1987) found from a
comparison of &'®0 wvalues in precipitation and
percolation waters that about 18 weeks was required for
the transit of water through about 300 m of limestone above
Niaux Cave in southern France. Using stable isotopes and
trititum, Chapman et al. (1992) deduced flow rates of
between 7 and 15myr~' (4.8 x 10-5cms™") through
250-300m of vadose zone at Carlsbad Caverns in New
Mexico. In another semi-arid region, in Israel, Even et al.
(1986) found isotopic homogenization to occur quickly
after infiltration, but then some waters percolated rapidly
while others were detained for decades in the epikarst.
Tooth and Fairchild (2003) investigated the chemistry
of drip waters in a cave in western Ireland, presenting a
series of plumbing diagrams from soil zone to bedrock to
help explain the geochemical evolution of water during
percolation (Figure 6.11). Variations of the water chem-
istry with discharge were used to deduce the hydrogeo-
chemical processes occurring in the unsaturated zone,
and to shed light on whether increases in drip rate are a

result of direct inflow of storm water from soil macro-
pores or due to piston flow from epikarst storage. They
concluded that karst water response to recharge is dic-
tated by the flow route taken through the soil zone (in
this case comprising glacial till), the contrast between
soil-matrix flow and well-connected macropore flow being
particularly important, with soil-matrix flow being the
dominant water source during dry periods.

This raises another related issue: whether most of the
water that sustains percolation should be attributed to
moisture stored in the soil or to water stored in the epikarst.
It is well known that thick soils can have a large soil-water
capacity but in sites with only thin or skeletal soils, the
importance of epikarstic storage is unambiguous when
percolation is sustained throughout a long dry season.
This is the case, for example, in the semi-arid Carlsbad
Cavern region in New Mexico (Williams 1983, Chapman
et al. 1992) and in a Brazilian site studied by Sondag ef al.
(2003). We also see percolation sustained in caves beneath
alpine karrenfeld essentially devoid of soil. However, in
most karsts water is stored in both the soil and the epikarst,
with the two stores interdigitating at the weathering front.

Another problem that confronts us when trying to
understand the operation of the epikarst (in all its vari-
eties) is whether it is best described as a well-mixed
aquifer or a system of neighbouring but essentially
separate compartments. The evidence is contradictory.
The distinctive geochemistry of percolation waters from
different drip points in the same cave described by Tooth
and Fairchild (2003) indicates that even if some mixing
occurs it is incomplete, and the fact that separate flow
paths can exist is demonstrated by the dye tracing
discussed above. Separate flow routes are even some-
times oblique rather than vertical through the vadose
zone. But we have also seen that an introduced dye
mass can spread during wet conditions and appear at a
wider range of percolation sites in a cave than during dry
conditions. This implies that there is limited horizontal
dispersal and mixing in the epikarst when the level of
saturation rises during a wet period, probably by a
process of lateral decanting (or flow switching) into
adjacent voids. Yet other evidence goes very much
further and suggests almost perfect mixing. This comes
from measurements of stable isotopes in percolation
waters. Goede et al. (1982), Yonge et al. (1985), Even
et al. (1986) and Williams and Fowler (2002) have shown
that 3'%0 values of cave drip waters, regardless of sample
site in the cave, are very close to the average annual 8'%0
values of the regional rainfall. This indicates homogeni-
zation of recharge waters in the stores and pathways that
ultimately deliver water to underlying caves. An example
from New Zealand illustrates the point (Figure 6.12):
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while the §'%0 of rainfall varied widely, the 8'®0 of drips
in the cave showed little variation over two years, being
within analytical error of each other. In spite of that,
their electrical conductivities were significantly different,
indicating separate geochemical evolution within the
40-60 m percolation zone. Their drip rates and respon-
siveness to recharge also varied considerably.

This apparently conflicting evidence could be resolved
if most of the homogenization of the stable isotope signal
were to occur in the soil or in the upper, most porous part
of the epikarst before the recharge is captured in percola-
tion cells or pathways through the lower epikarst, and
before most geochemical evolution of percolation water
in contact with limestone occurs. Since isotopic homo-
genization can occur in epikarsts with very thin soils
(Even et al. 1986), it seems that the upper part of the
epikarst can be the main homogenization zone. Similar
evidence from semi-arid karsts also indicates that storage
time in the epikarst can be of the order of years or even
decades, although in humid zones storage is usually much
shorter, of the order of months but sometimes more
than a year. Storage volume in the epikarst is not easy
to calculate, although Smart and Friederich (1987) sug-
gested that vadose storage in the Mendip Hills could be as
much as 49% of the total karst water stored, as compared
with an earlier estimate of 11% for the same region by
Atkinson (1977b) based on spring-flow separation. Sauter
(1992) subdivided the subcutaneous zone of the Swabian
Alb of southern Germany into fast and slow subsystems
and estimated storage within them. Fast subcutaneous
storage (water that can be mobilized quickly within
fractures and fissures) he estimated to vary between 0.3
and 2mm with a possible maximum of 3 mm, the sub-
zone having a storage coefficient of approximately 0.1%,
whereas in slow subcutaneous storage the maximum
stored quantities range between 20 and 30 mm and the
storage coefficient is about 1%.

The evolution of the epikarst and the transfer of water
to the underlying phreatic zone have been modelled by
Clemens et al. (1999). They showed that the development
of karst conduits in the saturated (phreatic) zone is partly
dependent on the temporal evolution of the distribution of
recharge from the epikarst. With the enlargement of paths
of rapid percolation from the epikarst, the amount of
undersaturated water flowing into the underlying conduit
system increases, and hence the growth of phreatic
conduits is accelerated. Modelling of flow networks is
discussed further in section 6.11.

6.4 BOREHOLE ANALYSIS

The basic method for determining the properties of most
types of aquifers is to drill one or a number of boreholes,

to be used for a variety of physical tests. Bedrock cores
may or may not be taken during the drilling. Freeze and
Cherry (1979) and Domenico and Schwartz (1998) pro-
vide full explanations of conventional borehole analysis
in hydrogeology, and Chapellier (1992) has described the
purpose and nature of well-logging techniques. In-depth
discussion of hydraulic and tracer testing of fractures in
rocks is available in a volume by the Committee on
Fracture Characterization and Fluid Flow (1996), which
also discussed the application of multiple borehole-
testing techniques to determine the hydraulic character-
istics of a rock mass. Readers are recommended to
consult these sources to obtain detailed and authoritative
information on modern practice. We therefore provide
only a brief discussion pertinent to karst here.

In karstified aquifers borehole data are usually difficult
to relate to aquifer structure and behaviour (Bakalowicz
et al. 1995). However, the distribution of porosity and
hydraulic conductivity from the surface to the phreatic
zone can be investigated by borehole analysis and, where
the number of boreholes is large, borehole tests can
provide valuable information on aquifer behaviour, espe-
cially in the more porous aquifers such as coral and chalk.
Only rarely do boreholes intersect major active karst
drains, because the areal coverage of cave passages is
usually less than 1% of an aquifer and only exceptionally
above 2.5% (Worthington 1999), but when they do their
hydraulic behaviour may be compared to that of a spring.
More often boreholes intersect small voids with only
indirect and inefficient connection to a major drainage
line, in which case hydraulic behaviour in the bore is very
sluggish compared with that in neighbouring conduits.
Nevertheless, borehole analysis permits data to be obtained
on (i) the location of relatively permeable zones within the
karstified rock, (ii) the hydraulic conductivity of a rela-
tively small volume of rock near the measurement point
and (iii) the specific storage of part of the aquifer. Despite
not knowing how representative any particular borehole
may be of the entire groundwater system, drilling is often
the only source of hydrogeological information in many
karst areas.

Using the results from 146 borehole tests in the Dinaric
karst, Milanovi¢ (1981) substantiated previous less for-
mal evidence that karstification decreases exponentially
with depth (Figure 5.3). The borehole data can be inter-
preted as indices of permeability (and consequently of
hydraulic conductivity). Thus he inferred that in general
the permeability at 300 m below the ground surface is
only about one-tenth of that at 100 m and one-thirtieth of
that at 10 m.

Castany (1984b) summarized appropriate field tech-
niques for the determination of hydraulic conductivity in
karst. Since the permeability of a fissured rock is a
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function of scale (Figure 5.2) and the geometry of the
fissure network, a detailed structural field study is essential
prior to the evaluation of permeability results. Fissures are
commonly oriented in one, two or three sets of directions.
If the spatial distribution can be defined, the permeability
K1, K, and K3 associated with each set may be measured,
and a weighted estimate of the hydraulic conductivity of
the field area can be derived. Inclined boreholes may be
used to intercept vertical joints.

The average hydraulic conductivity K of a fissured
rock mass, assuming linear laminar flow conditions, is
given by Castany (1984b) as

K :%- (K + Kn) (6.5)
where w is the average width of opening of the fissure
set under consideration, n is the average spacing per
unit distance of fissures in the same set, K¢ is the fissure
set hydraulic conductivity and K, is the hydraulic
conductivity of the intervening unfissured rock (the
rock matrix). In crystalline karstified limestones, K, is
negligible compared to Ky. Hence a reasonable approx-
imation is
k="K (6.6)
n
Snow (1968) showed that for a parallel joint set with N
fissures per unit distance and a fracture porosity ny = Nw
the hydraulic conductivity of the set can be evaluated
from

(6.7)

provided that it is applied to a volume of rock of
sufficient size that it acts as a Darcian continuum, other-
wise it is invalid. Snow also concluded that a cubic
system of similar fractures creates an isotropic net with
porosity ny = 3 Nw and permeability k that is double that
of any one of its fissure sets. Thus in the cubic system

(6.8)

whereas in an array of parallel joints comprising one set

k= (6.9)

12

The basic procedure in hydraulic testing of boreholes is
to inject or withdraw fluid from the hole (or a test inter-
val within it) while measuring the hydraulic head. In the
field, hydraulic conductivity is usually determined by
borehole pumping tests or recharge tests (sometimes

called Lugeon tests). The appropriate technique depends
upon the purpose and scale of the investigation (Castany
1984b). Slug tests involve measuring the recovery of
head in a well after near-instantaneous change in head at
that well (Butler 1998). This is imposed by suddenly
removing or adding a given volume (slug) of water; thus
slug tests are the instantaneous equivalent of pump or
recharge tests respectively (Barker and Black 1983). An
instructive discussion of the slug technique when applied
to karst is provided by Sauter (1992). Recharge and
pumping tests both distort the initial potentiometric sur-
face into cones of recharge or abstraction, depending on
the direction of induced water movement. The resulting
flow pattern can be represented by an orthogonal network
of equipotentials and streamlines (Figure 6.13). Hydraulic
conductivity may also be determined from in-hole tracer
dilution (see section 6.10).

6.4.1 Borehole recharge tests

Borehole recharge tests for permeability are of three
types: pressure tests, constant head gravity tests and
falling head gravity tests. Castany (1984b) noted that
three kinds of pressure injection tests are in common
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Figure 6.13 Equipotentials and flowlines in a borehole under-
going a recharge test. Reproduced from Castany, G., Determi-
nation of aquifer characteristics. In P. E. LaMoreaux, B. M.
Wilson and B. A. Memon (eds.), Guide to the Hydrology of
Carbonate Rock’, P. E. LaMoreaux, B. M. Wilson & B. A.
Memon (eds.). Studies and Reports in Hydrology No 41, Paris:
UNESCO, 210-237, 1984.
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Figure 6.14 Definitions required to interpret the results of a standard borehole recharge test. Reproduced from Castany, G.,
Determination of aquifer characteristics. In P. E. LaMoreaux, B. M. Wilson and B. A. Memon (eds.), Guide to the Hydrology of
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use in karst terrains. They are performed in uncased
boreholes.

1. The standard recharge (Lugeon) test, which yields an
average regional horizontal hydraulic conductivity
without taking into account the anisotropy of the rock
formation (Figure 6.14).

2. The modified recharge test by which a directional
hydraulic conductivity on the basis of relative orienta-
tion of the test hole to the system of fissures is
determined (Figure 6.15).

3. A triple hydraulic rig test, which gives directional
hydraulic conductivities directly.

In the standard recharge test, water is pumped into the
borehole to form a recharge cone. It is performed for a
selected zone of length L above the bottom of a borehole
(Figure 6.14). Injection is organized in fixed steps at
prescribed time intervals. The water pressure in the bore
is first increased gradually in steps such as 2, 4, 6, 8 and
10 bars (1bar=10.2m head of water), and then is
allowed to decrease in a reverse series of similar steps.
Test lengths within a borehole are characteristically 5 m,
but may be reduced to 1m, using isolating packers to
identify highly permeable zones (Figure 6.16). An accep-
table test for analysis is one that produces a matching
reverse cycle.

The permeability of the rock is determined from the
pressures and measured water quantities injected. It
can be expressed as specific permeability, defined as
the quantity of water that can percolate through the
karstified rock per unit length of borehole under a
pressure of 1m of water (0.1 atm) over a duration of
1 min. Milanovi¢ (1981) used seven categories of specific
permeability for describing permeability in the Dinaric
karst (Table 6.3).

The specific permeability g can be derived as
follows

oL 4

- .lIn= 1
2ndh nro (6.10)

q

where 7 is the diameter of the borehole, Q/L is a volume
rate of flow per unit test length and A/ is the difference
between the head in the test hole /4 and that of the natural
rest level of the water table A, beyond the radius of
influence R of the test (Figure 6.14).

Castany (1984b) suggested that since In(R/ro)/27 is
roughly constant and because R/ry varies very slightly
and can be assumed close to 7, then for numerical
computations

o/L

gx=185x1075 —

i (6.11)
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Influence of the direction of fissures on flow during a recharge test: (a) fissures parallel to bore and (b) fissures

transverse to bore. Reproduced from Castany, G., Determination of aquifer characteristics. In P. E. LaMoreaux, B. M. Wilson and
B. A. Memon (eds.), Guide to the Hydrology of Carbonate Rock’, P. E. LaMoreaux, B. M. Wilson & B. A. Memon (eds.). Studies and
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Here the quantity g« is in ms™' and thus has the same
dimensions as hydraulic conductivity.

Milanovi¢ (1981) discussed the relationships between
specific permeability and hydraulic conductivity. If a linear
relationship between the two can be assumed then

K =Jq (6.12)
For three differing conditions (the unsaturated zone, the
saturated zone and a combination of them), j was calcu-
lated for a bore of radius 0.02 m and a test length of Sm
and found to vary from 1.2 to 2.3, being least in the
saturated model and greatest in the mixed case. A reason-
able approximation is

K=17x10"% (6.13)
where K is in ms~' and ¢ is in Lmin"'m~" under
0.1 atm.

6.4.2 Borehole pumping tests

The boundary conditions of aquifers vary. Some can be
assumed for practical purposes to have infinite areal
extent. Others are limited horizontally, e.g. by imperme-
able rocks, a fault, or by a marked reduction in aquifer

thickness. A constant potential recharge boundary can be
provided by rivers or lakes, whereas the ocean may
provide a constant potential discharge boundary. Imper-
vious confining beds in artesian aquifers preclude vertical
recharge and discharge, but semi-permeable beds permit
leakage. The simplest aquifer configuration for analysis is
that which is:

e horizontal and of infinite extent

e confined between impermeable beds
e of constant thickness

e homogeneous and isotropic.

In such a case, where the well fully penetrates the aquifer
and at a constant pumping rate, Q, there is no drawdown
in hydraulic head at the infinite boundary.

Pumping tests are the most common way of deter-
mining water well yields and average hydraulic
conductivity over large areas in granular aquifers, but
the validity of the results is limited in anisotropic,
heterogeneous karst aquifers. The removal of water from
a well by pumping produces a cone-shaped zone of
depression in the water table, which is unique in
shape and lateral extent, depending on the hydraulic
characteristics of the aquifer and the rate and duration of
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Figure 6.16 The use of variable packer spacing to isolate highly permeable zones within a borehole. Reproduced from
Milanovi¢, P.T., Karst Hydrogeology, Water Resources Publication, Colorado, p. 434, 1981.

pumping (Figure 6.17). Two general types of analyses
are available for these tests:

Table 6.3 Classification of rocks according to their specific
permeability (From Ford, D.C. and Williams, P.W. (1989)
Karst Geomorphology and Hydrology; after Milanovi¢ 1981)

Specific permeability

Category (Lmin™") Rock category

1 0.001 Impermeable

2 0.001-0.01 Low permeability

3 0.01-0.1 Permeable

4 0.1-1 Medium permeability
5 1-10 High permeability

6 10-100 Very high permeability
7 100-1000 Exceptionally high

permeability

1. steady-state or equilibrium methods, which yield values
of transmissivity 7 and storativity S;

2. transient or non-equilibrium methods (such as
slug tests) from which can also be derived values
of storativity and information on boundary con-
ditions.

The relationship of drawdown in the well to the aquifer
properties was first elucidated by Theis (1935). Castany
(1984b) expressed it as

_ 01830 | 225Ti

Ah
T RCRTS

(6.14)

where Ah is the drawdown (m) of the potentiometric
surface in an observation well, T is the transmissivity
(m*s™"), S is storativity (dimensionless), Q is the
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constant rate of pumping (m>s™ "), 7 is the time elapsed The recovery to the original level of the potentiometric
in seconds since the start of pumping and r is the surface is given by
distance from the pumped well to the observation well. ,
The formula is considered valid to within 5% when Ah = 0'183Q.10 <t+t)
t> 1072S/4T. T 4

(6.15)
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where ¢ is the time elapsed in seconds since pumping
stopped.

The drawdown values at certain times during the pump-
ing test (or recovery test) are recorded as in Figure 6.18.
A straight line drawn through the plotted points after
1 to 2 h of pumping is regarded as representative of well
behaviour. The slope of the line C is termed Jacob’s
logarithmic approximation

0.1830
—C (6.16)
It corresponds to the change of drawdown in one loga-
rithmic cycle on the time scale. Extrapolation of the fitted
line to intersect the time axis yields #y, the time at zero
drawdown.

Simple rearrangement of equation (6.16) permits eva-
luation of transmissivity and, if the thickness of the
aquifer b is known, the hydraulic conductivity K may
be calculated by rearrangement of equation (5.16). In
addition, storativity can be derived from

. 2.25 Ty

S 2

(6.17)

However, the generalized value of K may not be very
meaningful in karst given the characteristic variability of
permeability mentioned earlier. We emphasize that all of
the hydraulic tests for boreholes discussed above were
developed for porous media in which Darcian conditions
hold. Experience shows that the techniques can some-
times produce acceptable results in karst, provided the
constraints of scale are not overlooked (Figures 5.2
and 6.19).

6.4.3 Borehole logging

Further information can be derived on aquifer character-
istics by various measurement techniques, mainly geo-
physical, down boreholes. General details are provided
by US Department of the Interior (1981), Robinson and
Oliver (1981) and Chapellier (1992); application to karst
is discussed by Astier (1984) and Milanovi¢ (2004).
Borehole logging identifies variations in physical or
chemical parameters with depth down a well and pro-
vides in situ measurements of their characteristics. Resis-
tivity, spontaneous potential, nuclear, sonic, calliper,
geothermal, video and stereophoto techniques are avail-
able for well logging and have been used with varying
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Figure 6.18 Semi-logarithmic plots of drawdown versus time for well pumping and recovering tests in confined aquifers with
various boundary conditions: A, infinite areal extent; B, neighbouring lateral barrier; C, neighbouring constant potential recharge
boundary; D, leaky confining beds with time lag in recharge transfer; E, recovery straight line plot. C, C1 or C2 defines the slope of
the curves. Pumping is at a constant rate. Reproduced from Castany, G., Determination of aquifer characteristics. In P. E. LaMoreaux,
B. M. Wilson and B. A. Memon (eds), Guide to the Hydrology of Carbonate Rock’, P. E. LaMoreaux, B. M. Wilson & B. A. Memon
(eds.). Studies and Reports in Hydrology No 41, Paris: UNESCO, 210-237. 1984.
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success. Well logging is most productive when different
methods are used in appropriate combination with each
other, as illustrated by Maclay and Small’s (1983) study
of the Edwards Limestone aquifer in Texas (Figure 6.20).

Electrical logging is of two sorts: spontaneous poten-
tial (or self potential) and resistivity. An electrode is
lowered down a borehole and in the first case the
naturally occurring potential difference at various depths
between a surface electrode and the borehole electrode is
measured. In the second case, a source of current is
connected and the potential difference is measured at
different depths for a given current strength. This leads to
a log of apparent resistivity versus depth. Both properties
are measured in uncased wells, and can be interpreted to
distinguish rock-unit thickness and the stratigraphical
sequence, i.e. formation characteristics.

Temperature logs are often run in association with
electrical logs. They use a sonde with a thermocouple and
record temperature variations with depth. This is useful
because of the known relationship between temperature
and electrical conductivity and also because temperature
variations often indicate discrete groundwater bodies
sometimes related to water movement from different
source areas (e.g. Jeannin et al. 1997).

Calliper logging in uncased boreholes measures the
variation of well diameter with depth, which helps to
identify and correlate solution openings, bedding planes

and zones that may need grouting. However, Milanovic¢
(1981) warned that the use of a calliper will not produce
meaningful results if caverns of >10m? are encountered —
as commonly found in the Dinaric Karst — and that
‘experience shows that lowering probes into uncased
boreholes should be avoided’ because rock fragments
may be detached and jam the instrument. Despite such
risks to lowered instruments, we have found that the
video camera is a most useful tool for boreholes in karst
rocks. Modern specialized instruments operate both
above and below the water table and can be rotated
through 360° to peer into, for example, a partly opened
bedding plane that the bore has intercepted. A good deal
can be learned about the condition of the rock and nature
and location of preferential flow routes through it from a
good moving picture.

Recording natural radioactivity (gamma logging) uses
gamma radiation, with a penetration distance of about
30 cm. The radiation flux is measured by a scintillation
counter; flux wvariations detect rock-unit boundaries
because clays and shales are commonly several times
more radioactive than sandstones, limestones and dolos-
tones. Gamma-gamma and neutron-gamma logging
techniques require artificial radiation sources and detec-
tors, and hence are used less frequently. Gamma—gamma
logging has successfully measured (Milanovi¢ 1981,
Maclay and Small 1983) rock-density variations down
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boreholes (Figure 6.20). Neutron—gamma logging is a
standard technique for soil moisture measurement, but is
less frequently used in boreholes. It provides a measure of
the hydrogen abundance per unit volume of rock, and so
is related to the abundance of water and to porosity.

6.4.4 Borehole hydrograph analysis

Following intense rainfall, the level of standing water in
boreholes usually rises. Rapid rises in water level are
expected in well-karstified aquifers with high secondary
porosity, but only slow responses in porous aquifers with
Darcian characteristics. By the same token, drainage and
fall of water levels in wells will be quicker in karstified
aquifers than in porous media. Provided there is no
further recharge, the recession limb of the well hydro-
graph will show an exponential decrease until the pre-
storm water level has been attained. However, just as the
storm hydrographs of surface streams show quick flow
and delayed flow segments in their recession limbs
(Hewlett and Hibbert 1967), so the recessions of well
hydrographs may also show discrete line segments of
different slope. Shevenell (1996) analysed well hydro-
graphs from a karst aquifer and found up to three straight-
line segments (Figure 6.21). The steepest she ascribed to
the dominant effect of drainage from the larger karsti-
fied conduits (although encompassing the effects of all

three), the intermediate segment to drainage from well-
connected fissures, and the third segment with lowest
slope to drainage from the matrix portion of the aquifer.
Values for transmissivity and specific yield were calcu-
lated from the data, and transmissivity was found to show
reasonable agreement with values determined from stan-
dard slug injection tests. However, the rate of recession of
borehole water levels in an unconfined karst aquifer is
likely to be reduced by continuous (though diminishing)
recharge from epikarstic storage. This was overlooked in
Shevenell’s study, and could be the explanation of some
segments, because Smart and Friederich (1987) identified
up to three components in flow recessions of discharges
from the subcutaneous zone (the topic of hydrograph
recession analysis is dealt with more comprehensively
in section 6.5).

6.4.5 Borehole tracer tests

Tracer dilution in boreholes is used to determine transport
properties such as kinematic porosity and dispersivity, as
well as to establish connectivity in the aquifer, including
borehole-to-borehole and borehole-to-spring linkages.
The estimation of hydraulic conductivity by tracer dilu-
tion is well established in groundwater hydrology in
granular aquifers. Fluorometric tracers are now preferred
in karst and other rocks, having the advantages of case
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Figure 6.21 The natural logarithm of water level in a bore

versus time. The bore is in Palacozoic Maynardville Limestone
in Oak Ridge, Tennessee. The water level culminations are
responses to percolation after rainfall and the recessions show
the subsequent decline in water level after the recharge event.
The differing slopes of the segments 1, 2 and 3 were interpreted
as water released dominantly from storage in conduits, fissures
and matrix respectively. Reproduced from Shevenell, L.,
Analysis of well hydrographs in a karst aquifer: estimates of
specific yields and continuum transmissivities. Journal of Hy-
drology, 174, 331-55. © 1996 Elsevier.

and accuracy of application and low toxicity (see section
6.10). Salt dilution, radioisotope tracers and the monitoring
of isotope activity by scintillometry down the borehole
have also been used (Brown et al. 1972, Moser 1998b)
Ward et al. (1997) and Atkinson et al. (2000) provide
details of fluorometric tracing borehole-to-borehole and
borehole-to-spring connections in Cretaceous Chalk in
Britain. Velocities up to 475 mday ™' were measured and
connections established over several kilometres.
Groundwater flow direction and velocity can be deter-
mined either by injection of a tracer up the hydraulic
gradient from an observation well (or wells) or from
measuring the rate of dye dilution in a given bore. The
relationships between tracer travel time ¢, well spacing
R, effective rock porosity 7., hydraulic conductivity K
and hydraulic gradient d4/d/ = i may be approximated
as follows:
Rn,
t= X (6.18)
In karstic rocks an injection quantity of fluorescein dye
of 2-10g 10m™ ' of flow path was recommended by
Brown et al. (1972), who took travel time to be the time
to peak concentration in the observation well, rather than
the time to first arrival of the dye.
We saw in Chapter 5 that under Darcian conditions
groundwater movement can be described by u = —K - dh/

d! = Qla (equation 5.4) and is variously termed specific
discharge, macroscopic velocity or filtration velocity.
The actual microscopic velocity ux of the water through
the pores of the aquifer is obtained by dividing the
macroscopic velocity by the effective porosity of the rock

u Ki
Uk = — = —
ne ne

(6.19)

Lewis et al. (1966) considered derivation of u from
in-hole dye dilution. To achieve valid results there should
be steady-state conditions with uniform groundwater flow
and tracer distribution; diminution of tracer concentration
over time should be due only to dilution by horizontal
groundwater flow. Results may be satisfactorily evaluated
by plotting against time the logarithm of the ratio Cy/C.
The slope of the semi-logarithmic plot is then evaluated
and a value for u is determined

ut

Co
log =2 = 1.106
e 2

(6.20)

where C, is the initial tracer concentration, C is its
concentration at time ¢ and r is the internal radius of
the borehole. In bores with well screens, Drost and Klotz
(1983) suggested velocity is best derived from

nr . Cy

=5 g (6.21)

u

The term a corrects for borehole disturbance of the flow
field. It usually lies in the range 0.5—4.0, and 2.0 is most
often assumed.

If Darcy’s Law can be assumed to apply, then the
hydraulic conductivity can be calculated from

K== (6.22)

In comparing such a result with that obtained from a
pumping test, it should be recognized that tracer dilution
involves a much smaller rock volume. Estimation of K
by this method was considered by Lewis ef al. (1966) to
be more economical from the standpoint of time, cost
and repeatability than conventional pumping tests, but
we consider it unlikely to be valid in well-karstified
aquifers.

6.4.6 Diagnostic tests for karstic conditions

A number of diagnostic tests using borehole data have
been identified by Ford and Worthington (1995) and
Worthington (2002) to determine if there are conduits
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(channels) close to the borehole, and therefore if the
aquifer is likely to be karstified. These and other tests
include the following:

1. Bit drops during drilling — large voids can be identified
by bit drops and loss of drilling fluid, but significant
voids < 10 cm can be missed.

2. Voids identified by borehole logging — geophysical
and down-bore video logging identifies cavities > 2 cm.

3. Well-to-well (or spring) tracer tests — successful
long-distance (>100m) traces over a short time
(few days) provides evidence of conduit flow.

4. Scale effect in packer, slug and pump tests — if
hydraulic conductivity increases with the scale of
the test (there may be order of magnitude differ-
ences), then the implication is that more permeable
fissures and channels are encountered.

5. Segmented recession curve of well hydrograph —
recession segments of different slope imply drainage
of water from an aquifer with dual or triple porosity
characteristics, including an epikarst.

6. Non-linear pumping-rate/drawdown response — if the
drawdown in an observation well is proportional to
the pumping rate, then Darcy’s Law is valid within
the cone of depression, but if the response is non-
linear then it is not and conduits may connect to the
pumping well.

7. Irregular cone of depression — in a homogeneous
porous medium the zone of depression around a
pumping well is symmetrical, but if it is irregular
then channelling may be present.

8. Rapid water quantity and quality response to recharge —
prompt (hours) water-level and solute concentration
responses to charge are expected in bores that are well-
connected to channel networks, whereas responses in
poorly connected wells are sluggish.

9. Troughs in the water table — water table troughs
correspond to flow in channels and they terminate in
a downstream direction in springs. In such situations
hydraulic gradients also decrease in a downflow
direction along the water table trough.

10. Groundwater age distribution — in a porous medium
there is an increase in water age with depth, but
should channels provide rapid recharge to the sub-
surface, then younger water in conduits will underlie
older water in overlying fractures and the matrix.

None of these tests alone is likely to prove the presence
of karst conduits, but the more that apply in a carbonate
aquifer, the more likely it is to be karstified. The further
the aquifer deviates from the behaviour of an ideal
porous or high-density-fracture medium, the less likely

a given borehole will intercept conditions appropriate
for Darcian techniques of analysis. Hence to understand
karst aquifers it is often more appropriate and produc-
tive to focus attention on springs rather than bores,
because these must be integrating significant hydrolo-
gical conditions.

6.5 SPRING HYDROGRAPH ANALYSIS

Karst-spring hydrograph analysis is important, first,
because the form of the output discharge provides an
insight into the characteristics of the aquifer from which
it flows and, second, because prediction of spring flow is
essential for careful water resources management. How-
ever, although the different shapes of outflow hydro-
graphs reflect the variable responses of aquifers to
recharge, Jeannin and Sauter (1998) expressed the opi-
nion that inferences about the structure of karst systems
and classification of their aquifers is not efficiently
accomplished by hydrograph analysis because hydro-
graph form is too strongly related to the frequency of
rainfall events. If a long time-series of such records is
represented as a curve showing the cumulative percen-
tage of time occupied by flows of different magnitude,
then abrupt changes of slope are sometimes revealed in
the curve, which have been interpreted by lurkiewicz and
Mangin (1993), in the case of Romanian springs, as
representing water withdrawn from different parts of
the karst system under different states of flow. Similar
information can be obtained from the form and rate of
recession of individual hydrographs: they provide evi-
dence of the storage and structural characteristics of the
aquifer system sustaining the spring. For these reasons,
analysis of the recession limbs of spring hydrographs
offers considerable potential insight into the nature and
operation of karst drainage systems (Bonacci 1993), as
well as providing information on the volume of water
held in storage. The potential information that can be
obtained is considerably extended if water quantity varia-
tions (hydrographs) are analysed alongside corresponding
water quality variations (chemographs). Important recent
reviews of karst-spring hydrograph and chemograph ana-
lyses are provided by Sauter (1992), Jeannin and Sauter
(1998) and Dewandel et al. (2003).

The principal influence on the shape of the output
hydrograph of karst springs is precipitation. Rain of a
particular intensity and duration provides a unique tem-
plate of an input signal of a given strength and pattern that
is transmitted in a form modified by the aquifer to the
spring. The frequency of rainstorms, their volume and
the storage in the system, determines whether or not
recharge waves have time to pass completely through
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the system or start to accumulate. Antecedent conditions
of storage strongly influence the proportion of the
rainfall input that runs off and the lag between the
input event and the output response. The output pattern
of spring hydrographs is, however, moderated by the
effect of basin characteristics such as size and slope,
style of recharge, drainage network density, geological
variability, vegetation and soil. As a consequence of

60

all the above, flood hydrograph form and recession
characteristics show considerable variety (Figure 6.22).
The flood hydrographs of vadose cave streams tend to be
sharply peaked and similar to surface rivers. But should
cave streams flow into a phreatic zone before later
emerging at a spring, then the influence of their inflow
hydrographs on the composite outflow hydrograph of a
spring is similar to that of tributaries flowing into a lake:
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the overflow or output response is a delayed, muted
reflection of the input. Some outflow hydrographs
are highly peaked, others are oscillatory (Bonacci and
Bojani¢ 1991), and many are broad and relatively flat.
Sometimes a flat-topped, apparently truncated hydro-
graph is an indication that it is an underflow spring in
Smart’s (1983a,b) sense, the ‘missing’ peaked remainder
of the hydrograph emerging at an intermittent high-water
overflow spring draining the same aquifer (Figure 6.23).
Thus in interpreting hydrograph form, it is important
to know if the whole output is being dealt with or only
part of it. The discussion that follows assumes that the
entire output from a karst drainage system is being
monitored.

6.5.1 Hydrograph recessions

Given widespread recharge from a precipitation event
over a karst basin, the output spring will show important
discharge responses, characterized by:

1. a lag time before response occurs;

2. arate of rise to peak output (the ‘rising limb’);

3. arate of recession as spring discharge returns towards
its pre-storm outflow (the ‘falling limb’);

4. small perturbations or ‘bumps’ on either limb although
best seen on the recession.

DISCHARGE (m3s-1)

When the hydrograph is at its peak, storage in the karst
system is at its maximum, and after a long period of
recession storage is at its minimum. The rate of with-
drawal of water from storage is indicated by the slope of
the subsequent recession curve. The characterization of
the rate of recession and its prediction during drought are
necessary for determining storage and reserves of water
that might be exploited.

Jeannin and Sauter (1998) pointed out that karst
hydrological systems are neither linear nor stationary,
especially when considering total precipitation as input
and discharge as output. They also supported the conclu-
sion of Hobbs and Smart (1986) that they cannot be
considered as a single system with two parallel subsys-
tems (storage and drainage), but should be considered as
a cascade of at least three subsystems each with their own
storage and transmission characteristics (Figure 5.30).
Therefore unlike Darcian porous media, the karst system
cannot be characterized by one single transfer function.

Quantitative analysis of hydrograph recession derives
from the work of Boussinesq (1903, 1904) and Maillet
(1905), who proposed that the discharge of a spring is
a function of the volume of water held in storage. Maillet
analysed hydrographs of springs near Paris, and described
their flow recession using the simple exponential relation

O, =0oe™ (6.23)

TIME

Figure 6.23 Static system model (no storage considered) for a three-component underflow—overflow spring system responding to an
arbitrary input hydrograph: Q, discharge; R, conduit radius. Reproduced from Smart, C.C., Hydrology of a Glacierised Alpine Karst.

Ph.D. thesis, McMaster University. p.343, 1983.
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where O, is the discharge (m>s™') at time 7, Qp is
the initial discharge at time zero, t is the time
elapsed (usually expressed in days) between O, and Qy,
e is the base of the Napierian logarithms and o of
dimension (T™') is termed the recession coefficient. By
contrast, Boussinesq expressed recession in quadratic
form as

0=5 f‘;t)z (6.24)
where
- 14724Ll<h§nl (6.25)
and
o= 71'1’185;2@‘" (6.26)

in which K is aquifer hydraulic conductivity, n. is its
effective porosity and / is aquifer width perpendicular to
its length L. Initial hydraulic head 4, is at distance L, and
Khy,, represents transmissivity.

Dewandel er al. (2003) pointed out that Maillet’s
exponential equation provides an approximate analytical
solution for the diffusion equation that describes flow in a
porous medium, whereas the depiction of baseflow reces-
sion by Boussinesq’s quadratic equation provides an
exact analytical solution capable of yielding quantitative
data on aquifer characteristics. Both Boussinesq and
Maillet assumed the aquifer to be porous, homogeneous,
isotropic and unconfined.

Their two equations depict the variety of recessions
found in nature with different efficiencies. In a case study
from Oman, Dewandel ef al. (2003) found the quadratic
form to provide a correct fit from day 2 of recession,
whereas the fit of the Maillet method was valid only from
day 22. They also used numerical simulations of aquifer
recessions, focusing on porous aquifers and fissured
aquifers (which at large scale could be considered as
equivalent to porous aquifers). Simulations of shallow
aquifers with an impermeable floor at the level of the
spring showed hydrograph recession curves to have a
quadratic form. Simulations of more realistic aquifers
with an impermeable floor much deeper than the outlet
also revealed the quadratic form of recession to be valid
regardless of the thickness of the aquifer under the outlet,
and therefore indicated the relative robustness of the
Boussinesq formula. It also provided good estimates of
the aquifer’s hydrodynamic parameters, such as perme-

ability and storage coefficient. Nevertheless, Dewandel
et al. (2003) found that aquifers with a very deep
floor yield exponential recessions that could be closely
modelled by the Maillet formula, even if parameter
estimation remained poor. They concluded that the
form of the spring recession curve appears to be closer
to exponential when flow has a very important
vertical component, but is closer to quadratic when
horizontal flow is dominant (as it often is in Kkarst).
This is somewhat at variance with the emphatic position
of Jeannin and Sauter (1998), who concluded that Mail-
let’s formula is only adequate for describing karst sys-
tems during low flow or if they are poorly karstified.
Nevertheless, the expression has been used frequently in
the analysis of karst hydrographs and so merits further
discussion.

Maillet’s exponent implies that there is a linear relation
between hydraulic head and flow rate (commonly found
in karst at baseflow), and the curve can be represented as
a straight line with slope —a if plotted as a semi-
logarithmic graph. It can be represented in logarithmic
form as

log O; = log Oy — 0.4343tu (6.27)
from which o may be evaluated as
1 —1

" T 0.4343(6 — 1)

Since e~*in equation (6.23) is a constant, it is sometimes
replaced by a term f, the recession constant, and the
equation is written

0, = O (6.29)
The recession constant can be evaluated from
1 — 1
log f = og Or — log Oy (6.30)

t

A half-flow period 7,5 is defined as the time required
for the baseflow to halve. Then by substitution into
equation (6.29)

Qtos =2 Qto,s :BIO'S (631)
hence
Yy = flos (6.32)
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Figure 6.24 Composite hydrograph recession of Ombla spring, Croatia. Note that the three recession coefficients are of different
orders of magnitude. Reproduced from Milanovi¢, P., Water regime in deep karst. Case study of the Ombla spring drainage area.
In V. Yevjevich (ed.) Karst Hydrology and Water Resources: vol. 1 Karst Hydrology, Water Resources Publications, Colorado,

165-191, 1976.

and

constant

fos =

The parameter fy s has the following properties:

1. it is independent of Qy and Q, and of the time elapsed
between them;

2. it is sensitive to change and can take values in the
range zero to infinity;

3. it can be easily evaluated from equation (6.33) and is
simply related to f§ by means of that equation;

4. it is a direct measure of the rate of recession and
therefore can be used as a means of characterizing
exponential baseflow recessions.

6.5.2 Composite hydrograph recessions

Semi-logarithmic plots of karst spring recession data often
reveal two or more segments, at least one of which is usually
linear (Figures 6.24 and 6.25). In these cases the data can be
described by using separate expressions for the different
segments. Jeannin and Sauter (1998) and Dewandel er al.
(2003) explain the various models that have been used to
try to conceptualize the structure of the karst drainage
system that has given rise to the hydrograph form observed
and the means by which its recession might be analysed.
If the karst system is represented as consisting of
several parallel reservoirs all contributing to the
discharge of the spring and each with its individual
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Base flow q=88279 exp 0021
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Figure 6.25 Master flow recession at Cheddar spring, England.
Note the linear and non-linear segments. Reproduced from
Atkinson, T.C., Diffuse flow and conduit flow in limestone
terrain in the Mendip Hills, Somerset (Great Britain). Journal
of Hydrology, 35, 93-110. © 1977 Elsevier.



178 Karst hydrogeology and geomorphology

hydraulic characteristics, then the complex recession of
two or more linear segments can be expressed by a
multiple exponential reservoir model:

O = Qoe™™ + Qo,e ™ +... 4+ Qe (6.34)
This was used by Torbarov (1976) and Milanovi¢ (1976)
in the analysis of flow from the Bileca and Ombla
springs, respectively, in the Dinaric Karst. Milanovi¢
interpreted the data for the Ombla regime (Figure 6.24)
in Croatia as indicating flow from three types of porosity,
represented by the three recession coefficients of succes-
sive orders of magnitude. He suggested that «; is a
reflection of rapid outflow from caves and channels, the
large volume of water that filled these conduits emptying
in about 7 days. Coefficient o, was interpreted as char-
acterizing the outflow of a system of well-integrated
karstified fissures, the drainage of which lasts about 13
days; and o3 was considered to be a response to the
drainage of water from pores and narrow fissures includ-
ing that in rocks, the epikarst and soils above the water
table, as well as from sand and clay deposits in caves.
However, the effect of emptying of poljes in the catch-
ment was not taken into account, and we now know that
the Trebisnjica River is influent when crossing the
Ombla catchment and that three overflow springs operate
at high flows (Bonacci 1995). Thus it is doubtful if the
attributions of linear segments of the hydrograph are
entirely correct. Further, one must question whether it
is realistic to consider different reservoirs (e.g. conduit,
fissured and matrix) to be hydraulically isolated from

Qo

q*=q 1-nt

1+ et

L]
flood water volume Vg = _[u q* dt

each other, because under flood surcharge for example
conduit water is forced under pressure into fissures, only
to be withdrawn as the pressure head falls. Thus although
it may be possible to achieve good statistical fits to
segments of hydrographs, the attribution of the segments
to different stores within the catchment and aquifer is
fraught with uncertainty, especially when the basic cas-
cading characteristics of karst systems (Figure 5.31) are
considered. A discussion of various causes for changes in
the value of recession coefficients is provided by Bonacci
(1993).

When the various subregimes yielding flow to a spring
cannot be adequately represented by separate semi-loga-
rithmic segments, other approaches must be used. For
example, in an analysis of the Cheddar spring, England,
Atkinson (1977) constructed a master recession curve by
superimposing recession segments of all the winter and
spring floods of the 1969-1970 water year (Figure 6.25).
He found that this overall recession could be described
well by an equation of the form

0 = Qo1 +xt')”! (6.35)
but after 25 days of runoff of the highest flows, the best
fit for the remainder of the recession was provided by a
simple exponential relation of the type discussed earlier.
This experience reaffirmed the important conclusion
reached by Mangin (1975), who found that the baseflow
phase in all the cases he studied is accurately re-
presented by Maillet’s expression (equation 6.23),
although it does not adequately represent flood flow.

point of intersection of linear
and non-linear components

minimum dynamic volume

=0 oot 2
v=[,Q,e* ===

Figure 6.26 Karst spring recession curve analysis following Mangin’s (1975, 1998) approach. The shaded area represents baseflow

runoff and the unshaded area flood water runoff.
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Consequently, Mangin (1975, 1998) considered that a
distinction should be made between two basic hydro-
logical entities in the interior of a karst drainage system:
the somewhat delayed flow from the saturated zone with
a linear baseflow recession represented by the function
®,; and the rapid flood flow from the unsaturated zone
with a non-linear recession represented with the func-
tion i,. Thus

0=+, (6.36)
which is a two-reservoir cascade model (Dewandel
et al. 2003). By comparison to the flood hydrographs
of surface rivers, y, corresponds to the quickflow part
of the recession and @, to the baseflow segment (Padilla
et al. 1994). In the case of karst, &, relates to the
saturated zone, whereas 1/, translates the effect of sur-
face recharge through the unsaturated zone to the spring:
it is an infiltration function modulated by its transfer
through the phreatic zone. Function @, can be described
by Maillet’s formula (equation 6.23), whereas y, is an
empirical function that Mangin considered to be best
expressed as

1 —nt

l//z:q0'1+8t

(6.37)

where 7 characterizes the mean velocity of infiltration
(close to 1 when fast infiltration is dominant) and g
corresponds to the difference between the total outflow
Qo at the spring at t =0 and a baseflow component
termed QOgro (Figure 6.26). The function is defined
between ¢ = 0 and ¢ = 1/#, which is the duration of the
flood recession. The coefficient ¢ characterizes the impor-
tance of the concavity of the flood recession curve and is
small (<0.01) when infiltration is very slow. A high value
for the coefficient corresponds to a recession that falls
steeply at first but rapidly levels out. It can be evaluated
from the expression

_ qo — lpt __ g0
Wit ¥,

P (6.38)

Mangin noted that the form of the flood recession can be
described by the function

1=y
T4t

y (6.39)

which being independent of discharge permits compar-
ison of different karst systems. After commencement of

the flood recession, the time required for the initial flow
to diminish by 50% can be calculated from

tos = (e+2n)" (6.40)
Recalling from equation (6.36) that O, = @, +, and

with reference to Figure 6.26, the entire recession curve
may be represented by the expression

O =0Oroe ™+ Qo (1 — '71‘> (6.41)

1+ et

In practice, the baseflow segment is first calculated using
equation (6.18) to determine the recession coefficient.
Points Q) and O, should be as distant from each other as
possible, but on a straight line segment. Their choice is
critical for the accuracy of o and the reliable estimation of
Oro- The point of intersection of the linear and non-linear
components determines f#, when the flood recession is
assumed essentially zero, i.e. , = 0.

The volume of water in storage in the saturated zone
above the level of the outflow spring (Figure 5.12) is
termed the dynamic volume V. Under baseflow conditions
this can be found by integrating equation (6.18). Hence

Oro

(o)
V= J QRO e_‘” =Cc— (642)
0 o

where ¢ is a constant that takes the units used into
account (when Qgg is in m>s™! and « in days then
¢ = 86400). In a complex recession of the type shown
in Figure 6.24, where there are several o values, the
dynamic volume is the sum of the component volumes.

The difference between baseflow reserves and the total
volume discharged during a flood recession yields the
flood-water volume V. It can be obtained by subtracting
the baseflow component from the total runoff volume.
This was the method used by Atkinson (1977b) in the
case illustrated in Figure 6.25. Mangin’s (1975) techni-
que was to integrate equation (6.37), with further details
and applications provided in Padilla et al. (1994).

A valuable insight into establishing whether or not
hydrograph recession constants have been correctly
attributed is provided by Eisenlohr et al. (1997c), who
achieved this indirectly through numerical simulation
with a finite-element model. Their results showed that
the different exponential components do not necessarily
correspond to aquifer volumes with different hydraulic
conductivities; non-exponential parts of the recession
hydrograph do not always yield information about the
infiltration process; and the recession coefficient of base-
flow depends not only on the hydraulic properties of the
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Figure 6.27 (a) Planinsko Polje in the ‘classic’ karst of Slovenia, flooded in the wet season. (b) Popovo Polje in the Dinaric karst,
with the Trebisnjica River incised into its planed rock floor. The residual hill in the background is beside the hamlet of Hum. (c) Polje
in the cone karst of Guizhou, China.
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Figure 6.28 Schematic inflow (Q;) and outflow (Q,) hydrographs and changes in storage volume (7') in a flooded karst polje.
Reproduced from Ristic, D.M., Water regime of flooded poljes. In V. Yevjevich (ed.) Karst Hydrology and Water Resources, Water

Res. Pubs., Colorado, B787 301-318, 1976.

low hydraulic conductivity volume but also on the global
configuration of the whole karst aquifer. Using the same
modelling approach, Eisenlohr er al. (1997b) found similar
problems with interpretation of aquifer characteristics
from the form of discharge—discharge and precipitation—
discharge correlograms, which also yielded equivocal
results. It is therefore abundantly clear that we must
guard against too simplistic an interpretation of the
characteristics of karst-spring hydrographs and borehole
hydrographs. What is required to complement the infor-
mation on recession characteristics is corresponding
information that identifies the provenance of the water
concerned. This is available from water-quality data and
the nature of chemographs (section 6.7).

6.6 POLJE HYDROGRAPH ANALYSIS

Poljes are very large, flat-floored depressions with inter-
ior drainage (Figure 6.27). They are usually the most
extensive of the enclosed basins in a karst region and may
measure many square kilometres in area. Their geomor-
phology is discussed in detail in section 9.9. A very
important hydrological feature common to most poljes is
their periodic inundation. In the context of their water
regime, Ristic (1976) classified them into four simple
types: wholly enclosed, open upstream, open downstream,
and open both upstream and downstream; and their flooding
characteristics range from periodic lakes at one extreme to
inundated floodplains at the other. Since this does not
emphasize the essential quality of poljes — that they are
enclosed internally drained basins — the hydrologically
more restrictive but geomorphologically more acceptable
classification of section 9.9 (Figure 9.34) is preferred here.

When the sum of the various inflows Q; into a karst
polje exceeds the outflow Qp, then the excess volume
+A4V for a time interval A¢ is stored in the polje; but
when Q; < Qp water is withdrawn from storage and
flooding recedes. The process is described by a simple
water-budget equation

AV

Oi—Qo=+—

(6.43)
Figure 6.28 illustrates the idealized flooding process in a
polje and Figure 6.29 is an example of the more complex
real situation.

Inflows into a polje may come from surface streams,
springs and estavelles. However, measurement of the
output of flooded springs and estavelles is particularly
difficult. Estimation of the total swallow-hole capacity is
also problematic, but Zibret and Simunic (1976) showed
how an order of magnitude value may be obtained from
the final dewatering phase of an inundation, provided that
the reduced inflow Q; has attained a nearly constant low
discharge; the sum of the inflow and the volume reduc-
tion AV /At during the emptying phase then corresponds
to the total stream-sink capacity Qy for a given inundation
stage in the polje (Figure 6.28). As the lake level reduces
the hydraulic head diminishes and the swallow holes may
absorb less water.

Although the volume that can be absorbed by swallow
holes varies with the depth of flooding, it also depends
on underground piezometric pressures. The deeper the
water table is below the polje floor, the longer the
stream-sink will be able to operate at full capacity.
Hence antecedent rainfall conditions are influential in
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Figure 6.29 Rainfall, hydrographs and flood levels during the inundation of Nevesinjsko polje, Dinaric karst. Reproduced from
Zibret, Z. and Z. Simunic, A rapid method for determining water budget of enclosed and flooded karst plains. In V. Yevjevich (ed.)
Karst Hydrology and Water Resources. Water Res. Pubs., Colorado, 319-339, 1976.

determining quickflow runoff and the magnitude of Q;,
while seasonal effects influence subterranean storage
and the height of the water table. Antecedent rainfall,
through its influence on the generation of quickflow
runoff, is a particularly important variable in the flood-
ing of piedmont and border poljes, whereas seasonal
phreatic zone storage is a critical factor in the inunda-
tion of baselevel poljes (Figure 9.34).

The individuality of flooding behaviour in different
poljes is well illustrated by a number of excellent case
studies: Popovo polje (Milanovi¢ 1981), Cerknisko polje
(Gospodaric and Habic 1978, Kranjc 1985), Planina polje
(Gams 1980), Kocevsko polje (Kranjc and Lovrencak
1981) and Zafarraya polje (Lopez-Chicano et al. 2002).
The flooding and emptying of poljes has a strong influ-
ence on the hydrographs of springs to which they drain,
and may be manifest in abrupt changes in recession
characteristics. This is evident in the case of Buna spring,
for example, which drains Nevesinjsko polje in the
Dinaric karst (Bonacci 1993).

Poljes are best seen as subsystems within a broader
karst drainage system, the storage and overflow from one
polje often affecting the inundation behaviour of others in
the series (Figure 6.30). Hydrological interconnections
between poljes can often be elucidated by water-tracing
experiments (section 6.10).

6.7 SPRING CHEMOGRAPH INTERPRETATION

Discharge variations at a spring are often accompanied
by changes in water quality. Drake and Harmon (1973)
and Bakalowicz (1979, 1984) applied rigorous statistical
methods (stepwise linear discriminant analysis and prin-
cipal components analysis, respectively) to describe the
quality of karst waters emerging at springs and to
discriminate objectively between different types. Char-
acteristics that may vary include ions in solution, electrical
conductivity, environmental isotopes, pH, suspended sedi-
ment and temperature. Although some of these are physi-
cal rather than chemical attributes of water, it is convenient
to consider plots of any of these water-quality aspects
against time as ‘chemographs’.

Jakucs (1959) showed that the chemical quality of
karst spring water may vary with time (as well as with
discharge), and appears to have been the first to recognize
that the response of a spring to rainfall depends on the
nature of the recharge, whether diffuse via karstified
joints or concentrated via stream-sinks (Figure 6.31).
Thus the transfer function of the system was perceived
as conditioned by the type of recharge and, by implica-
tion, by the kind of flow network, since well-developed
cave systems are particularly associated with point
recharge of sinking streams. This is supported by an
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Figure 6.30 The hydrogeological system of poljes, springs and their traced interconnections in southern Dinaric karst. Reproduced
from Herak, M. (1972) Karst of Yugoslavia, in Karst: Important Karst Regions of the Northern Hemisphere (eds M. Herak and V.T.
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investigation by Worthington et al. (1992), who analysed
hardness data from 39 springs in six different countries
and demonstrated that more than 75% of hardness varia-
tion is explained by recharge type.

An insight into the response to recharge of a conduit-
fed spring was also provided by Jakucs (1959), who
presented details of a dye-tracing experiment in which the
introduction of the dye at a stream-sink was closely fol-

lowed by a heavy rain storm. Analytical data for samples
taken at the resurgence are reproduced in Figure 6.32.
They clearly show that the recharge pulse from the rain
arrived at the spring well before the dye, despite the latter
having been introduced first. These data were interpreted
by Ashton (1966) in terms of pulses of water from
different input points passing through essentially discrete
sections of the phreas. He explained the increase in Ca
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Hydrographs and chemographs of karst springs following (a) diffuse autogenic recharge and (b) concentrated

allogenic recharge. Reproduced from Jakucs, L., Neue Methoden der Hohlenforschung in Ungarn und ihre Ergebnisse. Hohle

10(4), 88-98, 1959.

concentration at the start of the flood as due to the flushing
out of water with a long residence time in the deeper
phreatic zone; recharge forces water out by a piston-like
process. Thus spring chemographs have a pattern composed
of sequential and sometimes superimposed pulses of water
of different quality and quantity from different stores and
tributary inputs. Hence, if water quality and quantity data
are combined, it becomes possible to calculate the volume
of stores flushed by the recharge. This enables the hydro-
graph to be separated into different components.

The reality of ‘old’ water in storage being pushed out
by new recharge water has been confirmed by numerous
other workers; see Bakalowicz and Mangin (1980).
Using '®0 variations in three karst springs, they showed
that a precipitation event can cause water in different
stores in a karst system to be flushed out and mixed in
different proportions, thus giving rise to a fluctuating
pattern of 8'%0 at the spring that is different to the pattern
of the storm event. This has been confirmed in Germany
by Sauter (1997) and in the USA by Lakey and Krothe
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Figure 6.32 Hydrograph and chemograph of the Komlos spring, Hungary, during a water tracing experiment punctuated by rainfall.

Note (a) that the discharge pulse arrived before the introduced chemical tracers, in spite of the rain occurring after their injection, (b)
that the Ca concentration increased prior to its dilution by floodwaters, and (c) that the turbidity peak lagged the discharge peak.
Reproduced from Jakucs, L., Neue Methoden der Hohlenforschung in Ungarn und ihre Ergebnisse. Hohle 10(4), 88-98, 1959.
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(1996), whose case study of the Orangeville Rise in Indiana
provided a particularly clear example of the flushing
effect (Figure 6.33). Isotopic hydrograph separation of
storm flow events revealed that over 4-6 days the max-
imum rainwater contribution to karst-spring discharge
was 20-25% and arrived 18-24 h after peak flow, whereas
pre-storm waters pushed out from storage contributed
77-80%. In an investigation of a karst groundwater
system in Kentucky, Meiman and Ryan (1999) found
that 14 h elapsed after a storm event before storm water
appeared at the Big Spring beside the Green River, during
which time 17 million litres of pre-storm water were
displaced from the conduit network.

The separation of karst-spring hydrograph and chemo-
graph data is necessarily guided by the conceptual model
of the karst system being used. Thus prior to the mid-
1970s the epikarst was not recognized as a store and the
variety and efficiencies of flow paths through it were not
appreciated. Consequently storage in the vadose zone was
overlooked and the volume ascribed to the phreatic zone
was too large, whereas now we understand field data
better, can identify subcutaneous water and can some-
times distinguish between water displaced rapidly from
the subcutaneous zone (fast-event water) as compared
with that delayed (slow-event water) by resistance in the
fissure system (Sauter 1997, Pinault et al. 2001). The
model of stores and linkages in a karst system adopted
here is presented in Figure 5.31 and an idealized separa-
tion of spring data is shown in Figure 6.34. However, we
need to recognize that in reality each component sepa-
rated is a mixture in which the component is the domi-
nant but not the only source of the water. Sauter’s (1992)
study illustrates the kind of complexity that can result and
so provides a warning against adoption of too simple a
piston-flow model.

At any given instant, the mass-balance of constituents
in spring water can be expressed as the sum of the
discharge components and their respective concentrations

QrCr = QSCS + QeCe + QpCp (644)

where Q; is the discharge of the resurgence and Qs, Q.
and Q, represent the contributions to it made by water

>

Figure 6.33 Rainfall, stable isotopic data and spring flow separa-
tion for a 1991 storm event at Orangeville Rise, Indiana. Pre-storm
spring water had isotopic values of 44% 8D and 6.5% 60, whereas
the rainwater averaged 16%d3D and 3.3%00. Reproduced from
Lakey, B. and Krothe N. C., Stable isotopic variation of storm
discharge from a perennial karst spring, Indiana. Water Resources
Research, 32(3), 721-731 © 1996 American Geophysical Union.
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subcutaneous zone in karst hydrology. J. Hydrol. 61, 45-67 © 1983 Elsevier.

from sinking surface streams (allogenic), epikarstic sto-
rage and phreatic storage respectively. The concentration
of a given water-quality characteristic at the resurgence is
C;, and C;, C, and C,, are the contributions made to it by
the various components. In practice it is difficult to obtain
all the component values for Q, although chemical con-
centration data are relatively easily acquired; hence a
combined approach using graphical hydrograph separation
and calculation is necessary to derive a realistic assessment
of the proportions involved. Thus in the case of the
Orangeville Rise discussed previously (Figure 6.33), Lee
and Krothe (2003) characterized the chemical signature of
the various component waters and with a three-component
mixing model calculated the ratios of rain (16.5%), vadose
flow (58.5%) and phreatic diffuse flow (25.0%).

A particular difficulty is encountered in the recognition
of subcutaneous water as opposed to phreatic water,
because in a simple autogenic system there will be little
distinction in their chemical quality. However, in mixed
autogenic—allogenic systems, phreatic conduit water will
be influenced by allogenic stream inputs and hence will

normally have lower concentrations of Ca than water
derived solely from the epikarst. In addition, evapotran-
spiration losses from the soil in summer tends to elevate
ClI concentrations in the soil-water store and hence in the
immediately underlying subcutaneous zone. A storm
which breaks a summer drought will thus tend to displace
the Cl peak. Under such circumstances, the soil-water
plus epikarstic component can be recognized. Lee and
Krothe (2003) found SO,4 concentration to be a convenient
way of distinguishing component waters (rain 1.8 mgL ™",
epikarst water 19mgL ™" and phreatic water 210mgL™")
in Indiana. In an earlier attempt at a four-component
mixing model, Lee and Krothe (2001) were less successful
in separating epikarst and soil water using HCO; and §'°C
signatures, because with a soil mantle up to 10m thick,
water in the subcutaneous zone will be dominated by the
quality of its soil-water recharge.

Chemically complex springs that discharge water from
a variety of aquifers, e.g. bicarbonate, sulphate, chloride,
thermal, etc., require a modification of this approach. If
we assume as an illustration that a spring has two main
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Table 6.4 Flood dilution mixing calculations for four karst springs in Mexico (From
Ford, D.C. and Williams, P.W. (1989) Karst Geomorphology and Hydrology; after Fish 1977)

SO4 (mgL™")
% 1000

Spring Date Or(max) (m® s’l) Or(max) Predicted  Measured
Choy 7 July 1972 56 1.16 32 30
15 June 1972 48 1.35 37 35
Mante 17 August 1971 ~28 10.7 220 180
11 July 1972 ~23 13.0 225 240
Frio 27 December 1971 13.2+ 4.17 90 92
Coy 20 June 1972 <118 >5.93 >112 25

water-quality components, termed A and B, perhaps from
limestone and gypsum respectively, then a two-compo-
nent mixing equation has the form

0:C: = 04C4 + 05Cp (6.45)
Component B may have a deep, inaccessible source, and
we may wish to estimate its proportional contribution to
the discharge at the resurgence. Dividing through by O,
the expression becomes

Cr = 0,Cs + 0yCp (6.46)
where O/, + Oy = 1. The value of C4 can be assessed
from measured values of monominerallic spring waters
elsewhere in the region. Knowing the water balance of
these other springs, it may also be possible to obtain a
reasonable figure for Q4. Model compositions for Cp are
estimated and then tested in high-stage and low-stage
conditions where Cy4, C; and Q, are known, to arrive at an
acceptable estimate of the true values of Cp and Qy.
Table 6.4 and Figure 6.35 illustrate results from an
application of this method.

6.8 STORAGE VOLUMES AND FLOW
ROUTING UNDER DIFFERENT STATES
OF THE HYDROGRAPH

We have emphasized that porosity is usually low in karst.
As a consequence, the volume of water in storage can
vary widely at different stages of the hydrological year
and under different states of the hydrograph. The huge
range of possible variation may be imagined when the
piezometric surface in some places in the Dinaric karst
can vary by as much as 312m in 183 days or 90m in
24h (Milanovi¢ 1993). Consequently we must consider
methods that are applicable to non-Darcian conditions.
There are four principal approaches to estimating storage
volumes and available water resources in karst aquifers,

the most appropriate depending on local hydrogeological
conditions and available data bases: (i) water balance
(section 6.2), (ii) multiple-borehole analysis (section 6.4),
(iii) spring flow recession (section 6.5) and (iv) residence-
time—discharge calculation.

Prestor and Veselic (1993) presented case studies from
the alpine and Mediterranean zones of the Slovenian karst
and concluded that, with appropriate statistical analysis
of time series, a high level of accuracy can be achieved in
total discharge estimation from just two hydrological
years of observation of precipitation data, with close to
70% accuracy in overall discharge and dynamic reserves
estimation, although to raise the level of accuracy com-
plementary information is required.

Multiple-borehole testing is a traditional technique of
aquifer evaluation that involves pumping from one well
and observing drawdown in nearby observation wells
(Figure 6.17). Multiple-borehole testing samples a larger
volume of rock mass than single-borehole tests, and so
the calculation of storativity (equation 6.17) is subject to
less uncertainty. This is acceptable if the rock mass can
be treated as a porous medium but, where there is well
developed secondary porosity and heterogeneity, the
more transmissive conduit porosity of karst may not be
sampled; so except in the most well connected, porous
carbonate aquifers this technique is unlikely to yield
representative estimates of available water resources
from karst. Nevertheless, results of sustainable water
yield from individual boreholes are still valuable at a
local level, and patterns of well yields over large areas
provide useful regional pictures of variability of water
supplies (e.g. karst in western Ireland in Figure 6.36).

Where reserves are estimated from spring-flow reces-
sion data, a master recession curve for a wide range of
flows is first constructed from numerous partial reces-
sions, and then an estimate of reserves is made by
integrating the area under the master curve. The result
is usually interpreted as representing the dynamic volume
(Figure 5.12). A particularly good example of the
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Figure 6.35 Two-source mixing model for the Choy spring, Mexico. Reproduced from Fish, J.E.. Karst hydrogeology and
geomorphology of the Sierra de El Abra and the Valles San Luis Potosi Region, Mexico. Ph.D. thesis, 469 p, McMaster Univ.,

Canada, 1977.

application of the technique in an unconfined Kkarst
aquifer (Mendip Hills in England) was provided by
Atkinson (1977), who used a combination of an empirical
(equation 6.35) and Maillet’s equation (equation 6.23).
The Mendip aquifer has a deep base below the spring.

Where the impermeable aquifer floor is close to the
level of the outflow spring, Dewandel er al. (2003)
showed that the Maillet formula underestimates the
dynamic volume of the aquifer, and considered the
Boussinesq equation (equation 6.24) to provide good
estimates of dynamic reserves regardless of the thickness
of the aquifer under the outlet.

The fourth approach to reserves estimation is to mea-
sure and calculate the average amount of water that
passes through the aquifer in a year. This should yield
a figure that is similar to (but more accurate than) the
value estimated from the water-balance approach. Where
springs are gauged, this requires a calculation of the
outflow over at least 1yr; the average over many years
provides the most reliable long-term estimates and yields
information on interannual variability. However, the
average throughput in 1year does not tell us the total
capacity of the aquifer. This can be estimated from the
product of the mean discharge and the residence time of
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Figure 6.36

Areal variation in borehole yields in unconfined karstified Carboniferous limestones in south Mayo, mid-Galway and

north Clare counties, western Ireland. Reproduced from Drew, D.P. and Daly, D., Groundwater and Karstification in mid-Galway,
South Mayo and North Clare, Report Series 93/3 (Groundwater),© 1993 Geological Survey of Ireland.

the water. As an illustration, the partly confined Takaka
marble aquifer in New Zealand discharges from the
Waikoropupu Springs an average flow of 15m’s™!
which is equivalent to 0.47km’yr~'. But the waters
emerging have a mixture of ages, estimated by tritium
to be mainly in the range of 3-8 yr. Hence the volume of
underground storage is in the order of 1.4-3.8km’
(Williams 1992).

Under different states of the hydrograph there is
variation in the relative volumes stored in different
parts of the aquifer (Figure 5.31), as well as variation
in principal routes followed by water, with some flow
paths drying up, especially in the vadose zone. Water
resources become especially important as supplies are
depleted at the end of a long dry period, especially in the
epikarst, but just because there may be plenty of water in
a deep phreatic store does not mean that it is available.
Abstraction of water by bores with their intake below
the level of the outflow can lead to cessation of spring
flow and result in serious ecological damage down-
stream. Hence useable water will depend on decisions
regarding ecologically acceptable minimum flows.
‘Quarrying’ of water is not an option in a world
where sustainable use of resources and simultaneous
habitat protection are taken seriously. Sadly, it is widely
practiced.

s

6.9 INTERPRETING THE ORGANIZATION
OF A KARST AQUIFER

The hydraulic behaviour of karst systems is dependent
first of all on the origin of the karstification: whether it is
derived from normal surface karst processes with meteo-
ric water, from deep hydrothermal karst flow without
ready access to the surface, or influenced by freshwater —
saltwater mixing and seawater intrusion near the coast.
Here we focus our comment on the first (meteoric water)
case, which is quantitatively predominant.

Bakalowicz and Mangin (1980) showed that although a
karst aquifer appears very heterogeneous, this is not the
result of a random juxtaposition of different types of voids
because it stems from the ordered distribution of voids
around a drainage axis, according to a certain hierarchy.
The principal drain receives water from tributaries, the
epikarst, and ancient flooded voids and networks of
fissures connected to the main drain. Thus the aquifer in
a karst basin can be considered structured with reference
to the drainage. This has certain consequences.

1. Water flows are increasingly organized as the structure
develops. The point of departure for this evolution is a
porous or fissured aquifer with a diffuse flow system,
while the end-point is an aquifer with flow limited
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essentially to conduits. Karst aquifers can include all
possible combinations and stages of drainage evolution.
2. Because of the existence of a particular drainage
structure, the scale appropriate to the resolution of
any problem concerning the aquifer has to be precise.
For example, at a scale of 1-100m? the existence of
randomness can be recognized in the aquifer — a drill
hole can go through a karst cavity or can miss it by a
few metres, without being able to predict it one way or
the other. On the other hand, at the scale of the karst
massif an organized drainage structure can be recog-
nized. Thus at one scale the aquifer appears random,
whereas at the other it is structured. Our interest is
usually in the regional scale, where the reference unit
that encompasses the whole structure is the karst
system (i.e. the drainage basin).
Bakalowicz and Mangin (1980) regarded the karst
drainage system as being characterized by an impulse
response function that transforms the input pulses from

CORRELOGRAMS

precipitation to hydrograph responses at springs, and
contended that by analysis of this function it is possible
to identify particular features of the aquifer and its degree
of organization (sections 6.5 and 6.7).

In a subsequent analysis of rainfall and spring-
discharge data using autocorrelation and spectral analysis,
Mangin (1981a,b, 1984) added further depth to his inter-
pretation of the Pyreneean karst aquifers. The contrasting
reactions of three systems (Aliou, Baget and Fontestorbes)
to recharge is illustrated in Figure 6.37, which shows that
the speed of decline of the three correlogram is different.
The memory effect was interpreted to be very great in
the Fontestorbes system, but short in the case of Aliou. The
spectral density curves translate the same phenomena. He
suggested that karst aquifers may be classified according to
these characteristics and later also applied this approach to
the classification of karst aquifers in Romania (Turkiewicz
and Mangin 1993). As noted, Jeannin and Sauter (1998)
cautioned that these methods are not very efficient in
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Figure 6.37 Time-series analysis of the discharge of three karst springs. Reproduced from Mangin, A. Utilisation des analysis
correlatoire et spectrale dans ’approche des systemes hydrologiques. C. R. Acad. Sci. Paris 293, 401-404, 1981.
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FREQUENCY

Figure 6.38 Frequency distribution of electrical conductivity of waters from different springs in France. Reproduced from
Bakalowicz, M. and Mangin, A., aquifere karstique. Sa definition, ses characteristiques et son identification. Mem. L. sr. Soc. Geol.

France 11, 71-79, 1980.

inferring the structure of karst systems or in classifying
them because they are too strongly related to the frequency
of rainfall events. Recognizing that conventional statistical
analyses are based on time-invariance and assumptions of
stationarity, Labat et al. (2001) have commenced further
exploration of the rainfall-runoff relationships of the
Pyreneean catchments by means of wavelet analysis and
multifractal techniques.

Chemical data reinforce and complement the informa-
tion derived from the spring hydrographs, although
Bakalowicz (1977) argued that the structure of a karst
aquifer cannot be defined from the coefficient of variation
of chemical variables in spring water, as was suggested
by Shuster and White (1971), because the distribution of
the values is usually multimodal rather than normal.
Atkinson (1977b) also noted that the very small range
of CaCOs in resurgences from the Mendip Hills, England,
would suggest that they are diffuse flow springs according
to Shuster and White’s criteria, yet they are known to be
fed largely by conduit flow. This reinforces the conclu-
sion of Jakucs (1959) and Worthington ef al. (1992) that
recharge type explains most of the variation in hardness
of springs in carbonate aquifers.

Bakalowicz and Mangin (1980) demonstrated from
French examples that the frequency distribution curve of
a hydrochemical variable such as conductivity provides a
good description of the aquifer and suggested the follow-
ing interpretation on the curves shown in Figure 6.38:

porous aquifers — unimodal, relatively high electrical
conductivity

fissured aquifers — unimodal, relatively low electrical
conductivity

karstified aquifers — multimodal, wide range of elec-
trical conductivities.

The development of a preferred conduit drainage axis
through the saturated zone permits easy transfer of water
and therefore transmits a not too distorted image of the
recharge process. But if such a hydrological organization
is not developed, then homogenization of infiltration
waters occurs.

6.10 WATER-TRACING TECHNIQUES

Water tracing is now a powerful, well-developed tool of
the karst hydrologist. It enables catchment boundaries to
be delimited, groundwater flow velocities to be estimated,
areas of recharge to be determined and sources of pollu-
tion to be identified. Dyes and other substances have been
used to trace underground water for more than 100 yr. The
green dye fluorescein (C,oH;,05) was discovered in 1871,
and was first used as a karst water tracer at the stream-
sinks of the upper Danube River in 1877. Its disodium salt
under the trade name ‘uranine’ (CoH;9OsNa,) was intro-
duced a few years later. Early methods were sometimes
heavy-handed. A spectacular example was tracing the
Doubs River to the Loue Spring in the French Jura
Mountains, a distance of about 10km (Kédss 1998). In
1911 about 100kg of fluorescein was injected into the
Doubs and resulted in the Loue Spring and river being
green for 3% days over a distance of 60 km. This added
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insult to injury, because just 10 year earlier in the same
catchment, a fire in the Pernod distillery had cause a vat of
absinthe to burst and drain into the Doubs, the resulting
alcohol content of water from the Loue indicating that
about 1 million litres of absinthe had been lost.

Gaspar (1987), Kiss (1998) and contributors review
the history and full range of modern techniques from
naturally occurring labels to artificially introduced radio-
isotopes; Dassargues (2000) and contributors give numer-
ous examples of their application; and US EPA (2002)
provides a QTRACER?2 program for tracer breakthrough
analysis. Each of the Proceedings of the International
Symposium on Underground Water Tracing (SUWT)
from 1966 to 1997 enables advances made in water
tracing to be tracked. The proceedings of 7th symposium
(Kranjc 1997a) and the associated regional case study of
karst hydrogeology in southwest Slovenia are particularly
informative, with valuable commentary on methodologi-
cal aspects of their experiments. Other important case
studies include Batsche et al. (1970) for the Danube—
Aach region in Germany and Quinlan and Ewers (1981)
for the Sinkhole Plain—-Mammoth Cave region in the USA.

Four classes of water tracing agents are available.

1. Artificial labels
(a) dyes
(b) salts
2. Particulates
(a) spores
(b) fluorescent microspheres
(c) bacteriophages
3. Natural labels
(a) microorganisms
(b) ions in solution
(c) environmental isotopes
4. Pulses
(a) natural pulses of discharge, solutes and sediment
(b) artificially generated pulses

6.10.1 Artificial labels

To be suitable for water tracing, an artificial tracer should
be absent in the water to be traced and as far as possible be:

1. non-toxic to the handlers, to the karstic ecosystem and
to potential consumers of the labelled water;

2. soluble in water, in the case of chemical substances,
with the resulting solution having approximately the
same density as water;

3. neutral in buoyancy and in the case of particulate
tracers, sufficiently fine to avoid significant losses by
natural filtration;

4. unambiguously detectable in very small concentrations;

5. resistant to adsorptive loss, cation exchange and
photochemical decay, and to quenching by natural
effects such as pH change and temperature variation;

6. susceptible to quantitative analysis;

. quick to administer and technologically simple to detect;

8. inexpensive and readily obtainable.

3

Unfortunately, no artificial tracer satisfies all the above
criteria, but several do so to a significant extent. Non-
toxicity is the most important characteristic. Details of
warm-blooded and cold-blooded toxicities of dyes used
in hydrological testing are provided by Leibundgut and
Hadi (1997, tables 1 to 4) and Kiss (1998, tables 6 and 7).
Leibundgut and Hadi (1997) concluded that most of the
fluorescent tracers can be considered harmless in the
concentrations usually found in tracer experiments, espe-
cially considering the rapid dilution that follows injection
under field conditions. Although the usual maximum
tracer concentration of 10mgm ™ for ground water is
below toxic level, dye concentrations should be main-
tained as far below that level as possible and the mass
used should be minimized so that the duration of expo-
sure is limited. Many different formulae have been
suggested for calculating the quantity of dye required
for a tracer (Kédss 1998). Worthington and Smart (2003)
took data from 203 tracer tests and found that two
equations gave excellent fits to the data:

M = 19(LOC)"® (6.47)
and
M = 0.73(10C)*"’ (6.48)

where M is mass of tracer (g), L is distance between input
and output (m), Q is spring discharge (m*s™'), C is
concentration (gm ™) and T is time (s). These equations
facilitate accurate estimation of the amount of dye needed
for tracer tests in carbonate rocks under a wide range of
conditions.

Dyes

Artificial dyes are the most successful water tracers at the
present time, with many properties that are desirable for
water tracing in karst systems (Field ef al. 1995). Although
it was known in 1904 that uranine could be adsorbed by
charcoal and eluted later (Késs 1998), this convenient
property was forgotten, and so for many years detection
depended on visual observation. Dunn (1957) revived the
method of fluoresein dye adsorption onto charcoal with
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subsequent elution using potassium hydroxide (5%) in
ethanol. The field requirement is simply to suspend small
mesh bags containing a few grams of granular activated
carbon in a moderate current in the monitored springs.
Rhodamine WT is also adsorbed and may be eluted with a
warm solution of 10% ammonium hydroxide in 50%
aqueous 1-propanol (Smart and Brown 1973). The great
advantage of this technique is that detector bags can be
changed when convenient and many sites may be easily
monitored. There are no time constraints on when analysis
must be undertaken, although air drying of detector bags is
required if more than a few days will elapse between
collection and examination. Charcoal bag detectors also
work effectively in the sea should resurgences be submarine
or intertidal. A recent evaluation of the use of charcoal for
detection is available in Smart and Simpson (2001).

The most significant recent development in dye-tracing
techniques has been the advent of quantitative fluoro-
metric procedures. This followed from the work of
Késs (1967) in Europe and Wilson (1968) in North
America. The present status of these procedures is
explained in publications by Késs (1998), Dassargues
(2000) and US EPA (2002). Important points about the
techniques used are that several dyes can be distinguished
from each other when mixed, thus permitting simulta-
neous dye tracing in the same basin, detection is possible
well below visible levels, and quantitative analysis has
become routine. Fluorescent dyes can be detected with
fluorometers and spectrophotometers. Continuous flow-
through fluorometers are available for installation in the
field.

Fluorescent substances emit light immediately upon
irradiation from an external source. The emitted or
fluoresced energy usually has longer wavelengths and
lower frequencies than that absorbed during irradiation.
This property of dual spectra is utilized to make fluoro-
metry an accurate and sensitive analytical tool, because
each fluorescent substance has a different combination of
excitation and emission spectra. Since some naturally
occurring substances such as plant leachates, phytoplank-
ton and some algae also fluoresce, it is important to know
the background fluorescence of the water being traced
before any experiments are conducted. Industrial and
domestic wastes also introduce background problems.
Natural substances tend to fluoresce in the green wave-
band; thus the use of dyes with an orange emission
overcomes problems of possible misidentification.

Numerous fluorescent dyes are commercially available
and have been used in groundwater tracing. They are all
organic substances and Késs (1998) provides details.
Because different manufacturers often assign different
product names to what in fact is the same dye, confusion

sometimes occurs in comparing results of traces by
different people. Hence publications reporting the use of
dyes should record the Colour Index generic name and
number, as well as the manufacturer’s name for the dye
(Table 6.5).

Smart and Laidlaw (1977) assessed the relative merits
of eight fluorescent dyes. They considered their sensitiv-
ity, minimum detectability, effects of water chemistry,
photochemical and biological decay rates, adsorption
losses, toxicity and cost. They concluded that the orange
dyes are more useful than the others because of lower
background fluorescence, which permits higher sensitiv-
ities to be obtained. Although on toxicity grounds we
recommend that, with the possible exception of Rhoda-
mine WT, the use of the rhodamine group should be
limited and restricted to exceptional cases. Smart and
Laidlaw (1997) also showed the fluorescence of some
dyes, such as pyranine, to be strongly affected by pH of
the water which precludes its quantitative use. However,
another dye used with spectacular success in water
tracing is Direct Yellow 96 (Table 6.6: Diphenyl Brilliant

Table 6.5 Fluorescent dyes used in water tracing, their
Colour Index and Chemical Abstract Service (CAS) number
(Reproduced from US EPA, The QTRACER2 Program for
Tracer-Breakthrough Curve Analysis for Tracer Tests in Karst
Aquifers and Other Hydrologic Systems, EPA/600/R-02/001,
U.S. Environmental Protection Agency, 2002)

Dye type and Colour index

common name generic name CAS Number
Xanthenes:
sodium fluorescein Acid Yellow 73 518-47-8
eosine Acid red 87 17372-87-1
Rhodamines:
Rhodamine B Basic Violet 10 81-88-9
Rhodamine WT Acid Red 388 37299-86-8
Sulpho Rhodamine G Acid Red 50 5873-16-5
Sulpho Rhodamine B Acid Red 52 3520-42-1
Stilbenes:
Tinopal CBS-X Fluorescent 54351-85-8
Brightner 351
Tinopal 5BM GX Fluorescent 12224-01-0
Brightner 22
Phorwite BBH Pure Fluorescent 4404-43-7
Brightner 28
Diphenyl Brilliant Direct Yellow 96 61725-08-4
Flavene 7GFF
Functionalized polycyclic
aromatic hydrocarbons:
Lissamine Flavine FF Acid Yellow 7 2391-30-2
Pyranine Solvent Green 7 6358-69-6
Amino G acid — 86-65-7
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Table 6.6 Data on some common fluorescent tracer dyes (Reproduced from US EPA, The QTRACER2
Program for Tracer-Breakthrough Curve Analysis for Tracer Tests in Karst Aquifers and Other Hydrologic
Systems, EPA/600/R-02/001, U.S. Environmental Protection Agency, 2002)

Maximum Maximum Fluoresence Detection Sorption
Dye name excitation A (nm) emission* A (nm) intensity (%) limit" (pg LY tendency
Sodium fluorescein 492 513 100 0.002 Very low
Eosine 515 535 18 0.01 Low
Rhodamine B 555 582 60 0.006 Strong
Rhodamine WT 558 583 25 0.006 Moderate
Sulpho Rhodamine G 535 555 14 0.005 Moderate
Sulpho Rhodamine B 560 584 30 0.007 Moderate
Tinopal CBS-X 355 435 60 0.01 Moderate
Phorwite BBH Pure 349 439 2 ? ?
Diphenyl Brilliant 415 489 ? ? ?

Flavene 7GFF
Lissamine Flavine FF 422 512 1.6 ? ?
Pyranine 460* 512 18 2 ?
407 512 6 ? ?

Amino G acid 359 459 1.0 ? ?
Sodium napthionate 325 420 18 0.07 Low

“Different instruments will yield slightly different results.
'fLAssumes clean water and spectrofluorometric instrumentation.
*pH > 10.

SpH < 4.5.

Flavine 7GFF). It was introduced by Quinlan (1976) in
the Sinkhole Plain-Mammoth Cave area of Kentucky
(Figure 6.39) where hundreds of dye traces have since been
conducted (Quinlan ef al. 1983). The results are available
as 1:100 000 scale maps (Ray and Currens 1998a,b).

More than one fluorescent dye may be injected simul-
taneously into a karst drainage basin and yet be mutually
distinguishable at the resurgence. Although the absor-
bance and emission spectra of many dyes overlap, three
groups of them have sufficiently minimal interference to
permit ready separation: i.e. those that fluoresce in the
blue, green and orange wavelengths. The most suitable
dye from each group depends on other characteristics,
although Rhodamine WT (orange), uranine/fluorescein
(green) and amino G acid (blue) are of proven value.
Their spectral properties are shown in Figure 6.40 and
other details in Table 6.6.

Kiéss (1998) provides detail on techniques of dye
separation, but warns that if two dyes with fluorescence
maxima within about 50nm of each other are used
simultaneously in a tracing experiment, then they will
interfere with each other if both are present in the same
sample. The easiest method to recognize two or more
dyes in one solution is to produce a synchroscan spec-
trum, by running a synchronized wavelength change of
the excitation and fluorescence monochromators through
the spectrum of interest with a constant wavelength
distance. This is determined by the spectral position of

the excitation and fluorescence maxima (between 20 and
25nm for most xanthene dyes). Other techniques can
used for dye separation, including pH adjustment, thin-
layer chromatography and enrichment.

The most useful quantitative water tracing at the time of
writing is obtained by a combination of continuous fluoro-
metry, i.e. passing water from a spring or other sampling
point directly and continuously through a portable field
fluorometer, and tracer breakthrough curve analysis. The
shape of the dye breakthrough curve as it emerges at the
spring can be analysed and accurately compared with other
continuously monitored variables such as discharge, con-
ductivity and temperature. The QTRACER?2 program (US
EPA 2002) provides a powerful method of analysing tracer
breakthrough curves, and permits the calculation of many
hydraulic parameters, including tracer mass recovery,
mean residence time, mean flow velocity, longitudinal
dispersion and characteristics of flow-channel geometry
and volume. However, Werner et al. (1997) explain
difficulties of interpreting tracer tests under unsteady
flow conditions. The origin of dispersion and retardation
of tracers in karst conduits as revealed by breakthrough
curves was explained by Hauns ez al. (2001) after compar-
ing breakthrough curves obtained by various approaches
(field experiments, laboratory experiments and numerical
simulations). Dispersion is produced by small-scale turbu-
lent eddies and retardation is mainly the consequence of
longitudinal changes in conduit geometry.
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Figure 6.40

Absorption and emission spectra of blue (amino G acid), green (lissamine FF) and orange (Rhodamine WT) fluorescent

dyes. Reproduced from Smart, P.L. and Laidlaw, LM.S, An evaluation of some fluorescent dyes for water tracing. Water Resources

Res. 13, 15-23 © 1977, American Geophysical Union.

Salts

Inorganic compounds that dissociate in water into cations
and ions have been used frequently to trace water. For
example, sodium chloride was one of the earliest artificial
water tracers, three tons of it being used in 1899 to trace
water sinking at Malham Tarn in Yorkshire, England
(Carter and Dwerryhouse 2004). It also featured amongst
the 13 different substances used to trace the waters of the
upper River Danube to the Aach spring in the catchment
of the River Rhine in Germany. In that case 50t were

used (Batsche er al. 1970). Lithium and potassium
chlorides have also been widely used in water tracing,
as have non-fluorescent dyes such as Congo Red and
Methylene Blue (Brown et al. 1972). Lithium, for exam-
ple, is relatively rare in nature and so with low
background values present is a useful tracer, although
uncertainty exists regarding its acceptability on toxicity
grounds. An example of the results of karst water tracing
with lithium chloride is provided in Kranjc (1997b). An
informative review of the use of salts in water tracing is
provided by Kass (1998).
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6.10.2 Particulates
Spores

Spores of the club moss Lycopodium clavatum have a
diameter of 30-35 um and buoyancy only slightly greater
than water. This permits them to drift through karstified
conduits without excessive loss by filtration. They can be
dyed different colours, thus permitting simultaneous
traces from different injection sites. They are recovered
at resurgences by 25um mesh conical plankton nets
suspended in the current and are identified and counted
under a microscope.

The use of spores to trace water was introduced by
Mayr (1953, 1954) and was developed by Maurin
and Zotl (1959). The method is fully described by
Drew and Smith (1966), Zotl (1974) and Kiss (1998).
Smart and Smith (1976) review tracing work in tropical
waters using spores and fluorescent dyes, and summarize
the relative merits of the methods. However, the techni-
que is of little value for quantitative work and so has been
largely superseded since the early 1970s by superior
fluorometric techniques.

Fluorescent microspheres

Plastic microspheres coloured with fluorescent dye are
utilized widely in biological and medical applications and
have been used in groundwater tracing since the late
1980s. They are available in a variety of sizes from 0.05
to 90 um diameter, in different colours and in suspension
in deionized water. Their density is 1.055gmL ™", Kiss
(1998) reviewed techniques and other applications and
provided results of simultaneous comparative tests with
conventional fluorescent dyes. Polystyrene microspheres
have an electrically neutral surface. Their transport
behaviour is similar to bacteria, and so given that the
size of most bacteria is around 1 um, the optimal size of
microspheres for a drift tracing test is about that diameter.
One of the great advantages of fluorescent microspheres is
that many tests can be conducted simultaneously because
of the range of colours available and they do not interfere
with other tracers such as dyes; however, inadvertent
cross-contamination is a serious problem. Ward et al.
(1997a) gave an interesting example of their use in an
investigation of the migration of pathogens through an
area of unconfined Chalk and discussed sampling and
detection techniques (epifluorescence microscopy and
fluorescence spectrophotometry). Injection took place on
the Chalk surface beneath the topsoil and monitoring of
arrival was by bore water sample drawn from the water
table at a depth of 20 m below the surface. The site was
irrigated before the test and again lightly after the
injection. Microspheres of 6 um arrived at the water

table in 18.5 h, showing that particles of 6 um or less can
migrate rapidly through the unsaturated zone.

Bacteriophages

Bacterial viruses or bacteriophages (or simply phages)
have recently been used as water tracers, as reviewed by
Késs (1998). They are cultivated in the laboratory, are
environmentally harmless, being non-pathogenic, non-
toxic and invisible regardless of concentration. However,
microbiological laboratories are required to conduct such
tests, and considerable work is required both in the
preparation stage and in the examination of the samples.
Consequently, the use of phages in karst water tracing is
uncommon. Nevertheless, examples of their application
can be found in Bricelj (1997), Drew et al. (1997) and
Formentin et al. (1997).

6.10.3 Natural labels
Microorganisms

Bacteriological and virological examination of karst spring
waters can be undertaken to establish the hygenic quality
of the water and, if contaminated, to help trace possible
sources of pollution. Karst aquifers are notoriously bad
water filters; thus transmission of microorganisms is to be
expected. There is an extensive literature on the movement
of bacteria through porous media, reviewed by Romero
(1970), Gerba et al. (1975) and contributors to Gospodari¢
and Habic (1976). Bacterial species used for groundwater
tracing include Serratia marcescens, Chromobacterium
violaceum and Bacillis subtilis. These and others are
discussed by Késs (1998), who also provides information
on the requirements for using bacteria as water tracers. He
reviewed tests in karst, although these are rare.

lons in solution

Naturally occurring chloride has long been used as a tracer
to determine the interface of seawater with fresh water in
coastal aquifers and to detect possible intrusion of sea-
water into bore water supplies. Variations in concentration
of the calcium ion have also been used to determine flow-
through times (Pitty 1968b) and flow-through routes
(Gunn 1981b, 1983) especially in the vadose zone.
Hydrochemistry of spring waters has also been used to
characterize carbonate aquifers, as outlined in section 6.7
(Bakalowicz 1977, 2001, Andreo et al. 2002). The prove-
nance of water emerging at springs can also be determined
by concentrations of different water-quality characteris-
tics, as discussed by Swarzenski et al. (2001) in the case of
Crescent Beach Spring in Florida, although environmental
isotopes are particularly valuable in that regard.
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Environmental Isotopes

The use of stable and radioactive isotopes in hydrology
became well established in the second half of the twen-
tieth century. The main applications of environmental
isotopes to groundwater hydrology are:

1. to provide a signature of a particular groundwater type
that can be related to its area of origin;

2. to identify mixing of waters of different provenance;

3. to provide information about throughflow velocities
and directions;

4. to provide data on the underground residence time
(age or age spectrum) of the water.

In order to be able to use natural isotopes effectively,
the reasons for their distribution in natural waters and
processes governing it must be understood. These points
are discussed in publications by Fritz and Fontes (1980),
Clark and Fritz (1997), Kendall and McDonnell (1998)
and Moser (1998a).

The term environmental isotopes refers to the natu-
rally occurring isotopes of elements that are abundant in
our environment, although the production of some may
be increased by anthropogenic activity. These include
isotopes of H, C, N, O and S, which are principal
elements found in geological, hydrological and biological
systems. Hydrogen possesses 'H, *H (also called deuter-
ium, D) and *H (termed tritium, T), the last being radio-
active. Oxygen isotopes include two of particular interest
in hydrology: '®0 and '®0, both being stable. These occur
in the water molecule, so are the best conceivable tracers
of water. They are found in various combinations, such as
'H,'°0, 'H,'%0, *H,'°0 and *H,'°O. Other important
environmental isotopes commonly used in groundwater
research are '2C, '>C and "C. Less frequently used are
isotopes of argon, chlorine, helium, krypton, nitrogen,
radium, radon, silicon, thorium and uranium (IAEA 1983,
1984, Moser 1998).

Both *H and '¥C are produced naturally in the atmo-
sphere, but the production of some isotopes is increased
by human activity, thus for example *H and *Kr are
emitted from nuclear power stations. Very large emis-
sions of *H were associated with atmospheric thermo-
nuclear explosions during the 1950s and 1960s, but the
subsequent moratorium on atmospheric thermonuclear
testing resulted in considerable diminution of this isotope
in rainfall to the extent that *H levels have returned close
to natural background concentrations. Tritium concentra-
tions are expressed in tritium units (TU), defined as one
atom of *H per 10'® atoms of 'H. Natural background
levels are 425 TU, whereas “H concentration in rainfall

attained a peak of 8000 TU in the Northern Hemisphere
in 1963. The Southern Hemisphere experienced a lower
peak a year or two later.

The amount of *H in precipitation also shows some
important natural variations. For example there is a marked
latitude dependence, with values lower by a factor of five
or so in the tropics (Gat 1980). Tritium values also slowly
increase inland, doubling over a distance of 1000 km.
Superimposed upon this is a seasonal variation with a
maximum in late spring and summer that is 2.5-6 times
higher than in winter. These seasonal variations are poten-
tially important in karst water investigations, because they
may provide a signature for the season of recharge.

Radioactive isotopes

Radioactive isotopes are unstable and undergo nuclear
transformation, emitting radioactivity. Their decay is
spontaneous and unaffected by external influence. It occurs
at a unique rate for each radioisotope, defined by its half-
life 7}/, which is the time required for one half of the
radioactive atoms to decay following an exponential law

N = Noe™# (6.49)

where N is the number of radioactive atoms present at
time #, Ny was the number present at the commencement
of decay and / is the half-life or decay constant.

The half-life for *H is 12.43yr, 3°Ar is 269 year and
4C is 5730yr. Consequently, *H can be used to date
waters up to about 50 year old, *°Ar is useful for dating
waters from 100 to 1000 year old and '*C has an upper
limit of approximately 35000 yr. Fontes (1983), Moser
(1998) and Solomon et al. (1998) explain how ground-
waters can be dated and discuss environmental isotopes
suitable for that purpose (the '*C production rate is now
established back about 50000yr, so the range of the
method is taken to extend to 45000 year or so).

Interpretation of data on the abundance of radioiso-
topes in spring water depends very much on the model of
flow and mixing that is adopted (Yurtsever 1983, Moser
1998). Alternatives include the piston flow model at one
extreme and the completely mixed reservoir model
(sometimes termed the exponential or one-box model)
at the other. The first is similar to the conduit flow or
‘perfect pipe’ end-member commonly applied to karst
(sections 6.7 and 6.9). Piston flow assumes that recharge
occurs as a point injection and that a discrete slug of
tracer moves through the groundwater system without
mixing. In nature this never occurs perfectly because of
tributary mixing and dispersion effects but, nevertheless,
the flow behaviour of well-developed karsts is suffi-
ciently similar to it (with pre-storm water flushed out
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Table 6.7 Interpretation of tritium data for the Waikoropupu Springs, New Zealand (From Ford, D.C. and Williams, P.W. (1989)
Karst Geomorphology and Hydrology; after Stewart and Downes 1982)

Tritium content (TU)

Annual weighted Local runoff

Flow times (yr) Turnover times (yr)

Date mean rainfall recharging aquifer Main spring Piston-flow model One-box model
27 May 1966 34 14+£0.9 34 7-8

29 July 1972 15 20.1£1.2 153+£19 <1 or 8-10 10-12

4 May 1976 8 11.9+2.0 11.2+1.2 24 or 12-14 0-20

first) for such a model often to be taken as an acceptable
first approximation. By contrast, the completely mixed
reservoir model assumes uniformity at all times, each
episode of recharge mixing almost instantaneously. It
also assumes stationary conditions with respect to reser-
voir volume, discharge and infiltration rate.

Actual tracer behaviour in most groundwater systems
lies between these two extreme cases. Dispersive models
have been proposed to describe intermediate situations,
taking account of mixing and dispersion within the system,
but assuming that pulse variations in tracer output can be
related back to concentration variations in recharge events.
A cascade of mixing compartments connected by linear
channels has been used to approximate this situation,
being termed a finite state mixing cell model. Individual
cells are assumed to behave like well-mixed reservoirs but
may be of different volume and concentration. Fontes
(1983), Yurtsever (1983), (Gaspar 1987) and Moser
(1998) discuss applications and theoretical considerations.

Stewart and Downes (1982) provide an instructive
illustration of the different interpretation that emerges
depending on the model chosen. They dealt with a karstic
artesian aquifer in the Takaka valley, New Zealand, which
drains to the Waikoropupu Springs (Williams 1977, Stew-
art and Williams 1981, Williams 2004). Tritium measure-
ments were made at the springs (mean discharge
15m’s™", Table 5.10) in 1966, 1972 and 1976 and were
compared with tritium values in local allogenic recharge
and rainfall (Table 6.7). Tritium increased rapidly in local
rainfall to about 40 TU in 1964-65. The result for the
Main Spring in 1966 showed the input of this young
tritium-enriched water, whereas the 1972 figures revealed
the presence of some low-tritium (older) water. Values in
rainfall declined steadily after 1971, the 1976 results
indicating that not much high-tritium water remained.
Stewart and Downes (1982) thus concluded that the
springs’ outflow has a spread of ages, but that young
and old components predominate, the best estimate of
throughput time depending on the model adopted and the
year of sampling (Table 6.7). Geological circumstances in
an aquifer that is capped by impermeable rocks at its

downstream end suggest that the intermediate dispersion
model would be more realistic than either a piston-flow or
a one-box model, but detailed stable isotope data demon-
strate the aquifer to be very well mixed (Stewart and
Williams 1981). It is likely that the mean age of the
outflow increases during low discharge conditions.

Our conclusion is that in many karst aquifers the water
may have components of different residence times and so
to assign one mean age may be misleading. This point
was well made by Siegenthaler e al. (1984) for a spring
in the Swiss Jura. Strong evidence showed that in periods
of baseflow relatively homogeneous old water sustains
the spring, whereas after a storm or meltwater event rapid
runoff of new water is also important. ‘Consequently, it
would not make sense to talk of one mean age of the
spring water.” The main interest is in the average resi-
dence time of the older reservoir water. Repeat sampling
for H at a spring over several years permits definition of
the bomb spike as it passes through the aquifer and so
gives a clear indication of mean residence time that can
be compared to model interpretations.

Tritium concentration has been largely thought of as a
means of dating water, but in view of the currently
decreasing *H values in karst reservoirs it is becoming
less important for that purpose. As a consequence,
Rozanski and Florkowski (1979) and Salvamoser
(1984) suggested the use of Kr (7, = 10.8yr) for
dating, but this requires very large samples sizes (Clark
and Fritz 1997, Moser 1998).

Manufactured radioactive and activable isotopes have
also been used as tracers in hydrology. Behrens (1998)
pointed out that they are used with reservation because of
expense in measurement and radiation protection
considerations. The International Atomic Energy Agency
(IAEA 1984) has given guidance on the choice of
artificial isotopes for water tracing.

1. The isotope should have a life comparable to the
presumed duration of the observations. Unnecessarily
long-lived isotopes will create pollution, a health hazard
and interference if the experiment needs repeating.
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2. The isotope should be resistant to adsorption by soils
and rock.

3. For most problems, it is desirable to be able to measure
the radioactivity in the field; thus y emitters are pre-
ferred in general, although f emitters are also suitable.

4. The isotope must be readily available at reasonable
cost.

The public health disadvantages of using artificial radio-
active isotopes may be overcome for some species by the
post-sampling activation analysis technique, although this
has the severe drawback of requiring specialized facil-
ities. Buchtela (1970), Schmotzer et al. (1973) and Burin
et al. (1976) have applied the technique to karst. The
method involves injection of an initially non-radioactive
tracer (e.g. ''*In, *2S, °Li) that is later sampled and
irradiated with neutrons in a reactor. If the tracer is present
in the sample it is detectable by its activity. Principles of
the method are explained by Behrens (1998).

Nevertheless, despite the numerous advances of the
past 40yr, Burdon and Papakis’s (1963) recommenda-
tion remains true, that before turning to artificial radio-
active tracers, which are costly, hazardous and need
skilled handling by personnel supported by atomic labora-
tories, it is better to try to solve the problem with coloured
or chemical tracers. Although tritiated (*H) water would
seem a perfect tracer, because it is part of the water
molecule itself and is identifiable to 1:10'° or less, using
the first criterion above, *H is immediately eliminated.
In situ detection (criterion 3) is also not possible.

Stable isotopes

Stable isotopes undergo no radioactive decay. Deuterium,
80 and '°0 occur in the oceans in concentrations of
about 320mgL~' HDO, 2000mgL~" H,'®O and
997680mg L' H,'®°0. Variations in these proportions
are measured by mass spectrometry and compared with
the composition of a standard termed VSMOW (Vienna
Standard Mean Ocean Water). The ratios D/H and '0/!%0
are expressed in delta units, which are parts per thousand
(per mil) deviations of the isotopic ratio from the
standard

(6.50)

%0 — (Rsample - Rstandard) . 1000
Ritandard

where R is the isotopic ratio of interest. Thus a sample
with 880 = 410 %o is enriched in '*0 by 10%. (i.e. 1%)
relative to VSMOW. Values for D usually fall in the
range —50 to —300%o and for 8'%0 in the range +5%o to
—50%o. The accuracy of measurement is approximately
£2%o for 3D and =£0.2%o for 5'°0.

Differences in the isotopic composition of water sam-
ples reflect fractionation processes that occur in the
hydrological cycle. The heavy isotope molecules (HDO,
H,'%0) have slightly lower saturation vapour pressures
than the ordinary water molecule (H,'®0); hence when
changes of state occur during evaporation and condensa-
tion, a slight fractionation takes place (discussed in detail
by Clark and Fritz (1997) and Kendall and Caldwell
(1998)). For example, when evaporation occurs from an
open water surface the vapour is depleted in heavy isotopes
compared with the remaining unevaporated water; whereas
when condensation occurs, the initial precipitation is
slightly enriched so that later precipitation becomes increas-
ingly depleted with respect to VSMOW. Ingraham (1998)
explained the processes that cause isotopic variations in
precipitation. From a worldwide analysis of oxygen iso-
topes in precipitation, Bowen and Wilkinson (2002) defined
a negative correlation between 8'%0 values and station
latitude, which they considered to result from the cooling
and distillation of water vapour during transport in a pole-
wards direction. Temperature is an important factor in
fractionation: the lower the temperature the greater the
depletion in heavy isotopes. This influence is reflected in
both latitude and altitude differences in heavy isotopic
composition of precipitation. Generalizing global data, a
linear relationship (the ‘meteoric water line’) emerges
(Craig 1961, Fontes 1980, Rozanski et al. 1993):

8D = 8.17(+0.07)8"80 + 11.27(£0.65)%  (6.51)

Regional variants can also be identified — for example a
Mediterranean curve (Gat and Carmi 1987).

It is evident that four general rules apply to stable
isotope fractionation in precipitation:

1. precipitation becomes isotopically lighter with increas-
ing latitude and altitude;

2. D and "0 in precipitation show a good linear correla-
tion (equation 6.51);

3. in mid-latitudes precipitation is isotopically lighter in
winter than in summer;

4. enrichment of D and '80 can occur in lakes and pools
because of evaporation.

The relationships which underlie these rules and result in
the natural labelling of water in stable isotopes can be
summarized as in Figure 6.41.

The relationships that exist in the natural distribution
of stable isotopes in water have been valuable in deter-
mining the recharge areas and recharge seasons of ground-
waters, especially where allogenic inputs are involved
(Figure 6.42). Autogenic recharge is usually so well
mixed in the epikarst that seasonal patterns and recharge
events are difficult to identify (Yonge et al. 1985, Even
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Figure 6.41 Oxygen-18 and deuterium relationships in natural waters. Reproduced from Fontes, J.,
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in groundwater hydrology. In P. Fritz & J. Fontes (eds.). Handbook of Environmental Isotope Geochemistry Elsevier, Amsterdam;

vol. 1, 75-140 © 1980 Elsevier.

et al. 1986, Williams and Fowler 2002). Mixing of
groundwater bodies and leakage of water from lakes
and reservoirs can also be discerned (Fontes 1980).
Ilustrations of the use of these methods in karst aquifers
can be found in numerous publications, e.g. by Dincer
et al. (1972), Bakalowicz et al. (1974), Zotl (1974), Moser
et al. (1976), Stewart and Williams (1981), Celico et al.
(1984), Stichler er al. (1997) and Williams (1992, 2004).
However, Margrita et al. (1984) pointed out that the
concepts of theoreticians do not always appear to be
well understood by the users of isotopic tracers, and they
identified the kinds of errors that may appear in inter-
pretation of results. A significant limitation applying to
the use of stable isotopes in hydrogeology is that they can
give information on the general provenance of waters, but
do not identify the exact source. Only point-to-point tracers
such as dyes can do that.

6.10.4 Pulses as tracers
Natural pulses

A pulse is a significant variation in water quantity or
quality. A storm is the usual natural trigger mechanism
for its generation, although snow and glacier melt also
produce pulse waves (e.g. Meadows Creek in Figure 6.22).
Pulses were being used as karst tracers by the mid-19th
century (e.g. Tate 1879), although their potential to dis-
criminate details of conduit network geometry was formally

developed by Ashton (1966). He showed how input pulses
combine to produce complex output signals and explained
how the network geometry might be determined by their
interpretation. In practice, it has not yet proved possible to
interpret spring hydrographs with confidence in the
detail that Ashton’s theoretical arguments suggest, but
pulse-train analysis as a means of water tracing has
proved strikingly successful in a system too difficult for
conventional dye tracing (Williams 1977). Further ela-
boration of pulse-train techniques can be found in
papers by Brown (1972, 1973), Christopher (1980),
Smart and Hodge (1980) and Wilcock (1997).

Given an input pulse, the related output pulse will vary
according to the transfer function of the system, as shown
in sections 6.5 and 6.7. Whereas natural and artificial
labels such as isotopes and dyes approximately measure
the rate of flow of the water being traced, pulses almost
always exceed it by a significant amount. A flood wave
(discharge pulse) will travel as a kinematic wave down
an open vadose passage, and as a pressure pulse through
a phreatic conduit. Large kinematic waves travel faster
than smaller ones; both travel more quickly than the
water itself, especially through pools. Transmission of a
pressure pulse through a flooded tube is almost instanta-
neous(at the speed of sound). Therefore it is necessary to
distinguish between the pulse through time (i.e. hydrau-
lic response time) and the flow through time of the
system. For example, the Komlos spring pulse through
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Figure 6.42 A schematic model of the Waikoropupu karst groundwater system, New Zealand, using mass balance of 5'%0 to
estimate the proportion of recharge from different sectors of the basin. Reproduced from Williams, P.W., Karst hydrology. In
M.P. Mosley (Ed.) Waters of New Zealand, Hydrological Society, 187-206, 1992.

time is about 6h, whereas the flow through time of a
tracer dye is roughly 40 h (Figure 6.32).

Brown’s (1972, 1973) work on the Maligne basin,
Canada, is a particularly fine illustration of the application
and development of these techniques. Whereas Ashton
(1966) used aperiodic and unique pulses, Brown used
time-series analysis on long-term discharge data. The
Maligne valley contains Medicine Lake, an intermittent
internally draining lake that in winter reduces to small
ponds, and overflows about one year in two for a few
weeks in summer. The lake is at 1500 m a.s.1. and drains to
a line of springs 16 km distant and 410 m lower in altitude.
Brown undertook a cross-covariance analysis of lake input
and springs output data and identified a negative cross-
covariance peak at —20 h. He explained this as the output
of daily snowmelt cycles occurring in the lower one-third
of the basin (i.e. closer to the springs than the input from the
lake upvalley). A subtle secondary ‘peaking’ at +70 to
+124h was considered to be the response to known flow
inputs from the lake, and was later confirmed by a dye trace
that appeared 480 to +130h after injection, peaking at
+90h. Since the travel time of the dye was of the same
order as the pulse through time of the river, Brown was able
to conclude that open channel (vadose) conditions pre-
vailed underground at the time of the experiments. Later
work by Kruse (1980) showed the system’s response to
vary with discharge conditions.

Artificially generated pulses

Ashton (1966) discussed the use of artificial flood waves
produced by collapsing small temporary dams at stream-
sinks. Periodic water releases in the course of hydro-
electric power generation yield much larger pulses that
have been traced for a considerable distance. In the
Takaka valley, Williams (1977) showed by cross-correlation
analysis that kinematic waves produced by releases
from a hydroelectric dam take 5h to travel about 15km
down an open natural channel to enter a marble aquifer
and then 9-11h to travel a further 20.2km to the
Waikoropupu artesian spring (mean discharge 15m>s™").
The karst section consists of a recharge zone where the
river loses flow into its gravelly bed for about 10 km and
then a confined zone where pressure pulse transmission
may be assumed. Whereas the tritium concentration of the
spring water suggests a minimum flow through time of
24 year (Table 6.7), the pulse through time is less than
half a day; and whereas the gradient in the Maligne
system analysed by Brown is about 26mkm™', in the
Takaka valley it is a maximum of 2.7mkm™'. Thus
pulse-train analysis is an effective means of demonstrating
point-to-point connections over long distances with low
hydraulic gradients and through large flooded zones (the
Takaka marble aquifer probably has a phreatic water
volume of 1.5-3.8km?).
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Pulse travel times in these investigations ranged from
3kmh™' for kinematic waves travelling down the steep
channel of the upper Takaka River to approximately
2kmh™" through the marble aquifer of the valley. This
compares with 0.2-1.45kmh™' in the much steeper
Maligne system under vadose conditions.

Tracer studies in karst aquifers such as we have dis-
cussed above have enabled some very detailed models to
be constructed of conduit systems leading to springs.
Smart’s (1983b) proportional geometric model of the
Castleguard II conduit system and Crawford’s (1994)
model of the Cave Creek system are outstanding
examples of the use of combined water-tracing technology
(several fluorescent dyes with repeated traces, continuous
fluorometry, natural discharge pulse analysis, isotope and
chemograph analysis) for elucidating inaccessible conduit
systems in inhospitable terrains (Figure 6.43).

6.11 COMPUTER MODELLING OF KARST
AQUIFERS

There are two main reasons for trying to model karst
aquifers:

1. to characterize and understand the system (usually
as an aid to improving management of groundwater
resources);

2. to try to reproduce the evolution of its characteristics.

We know that karst aquifers have features in common:
most water is stored within the primary matrix and
secondary fissure system (Table 5.2), yet most water is
transmitted through tertiary conduits (Table 5.7); and we
know that karst systems have attributes that distinguish
them from non-carbonate porous and fissured aquifers:

1. a general lack of permanent surface streams;

2. the presence of swallow holes into which surface
streams disappear;

3. the existence of underground channels (conduits) with
fast flowing water;

4. the existence of large springs where groundwater
reappears at the surface.

We know also that the arrangement of equipotentials
and streamlines contrasts markedly in well-karstified
aquifers from that in typical porous media (Figure 6.44).
Thus unlike standard non-carbonate porous and fissured
aquifers, karst aquifers cannot be reduced to a simple
elementary volume that ignores the whole drainage struc-
ture. The karst system connects the recharge area to the
outflow spring (or springs), and karst processes direct
groundwater towards the spring(s) along flow paths

that have a hierarchical order. The physical system is
defined by its structure (organization of flow paths),
hydraulic behaviour (response to recharge) and its evo-
lution (stage of development), and the framework of the
system is the rock mass in which it is developed. These
aquifers are likely to have turbulent flow components,
which immediately presents a problem to the modeller,
because most numerical groundwater models are based
on Darcy’s Law, which assumes laminar flow. Although
numerical codes for simulating aquifer evolution gener-
ally incorporate turbulent flow, it is seldom included in
codes used to simulate groundwater flow in karst at a
regional scale. An illustration by Worthington (2004)
using the case of the Mammoth Cave groundwater basin
(Figure 6.39) highlights the difficult problem confronted
by the hydrogeologist trying to model a karst aquifer.
Numerical simulation of the aquifer using a standard
equivalent porous medium model (EPM) predicts the
paths followed by tracer dyes from their various points of
injection as shown in Figure 6.45a. But the inaccuracy of
this simulation is revealed in Figure 6.45b by the actual
paths followed by the dyes (see Ray and Currens
(1998a,b) for more detail). Uncritical use of the EPM
for management purposes could clearly lead to serious
errors. Therefore we need to see what modelling tools are
available that might better suit our needs.

Kiraly (1998), Teutsch and Sauter (1998), Kovacs
(2003) and Worthington and Smart (2004) have reviewed
attempts to model karst aquifers. From this we see that in
the main two different and complementary approaches
have been taken:

1. a global, ‘black box’ (or probabilistic) approach that
focuses on input event and output response (such as
rainfall recharge and resulting spring outflow), but
takes into account local field observations of flow and
transport processes,

2. a deterministic (or parametric) approach that takes
into account theoretical concepts of aquifer structure,
the physics of each mechanism involved in the trans-
fer and flow of water, and from that tries to simulate
the hydraulic behaviour of the aquifer.

These are also known as numerical models.

The earlier discussion in section 6.5 on spring hydro-
graph analysis provides examples of the black-box
approach. These models subsume the flow processes
within the aquifer into response functions and are non-
physical in nature, so often lack predictive power and are
limited when spatially variable output phenomena (e.g.
well water levels) have to be modelled. Hence distributed
parameter models, which are deterministic models based
on physical relationships, represent a viable alternative.
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Figure 6.44 (a) Equipotentials and flowlines in an ideal porous aquifer. (b) Equipotentials and flowlines in an ideal karst aquifer.
Reproduced from Worthington, S.R.H. (2004) Hydraulic and geologic factors influencing conduit flow depth. Caves and Karst

Science, 31(3), 123-34.

However, when considering the adequacy of alternative
modelling approaches it is important to be clear about the
objective: whether it is to model flow (hydraulic heads,
groundwater fluxes and spring discharge) or to model
transport (flow direction, velocity and destination).
One should also recognize that transport models often
are inadequate in karst because of the strong control
exerted by fracture and conduit systems of unknown
location. These problems and others are confronted in
Palmer et al. (1999).

Building an appropriate conceptual model of the aqui-
fer is the most important part of the whole modelling
process. Figure 6.46 shows an early conceptualization by
Drogue (1980). However, the amount of detail required
depends on the scale of interest: flow in individual fissures
as compared to flow in the entire aquifer. For aquifer-scale
modelling, which is our concern here, understanding the
pathways and stores involved in water movement to the
spring and how the geometry of the system influences
flow is central to conceptual modelling. Digital model-
ling requires us to come to grips with what is happening
in the field, and every design step requires an intimate
knowledge of the physical system and the processes
operating within it.

Simulated
tracer
paths

54 tracer

injection
locations

from 54 inpuis
o 3 springs

An important part of a conceptual model is the defini-
tion of its boundary conditions, which are along all edges
of the domain being simulated. Domenico and Schwartz
(1998) explain that there are two commonly used bound-
ary conditions: (i) specified hydraulic head boundaries
and (ii) specified flow boundaries. Sometimes these can be
readily associated with natural hydrogeological bound-
aries, such as an underlying aquiclude (impermeable
basement), or a no-flow boundary such as a watershed or
faulted margin. Inflow and outflow boundaries are also
important. An input boundary could be specified as having
constant hydraulic head conditions (e.g. an influent stream),
although in practice rates of recharge (and discharge) vary
over time and space, so are difficult to measure and define.
A transient model requires hydraulic head to vary as a
function of time.

There are four major conceptual approaches to model-
ling karst groundwater flow:

. the equivalent porous medium (EPM);

. the discrete fracture network;

. the double porosity continuum;

. the triple porosity approach — matrix, fracture and
conduit.

NS R S

Actual
tracer
paths

Figure 6.45 (a) Paths followed by tracers injected at 54 locations in the Mammoth Cave groundwater basin as simulated using an
equivalent porous medium model. (b) Actual paths followed by tracer dyes determined by field investigation in the Mammoth
Cave groundwater basin. These cut across the simulated paths because they follow karst conduits to springs. Reproduced from
Worthington, S.R.H. (2004) Hydraulic and geologic factors influencing conduit flow depth. Caves and Karst Science, 31(3), 123-34.
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Figure 6.46 Conceptual model of a karst aquifer showing: (a) a
highly permeable upper zone (epikarst) with closely spaced
fissures; (b) largely unweathered blocks with fissures that permit
slow flow; (c) high-permeability karst conduits that permit rapid
flow. Reproduced from Drogue, C., Absorption massive d’eau de
mer par des aquiferes karstiques cotiers. In Giinay, G., Johnson,
A.lL, and Back, W. (eds). Hydrogeological Processes in Karst
Terranes, IAHS Pub 207, 119-128. © 1990 International Asso-
ciation of Hydrological Sciences.

We will briefly discuss each in turn, while recalling that
the principal differences between single-, double- and
triple-porosity aquifers are outlined in Table 5.11.

6.11.1 Equivalent continuum models

These are appropriate for well-connected porous media or
fractured systems at a fairly large scale where informa-
tion is sought on average behaviour rather than on details
of flow paths. They treat large areas as having uniform
structural and hydraulic properties and so do not ade-
quately represent the complex flow field in well-karstified
heterogeneous and anisotropic conditions. Domenico and
Schwartz (1998) provide a description of groundwater
flow simulation as applied to standard porous media.
They outline methods used to formulate a finite-difference
equation for aquifer simulation and, in particular, explain
the groundwater industry-standard MODFLOW family of
codes, which are digital models designed to calculate head,
flow patterns and contaminant transport within an aquifer
(Harbaugh and McDonald 1996). The MODFLOW codes
are based on a single-continuum porous medium concept
and use a three-dimensional grid of columns, rows and
layers to identify cells for which hydraulic conditions
are simulated. In a karst context these models must be used
with great care (Figure 6.45), because the assumptions
associated with Darcy’s Law are assumed to apply (iso-
tropic, homogeneous medium with laminar flow), but we
know that this is seldom applicable in karst (section 5.7).

6.11.2 Discrete fracture (or conduit) network models

Discrete fracture models describe flow within individual
fractures or conduits, but ignore matrix characteristics.
Examples were provided in section 5.1 when discussing
flow through pipes and fissures. For example, equations
(5.7) and (5.12) describe laminar flow through pipes and
fissures, respectively, and equations (5.8), (5.9) and
(5.11) describe turbulent flow through conduits. Such
models are of limited use at the scale of the aquifer
because of the computational power required to account
for every fracture or conduit, but this limitation is
disappearing as supercomputers open up the prospect of
modelling whole networks of fissures.

6.11.3 Double porosity: matrix and fracture, matrix
and conduit, or fracture and conduit

These multiple-continuum models apply to karst aquifers
that are considered as being adequately represented by
dual matrix—fissure, matrix—conduit or fissure—conduit
groundwater systems. They are currently the most useful
models for simulating observed aquifer conditions in karst
(e.g. Kiraly 1998, 2002, Liedl and Sauter 1998, Adams and
Parkin 2002, Kovacs 2003). They treat the porous matrix
and the fractured medium blocks (or the low-permeability
fractured medium and the high-permeability conduit
network) as two separate overlapping continua, each with
its own characteristic hydraulic and geometric parameters
and flow equations (Figure 6.47). The coupling of the two
media is handled with a source—link term in each equation,
the exchange of flow being controlled by the local differ-
ence in potentials. The epikarst can also be treated sepa-
rately and be linked to the main aquifer (Figure 6.48).
Such models are appropriate in large systems where
well-connected fractures provide the dominant flow paths
and matrix porosities are high enough to provide sig-
nificant storage and exchange of water or when conduits
provide the dominant flow paths but fracture porosity is
high enough to provide significant storage and exchange
of water and is well connected to pipe flow, intervening
matrix permeability being negligible (Liedl and Sauter
1998). Connectivity controls flow, but when both perme-
abilities are comparable flow can pass from fractures
through the matrix (or from conduits through the fracture
system) and so fracture connectivity (or conduit
connectivity) becomes unimportant. Sauter (1992) and
Teutsch (1993) described the application of such models
to karst in the Swabian Alb in southern Germany and
Kiraly (1998) and Kovacs (2003) provide examples
from Switzerland using combined continuum and discrete
channel approaches. Kovacs (2003) integrated epikarst
and saturated zone models and demonstrated that the
subcutaneous layer can modify the global hydraulic
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Figure 6.47 Simple conceptual model of a karst aquifer.
Characteristic hydraulic and geometric parameters are shown
for the low-permeability matrix and intersecting conduit net-
work. T,,, and Sy, are transmissivity and storativity respectively of
the matrix. K, and S, represent conductivity and storage coeffi-
cient of the karst conduits. The spatial extent of the aquifer is
A, the spacing of conduits is L and their frequency f. The
recession coefficient of the karst spring is o. Reproduced from
Kovacs, A. Geometry and hydraulic parameters of karst aquifers:
a hydrodynamic modeling approach. Facult¢ des Sciences,
Université de Neuchatel Thesis, 2003.

response of the entire system by decreasing its recession
coefficient. Adams and Parkin (2002) described construc-
tion of a physically based model that (i) couples a pipe
network to a variably saturated three-dimensional porous
medium, (ii) couples surface features such as sinking
streams and springs to the conduit system and (iii) includes
a bypass flow mechanism to represent fast flow vertical
infiltration through the epikarst. This has similarities to the
model used by Clemens et al. (1999).

6.11.4 Triple porosity: matrix, fracture and conduit

This concept is of particular significance to karst, because
storage is often dominant in the rock matrix and fissure
system (Table 5.2) whereas flow is achieved mainly
through conduits (Table 5.7). In a triple-porosity model
aquifer flow is assumed to be laminar in the matrix pores
and fissure system, but commonly turbulent in conduits
(or macrofissures). The development of realistic triple-
porosity models for karst aquifers represents the frontier in
karst hydrogeological modelling (e.g. Maloszewski et al.
2002). It is the ideal approach for karst, but is currently
barely practicable because the data are often unavailable
and the level of detail required may be beyond the current
computing capability of most computers. An example for
dissolutional conduit genesis is shown in Chapter 7.
From this brief review of hydrogeological modelling as
applied to karst aquifers, therefore, we can see that for
practical purposes we have to deal with less than perfect

modelling alternatives. A valuable discussion of the use
of equivalent porous media models in karst has been
provided by Scanlon et al. (2003). They evaluated two
different equivalent porous media approaches (lumped (or
black box) and distributed parameter) in a well-karstified,
partly confined groundwater basin within the Edwards
aquifer in Texas. The MODFLOW code was used for a
distributed parameter model, and five cells representing
tributary subsystems were used in the lumped parameter
model. Transient simulations were conducted using both
models for a 10-year period. They found that both the
distributed and lumped models simulated fairly accurately
the temporal variability in spring discharge, but neither
model could simulate the local direction or rate of water
flow. The distributed parameter model generally repro-
duced the potentiometric surface at different times, but
more detailed evaluation of the effect of pumping on
groundwater levels and spring discharge required a dis-
tributed parameter modelling approach. The lumped para-
meter model has the advantage of simplicity, ease of use
and low data requirements, but the distributed parameter
model is required to simulate the potentiometric surface,
which is necessary to represent regional groundwater flow
direction. The distributed parameter model is much more
complex, is difficult to parameterize, has large data require-
ments, and needs longer times to run; however, the MOD-
FLOW code on which it is based is widely used and tested.
Key conclusions were that (i) both models could simulate
spring flow satisfactorily, but the equivalent porous media
models (ii) could not simulate local direction or rate of
groundwater flow, because major conduits are not expli-
citly represented and because turbulent flow is not
included, and (iii) could not accomplish objectives such
as delineation of protection zones for wells and springs or
simulation of point source contamination. The use of these
models in karst should therefore be restricted to evaluation
of regional groundwater flow issues. Scanlon er al. (2003)
concluded, like many others, that it is questionable whether
any modelling approach can predict direction and rate of
groundwater flow from a point source, because many tracer
tests demonstrate that directions and rates of flow can be
quite variable.

Palmer ef al. (1999, p. 105) expressed the opinion that
‘the heterogeneity of karst aquifers is so severe that it is
virtually impossible to acquire sufficient field information
to construct a predictive digital model trustworthy
enough to allow extrapolation of heads and flow condi-
tions from known to unknown locations, let alone into the
future’, but ‘on the other hand, digital models are well
suited to revealing the interactions among water flow,
chemistry, and geological setting under idealized condi-
tions’. The purpose of the model is therefore a critical
consideration.
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Variation of hydraulic head in a karstified syncline following recharge by concentrated infiltration through the epikarst. Reproduced
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We urgently need to improve our capacity to manage
karst water resources sustainably. Thus the development
of models that adequately represent karst aquifers is
vital. Simply because MODFLOW is so widely circulated
and used in the hydrogeology world, efforts are being
made to adapt the code for karst conduits, trialling what
are called ‘smeared’, ‘embedded’ and ‘dual’ approaches.
The smeared case drops a high density grid into the basic
MODFLOW grid of nodes to provide an accelerated
flow-through path under Darcian conditions; the embedded
conduit is built of short links between adjoining mesh
nodes that have a larger transfer capacity than other routes;
and the dual conductivity case has a conduit cutting across
the mesh, but with added nodes wherever it crosses that
framework, thus permitting easier transfers. We look
forward to seeing advances in this critical field of karst
research.

Despite the impressive nature of many digital models, we
must not forget that they are only representations of
reality. They are not susceptible to proof, although their
fidelity can be verified by comparing model output with
the observed characteristics of the system being mod-
elled, e.g. spring hydrograph or chemograph behaviour,
variations in hydraulic head, direction of groundwater
flow, and so on. The discrepancy between observed
conditions and the ideal model can be a great help in
clarifying field conditions (Palmer et al. 1999) and
provides guidance for further study. Modern modelling
techniques also enable us to explore quantitatively the
relationships between hydrogeological environment
and aquifer properties, and thus enable concepts of
conduit development and speleogenesis to be investigated
and validated. This is examined further in the
next chapter.



7

Speleogenesis: The Development
of Cave Systems

7.1 CLASSIFYING CAVE SYSTEMS

In Chapter 5 it was shown that patterns of interconnected
conduits created by bedrock dissolution determine the
characteristic behaviour of well-developed karst aquifers,
differentiating them from the simpler granular (matrix)
and fracture types of aquifers. These patterns are systems
of caves and proto-caves. Their development is the
subject of this chapter.

Dissolutional cave systems are among the most com-
plex of all landforms. This is because they ramify in a
great variety of three-dimensional patterns in rock masses
that exert many different influences upon their organiza-
tion, extent and shape. They are further affected by
hydrochemical factors dependent upon petrological, tec-
tonic, climatic, biotic and pedologic conditions, and by
external baselevel controls. They may survive in the rock
as active or relict features after these conditions have
ceased to apply, and perhaps be altered under radically
different conditions.

Being so varied, there are many different ways in
which solution caves are described and interpreted. No
single theory of genesis has been able to encompass them
all except at a trivial level of explanation and there is no
one classification that accommodates all the needs of
geomorphologists, hydrogeologists, economic geologists,
environmental scientists, etc.

7.1.1 Definitions of caves

The definition adopted by most dictionaries and by the
International Speleological Union is that a cave is a
natural underground opening in rock that is large enough

for human entry. This definition has merit because
investigators can obtain direct information only from
such caves, but it is not a genetic definition. From
Chapter 3, we define a karst cave as an opening enlarged
by dissolution to a diameter sufficient for ‘breakthrough’
kinetic rates to apply if the hydrodynamic setting will
permit them. Normally, this means a conduit greater than
5-15mm in diameter or width, the effective minimum
aperture required to cross the threshold from laminar to
turbulent flow (section 5.3.2)

Isolated caves are voids that are not and were not
connected to any water input or output points by conduits
of these minimum dimensions. Such non-integrated caves
range from vugs to, possibly, some of the large rooms
occasionally encountered in mining and drilling. Proto-
caves extend from an input or an output point and
may connect them, but are not yet enlarged to cave
dimensions.

Where a conduit of breakthrough diameter or greater
extends continuously between the input points and output
points of a karst rock it constitutes an integrated cave
system. Most enterable caves are portions of such sys-
tems. In this chapter we are concerned principally with
the building of integrated cave systems, but for brevity
will refer to them simply as ‘caves’.

7.1.2 Caves and their classification

Tens of thousands of solution caves have been explored,
in part at least, and many thousands of them are accurately
mapped. Table 7.1 lists some approaches to classifying
them. The longest and deepest mapped caves (as at
April 2005) are given in Table 7.2 and Figure 7.1. The
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Table 7.1 Some classifications of dissolution caves

By internal characteristics

In relation to external factors

By size: aggregate length or depth or volume

By measure of vertical or horizontal dimensions

By plan form: entrance or niche (abri), chamber (room),
linear passage, branchwork, network, anastomosis,
spongework, ramiform; multiphase branchworks,
rectilinear combinations

By passage cross-section form: circular or elliptical,
canyon, breakdown, compound

By relation to local or regional water table: vadose,
water-table cave, phreatic, compound, relict

By categories of deposits: speleothem cave,
gypsum (crystal) cave, sand cave,
ice cave, archaeological site, etc.

Modes of geological control: rock type (limestone, gypsum,
etc.); joint-guided, fault-guided, etc.; horizontal strata,
steeply dipping, folded, etc.

By topographic setting: mountain caves, plateau caves, etc.

By relation to topography: underdrain valley or valley flank,

meander cut-off (short cut), connect poljes, foot cave, etc.

By role in fluvial system: allogenic river caves, holokarst drains,
short-cut caves, combinations, sea cave, etc.

By aquifer type: ideal pipe cave — continuum — perfect
spongework cave

By role in geomorphological and hydrological cycles:
active cave — episodic — relict cave (preserved,
intercepted, truncated, destroyed)

By climatic setting: humid tropical, semi-arid, mediterranean,
temperate, alpine, arctic, etc.

statistical distributions are highly skewed. This is primar-
ily a function of exploration difficulties. A majority of
caves have been explored for less than 1km and pene-
trated to less than 100 m in depth; the number of greater
examples increases by dozens or hundreds every year, but
the form of the distribution curves remains largely the
same.

The Mammoth Cave system in Kentucky (see
Figure 7.11) has maintained its position as the world’s
longest set of interconnected passageways for most of
the years since the 1840s, when some 25km were
known. It is developed in a thickness of no more than
100 m of limestones, but they are nearly flat lying and
the caves extend as multiphase branchworks at several
levels beneath sandstone ridges that preserve the older
passages. Optimisticeskaya and other great caves in
Ukraine (see Figure 7.27) are rectilinear mazes in gypsum
strata only 12-30 m thick, but again they are flat lying in
low plateaus beneath protective cover strata. Jewel Cave
and Wind Cave are three-dimensional thermal water
mazes in gently domed limestone hills. Hélloch is a
mountain cave in quite steeply dipping limestones, as
are caves 8, 11, 12, 14, 15, 18, 19 and 25 in Table 7.2.
Lechuguilla and the nearby Carlsbad Caverns (31km)
are ramiform systems in ancient reef rocks overlooking
a modern desert. In contrast, cave 9 and 24 in Table 7.2
are anastomosing river caves in flat, very young rocks,
now drowned by the post-glacial rise of global sea level.
Friar’s Hole lies beneath a deep valley in shales and
sandstones where the limestone is scarcely exposed at

all. These longest caves thus display a wide range of
physical type and setting. They have in common the
indefatigability of their explorers.

There is less variety amongst the deepest caverns. It is
infeasible to dive below ~300m in water-filled caves at
present; therefore, the deepest known caverns occur in
mountain massifs where the drained depth will be greatest.
Most are in the alpine ranges of Europe and the Caucasus
because these are the most intensively explored. Recently,
exploration in the highlands of Mexico has added some
tropical contenders. All are alike in being systems of shafts
and steeply descending stream canyons that terminate at
siphons or breakdown barriers. Only the highly complex
Siebenhengste—Hohgant System, Switzerland, occurs in
both the longest and deepest lists.

When actually underground most cave scientists cate-
gorize caves by the passage shapes — vadose, phreatic or
breakdown — that they see about them, or by their
deposits. But extensive cave systems may display all of
the differing forms and a wide variety of deposits, so that
these characteristics are not well suited for general
classification.

A majority of karst researchers are concerned with
surface landforms or hydrological studies and so classify
the unseen plumbing in terms of appropriate external
factors, as in Chapter 5 and Table 7.1b. Some geological
factors will be stressed later in this chapter. Relationships
with topography and with the fluvial systems are of
particular relevance to hydrogeologists. Some caves
simply underdrain valleys, others abstract water across
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Table 7.2 The longest and deepest caves, as at December 2006. (National Speleological Society of America list).

Number Cave name Country Length (km) Depth (m)
Longest 1 Mammoth Cave System U.S.A. 590 116.0
2 Jewel Cave U.S.A. 218 193.0
3 Optimisticeskaja (Optymistychna) (Gypsum) Ukraine 215 15.0
4 Wind Cave U.S.A. 196 202.0
5 Hoelloch Switzerland 194 939.0
6 Lechuguilla Cave U.S.A. 187 489.0
7 Fisher Ridge Cave System U.S.A. 177 109.0
8 Siebenhengste-hohgant Hoehlensystem Switzerland 149 1340.0
9 Sistema Ox Bel Ha (Under Water) Mexico 144 34.0
10 Gua Air Jernih (Clearwater Cave-Black Malaysia 129 355.0
Rock-White Rock)
11 Ozernaja (Gypsum) Ukraine 124 8.0
12 Systeme de Ojo Guarena Spain 110 193.0
13 Bullita Cave System (Burke’s Back Yard) Australia 110 23.0
14 Reseau Felix Trombe / Henne-Morte France 106 975.0
15 Toca da Boa Vista Brazil 102 50.0
16 Shuanghedongqun China 100 265.0
17 HirlatzHoehle Austria 95 1070.0
18 Sistema Purificacion Mexico 94 953.0
19 Zolushka (Gypsum) Moldova/Ukraine 90 30.0
20 RaucherkarHoehle Austria 84 758.0
21 Sistema Sac Actun (Under Water) Mexico 80 25.0
22 Sistema del Alto del Tejuelo Spain 78 605.0
23 Friars Hole Cave System U.S.A. 73 191.0
24 Easegill System United Kingdom 71 211.0
25 Sistema Nohoch Nah Chich (Under Water) Mexico 68 72
Deepest 1 Krubera (Voronja) Cave Abkhazia 10 2158.0
2 Lamprechtsofen Vogelschacht Weg Schacht Austria 50 1632.0
3 Gouffre Mirolda / Lucien Bouclier France 13 1626.0
4 Reseau Jean Bernard France 20 1602.0
5 Torca del Cerro del Cuevon (T.33)-Torca de las Saxifragas  Spain 7 1589.0
6 Sarma Abkhazia 6 1543.0
7 Shakta Vjacheslav Pantjukhina Abkhazia 6 1508.0
8 Cehi 2 Slovenia 5 1502.0
9 Sistema Cheve (Cuicateco) Mexico 26 1484.0
10 Sistema Huautla Mexico 56 1475.0
11 Sistema del Trave Spain 9 1441.0
12 Evren Gunay Dudeni (Sinkhole) Turkey 0 1429.0
13 Boj-Bulok Uzbekistan 14 1415.0
14 Sima de las Puertas de Illaminako Ateeneko Spain 14 1408.0
Leizea (BU.56)
15 Kuzgun Cave Turkey 0 1400.0
16 Sustav Lukina jama - Trojama (Manual II) Croatia 1 1392.0
17 Sniezhnaja-Mezhonnogo (Snezhaya) Abkhazia 19 1370.0
18 Sistema Aranonera (Sima S1-S2)(Tendenera connected) Spain 43 1349.0
19 Gouffre de la Pierre Saint Martin France / Spain 54 1342.0
20 Siebenhengste-hohgant Hoehlensystem Switzerland 154 1340.0
21 Sima de la Cornisa Spain 5 1330.0
22 Slovacka jama Croatia 3 1320.0
23 Poljska jama - Mala Boka System Slovenia 9 1319.0
24 Abisso Paolo Roversi Ttaly 4 1300.0
25 Cosanostraloch-Berger-Platteneck Hoehlesystem Austria
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Voronja-Krubera, Mammoth
Georgia Cave, Ky.
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Figure 7.1 Rank/size correlation plots (Zipf diagrams) of
the 100 longest and deepest known cave systems. This is a
means of predicting size distributions. The log of rank (e.g. No. 1
(log=0) for Mammoth Cave, Kentucky, the longest known
cave, is plotted against the log of its length in kilometres.
According to this rank/size rule, Mammoth Cave should be
~250km in length; it is currently 579 km and gravely distorts
the linear relationship, as seen. Lengths of other caves obey the
rule quite closely. Cave depth distribution obeyed the rule closely
until the summer of 2004, when the Voronja-Krubera system of
Georgia was extended from —1710m to —2160 m, a giant leap
downwards.

topographic divides. A very common category is the
subterranean piracy that forms a short cut across the
neck of an incised river meander or through a spur or
bypassing a knickpoint (see Figure 7.6). Some of these
are ‘ideal pipes’, being single straight conduits that
neither gain nor lose significant quantities of water
during comparatively short passes underground.

Caves are most frequent in the wettest climates.
However, large caves do occur in the desert Nullarbor
Plain of Australia (section 10.2). There is little relation-
ship between climate and most aspects of cave form

although the largest river cave passages are created by
the largest rivers (e.g. Figure 7.2). These are usually
allogenic, as in the case of the magnificent Mulu Caves
of Sarawak, but Nare Cave and other discoveries in
New Britain are largely autogenic. Some very large
passages, such as Carlsbad Caverns (see Figure 7.33),
display no relation to the modern topography, fluvial
channels or groundwater systems at all. They are
known because surface erosion has chanced to intercept
them.

Classifying caves by these external factors does not
explain the structures that the systems adopt or the form
of their component parts. Table 7.3 presents a simple
classification that is generically based. It is not well
balanced. Three quarters or more of caves that have
been adequately described and mapped must be placed
in the first class. These are caves created by meteoric
waters circulating in karst rocks without any unusual
constraints such as confinement below aquiclude strata.
These we call ‘unconfined caves’. Other classes cover
those caves formed under unusual geological constraints
or where unusual waters are present. They are discussed
in the later sections of the chapter.

Many caves display multiple phases of development.
One phase ends in a cave and another begins when: (i) a
spring position is shifted upwards or downwards suffi-
ciently to compel the creation of extensive new passages;
or (i) there is an externally caused change of water
quality or quantity that results in net cave infilling
where net erosion prevailed before, or vice versa. Section
7.5 discusses effects of the shift of springs, i.e. local or
regional baselevel change. Net erosion—deposition changes
are considered in Chapter 8 because they involve cave
deposits.

7.1.3 System information

Cave systems are the functional equivalent of river net-
works in fluvial geomorphology. During the past 60 year
morphometric analyses of channel and basin properties
have led to major advances in our understanding of them.
There has been relatively little of this in speleology
because comprehensiveness is lacking in cave-system
information in almost every case. Many passages are
too small to enter; others are sealed by breakdown, sand,
etc. Either it is not known where they originate or where
they terminate. In a majority of the great systems much of
the passage is water-filled. Cave diving is hazardous, so
that only a few active phreatic caves have been well
mapped. Most morphometric success so far has been
obtained with small features such as dissolutional scal-
lops and alluvial sediment samples, working in local
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Figure 7.2 The river cave at Nanxu, Guangxi Province, China. (Photograph by Andy Eavis, with permission.)

sections of caves. These are summarized at the end of system descriptions obtained from the dye-tracing and
this chapter and in the next. There is lacking any hydrograph analysis discussed in Chapter 6. That is
substantial body of quantitative results that can link one of the major challenges for future students of
these small-scale findings to the highly generalized caves.

Table 7.3 Classification of karst solution caves

A Normal meteoric waters

B Deep enriched waters

C Brackish waters
D

Unconfined circulation in karst
rocks (=hypergene caves)
Confined circulation in karst rocks,
or partial circulation in non-karstic
rocks; includes some hypogene caves
Enriched by exhalative CO, (normally,
thermal waters); hypogene caves
Enriched in H;,S, etc. (basin waters,
connate waters)
Chiefly marine and fresh waters mixing
Combinations of B or C with A,
developing in sequence

1 Branchwork caves (80% of
known caves?)
2 Maze caves and outlet
basal injection caves
3 Combinations of types 1 and 2
4 Hydrothermal caves
(~10% of known caves?)
5 Carlsbad-type cavities and
gypsum replacement caves
6 Coastal mixing zone cavities
7 Hybrid caves
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7.1.4 ‘Speleogenesis’ and other sources of information

A major volume entitled Speleogenesis: Evolution of
Karst Aquifers (Klimchouk er al. 2000) has been pro-
duced by the International Union of Speleology and the
National Speleological Society of America. Dozens of
authors from 17 different nations combined their efforts
to offer a comprehensive review of cave genesis, in much
greater detail and with many more case studies than is
possible within the confines of this chapter. Where we
describe particular cave genetic features here without
giving specific references, it is usually because they can
be found in that volume. Following it, Speleogenesis, a
Virtual Scientific Journal was established by Klimchouk
at www.speleogenesis.net. It publishes new papers,
abstracts of others, and reviews.

Atlas of the Great Caves of the World (Courbon et al.
1989) presents maps, sections and summary overviews of
the more prominent caves in 118 nations. In Europe most
nations with caves have national and/or regional mono-
graphs that provide more details, especially of the geo-
logical settings. In the USA there are many state-wide
surveys, and the National Speleological Society pub-
lishes focused cave symposia from time to time. To our
knowledge, Argentina, Australia, Brazil, China, Japan,
New Zealand, South Africa, Turkey and Venezuela have
also published substantial national and regional reviews.
For example, Finlayson and Hamilton-Smith (2003)
have edited a book on the natural history of Australian
caves.

Speleogenesis (Klimchouk er al. 2000) took a very
logical approach to the discussion of types of caves,
beginning with those that develop in young, newly
emerged rocks at the coast, proceeding through the
hypogene (deep) cavities that may be formed when
these rocks are buried and altered beneath later strata,
and concluding with hypergene (unconfined) caves
formed when the now diagenetically mature rocks are
exposed to meteoric groundwater circulation.

Here we take the reverse approach, dealing with the
unconfined caves first, because these are central to under-
standing much of karst hydrogeology and surface geo-
morphology. Hypogene and coastal caves are considered
more briefly afterwards.

7.2 BUILDING THE PLAN PATTERNS
OF UNCONFINED CAVES

The common patterns are single passages that are com-
paratively short (e.g. cutting off incised river meanders)
or the varieties of lengthier branchworks shown in the
four left-hand, upper frames of Figure 5.23. Angular

patterns predominate where joints or steep faults offer
the most penetrable routes for water, and sinuous patterns
more like those of river channels where bedding planes
are more important. Although some caves may be grid
networks or anastomoses in their entirety, more fre-
quently these particular patterns appear as subsidiary
components in larger branchworks.

7.2.1 Initial conditions

In section 5.2 we examined the controls on the develop-
ment of karst aquifers, concluding that the orientation of
the maximum hydraulic gradient will reflect a balance
between the direction in which resistance to flow is least
(i.e. where hydraulic conductivity is maximized) and the
direction in which the rate of energy loss is maximized
(i.e. the shortest and steepest route). In this section we
examine the principles that govern the propagation of
solution conduits through the fissures (a term encom-
passing bedding planes and joint and fault fractures) and
down the gradient. Before dissolution begins, minimum
apertures of connected voids in the fissures are small,
~10pum to 1 mm, and their aggregate volume is also
small. Available runoff thus is readily able to fill them
and the water table is consequently at or near the ground
surface. Flow is to dammed springs (Fig.5.17), the
principal type. These are simplified conditions that,
because of diagenetic or tectonic history as noted in
Chapters 2 and 5, will not always prevail, but they
form an acceptable starting point for our discussion.

Figure 7.3 presents a hypothetical situation to provide
the hydrogeological framework for this section and the
next. It is drawn for the case of steep stratal dip with
regional flow in the direction of that dip, because this is
easy to illustrate. With the mind’s eye, readers may
flatten the dip to the horizontal or even reverse it away
from the output boundary. Strata may be folded, or the
output flow boundary (potential spring line) may be
shifted to the strike on one or both sides of the model.
The analysis remains the same.

The model and analysis are for bedding planes,
because these are areally the most continuous entities
permitting groundwater flow in the majority of settings,
and normally display greater deviations about the mean
aperture than do joints (Figure 2.15). For conduit propa-
gation in normal vertical joints, tip the model on edge.

In this section of the chapter we are concerned only
with plan patterns, that is with propagation in the dimen-
sions of length and breadth in one plane (plane A here).
Connections with underlying planes such as B, C, D,
etc. introduce the depth dimension and are dealt with
in the following section. The analysis is based upon a
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Figure 7.3 Conceptual model structure to explain the development of unconfined cave systems in penetrable bedding planes A to D

and joint systems in between them.

systematic sequence of hardware model experiments
conducted at McMaster University in 1972-5 by Ewers
(1982), and field studies by Ford (1965a, 1968, 1971b).
Ewers investigated a variety of initial situations using
electrical and sand-model flowfield analogues, and direct
dissolutional simulations with Plaster of Paris and salt
(see Figure 7.5a). Since 1980, this approach has been
replaced by intensive computer modeling, chiefly using
finite elements or two-dimensional grids with nodes,
and more recently the random aperture convention
(Figure 2.15). Dreybrodt (University of Bremen) and
his students have been at the forefront of the work (see
Bauer 2002, Dreybrodt and Gabrovsek 2002, Dreybrodt
2004, Dreybrodt et al. 2005). With great computing
capability now available at low cost, there is a bright
future for cave genetic modelling: thus far it has largely
served to confirm Ewers’ hardware findings.

7.2.2 Conduit propagation with a single input

This is the most simple situation (Figures 7.4a and 7.5a
and c). Length of the fissure between input and output
may be no more than Im (in which case we are
considering the karren or epikarst scale of aquifer devel-
opment) or as great as 10 km. The pressure head ranges
from the thickness of a single limestone bed to hundreds

of metres. The initial mode of flow is laminar within the
plane and can be treated as Darcian.

Distributary patterns of solutional capillary tubes
(proto-caves) develop that extend preferentially in the
direction of the hydraulic gradient. Their rates of
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Figure 7.4 (a) The competitive extension of a proto-cave from
a single input to an output boundary in plane A. Dashed lines are
equipotentials; P, principal (or victor) tube; S, subsidiary tubes.
(b) Competitive extension where there are multiple inputs in one
rank. Numbers and dashed lines indicate the predicted sequence
of breakthrough connections that will occur and their location.
(Both figures based on hardware simulations by Ewers 1982.)



216 Karst hydrogeology and geomorphology

(@)

1=17473y

(b)

Random Aperture
Field

Head = 2.0m

| 00300 400

X (m)

Figure 7.5 (a) A hardware simulation of proto-cave propagation through a bedding-plane type fissure, using Plaster of Paris
(gypsum) as the medium and with a constant head applied. Reproduced from Ewers, R.O. (1982) Cavern development in the
dimensions oflength and breadth. McMaster Univ. PhD thesis, 398 pp. (b) A computer simulation of the multiple inputs in one rank
case. Reproduced from Dreybrodt, W. and Gabrovsek, F. (2002) Basic processes and mechanisms governing the evolution of karst,
in Evolution of Karst: from Prekarst to Cessation (ed. F. Gabrovsek), Institut za raziskovanje krasa, ZRC SAZU, Postojna-Ljubljana,
pp. 115-54. (c) We believe that this is the most elaborate computer simulation of cave development yet attempted. It considers a
single input into a Rajaram-type random aperture bedding plane at a depth of 2 m. Flow from the plane into the matrix and out again is
incorporated in a three-dimensional mesh 500 m in length, 100 m wide and 3 m deep, that incorporates >400 000 nodes. Two
iterations to breakthrough are shown on the right. Using solubility data from Niagaran dolomites, a hydraulic gradient of 0.002 and
reasonable Pco, values, breakthrough is achieved in about 15 000 year. Reproduced from Annable,W.K. (2003) Numerical analysis of

conduit evolution in karstic aquifers. Univ. of Waterloo PhD thesis, 139 pp.

extension are determined by solvent penetration distance
(section 3.10) and the factors that control it. Actual
courses adopted, metre by metre, depend upon geological
microfeatures of the plane.

In electrical analogue terms, all tubes are connected in
series with the dissolutionally unmodified plane down-
stream of them. The latter maintains high resistance, so
that flow everywhere is slow and small in amount. Varia-
tions in cross-section and other properties of the tubes are
insignificant while this high resistance element remains.

In every experiment one tube chances to grow ahead of
others. It deforms the equipotential field, reducing the
gradients at the solution fronts of its competitors (‘sub-
sidiaries’) and thus slowing their rates of advance. When
this ‘principal” or ‘victor’ tube attains the output bound-
ary, three important effects can occur in succession, and
rapidly when compared with the slow advance of the
proto-caves previously. First, kinetic breakthrough is

quickly achieved, accelerating the rate of enlargement
of the tube (Chapter 3). Second, there is hydrodynamic
breakthrough if/when flow becomes turbulent, destroying
Darcy flow conditions (Chapter 5). Third, when suffi-
ciently large the tube (now a regular karst conduit) can
create a trough in the water table. The equipotential field
is reoriented onto it, creating yet greater inhomogeneity.

In past writing (e.g. Ford 1971b) these early tubes were
termed ‘dip tubes’, because in steeply dipping strata
where they were first studied they are usually oriented
close to stratal dip. In reality they are gradient tubes
because they are broadly oriented down the hydraulic
gradient. Here we name them primary tubes because
they are the first conduits to develop in the fissure.

The greater the aperture of the fissure before dissolution
begins, the straighter and less branched is its pattern of
proto-caves. If it is a bedding plane with joints terminating
at it or passing through it, distributary proto-caves
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preferentially extend along the intersections. However,
these will become ‘victor’ tubes only if they are favour-
ably oriented with respect to the hydraulic gradient.

When primary tubes enlarge following dynamic break-
through, much of the subsidiary branchwork may be
swallowed up. However, provided that a pressure head
is maintained, surviving elements can continue to extend
slowly and may play an important role where later pas-
sages develop to create a multiphase cave (section 7.5). In
other instances the subsidiary net may be sealed by clay
and rendered inert.

Where the output flow boundary is a line or zone,
rather than a single spring point, it is common for several
downstream distributaries to connect to it and then
expand, forming a small distributary network.

This model describes development of the most simple
cave, a single passage following a single bedding plane,
joint or fault. Many short-cut caves are of this type
(e.g. Figure 7.6 left).

7.2.3 Multiple inputs in a single rank

Here we may imagine a number of streams at the input
boundary of plane A (Figures 7.4b and 7.5b). This is the
common situation in a contact karst, where allogenic

streams arrive at the edge of a limestone outcrop,
e.g. the Baradla—Domica System, which straddles the
Hungary—Slovakia border. Typical competitive devel-
opment is seen in the figures. Because resistance is not
isotropic in the fissure, because input pressure heads will
never be precisely equal, or because some inputs are
initiated before others, one or more of the input streams
extend preferentially. Their flow envelope spaces are
increased and those of competitors are diminished.

The closer that parallel inputs such as these are spaced,
the greater must be the competition. The steeper the
hydraulic gradient, the greater will be the number of
inputs with principal tubes that are able to reach the
output boundary and so establish separate caves. Very
close spacing models the initial conditions for what will
become so-called diffuse flow in the epikarst zone
described in Chapter 5.

When one proto-cave breaks through, the flow envel-
opes (or equipotential fields) of its near neighbours are
reoriented towards it. Unless already close to the output
boundary, the near-neighbour proto-caves will be cap-
tured as tributaries. In Figure 7.4b, capture is in the
sequence 2 — 3 — 4. The principles are further amplified
in Figure 7.7. This is drawn for the case of a single point
outlet (one spring) that lies to the strike with respect to
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Figure 7.6 (Left) A spectacular example of meander cut-off caves from Arcy-sur-Cure, France. Although now appearing to be an
instance of multiple inputs in one rank, development probably has occurred chiefly as a sequence of single inputs, beginning with
Grande Grotte, shifting upstream to Systeme Moulinot as a consequence of river entrenchment, and then to Riviere des Goulettes-
Barbe-Bleue. Adapted with permission from Haid, A. (1996) Yonne. Spelunca, 62, 14. © Copyright 1996, la Fédération frangaise de

spéléologie.
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Figure 7.7 Illustrating the principles governing lateral connections between multiple inputs in a rank, where drainage is to the strike.
(Upper) (a—) The sequence of development where resistance in the fissure is high. Single connections at random points occur
between adjacent input proto-caves, creating irregular strike subsequent passages. (d—f) The sequence of development where
resistance is low. Multiple connections are achieved, increasing the likelihood that a horizontal water-table passage will be created as
the cave enlarges. Modified from Ewers, R.O (1978) A model for the development of broadscale networks of groundwater flow
insteeply dipping carbonate aquifers. Transactions of the British Cave Research Association, 5, 121-5.(Lower) The main system, Das
Holloch (Hellhole), Switzerland, the fifth longest known cave. The system is largely contained in one major bedding plane dipping at
12-20°. Drainage is to the strike. This is a multiphase system with 400 m of relief. It is seen that principal passages are connected up
in the manner of the high-resistance model. Reproduced from Bogli, A. (1970) Le Holloch et son Karst, Editions la Baconniére,
Neuchatel.
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the near-neighbour inputs. Two different conditions are
envisaged. In Figure 7.7a—c the host fissure is tight, with
high resistance. The conduit links that are established,
first, between victor tube 1 and tube 2, then between tubes
2 and 3 (and so forth) are quite random in their position
on the plane. Subsidiaries of adjoining tubes that happen
to be nearest each other when the equipotential field is
reoriented by newly established connections will be the
most likely to link up. In Figure 7.7d—f the fissure offers
low resistance. Many alternative linkages can occur at the
proto-cave and early cave scales. Those which offer the
most direct route to the spring will win, creating a rather
straight, near-horizontal cave. In both cases the link-up
routes are those of least resistance.

We are now in a position to understand the basic
structure of the Holloch (Switzerland), the fourth longest
limestone cave that is known (Figure 7.7 lower). It is a
multiphase sequence of trunk conduits draining along
the strike in a major, faulted bedding plane that dips at
12-25°. The sinuous, highly irregular patterns on the plan
occur because the trunk conduits ascend or descend
subsidiaries and angle across the plane between them in
the manner of Figure 7.7a—c. Link lengths between
subsidiaries of different tubes range from 50 to 250 m.
Most of the illustrated passages are now relict, although
lower ones may flood during spring thaws, etc. and so
may be considered epiphreatic. A similar trunk conveys
the modern water through an unexplored phreatic cave at
lower elevation in the bedding plane. We may presume
that subsidiaries are extending slowly below this active
trunk, setting up the situation for a new trunk when
external erosion lowers the spring elevation once again.

Strike passages like this are common structural com-
ponents of caves, although rarely are they as predominant
as in Holloch. They are termed irregular strike subse-
quents when displaying the high resistance form of
Figure 7.7a—c, and regular strike subsequents in the
low resistance form. They develop in inclined joint or
thrust-fault planes as well as in bedding planes. Figure 7.8
presents a spectacular ‘head-on’ view of an irregular
example that has developed in unloading fractures in
marble.

Gabrovsek and Dreybrodt (2000) amplified the single
rank situation by modelling some potential effects of
mixing corrosion. For example, an input with water
equilibrated with Pco, of 0.05atm is flanked by inputs
with Pco, merely 0.03 atm. Predictably, the 0.05atm
input breaks through first. Mixing corrosion then accel-
erates dissolution where the 0.03 atm inputs link up with
it, producing more complex patterns of passage connec-
tion, with greater enlargement than shown in the simple
cases of Figures 7.4 and 7.7. There are no attested field

Figure 7.8 A ‘head-on’ view of the underground outlet of Lake
Glomdal, Svartisen, Norway. This shows a complex of 500 m of
irregular strike passages developed in steeply dipping marbles.
The guiding fissures are low-angle pressure-release fractures, all
bedding planes having been sealed during metamorphosis. All
except the highest passages remain water-filled today; they were
explored and mapped by divers. (Drawing by Stein-Erik
Lauritzen, reproduced with permission.)

examples of this complication as yet, but it should be
considered when studying cave-passage patterns.

7.2.4 Inputs in multiple ranks

This is the situation most frequently encountered in karst
systems. As presented in the highly schematic form of
Figure 7.9, it will be best understood if the reader now
imagines that plane A is horizontal and that the succes-
sive ranks of inputs descend parallel joints to reach it.
The analysis, therefore, is appropriate for clint and grike
topography, which is small in scale. With somewhat more
complex input patterns, it also applies to polygonal karst
of intermediate or large scale and to most unconfined
caves developed beneath it.

The new element that is introduced in this situation is
readily understood. The initial flowfields of further input
ranks (rank 2 in Figure 7.9) are obstructed by those
closest to the output flow boundary. Proto-caves of
further ranks can scarcely connect via joints to plane A
until some near inputs have broken through to the output,
reducing their resistance and steepening the hydraulic
gradient in their rear (Figure 7.9A—C). Lateral connec-
tions in near ranks and first connections (principal tubes)
from further ranks then proceed simultaneously. High- or
low-resistance rules apply as in the single rank situation
discussed above. The cave systems will link together
headwards and laterally until all of the available karst
rock area is incorporated or some minimum hydraulic
gradient (for the remaining resistance of the systems) is
attained. As systems expand to enterable or greater
dimensions their resistance becomes very low so that,
given sufficient time and water, most areas of adequately
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behaviour of the
piezometric surface

Figure 7.9 The initiation of cave systems with multiple ranks of inputs, drawn for the case of two ranks with constant head
conditions. (Upper left) Flowfield configurations limit rear rank access to an output boundary. (Lower left) The cave network is
connected up in a headward sequence, with recession of the zone of steep hydraulic gradient.

pure karst rocks will become drained by such cave
systems.

Figure 7.10 shows some computer modelling approaches
to the multiple input case. Kaufmann and Braun (2000)
assume a limestone that is well fractured and also very
porous: thus, it is best suited to young, newly emerged
limestones or to chalks. Subparallel conduits are initia-
ted very close to the output boundary and extend pro-
gressively into the massif. Dreybrodt and Gabrovsek
(2002) assume a more normal, low-porosity limestone
block 1000 m in length and with a hydraulic gradient of
0.05 (a 5m head). With reasonable Pco, and supplies of
water, a rank of inputs 500 m from the output boundary
breakthrough at it after ~2500 year. Only then does the
rear rank (1000m from the output) begin to extend

significantly. The first hydrodynamic breakthrough to
the near rank is achieved at ~5000 year.

Figures 7.9 and 7.10 depict models with uniform
conditions (e.g. of pressure head at the inputs) that cannot
be expected in reality. Geological, topographic and
hydrological variations will always distort it. For exam-
ple, a larger stream with a higher pressure head in a rear
rank may break through first, collecting lesser near-rank
streams as its tributaries. Nevertheless, a great many cave
systems display patterns of systematic headward and
lateral connection such as drawn here. There are obvious
similarities to the building of Hortonian stream-channel
nets, but Horton’s laws have not been successful when
tested on caves because of geological distortions and
incompleteness of information.
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(a)

500 m

(b)

t=2480y

t=4810y

Figure 7.10 Some computer models of the multirank case. (a) For fracture patterns as shown in top left, and also with high primary
porosity. Inputs close to the output boundary breakthrough quickly, initiating headward sequences of conduit growth shown in the
succeeding frames. Reproduced with permission from Kaufmann, G. and Braun, J. (2000) Karst aquifer evolution in fractured, porous
rocks. Water Resources Research, 36, 1381-91. (b) Two successive frames from a model with two near and three rear inputs on a fine
fracture mesh. Length is 1000 m and hydraulic gradient is 0.05. Breakthrough from the near rank occurs at 2500 years after initiation.
This permits the rear rank to grow; it breaks through to the near rank at 5000 years. Reproduced with permission from Dreybrodt, W.,
and Gabrovsek, F, Basic processes and mechanisms governing the evolution of karst. In Gabrovsek, F. (ed). Evolution of Karst: from
Prekarst to Cessation. Postojna-Lubljana, Carsologica. 115-154, 2002.

Figure 7.11 shows examples of multirank cave patterns
below the limestone sink-hole plains and plateaus of the
American mid-west. Blue Spring Cave, Indiana (7.11a) is
developed in well-jointed rock, whereas Blue Spring
Cave, Tennessee (7.11b) is chiefly controlled by bedding
planes. Figure 7.11c shows a small part of the Central
Kentucky Karst. Spring points have shifted downwards
and laterally many times in response to entrenchment by
the Green River, and also back up due to its periodic
aggradation. As a consequence, the pattern of cave pas-
sages is very complicated because much of it belongs to
earlier phases and is now relict. However, it is possible to
discern incomplete patterns of near and far ranks connect-
ing to the springs. A particularly strong feature is a recent
amalgamation along the strike of a far rank (Procter and
Roppel Caves) that beheads Mammoth Cave drainage.

7.2.5 The restricted input case

This case completes the range of significantly different
karst input—output configurations that can occur. Inputs

are restricted to a line or narrow zone where the karst
rock is exposed, most often a valley floor. The spring
point is usually at the lower end of the zone. Flow-field
geometry constrains the far inputs (Fig. 7.12b), and so the
initial cave in plane A is built in a sequence of steps
working headward up the valley.

This is a common type of cave. The example in
Figure 7.12c¢ is complicated because, once again, the
network displays more than a single phase of development
and it is incompletely explored. Entrenchment in the
Cumberland River has exposed new, lower output points
so that, in the latest phase, a new input A in the headward
part of the cave has abandoned the subvalley course and
propagated beneath the divide toward spring C. These new
galleries are not yet enterable in size. Friar’s Hole, West
Virginia (see Figure 7. 24) is another, lengthier example.

7.2.6 Cave systems and General Systems Theory

In terms of General Systems Theory applied to geomor-
phology (Chorley and Kennedy 1971), unconfined caves
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Figure 7.11 The plan patterns of some large multirank cave systems. (Left) (a) Blue Springs, Indiana, a cave dominated by joint

control. (b) Blue Springs Cave, Tennesseee, a bedding plane cave. (Right) Mammoth Cave and nearby systems in the Kentucky karst.
This is the longest mapped cave system. Only major passages are shown. Although it is a multiphase complex with additional
invasion passages the basic structure is of a multirank system draining downdip to the Green River.

are a type of cascading system. There is a cascading
event each time that a proto-cave connects to a spring or
to a pre-existing cave system. In each event, the local
flow field and hydraulic gradient are reoriented.

7.3 UNCONFINED CAVE DEVELOPMENT IN
LENGTH AND DEPTH

This section completes the formal analysis of the con-
struction of unconfined cave systems by investigating
their third dimension, depth, coupled with the length
dimension considered above. We are now considering
the constraints upon conduits propagating in all planes
of the general model (Figure 7.3), or equivalent multi-
fissure sequences in other possible geometric structural
arrangements. Sequences of passages may display a
predominant vadose or phreatic morphology or appear
to have developed along a water table.

7.3.1 The water table controversy

In the first half of the 20th century, the relationship of
unconfined cave development to the water table received
far more attention than did the genesis of plan patterns

as outlined above. Three conflicting schools of thought
can be recognized, as illustrated in the left panel of
Figure 7.13. The earliest, associated with Martel (1921)
and other European workers, supposed that the locus of
most development must be above an already established
water table (Figure7.13a). The importance of the soil CO,
boost was not yet recognized and, because the vadose
zone is the first encountered by sinking waters, it was
supposed that it would adsorb most of the feeble solvent
capacity of sinking streams. It also has the steepest
physical gradients, so allowing mechanical corrasion
with bedload to take over the enlargement once dissolu-
tion had created small openings.

In 1930 the leading American geomorphologist,
W.M. Davis, used empirical evidence from cave maps,
sections and reports, to argue that many cave passages
were developed by ascending groundwater flow. In dia-
metric opposition to the vadose model, he thus proposed
that caves developed slowly at random depth beneath
regional water tables in the Mature and Old Age stages of
his well known Geographical Cycle of Erosion (Davis
1899). Development essentially followed the streamlines
of a Darcy groundwater flow net (Figure 7.13b). Bretz
(1942) amended the model to include a closing phase of
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A. RESTRICTED INPUT|B.

Figure 7.12 The restricted input case of cave system initiation.
The example shown is Cave Creek, Kentucky. Cover strata are
thick shales. Known caves are a headward sequence that underlie
the valley floor and drain to springs at B. A is a late capture that
passes beneath the shale interfluve to lower springs at C.
Reproduced with permission from Ewers, R.O., Cavern devel-
opment in the dimensions of length and breadth. McMaster Univ.
PhD thesis, 1982.

clay infilling of cave passages beneath the Old Age
peneplains because of sluggish circulation due to their
very gentle hydraulic gradients.

Swinnerton (1932) was amongst the first to understand
the significance of soil CO,, which weakened one of the
principal arguments of the vadose and deep phreatic
models. Like them, however, he assumed a stable water
table at depth before any cave development. He proposed
an opportunistic model in which the likeliest path will be
along that water table, generated from the head down-
stream (Figure 7.13c). Rhoades and Sinacori (1941)
recognized that the creation of large dissolutional caves
in the rock must affect the water table, lowering it or its
gradient in most instances. They proposed an elegant
model of development that progressed headwards from

the output spring into the rock, lowering the water table
into the conduit as it enlarges. For further discussion of
these conflicting ideas see Ford (1998) and Lowe (2000).

7.3.2 Differentiating phreatic and water table types
of caves — the Four State Model

The conflict can be resolved by a Four State Model, as
shown to the right in Figure 7.13 (Ford 1971b, Ford and
Ewers 1978). This is based on the fact that the frequency
of connecting initial fissures that are penetrable by water
varies from very few in some karst strata to a great many
in others. The real variation is as a continuum, but its
effect is to permit four distinct phreatic or water table
cave geometries to develop, as shown.

At the proto-cave stage the water table is assumed to be
close to the surface in the model because there is
insufficient effective porosity for it to be lower. As the
proto-caves breakthrough, link up and enlarge into caves,
the water table is lowered to the stable positions shown,
at least under low-stage conditions. Figure 7.14 illustrates
the chance nature of the upwards linking process between
penetrated bedding planes or other fissures. Location of
the link is by chance, where a joint or other fracture gives
a short interconnection. This creates a phreatic loop,
down one bedding plane or low-angle fracture, then up a
joint or fault to a higher bedding plane, etc. where the
pressure head is lower.

A bathyphreatic cave (State 1) makes just a single pass
beneath the water table because the frequency of available
fissures is too low for any alternative. It has the highest
hydraulic resistance. The pass drawn in the figure happens
to be quite complex with several looping sections. Suc-
cessive tubes propagated in planes A, B, C, etc. and then
connected as in the multirank input case already discussed.
Before any of the others had expanded more than a few
centimetres, the tube in plane C (having the headward
advantage) captured most available runoff, with the con-
sequence that it alone expanded to enterable size.

Some examples of active and relict bathyphreatic caves
are given in Figure 7.15. Note that system information is
particularly incomplete. Active (filled) bathyphreatic
caves are difficult or impossible to explore. If drained
and abandoned, they are most frequently obstructed by
detritus towards the base of loops. We do not know the
maximum depth attained by bathyphreatic caves but it is
certainly greater than 300 m at Vaucluse, or in the Sierra
de El Abra, Mexico, where drained higher relicts are
particularly well preserved (Ford 2000a). Exploration
drilling in many areas has tapped caves filled with
young flowing water at depths as great as 3000 m. Some
may be bathyphreatic as shown here, but it is likely that
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Figure 7.13  (Left) The conflicting theories for the evolution of caves, as they were interpreted in the 1950s. (Right) The Four State
Model’ showing that vadose, deep phreatic and water-table caves are all possible in unconfined circulation systems. The ‘state’
depends on the density, penetrability and linkage of fractures and bedding planes, and the orientation of hydraulic gradients. Modified
with permission from Ford, D.C. Perspectives in karst hydrogeology and cavern genesis. Bulletin d’Hydrogeologie, 16, 9-29 1998,
Université de Neuchatel Centre d’Hydrogé ologie, Rue Emile-Argand 11, CH-2007 Neuchatel .

many deep interceptions are of shallower types of caves
that have been dropped downwards by tectonic activity.
Multiple-loop phreatic caves (State 2) are created
where there is significantly higher fissure frequency. It
must be understood that it is the elevation of the tops of
higher loops that defines the stable position of the water
table and not vice versa. Until the system is quite enla-
rged, the water table is higher but, as the tubes expand in
volume, it falls until arrested locally at the tops of loops.
Holloch is an excellent example where the phreatic
loops are built of irregular strike subsequents (Figure 7.15).
The vertical amplitude of its looping is ~100m,
rising to 180m during the greatest recorded floods.
In Siebenhengste, Switzerland, amplitude of similar strike
loops can exceed 300 m. Other caves loop down the dip
and up joints, being built of primary conduits, as in the
model of Figure 7.14. Many examples are known where
amplitudes range 50-200m or so (e.g. Czarna Cave,

Poland (Gradzinski and Kicinska 2002). In the very gently
dipping limestones of the Kentucky Sinkhole Plain the
amplitude does not appear to be greater than ~40m.
Caves that are a mixture of shorter, shallower loops
and quasihorizontal canal (i.e. water table) passages
represent a third, higher state of fissure frequency and
diminishing resistance. The horizontal segments exploit
major joints or propagate along the strike in bedding
planes as shown in Figure 7.7. Swildon’s—Wookey Hole
system in the Mendip Hills, England, is an outstanding
example. Diving exploration from the upstream end has
passed 11 consecutive shallow phreatic loops and is
arrested at a twelfth, deeper loop. At least eight loops
have been overcome from Wookey Hole, the downstream
end (Figure 7.15). At Skalisty Potok, Slovakia, 20 con-
secutive loops have been dived, to depths up to 25 m, and
there are similar examples in Romania (Racovita et al.
2002). Grottes des Fontanilles, France, has six loops to
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Figure 7.14 A sketch sequence to illustrate the stochastic
nature of phreatic loop formation. In the upper frame three
proto-caves are extending in each of bedding planes A and B;
Aj has just broken through to the output boundary. In the lower
frame, B has connected to Aj via a lifting shaft where a joint
extends between them; B, has captured most of the flow and
enlarged to explorable size. Its downstream extension will
continue to extend slowly unless blocked by silt and clay, and
is a prime site for a future undercapture.

B,
R
i N Undercaplure

Potential

—77m (Romani et al. 1999). Trapped in a short canal
section there by rising floods in 2001, cavers experienced
air pressure of 2 atm, indicating that the rock above them
was airtight, i.e. had no effective primary porosity even at
State 3 fissure density.

In State 4, fissure frequency is so high or resistance is
so low that low-gradient, most direct, routes are readily
constructed through successive ranks of inputs behind
the spring points. When sufficiently enlarged these can
absorb all runoff; thus the piezometric surface is lowered
into them. They become ‘ideal’ water-table caves.

Ideal water-table caves that are wading or swimming
canal passages with low roofs are very common. Hun-
dreds of short examples pass through residual limestone
towers on alluvial plains in southern China, Vietnam,
Malaysia, Cuba, etc. Large sectors of the Baradla—Domica
system, in highly fractured limestones at the Hungarian—
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Figure 7.15 Examples of phreatic and water table caves.
Langtry Cave, Texas, is in horizontally bedded strata After
Kastning, E.H. (1983) Relict caves as evidence of landscape
and aquifer evolution in a deeply dissected carbonate terrain:
southwest Edwards Plateau, Texas, U.S.A. Journal of Hydrology,
61, 89—112. Vaucluse, France is a phreatic lifting passage where
water ascends 315 m in a gallery 10-20 m in diameter. It is the
outlet end of a deep bathyphreatic system. La Hoya de Zimapan,
El Abra, Mexico, is another outlet with at least 300 m of lift but it
is now relict. The base is infilled with clay. Upper galleries are
20-30 m in diameter and contain massive speleothem. Das
Holloch is an excellent example of a multi-loop phreatic cave,
with three relict ‘levels’. Reproduced from Bogli, A. (1980) Karst
Hydrology and Physical Speleology, Springer-Verlag, Berlin, 284
pp. Wookey Hole, England, is a mixture of phreatic and water
tableelements. Caves Branch, Belize, is a great water table
cavedeveloped along a polje margin. Reproduced from Miller,
T.E. (1982) Hydrochemistry, hydrology and morphology of the
Caves Branch karst, Belize. Mcmaster Univ. PhD thesis, 280 pp.

Slovak border, are of this type, as is much of the Caves
Branch system, Belize, that is developed in thoroughly
brecciated rock. Caves of the Nullarbor Plain, Australia,
are other excellent examples of this type, with Cocklebiddy
Cave, for example, having been dived just under water
table level for more than 6.5 km (Finlayson and Hamilton-
Smith 2003).
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This Four State Model to differentiate phreatic and
water table caves, as shown in Figure 7.13, is simplified
and idealized. In reality there is a greater mixing of the
types. Ideal water-table passages rarely extend for more
than 1-2 km before being interrupted by shallow phreatic
loops where local geological conditions change. A cave
may be assigned to one category or another according to
its predominant characteristics.

Since Cviji¢ (1918), many speleologists have con-
tended that caves develop preferentially in the epiphreatic
zone that is inundated seasonally or in storms by fast-
flowing (and chemically aggressive) flood waters. As we
have explained it here, such a zone is only of significance
to cave genesis where fissure frequency is State 3 or 4.
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From careful studies of some major systems in the Alps
and Pyrenees, Audra (1994) and Palmer and Audra (2003)
proposed the patterns shown in Figure 7.16. Juvenile and
perched caves (Figure 7.16 A and B) are discussed as
vadose types below. States 2, 3 and 4 cave systems are all
assigned to the epiphreatic zone (Figure 7.16 C and D),
while State 1 is considered to be an accident caused
by aggradation or tectonic lowering (i.e. drowned State 2,
3 or 4). We do not question that both epiphreatic dev-
elopment and deep aggradation can occur; Vaucluse
(Figure 7.15) is possibly attributable to aggradation
following the Messinian low sea level, for example.
However, the El Abra deep systems (State 1) cannot be
explained in this manner. The particular examples of
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Figure 7.16 The form of vadose, phreatic and epiphreatic caves, as proposed by Palmer and Audra (2004).
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State 2 and 3 caves noted above all have large propor-
tions of their known length below the low-stage water
table, i.e. are permanently phreatic, not epiphreatic.
Castleguard Cave, a well-studied alpine system in
Canada, cannot be reconciled with Audra’s model,
despite the fact that the modern flood amplitude there
is as great as 370m. However, in multiphase caves
(discussed below) floods may greatly enlarge one or
more upper levels after these have been abandoned by
the low-stage flow, i.e. cave enlargement can proceed
simultaneously at two different levels (e.g. Ogof Ffynon
Ddu, Wales; Smart and Christopher, 1989).

In contrast to Audra, Worthington (2001, 2004) noted
that deeply circulating waters may be warmed by
geothermal heat, creating lower viscosity that will permit
longer solvent penetration before higher order dissolution
kinetics begin to inhibit the proto-cave propagation. He
argues that deep, State 1 development may be favoured
where flow-path lengths are greater than ~3 km and, from
analysis of 19 well-mapped sample caves, proposed the
empirical relationship presented in equation (5.19). This
is a valid possibility but, in perhaps a majority of known
cases where the flow path is >3 km, there are shorter
loops between the output and its most distant input
points; these tend to breakthrough first despite their
possibly higher viscosity because they are significantly
shorter in length.

7.3.3 Some effects of geological structure

Structural effects are certainly important in determining
the patterns of cave long-sections. Where strata dip quite
steeply (2—5° or more) the bedding planes tend to entrain
groundwater to greater depths. Their gradients are steeper
than most initial hydraulic gradients and so there is a
quasi-artesian trapping effect, as Glennie (1954) noted.
As a consequence, the deeper types of phreatic caves are
favoured.

Where strata are quasihorizontal, bedding planes (the
most continuous form of fissuring) may extend to the
perimeter of the karst, where they crop out to offer many
potential spring points. It is only joints or faults that can
guide water to great depth. In addition, conditions are
most favourable for perching groundwater streams upon
aquitards such as dolomite beds, thick shale bands, etc.
States 3 and 4 caves are particularly favoured as a
consequence. However, deep phreatic systems can
develop where there is strong jointing, e.g. in the York-
shire Dales, England (Waltham 1970).

In tightly folded rocks (where cave systems extend over
several or many folds) fissure frequency is generally high
because of the high stressing. Water-table caves are conse-
quently common, as in the folded Appalachians, USA.

Frequency of penetrable fissures may increase where
strata are unloaded. This helps to explain why many
caves draining plateaus ramify into complex distributary
networks where the overburden is reduced close to the
springs (Renault 1968), and why State 3 or 4 caves can be
well developed in valley sides (Droppa 1966).

Hydration effects in anhydrite inhibit deep phreatic
loops; hence gypsum caves tend to be States 3 or 4 where
the strata are not confined.

7.3.4 Measure of fissure frequency

There can be no simple assignment of fissure frequencies
to the four states because of differing resistances within
individual fissures. In a situation of low frequency of
penetrable fissuring there may also be low resistance so
that State 3 systems evolve, or even State 4 where caves
are short, e.g. meander cut-offs. High frequency but high
resistance may yield State 2, as in parts of Vancouver
Island, Canada (Mills, 1981). Fissure frequency that is
measured at the natural surface or exposed in quarries is a
poor guide to the effective frequency below the epikarst
zone.

In the Mendip Hills, England, all four states of system
geometry have developed where the effective porosity is
< 1%; hence this measure is not sufficiently discriminat-
ing for our purposes.

7.3.5 Increase of fissure frequency with time

At the onset of karstification, initial frequency of pene-
trable fissures varies within and between formations.
With passage of time (and solvent waters) after that it
tends to be increased, as pointed out in Chapter 5. As a
consequence, later caves in a multiphase complex may
display a higher state. For example, in the Mendip Hills
over Pliocene—Pleistocene time, system geometry chan-
ged from initial State 2 phreatic systems composed of few
loops with great vertical amplitude to systems with many
loops of lesser amplitude when lowering of spring eleva-
tions created second-generation caves underneath them.
Repetition yielded systems where gradational processes
(outlined in the next section) could produce a State 3
system. In one example the amplitude of early loops was
> 50 m, diminishing to ~15m in a second phase and to
< 10m in a third phase.

This pattern of development can be recognized in the
cave fragments that are preserved in many tower karsts.
The massive bedding that is necessary to sustain the
verticality of the tower walls also favours low fissure
frequency. Higher, ancient caves tend to display State 2
features; the modern caves of the floodplain are often
State 4. The great tropical river cave systems of



228 Karst hydrogeology and geomorphology

Selminum Tem, Papua New Guinea, and Mulu, Sarawak,
have similar histories (Waltham and Brook 1980). How-
ever, many alpine systems such as Holloch conserve their
high-amplitude, State 2 form through three or more
successive phases, so this generalization does not always

apply.

7.3.6 Differentiating vadose caves

Primary vadose caves (Bogli 1980) will be the first type
to develop where the water table is initially deep in the
rock, thus permitting rain or meltwater to invade dry rock.
As discussed in section 5.4, this may be because effective

porosity is very high, or resistance in fissures is low due to
many initial apertures being > 1mm, or the climate is
arid. Phreatic elements in the cave morphology are either
very limited and rough (paraphreatic), or absent. Deep
and open fissuring like this can be expected in particular
where there is rapid tectonic uplift accompanied by some
deformation, i.e. in young mountain systems. The major-
ity of the deepest caves of Table 7.2 thus are simple
systems of vertical shafts down fractures, drained by short
basal meanders leading to the next shaft. Short sections
may exhibit water ponding (e.g. siphons) due to local
lithological perching effects. Figure 7.17a shows the
vertical profile of the Voronja—Krubera System, Arabika
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Figure 7.17 (a) The vertical profiles of Krubera-Voronja Cave,

Georgia, and Vrtiglavica Shaft (Slovenia) drawn at their scale

elevations above sea level (the entrances are at 2250 m and 1910 m a.s.l. respectively). Krubera is currently the deepest explored cave;
Vrtiglavica (‘Vertigo’) is the deepest single explored shaft. Both appear to be largely of primary vadose origin. (From the Ukrainian

Speleological Association (Krubera) and R. Stopar (Vrtiglavica),
invasion types of vadose caves.

with permission.) (b) The development of the drawdown and
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Massif, Caucasus, currently the deepest known example
at —2160 m. Much of it appears to display primary vadose
form. The aptly named Vrtiglavica (‘Vertigo’) Shaft on
Mount Canin in Slovenia is a straight drop of 643 m, lip to
floor, the deepest individual pit yet discovered. Many
others are known that are > 300 m.

Drawdown vadose caves develop where the water
table initially is close to the surface (Figure 7.17b).
This is common in low plateaus and hilly regions or
where the karst rock is progressively exposed by strip-
ping of insoluble cover strata. The caves are guided by
the early networks of phreatic primary tubes. As these
break through, connect and then enlarge, the reservoir
capacity of the rock increases. The water table then must
be drawn down until it finally stabilizes at some mini-
mum gradient to the springs (section 5.5). Although
>90% of the cave volume may be created by later
erosion under vadose conditions, the passage plan pattern
and skeleton is largely phreatic. If preserved at all, the
phreatic morphology is usually in the roof where it may
be difficult to inspect. Initial drawdown vadose condi-
tions have probably applied in the majority of the world’s
karst regions. Lower portions of many of the deep shaft
caves can exhibit this control.

Invasion vadose caves develop where new streams
invade rock already drained during one or more previous
phases of drawdown speleogenesis (Figure 7.17b). The
invasion is often a result of karstification of surface
streams as they are lowered from an eroding caprock,
or it follows from the clogging and sealing of former
sink-points, the most potent agency of such infilling being
regional glaciation, as hinted in the figure. The effect of
glaciation on karst is discussed further in section 10.3.

Juvenile caves that feed free-draining springs
(Figure 7.16A) may be of drawdown or invasion vadose
type. They are comparatively rare because deeper circula-
tion to and below the spring baselevel is the norm.
However, Muruk-Berenice Cave, New Britain, appears
to be a good example of simple drawdown with one or
two short perched siphons. It is ~11km in length and
1178 m deep. Vadose caves perched on an aquiclude
(Figure 7.16B) are very common indeed. The basal gallery
usually has a drawdown vadose origin. The overlying
shafts may be of either type, or a mixture of both.

7.3.7 Extent and magnitude of vadose
cave development

The extent of vadose caves (either type) is a function of
the depth of the vadose zone and of the many lithological
and other effects tending to divert groundwater from a
simple, vertical descent. Topographic relief above the

springs is most important. The deepest vadose caves
occur in mountain areas, as noted. Variations of water-
table gradient are also significant. Where vadose caves
drain to State 1 or 2 systems variation of resistance in the
phreatic passages may cause local variations of tens of
metres in the depth of the vadose zone, i.e. in the water-
table topography.

In general hydrological modelling, water in the vadose
zone is presumed to drain vertically downwards. In many
karst regions this is true only in the sense that it does not
flow upwards in the zone. Thousands of kilometres of
lateral vadose passages are known. The magnitude of
vadose caves is a product of the size of their streams and
the duration of erosion. The largest occur where large
allogenic streams have flowed underground for a long
while. Often, simple enlargement plus the gradation pro-
cesses described below (section 7.4) have converted State
3 or 4 systems into true river caves that rarely or never
flood to the roof. In contrast, in many autogenic systems
individual streams are tiny because recharge is relatively
diffuse and doline frequency is high. Underground, all of
the vadose zone (and perhaps more) may be required to
effect the amalgamation of streams that is necessary to
generate caves of enterable dimensions. Such areas, there-
fore, may give the impression of lacking vadose caves, but
that is only because they cannot be entered.

7.3.8 Review

The following conclusions may be drawn from the
models developed above.

1. In the first phase of development an unconfined cave
system may be composed entirely of one type between
its inputs and its outputs, e.g. bathyphreatic, draw-
down vadose, etc.

2. More frequently, in the first phase it will display a
combination of one or both vadose types supplying
water to one of the four phreatic or water table types
(Figure 7.15).

3. In multiphase caves, two or more of the phreatic/
water-table types may be present in addition to the
vadose types, the later caves often tending to be of
higher state.

4. Many systems display some admixture of these types
that has developed within a single phase.

7.3.9 Generalizing the Four State Model

In terms of speleogenesis it follows that six states may be
distinguished in karst rocks. State 0 is that where fissure
frequency or effective porosity is too low for unconfined
cave systems to propagate in the available geological
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time. This is true of some marble formations in which
karst, therefore, is restricted to the pit and gutter types of
karren that do not require cavernous drainage. States 1 to
4 are as specified. State 5 occurs where fissure frequency
is too high; the solutional attack is dispersed in innumer-
able proto-caves or tiny cave channels. Amalgamation to
create cave systems of enterable dimensions does not
occur. This is true of many thin-bedded formations, some
chalks, some corallian and aeolian limestones and some
dolomites. It is the ideal diffuse-flow end of this spectrum
of karst hydrological states.

7.3.10 Caves in quartzites and siliceous sandstones

Caves also develop in quartzites and siliceous sandstones in
situations where the silica cement can be removed by
dissolution, and the less soluble residual grains are then
efficiently swept away by flowing waters. The grains
(usually sand-sized but up to small boulders in some
conglomerates) contribute to cave enlargement by mechan-
ical corrasion. It should be noted that without a high
hydraulic gradient and low fissure resistance, the mechan-
ical removal of the less soluble particles may not be
possible and thus no cave development can ensue. Conse-
quently, caves in siliceous rocks are usually polygenetic
rather than strictly karstic in origin, i.e. they cannot develop
by dissolution alone. This mode of development actually is
much like that envisaged in the early vadose theory of
limestone cave genesis (Figure 7.13a). The hydrological
settings and cave gross morphology are largely restricted
to the simple juvenile and perched types of Figure 7.16.

Caves are quite common in calcareous sandstones,
but there are relatively few examples where the cement
is silica. Day (2001) describes short and small joint
maze and bedding plane caves in sandstone beneath a
dolomite aquifer in Wisconsin, i.e. they have developed
in the converse of the diffuse-recharge-through-sandstone
setting given in Figure 5.23.

Spectacular caves can develop in strong quartzites
because, despite the low solubility of these rocks, they
are also very resistant to mechanical weathering. Examples
are found chiefly above escarpments in wet or seasonally
wet climates, where high hydraulic gradients and abundant
recharge operate in combination, e.g. the ‘Saxon Alps’ of
Germany and Poland, the High Veldt of South Africa, or
Monserrat, Spain. The most celebrated are caves are in the
Roraima Formation, a massive Precambrian unit at the
Brazil-Guyana—Venezuela border, and in similar strata
further south in Brazil (Urbani 1994, Correa Neto 2000).
Extensive plateaus there are bounded by vertical cliffs
100-300m high (section 9.14). Major joints are long,
widely spaced, and typically 50-200m deep before

terminating at a bedding plane. The caves develop as
primary vadose shafts down the joints, then drain via
smaller floodwater galleries perched on the basal plane.
Figure 7.18a shows a typical example. Sistema Roraima
Sur, Venezuela, is the largest, having a trunk gallery often
~50m wide (Smida ef al. 2005), i.c. it is on a scale with
the great limestone river caves. Many shafts later enlarge
along the joints, forming corridor karst (giant grikes or
bogaz) open to the sky. A few caves are more simple
juvenile features without shafts, initiated in dipping
bedding planes and later entrenched below them, e.g.
Lapao Cave, Brazil. Cueva Ojos de Cristal, Venezuela
(Smida er al. 2003) is unusual in displaying four
separate inlet streams that converge in a spectacular
anastomosis on two or more bedding planes. The longest
mapped quartzite caves have 4000-11,000m of pas-
sages. The deepest are 300—-500 m.

7.3.11 Caves in glacier ice

Caves that are morphologically identical to sequences of
shafts and meandering basal drains in limestone can
develop where meltwater streams sink into glaciers.
However, these are also not strictly karst features because
they are formed by melting rather than dissolution. The
shafts (moulins or glacier mills) are often located on old
crevasses annealed by flow of the ice. Caves in shallow
glaciers may terminate in river cave passages at the
glacier bed, creating systems directly analogous to the
perched karst caves of Figure 7.16B. In deeper glaciers,
the passages tend to pinch out in the zone of plastic flow
below 50-100m in temperate ice. Badino and Romeo
(2005) reports on unusually shallow galleries (at 5-20m
depth) that could be followed for a distance of 1150 m
downstream of the entrance moulin in a Patagonian
glacier, a record. Glacier caves are also enlarged by
sublimation by air currents caused by the cascading
water; spectacular patterns of sublimation scalloping
(section 7.9) are seen on many walls and ceilings. In
polar ice masses glacier snouts may freeze to the bed in
winters, impounding late meltwaters which then back up
and drown the lower shafts (Schroeder 1999).

Glacier caves develop and close again very quickly if
the ice is flowing. Figure 7.18b shows the progress of an
example on the Gornergletscher, Switzerland, that was
only 6m deep when first explored on 15 July 1999. It
was 60m deep 3 months later (Piccini er al. 1999).
Some snout caves in ice at the pressure melting point
(temperate ice) can survive for a decade or more and
attain diameters of 10 m or more. Caves in stagnant ice or
in firn (densified snow) can be maintained for several
decades if allogenic streams flow into them, e.g. the



Speleogenesis: the development of cave systems 231

Rio Superior

simas del Este ‘{é

sima del Blogue

I!_ 1} . o i
L

o-
- Rio del Este=— p—= ——
}—Galerla de la cascada > ‘wp—_
i -—_—

e ——— ~—
HAPE-“— 2= e m AL, o —

Resurgencia
Aonda =
i
A —
: —
2\= — m
A —

——— D P L

15.07.99 80.07.99

11.09.89 9.10.99 27.11.99

plan view
9.10.99

entrance

Figure 7.18 (a) Long section of Aonda Cave, Bolivar, Venezuela, a typical example of the profiles of quartzite escarpment caves.
Reproduced from Mecchia, M. and Piccini, L. (1999) Hydrogeology and SiO, geochemistry of the Aonda Cave System, Auyan-
Tepui, Bolivar, Venezuela. Bollettino Sociedad Venezolana Espeleologia, 33, 1-18. (b) The growth of vadose shafts and drains in ice
of the Gornergletscher, Switzerland, between 15 July and 27 November 1999. reproduced from Piccini, L., Romeo, A. and Badino, G.
(1999) Moulins and marginal contact caves in the Gornergletscher, Switzerland. Nimbus, 23/24, 94-9.

Paradise Ice Caves on Mount Rainier, Washington, USA  within the phase that saw their creation. The more drastic
(Halliday and Anderson 1970). pattern changes brought about by multiple phases are
discussed in the following section.

7.4 SYSTEM MODIFICATIONS OCCURRING
WITHIN A SINGLE PHASE 7.4.1 Gradational features in phreatic systems

Here we are concerned with two sets of effects that can  The three different effects are shown in Figure 7.19. All
significantly change the cave patterns described above serve to reduce the irregular looping profiles of State 2
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Figure 7.19 Gradational features common in phreatic caves:
(a) isolated vadose entrenchment of the upward apex of a
phreatic loop; (b) development of a bypass tube above a loop
clogged with detritus; (c) development of a paragenetic gallery
upwards to the water table.

and 3 caves. Isolated vadose trenches develop when, as
a result of water table drawdown, apices of upward loops
become aerated. They contrast with the continuous
trenches that extend downstream of a sink point, or
upstream from a spring. Isolated entrenchments 50 m
deep and hundreds of metres long are known, e.g. the
great river passage of Skocjanske Cave, Slovenia,
appears to be at least partly of this origin.

Bypass passages or tubes en raccord (Ford 1965,
Renault 1968) develop where sharp downward loops
below a water table become obstructed by alluvial detri-
tus. Normally this will be in upstream parts of a system.
When rapid flooding occurs a large head of water may
build above the obstruction, greatly steepening the
hydraulic gradient across the loop. Local fissures that
are impenetrable under normal gradients are then
exploited to open one or a series of subparallel bypasses
over the loop. The latter becomes fully silted and inert;
new clastic load is then carried through the bypass to clog
the next loop. The process propagates downstream and is
also transitional to the floodwater maze (below).

As originally used by Renault (1968), a paragenetic
passage is any phreatic or water-table passage where the
erosional cross-section is partly attributable to effects of
accumulations of fluvial detritus. As applied by Ford
(1971b) and other English-speaking authors, it has
meant only the type of passage that has a steadily rising
solutional ceiling (Figure 7.19c¢); this is the extreme or
‘ideal’ type of paragenesis. Pasini (1975) perhaps showed
more flair in naming it ‘erosione antigravitativa’!

Paragenetic passages originate as enlarged principal and
subsequent tubes. With enlargement, groundwater velocity
may be reduced, permitting permanent deposition of a
portion of any insoluble suspended or bed load. This
protects the bed and lower walls so that dissolution pro-
ceeds upwards on a thickening column of fill. The vertical
amplitude of such paragenesis can exceed 50 m. Remark-
ably flat roofs can be bevelled across dipping strata. In
many instances there will be some dissolutional develop-
ment of half tubes at the buried contacts between fill and
wall, as well. The process terminates at the water table.

Paragenetic enlargement that is succeeded by partial
wash out of the fill in later phases explains much of the
complicated plan forms, wall and ceiling shapes, seen in
many caves close to geological contacts with sandstones
or shales that can supply abundant detritus, e.g. Endless
Caverns, in the Ridge and Valley Province of Virginia,
USA. Osborne (1999) stresses its role in Jenolan Caves,
NSW, Australia, which are in a narrow band of steeply
dipping, recessive limestones flanked by sandstones and
conglomerates that supply clastic debris. They have a
long and complex history of palaeokarst, infilling and
hydrothermal speleogenesis succeeded by major parage-
netic re-excavation and enlargement.

7.4.2 Floodwater maze passages

Floodwater mazes are evaluated in detail by Palmer
(1975). They develop in State 3 or 4 systems or low-
gradient vadose caves, where fissure frequency is high.
Maze development occurs where allogenic flash flooding
invades karst and/or where a trunk passage with large
carrying capacity becomes obstructed by clastic or
organic debris. Flood heads of many metres can be
applied quickly, generating very steep hydraulic gradients,
as in bypass passages. Interlinked fissures around the
obstruction may be penetrated rapidly to relieve the
pressure. This creates a maze that is hydraulically ineffi-
cient compared with the trunk, but which may function for
the remainder of the active life of the cave.

Floodwater maze development is most significant
where caves drain large and rugged allogenic catchments
(i.e. where large floods are applied rapidly to one point in
the karst) and is most prominent at the upstream end
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Figure 7.20 Sof Omar Cave, Ethiopia, a spectacular example of
a floodwater maze developed as three successive levels in hor-
izontally bedded limestones beneath a basalt caprock. It is a mea-
nder cut-off system that floods frequently during the rainy season.
(From cartography by Steve Worthington, with permission.)

of systems, e.g. Bullock Creek Caves, New Zealand
(Williams 1992). It may extend throughout the length
of comparatively short systems such as meander cut-off
caves: the spectacular example of Sof Omar Cave,
Ethiopia, is shown in Figure 7.20.

7.5 MULTIPHASE CAVE SYSTEMS

Most extensive unconfined caves display multiphase
features due to the negative shift of springs (Figure 5.17).
Positive shifts flood or fill them with sediment, making
them less likely to be explored: at the extreme, the cave
system may be decoupled from hydrological throughput
to become an inert, buried palaeokarst system. Oil-well
drilling penetrates examples down to depths of 3km or
more, e.g. in Romania.

Because of net continental erosion, negative shifts
predominate in most karst areas and generally create
lower series of passages. Most authors describe the two
or more series as cave ‘levels’. This raises difficulties
because the actual passages are frequently not level
(horizontal) at all, e.g. State 2 caves. ‘Storey’ has similar
connotations, and ‘stage’ has both discharge and evolu-
tionary implications that create misunderstandings. Here
we use phase and level interchangeably, but readers
should bear in mind that actual cave passages of a phase
need not be level sensu stricto.

7.5.1 Types of network reconstruction

The type and scale of reconstruction that follows the
lowering of a spring is varied. At its most simple, the spring
shifts downwards only, relocating at a lower point on the
same vertical fissure. If it follows this fissure, the cave may

display simple vadose entrenchment to the new level, e.g.
Grotte St Anne de Tilff (Ek 1961; see Figure 7.39D).
Normally, the entrenchment is retrogressive, i.e. a knick-
point. There is little or no change of the plan pattern of
the cave. This type of reconstruction occurs particularly
where the initial cave is one of the vadose types but has
a gentle gradient. However, it is comparatively rare.

In many more instances new series of passages are
constructed. They propagate headwards through the sys-
tem and are similar to the connections of further ranks in
a first phase. This is because many primary tube systems
of previous phases have survived cave enlargement and,
although carrying an insignificant proportion of the dis-
charge, have slowly extended and can be exploited when
hydraulic gradients are steepened by downward shift of
the spring. They serve as ‘diversion’ or ‘tap-off’ channels
(terms of Ford (1971b) and Mylroie (1984 respectively)
but are better described as undercaptures, a direct
translation of the French soutirages (see Hauselmann
et al. 2003). In addition, in a majority of cases the spring
is displaced laterally as well as vertically, which compels
the development of at least some distinct new passages.
At Holloch, the lateral shift was of the most simple
kind, i.e. by small increments down the edge of a single,
inclined plane. Nevertheless, this created several new
series of State 2 subsequent passages across that plane
(Figures 7.7 and 7.15). At Mammoth Cave, because

north passage
(2nd phase)

south passage
(2nd phase)

iy
4’ = undercapture

I 0 100m
e —
Figure 7.21 The central galleries of Swildon’s Hole, Mendip
Hills, England. Shown in white solid are north and south
passages of a second genetic phase. In black are passages of
the third (modern) phase. Numbered dashed lines are the head-

ward sequence of undercapture diversion passages by which the
modern route was built beneath that of the second phase.
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Figure 7.22 Examples of multiphase cave systems, emphasizing the variety that occurs. Réseau Nébélé displays vadose inlet
passages, dip tubes, two phases of State 3 loops and water-table passages, plus undercaptures. Cheddar Caves, England, display four
levels of outlet passages that successively drained a State 2 looping system with an initial amplitude of > 150 m; the lower three levels
are shown here. Cueva del Agua, Spain, after Smart, P.L. (1986) Origin and development of glacio-karst closed depressions in the
Picos de Europa, Spain. Zeitschrift fiir Geomorphologie, NF, 30(4), 423—43; Cueva del Cobre Cave, Spain, after Rossi, C., Munoz, A.
and Cortel, A. (1997) Cave development along the water table in the Cobre System (Sierra de Penalabra, Cantabrian Mountains,
Spain, Proceedings of the 12th International Congress of Speleology, Vol. 1, pp. 179-85; Réseau Nébélé, France, reproduced from
Vanara, N. (2000) Le fonctionnement actuel du réseau Nébélé. Spelunca, 77, 35-8.

stratal dip is very gentle, each time the Green River (on
the downdip, output boundary) entrenched its channel a
few metres it might create a favourable new outlet posi-
tion more than 1 km from previous springs.

An excellent example of the passage complexity that
can be created by multiphase undercapture reconstruc-
tions is given in Figure 7.21. Swildon’s Hole displays just
three major erosion phases. The Phase 2 passages were

irregular strike subsequents of State 2 type. The stable
Phase 3 passage is a river passage 25-30 m lower. The
1000 m of its course that is shown was built piecemeal
from at least eight, consecutive and headward, under-
captures from the northern Phase 2 tributary, plus two or
more from the independent, southern Phase 2 tributary.
The earlier undercaptures were wholly phreatic; later
ones were vadose at their upper ends, signifying the
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Figure 7.23 The Siebenhengste-Hohgant-St Beatus—Bare-
nschacht multiphase complex cave system nears Lake Thun,
Switzerland. The upper frame is a map showing the older phases
preserved in the Siebenhengste-Hohgant sector. The lower frame
is a long section showing the younger phases in the St Beatus and
Birenschacht caves.

lowering of the water table that resulted from creation
and expansion of this new cave. Parts of each under-
capture were incorporated into the final Phase 3 river
passage. Other parts were abandoned entirely and, in
some cases, remain too small to enter

Figure 7.22 displays some other multiphase systems
chosen to emphasize the wide variety that occurs. Cueva
del Agua, Spain, is shown in the outstanding morpho-
logical reconstruction by Smart (1986). It is a State 2
multiphase complex containing steep-to-vertical phreatic
lifting segments that climb 120 m or more. There are many
isolated vadose entrenchments that are taken to represent
downcutting to eight different levels within a range of
200m. Cobre Cave, Spain (Rossi et al. 1997) is an
instance of two phases of State 2 looping and subsequent
vadose entrenchment that, unusually, is against the trend
of the stratal dip. Réseau Nébélé, France (Vanara 2000)
displays vadose inlet passages, dip tubes, two phases of
State 3 loops and water-table passages, plus undercap-
tures. The famous Cheddar Caves, England, display four
levels of outlet passages that successively drained a State
2 looping system with an initial amplitude of > 150 m; the
lower three levels are shown in Figure 7.22.

North of Lake Thun, Switzerland, the Siebenhengste—
Hohgant—St Beatus—Barenschacht caves are a multiphase
complex containing ~260km of explored passages
beneath ~40 km? of dissected escarpments dipping south-
east at 15-30° (Figure 7.23). The caves are developed in
150-200m of well-bedded Cretaceous limestones,
capped by sandstones and resting on impervious marls.
They have a total relief > 1500 m. Faults have acted as
barriers rather than preferred routes for flow, so that
explorers have not yet been able to physically interconnect
all portions of the caves. The multiphase development
can be attributed to Alpine uplift coupled with cover
stripping and glacial and fluvial episodes of entrench-
ment. No fewer than 12 distinct phases are currently
recognized (Jeannin et al. 2000, Hiuselmann er al.
2003). In the earlier four there was State 2 irregular strike
subsequent development with drainage to the northeast
(Figure 7.23, phases at 1950-1505ma.s.l.), creating a
comparatively simple pattern similar to that of Holloch;
the amplitude of deeper phreatic loops was at least 220 m.
The direction of flow was then reversed southwest, to the
St Beatus and Barenschacht caves that drain into Lake
Thun. They display eight successive phases of system
reconstruction, descending from initial springs at
1440 ma.s.l. down to a modern low-stage level at 558 m
asl. Phreatic looping with amplitudes up to 250 m is well
established by exploration, and early looping to 400 m is
hypothesized. The younger loops have lesser amplitudes,
but epiphreatic flooding can reactivate five relict loops
in a downstream succession with an amplitude of many
tens of metres (Hauselmann et al. 2003, figure 7).

Friars Hole System, West Virginia (Figure 7.24) offers
one final contrast. It is an instance of the restricted case of
cave development. Limestone crops out in only a few
narrow strips in the floor of a steep valley of shale and
sandstone, yet 68 km of passages are mapped. Stratal dip
is ~3° westerly and the springs lie along strike to the
south. The system displays at least six distinct State 4
channels that follow faults or selected bedding planes to
the strike. The highest channel is only 125m above the
modern springs. Later ones shifted downdip as at
Holloch. The plan pattern is extremely complex because
stream-sinks have been randomly blocked and sealed for
long time-spans by copious debris from the surrounding
slopes. New sinks were created both upstream and down-
stream of old ones and many underground diversions
have appeared. At present three separate rivers flow
through different parts of the explored system, at differ-
ing elevations and in different stratigraphical positions.
They join somewhere before reaching the springs. The
lowest explored river enters a siphon that is 13 km distant
from the spring yet only 24 m higher.
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Figure 7.24 The multiphase pattern of Friars Hole System, West Virginia, USA. Numbers indicate the phase of different passages.

Reproduced from Worthington, S.R.H., The paleodrainage of an
McMaster University, p. 218, 1984.

7.6 METEORIC WATER CAVES DEVELOPED
WHERE THERE IS CONFINED CIRCULATION
OR BASAL INJECTION OF WATER

7.6.1 Two-dimensional and three-dimensional
maze caves

These caves are encountered quite frequently (Table 7.3,
type A2), either as separate entities or as anomalous
parts of normal, unconfined caves. Their form is every-
where similar. They are reticulate mazes of compa-
ratively small passages that follow joints confined to
one or a few rock beds. Passages are phreatic in form.
Parallel passages (i.e. in one joint set) tend to be of
similar dimensions, indicating that initial joint aper-
tures were similar (Clemens er al. 1997). Character-
istically, the morphology is that created by slowly
flowing waters. They lack the high-velocity erosional
scalloping and sharp cuspate morphology of typical

Appalachian Fluviokarst: Friars Hole, West Virginia. M.Sc. Thesis,

floodwater mazes, although transitional examples do
occur.

In essence such mazes develop where strata possessing
a high fissure frequency are geologically confined. The
trapping may be artesian, e.g. in a syncline beneath a
shale aquiclude, or it may be a local ‘sandwich’ situation
where one or a few densely jointed limestone beds are
trapped between massive limestones with few joints.
Artesian maze caves are widespread. Where small areas
of reticulate maze occur within normal branchwork caves
it is most frequently because a ‘sandwich’ situation exists.

The highest density of passage per square kilometre is
found in confined maze caves. Klimchouk (2003) cites a
range of 50400 kmkm™> for a global selection, which
contrasts with 12-24kmkm 2 in such well-known
unconfined systems as Mammoth Cave and Friar’s
Hole, USA. The porosity of the sample maze caves
amounts to 1-10% of the rock volume.
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7.6.2 Maze formation by diffusion through an
overlying sandstone aquifer

Palmer (1975) investigated a sample of maze caves in the
USA and found that 86% of them had developed directly
beneath permeable sandstones (Figure 7.25a and b). Often,
passage roofs were in the sandstone. An equidimensional
maze is created because water is introduced to the soluble
rock by way of an insoluble but homogeneous diffusing
medium, i.e. sandstone with well-developed primary per-
meability. In Stage 1 the hydraulic conductivity of the
sandstone is greater than that of the unkarstified limestone
beneath, but the situation is reversed by Stage 2. Cross-
roads Cave, Virginia (Figure 7.25¢) is an example.

More exotic is the case of Cserszegtomaj Well Cave,
Hungary (Figure 7.25d). Clint-and-grike dissolutional
topography (see section 9.2) developed on exposed
dolomites, which were then buried by sands that became
consolidated, creating a buried palaeokarst (Bolner-
Takacs 1999). Groundwater has selectively removed
the limestone clint blocks, leaving walls and ceilings
of sandstone resting on a dolomite grus floor. It is
uncertain whether the groundwater descended through
the sandstone or ascended from below.

7.6.3 Outlet caves created by basal injection
of meteoric waters into karst rocks

This category includes simple, single shaft caves, broadly
dendritic (branchwork) systems, and reticulate maze
caves. They ascend through soluble strata to outlets at
the surface or into overlying aquifers. Maze caves are the
most frequent and important, the other types apparently
being quite rare.

Brod (1964) described a series of small solutional pit
and fissure features scattered for 60 km along the crest of a
denuded anticline in eastern Missouri, USA. These extend
downwards through 30m of limestone with basal shale,
and then through 30m of dolomite where the form may
change from shaft to maze. At the base of the dolomite the
underlying sandstone is exposed in some cave floors,
including detached sandstone blocks partly rounded in
situ. The sandstone is 40m thick and very porous. In
Brod’s interpretation, its groundwaters were discharged
upwards and out through the impure carbonate aquitard
where this was fractured at the anticline (Figure 7.26A).
Localization of the fracturing allowed sufficient concen-
tration of waters to dissolve caves of enterable size.

Botovskaya Cave, Russia (Filippov 2000) is an excel-
lent example of a two-dimensional maze cave. It is in
6-12m of limestones confined between argillaceous
sandstones; enlargement is attributed to mixing of cool
artesian waters. Frumkin (personal communication 1999)

describes similar artesian waters rising to the crests of
anticlines in the Judean Mountains of Israel-Palestine,
where reticulate mazes developed beneath (curiously)
chalks functioning as aquitards. The caves drained
along the strike to local breaches of the aquitard. There
are many similar instances recorded elsewhere.

Grotte de Rouffignac, France, is a highly unusual cave
(Figure 7.26B). It is developed in rather soft chalks beneath
clays. The chalk has prominent layers of flint nodules, but
bedding planes and joints are poorly developed. These strata
functioned as an aquitard that confined a productive aquifer
below. In our interpretation, diffuse source waters from the
aquifer were able to enlarge small inlet passages that con-
verged within the chalk to form a dendritic array that
discharged along the flint-rich horizons into an adjoining
river valley. The inlet passages are paragenetic, rising on thick
residual clays. The modern cave has three levels and displays
subtle ceiling bevels and corrosion notching. It is a very
famous site of cave-bear habitation and of palaeolithic art.

7.6.4 The gypsum maze caves of western Ukraine

The Ukrainian gypsum caves are amongst the best known
reticulate mazes (Figure 7.27). They are created by
meteoric waters flowing upwards through them and thus
are hypogene (per ascensum) in origin. They have been
studied intensively (Klimchouk 2000b, 2003): this res-
earch provides the basis of much of our understanding of
hypogene mazes everywhere, including such hydrother-
mal giants as Jewel Cave and Wind Cave, South Dakota.

The caves occur in the flanks and spurs of the Dniester
and Prut valleys and their tributaries, and across gentle
interfluves. They are developed in Tertiary gypsums only
10-30m in thickness that are underlain and overlain by
thin limestones, sands and marls that are efficient aqui-
fers. This sequence is confined beneath upper aquiclude
clays. As Figure 7.28 emphasizes, the comparatively
massive, homogeneous gypsum functions initially as an
aquitard. The aquifers are recharged where streams at
higher elevations breach the aquiclude, and then drained
by breaches at lower elevation. The caves develop pre-
ferentially towards and under the breaches.

Although the gypsum formations are comparatively
thin, they display different joint patterns or densities in
successive beds, or there may be thin clay layers separat-
ing some units. Some of the caves are mazes contained
within only one joint set at one level, but the majority
of them have two to four distinct levels created by
the change of joint patterns or by the clays, etc. As these
levels lie almost directly above one another (like the
successive storeys in a building) and developed at essen-
tially the same time, they may be termed storeys (Ford
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Figure 7.25 (a and b) Development of a two-dimensional maze cave in limestone as a result of diffusion of groundwater through an
overlying sandstone aquifer. Reproduced from Palmer, A.N. (1975) The origin of maze caves. Bulletin of the National Speleological
Society, 37(3), 56-76. (c) Crossroads Cave, Virginia, USA, an example of this mode of development. (d) Cserszegtomaji Well Cave,
Hungary, a highly unusual two-dimensional maze developed from buried palaeokarst.
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Figure 7.26 (Left) Model for the development of meteoric water caves discharging the St Peter sandstone aquifer in the eastern
Missouri Ozark Hills. Reproduced with permission from Brod, L.G., Artesian origin of fissure caves in Missouri. Bulletin of the
National Speleological Society, 26(3), 83—112 © 1964 National Speleological Society. (Right) Grotte de Rouffignac, France, displays
a pattern of basal inputs from a diffuse flow aquifer that converge into a dendritic network and ascend gently through chalky strata;
about 10 km of passages are known.
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Figure 7.27 The four lengthiest multistorey maze caves currently known. Optimists” and Ozernaya, Ukraine, are gypsum caves with
basal inflow of meteoric water. Jewel Cave and Wind Cave, South Dakota, USA, are limestone caves with a complex history of early
palaeokarst, and infilling, followed by enlargement (with partial exhumation) by basal inflow of thermal waters.

1991) to differentiate them from the ‘levels’ of multiphase
caves that may be separated by many metres and are of
different ages. Typically, the higher storeys are less
extensive and are offset towards the discharge points
(breaches in the aquiclude).

Figure 7.28b shows details of the construction of
storeys and their varying passage morphology. The
groundwater circulation is very slow compared with
that in most unconfined situations. This permits small
thermal or solute density gradients to become significant
(natural convection flow in Figure 7.28b); cooler or

solute-laden water sinks, setting up local convection
cells that carry less saturated water to upper parts of
passages, preferentially widening them. Distinct cupolas
may develop at more soluble places in the ceilings
(sections 7.7 and 7.10). Forced convection flow is
introduced to a given area of the maze if the overlying
aquiclude is breached close to it. Flow rates then
accelerate a little, which reduces the differential scul-
pting effects of natural convection. Recently, these
processes have been carefully modelled (Birk er al
2000).
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Figure 7.28 (Left) The initial stage of per ascensum multistorey maze cave development in the Ukraine gypsum caves. Note that
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Aquifers (eds A.V. Klimchouk, D.C. Ford, A.N. Palmer and W. Dreybrodt), National Speleological Society of America, Huntsville,

AL, pp. 261-73.

Where the gypsum is exceptionally massive and
impermeable, large and irregular galleries or rooms
may be dissolved in it by the underflow. Where the
caves are progressively drained by river entrenchment,
prominent dissolution notches (section 7.10) can form at
the waterlines.

Most of the known caves are now drained and relict.
Zolushka (Cinderella) Cave is exceptional because it has
been progressively drained by nearby quarrying opera-
tions during the past 50year. It has been a remarkable
natural laboratory in which to observe dewatering pro-
cesses and effects within the span of a human lifetime.

7.7 HYPOGENE CAVES: HYDROTHERMAL
CAVES ASSOCIATED CHIEFLY WITH CO,

This section considers solutional caves created by deeper
waters that are usually heated, perhaps enriched in a wide
range of dissolved gases and minerals, and flow out to the
surface in most instances. By definition, thermal waters are
those which, at their springs, have a mean annual tem-
perature >4°C higher than that of the region (Schoeller
1962). Temperatures at hot springs in karst rocks are most
frequently in the range 20-80°C (T.D. Ford 1995). Much
higher temperatures can occur at depth. Standard geother-
mal gradients are ~30°Ckm ™', increasing to 100°C km ™"
around active volcanic areas. In the Transdanubian Moun-
tains of Hungary the gradient is only ~16°Ckm™" in
limestones but rises to 40-60°Ckm™' in shales above
them, which emphasizes the role of karst waters in
removing heat. In origin, the waters may be juvenile (i.e.
volcanic) or connate (trapped depositional waters that are
being expelled from sedimentary basins), deeply circulat-

ing meteoric waters (e.g. beneath a syncline), or mixtures
of these types in any proportions. Shallow meteoric waters
(normal karst waters) may then mix with them as they
approach the surface. The gases most commonly reported
are CO, and H,S. One or both may be important in a given
water. Here we simplify by supposing that one class of
cavities (the more abundant) is created predominantly by
CO, processes, whereas in the second class (section 7.8)
the role of H,S is more significant.

When hot, carbonated water rises and cools in carbo-
nate rocks (with and without mixing with shallow meteo-
ric water), there may be net dissolution, incongruent
dissolution or net deposition. A cave may straddle several
of the different process zones (e.g. dissolving at its base,
receiving subaqueous precipitates at the top) or be entirely
within one (section 3.10, equation 3.78). The zones may
migrate through it once (erosion — deposition) or oscil-
late across it several times. Many suspected hydrother-
mal caves experience only dissolution by the hot waters.
In others the bedrock walls can scarcely be seen at all,
being covered by later hydrothermal precipitates.

Andre and Rajaram (2005) model thermal waters
initially penetrating limestone. For an example of 60°C
water penetrating a horizontal fracture 500 m in length
with an aperture of 50 um and Pco, of 0.03 atm, break-
through occurs in about 6600 year. This suggests that the
timescales for thermal cave evolution are similar to those
in meteoric waters.

7.7.1 Criteria for hydrothermal origin or part origin

The most certain criterion is hot water flowing from the
cave! However, some meteoric caves have been invaded
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by hot waters because these will migrate to pre-existing
conduits if possible. They offer the easiest exits. Most
explorable hydrothermal caves are drained and relict.
Presence of hot springs in their vicinity offers a strong
hint concerning their origin, but cannot be conclusive.

Certain erosional features are highly suggestive but,
once again, no one of them may be conclusive. Strong
index features are deep, rounded and often multicuspate,
solution pockets (cupolas) that are attributed to convec-
tional dissolution (see section 7.10). In a few instances
there are highly corroded patches or rills on walls where
steam has condensed above hot pools. Dolomitization of
limestone walls has also been reported. In some Russian
caves, cherts in the limestone are strongly corroded,
which is good evidence of hot alkaline waters. Perhaps
as significant is the lack of evidence for moderate to fast
flowing water that is found in most meteoric caves. Better
indices are provided by the exotic deposits. Most impor-
tant are uncommon forms and abundances of calcite and
aragonite, but a wide range of rarer minerals may also be
present, especially barite, fluorite, quartz and the sulphide
minerals. Crusts of scalenohedral (‘dogtooth’) or rhom-
bohedral (‘nailhead’ or Iceland) spar calcite are common,
with thicknesses up to 2 m. These may cover all surfaces
(floors, walls and ceilings), indicating subaqueous pre-
cipitation. Individual crystals are large, indicating slow
deposition under uniform conditions. Quite frequently,
fine-grained breccia with or without barite or silica is
reported beneath the spars. Large quartz crystals are some-
times found that suggest cooling from a hot environment.

Palacowaterlines tend to be marked by thick botryoidal
or coralloid growths or by fin-like accretions of calcite.
There may be abundant debris from the most fragile of all
speleothems, rafts of calcite that precipitate about dust
grains on the pool surfaces. Calcite geyser stalagmites
may signify late, feeble effusions of the hot waters
through drained cavern floors. In some instances there
is further precipitation overhead from the expelled
vapour. Some hollow stalagmites may be subaqueous
(white smokers!). Gypsum as large crystals or extruded
flowers and whiskers is common in freshly drained
hydrothermal cavities.

All of these calcite, aragonite and gypsum forms can
be found in meteoric water caves. What is distinctive in
the hot-water caves is their unusual abundance and their
association together (Dubljansky and Dubljansky 1997,
Hill and Forti 1997). Strong supporting evidence of
precipitation from past thermal waters is obtained
from oxygen isotope ratios in the calcites, which will
usually be more depleted in '®0 than in any meteoric
precipitates nearby (section 8.6). Deep-seated hydro-
thermal calcites luminesce with a brief but strong

orange-red glow that is absent in cool-water precipitates
(Shopov 1997).

7.7.2 The form of hydrothermal caves

The form of the majority of known hydrothermal caves is
similar to that of the confined and basal injection meteo-
ric water types of caves already discussed, because the
hydrogeological settings are identical in broad terms, i.e.
they are rising water shafts as in Figure 7.26, or single
storey or multistorey mazes as in Figure 7.28.

One further type of cave should be considered first,
however, because of its comparative simplicity. This is a
roughly spherical or cupola-form void created, it is
believed, by convection currents within the very slowly
flowing water. Individual voids may be no more than
football-sized or range up to chambers of several hundred
metres in diameter. Clusters of small ones create sponge-
works, as in Figure 5.23. Large examples may be com-
plex, with multiple cupolas branching from one another.
In thinner strata or where overenlarged, these grade to
deep solution breccias (Figure 7.29a) that, in S-rich
waters, may host precipitates of calcite and dolomite
with sulphide minerals such as pyrite, galena and spha-
lerite. Very large, more irregular, cavities full of thermal
water are sometimes encountered by exploratory drilling.
The largest recorded is the Madan Chamber, in Archaean
and Proterozoic marbles in a tin—zinc ore zone in the
Rhodope Mountains, Bulgaria (Dubljansky 2000a). The
cavity has a volume estimated at 240 10®m?® (more than
ten times greater than the largest mapped cave chamber)
and at one point apparently measures > 1340m from
roof to floor. Water temperatures range 90—130°C in the
chamber; pressure increases from 37 to 170 atm, roof
to floor.

Simple rising water shafts following major joints,
faults or steeply dipping bedding planes are perhaps the
most widespread type of thermal cave. The deepest
known examples of shaft caves active today are Pozzo
de Merro, Italy (—392m) and El Zacaton, Mexico
(>329m). Both are close to volcanic centres. El Zacaton
(Figure 7.29¢) and nearby shafts have thick travertine
deposits and rich biomats. Water temperatures are only
5-10°C above regional means, suggesting mixing of
thermal and meteoric water. A robot underwater sonar
mapper and biosampler, DEPTHX, is being developed to
explore this site (Gary et al. 2002). In contrast to such
mixing, 150 km southwest of El Zacaton in the Sierra de
El Abra, two great meteoric springs (Coy and Choy)
discharge waters at 25-27°C from depths >200m but,
between them and from the same strata, Taninul Springs
discharge distinct, H,S-rich water at 40°C.
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Figure 7.29 (a) Typical features of a deep cave chamber that has collapsed to form a solution breccia. Sagging, slightly displaced
strata are crackle breccia. The clast-supported central pile is pack breccia. Basal fragments dispersed in insoluble residues
accumulated before collapse are float breccia. Reproduced with permission from Dzulynski , S. and Sass-Gutkiewicz, M. (1989) Pb-
Zn ores, in Paleokarst — a Systematic and Regional Review (eds P. Boszk, D.C. Ford, J. Glazek and 1. Horacek), Academia Praha/
Elsevier, Prague/Amsterdam, pp. 377-97. (b) Csiki Shaft, a remarkable palacothermal water shaft that was exposed in a quarry near
Budapest, Hungary: 1, dolomite; 2, grus (dolomite pulverized by thermal water); 3, shaft walls are firmly cemented by precipitated
silica. Reproduced from Jakucs, L. (1977) Morphogenetics of Karst Regions: Variants of Karst Evolution, Akademiai Kiado,
Budapest, 284 pp. (c) El Zacaton and neighbouring thermal water shafts at Rancho La Azufrosa, Mexico. Adapted from Gary, M.O.,
Sharp, J.M., Havens, R.S. and Stone, W.C. (2002) Sistema Zacatén: identifying the connection between volcanic activity and
hypogenic karst in a hydrothermal phreatic cave system. Geo2, 29(3-4), 1-14.

Most known thermal shafts are now drained and relict.
Historically, many were explored by miners exploiting
their secondary mineral deposits. The celebrated Fersman
Cave, Kirghizstan, was mined to —220 m. It contains an
exotic uranium mineral, tyuyamuyunite, that was pre-
cipitated at 40-60°C, and succeeded by barites and
calcites at ~30°C (Dubljansky 2000). Stari Trg Mine,

Croatia, is a complex of shafts with small mazes, single
galleries and chambers, 600 m in depth, discovered during
zinc-lead mining. Its lower 400m was filled with warm
water until pumped out. The Csiki Shaft (Figure 7.29b)
illustrates some other striking effects of thermal
karstification. Dolomite is often pulverized (reduced to
grus) in the thermal aureole. At Csiki, the walls of the
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central shaft were then reinforced by silica cementation
at high temperature: preferential erosion of the surround-
ing rock and grus has left the ancient shaft protruding
several metres like a hollowed tree trunk!

7.7.3 Rozsadomb, Hungary

Budapest was founded upon hotsprings along the River
Danube. Almost the full range of thermal cave types can
be found there under Rozsadomb (Rose Hill, the diplo-
matic quarter), including relict shafts, linear passages,
two- and three-dimensional mazes, and modern phreatic
caves discharging thermal waters at the river level.
Cherty Triassic limestones with some palaeokarst are
overlain unconformably by 40-60m of Eocene lime-
stones covered by marls that form a largely impermeable
cap. There is a complex block-fault geological structure
that may incorporate buried karst towers (Figure 7.30).
Uplift has progressively drained the older, higher caves,
and left extensive deposits of spring travertines stranded
up to 150 m above the modern river. Mean temperatures
of meteoric waters invading the caves are 8-13°C.
Different thermal springs have mean temperatures
between 20 and 60°C, indicating that differing amounts
of mixing takes place.

The Matyas—Palvolgy and Ferenc-hegy caves are multi-
storey mazes following joint-guided alteration zones in
which the limestone is partly disintegrated and silicified, as
in the Csiki shaft. Alteration is attributed to Miocene fore-
Alp volcanism (Muller and Sarvary 1977). Calcite raft
debris indicates many past water levels. Szemlohegy Cave
is a more simple outlet rift on joints; it has abundant
subaqueous calcite crusts. Molnar Janos is the modern
outlet; its warm waters have been dived to —70m,
discovering ~4 km of phreatic maze. Joszethegy Cave is
a shaft descending to ramiform chambers with abundant
secondary gypsum deposits. It is transitional to the H,S
class of hypogene caves (section 7.8), indicating how these
two classes may mingle within a small geographical area.

7.7.4 Jewel Cave and Wind Cave, South Dakota

Jewel Cave and Wind Cave (Figure 7.27) are the greatest
known multistorey thermal mazes. They developed in
90-140m of well-bedded limestones and dolomites
uplifted and fractured by Eocene intrusion. There are
modern hot springs nearby, but at lower elevation. The
caves have a rich and complex history of Mississipian
palaeokarst genesis that was succeeded by infilling, deep
burial and mineralization, before uplift and modern
development with some exhumation began in the Tertiary
(Palmer and Palmer 1989, 1995).

Jewel Cave is now entirely relict. It has no relation to
the surface topography and is entered where intersected by
canyons. Its great features are large passages (up to 20m
in height) mostly or entirely covered by nailhead spar. In
the highest places the spar has been partly removed by
condensation corrosion. Elsewhere, it is generally 6—15 cm
thick and often has a thin silica overgrowth.

Wind Cave is lower in elevation and nearer to the hot
springs. The morphology is similar to that at Jewel Cave
but there is little spar encrustation. It, too, is a hydro-
logical relict but its lowest accessible parts are filled by
semi-static waters fed from below. Calcite rafts form
upon them. They are cooling backwaters of mixed
thermal-meteoric composition. They have been lowered
at a mean rate of ~40cm 1000year during the past
400000 year as a consequence of evolution at the hot-
springs (Ford et al. 1993).

Boxwork is uniquely well developed in these caves. It
occurs in microfractured dolomites where the fractures
are filled with calcite. Under incongruent dissolution
conditions (section 3.5) the dolomite was dissolved, but
the calcite veins were preserved. Later, further calcite
precipitated onto the veins, which now protrude as much
as 100 cm from roofs and walls.

7.8 HYPOGENE CAVES: CAVES FORMED
BY WATERS CONTAINING H,S

Formation of HY + HS and of H,SO, were summarized
in Chapter 3. Despite their potency, the quantitative
significance in most karst regions is nearly negligible
because the quantities of H,S obtainable are small.
However, recent studies strongly suggest that H' ion
or sulphuric acid from basinal fluids or other sources
(equations 3.70-3.75; Figure 3.11) are important in some
very large caves, including the famous Carlsbad Caverns
and Lechuguilla Cave, New Mexico.

The basic principles of simple, purely H,SO,4, cave
genesis are indicated in Figure 7.31 (left). The H,S rising
from depth mixes with O,-rich meteoric waters, creating
large cavities at and around the water table. The most
simple form is a cave with short, horizontal vadose outlet
passages in limestone that taper in dimension inwards,
where they terminate in springs rising from narrow
fissures. The waters are warm and rich in H,S, which is
liberated into the air. Walls and roofs are deeply
encrusted with gypsum. The H,S is oxidized to sulphate
and hydrogen ion, which reacts to replace the limestone
with gypsum (Figure 7.32; equations 3.56 and 3.57). The
gypsum replacement crusts fail because of their weight
plus expansion forces, exposing fresh limestone to altera-
tion. Fallen crust is dissolved by the vadose streams. The
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Figure 7.30 (a) Geological section displaying the thermal water circulation at Budapest. Reproduced with permission from Muller,
P. and I. Sarvary, Some aspects of developments in Hungarian speleology theories during the last ten years, 53 59 © 1977 Karszt es
Barlang. (b) Spring travertines and caves of Ro’zsadomb, Budapest: 1, Matyashegy-Palvolgy Cave; 2, Ferenchegy Cave; 3,
Szemlohegy Cave; 4, Joszethegy Cave; 5, Molnar Janos hotsprings and cave.
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(Left) Model for the development of ramiform caves around the water table by oxidation of H,S. Reproduced from

Palmer, A.N. (1995) Geochemical models for the origin of macroscopic solution porosity in carbonate rocks. in Unconformities and
Porosity in Carbonate Strata (eds D.A. Budd, P.M. Harris and A. Saller), Memoir 63, American Association of Petroleum Geologists,
Tulsa, OK, pp. 77-101. (Right) Satorkopuszta Cave, Hungary. Spheroidal dissoloution cupolas sprout from a basal source chamber
where the limestone walls have been converted to gypsum. Reproduced from Muller, P. and I. Sarvary, Some aspects of developments
in Hungarian speleology theories during the last ten years. Karszt es Barlang, 53-59, 1977.

caves enlarge headwards from original valley floor
springs, into the rock. Egemeier (1981) described exam-
ples in Big Horn Basin, Wyoming; the largest is 420 m in
length and has an average diameter of 14m. Cueva de
Villa Luz, Mexico, is an example in which both H,S and
CO, concentrations can attain lethal levels, partly gener-
ated by chemoautotrophic bacteria (Hose 2004).

7.8.1 Satorkopuszta Cave and Bdtori Cave, Hungary

These remarkable limestone caves consist of basal cham-
bers (that may be likened to magma chambers) formed at
a palaecowater-table, from which a branching pattern of
rising passages have grown like the trunk and branches of
a tree. The chamber walls are largely converted to
gypsum. The rising passages are sequences of partly
interlocked, semi-spherical convectional condensation
cupolas. Satorkdpuszta, the larger cave, is shown in
Figure 7.31; it extends for 100 m above the basal cham-
ber. It is possible that these caves are monogenetic H,S
systems; alternatively, they are major enlargements by
H,S processes of earlier rising-water shafts of more
conventional origin.

7.8.2 Ramiform caves of the Guadalupe Mountains,
New Mexico-Texas, and other regions

The southern Guadalupe Mountains are the type region
for very large H,S caves. The Mountains are built of

massive Permian reef, fore-reef and back-reef strata
forming an escarpment ~50km in length (Figure 3.11).
This is dissected by many canyons, which have inter-
cepted and exposed more than 30 major caves, most of
which occupy anticlinal trap positions. The region is
semi-arid, lacking the large volumes of water needed to
develop caves of enormous size by conventional uncon-
fined meteoric waters.

The caves have maze and ramiform patterns, with great
rooms linked to higher passages or shafts, and underlain
by blind pits. The largest have three or more distinct
levels many metres or tens of metres apart in elevation,
like typical levels in unconfined meteoric caves. Many
contain blocks of layered gypsum, up to 7 m in thickness,
resting on thinner residual clay deposits. The Big Room
of Carlsbad is representative. It is up to 80 m in height
and contains enormous calcite stalagmites and columns.
Rooms are interconnected by breakdown or spongework
mazes. There are few indicators of the palacoflow. The
caves are relict, without any relation to modern topogra-
phy or surface hydrology.

Sulphur in the gypsum is very depleted in the heavy
isotope **S, indicating that it derived from H,S produced
by biogenic reduction in the adjoining oil and gas fields.
The H,S migrated updip with expelled basin fluids that
were discharged at a sequence of springs. As the reef
complex was uplifted and exposed by differential erosion
during the Tertiary, the spring points shifted eastwards to
progressively lower elevations. The highest caves are at
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Figure 7.32 Gypsum formation under phreatic conditions in a
New Mexico cave. (a) Gypsum replaces limestone wall rock (1)
to depths up to 30 cm. Layered gypsum with residual clay and
pisolites accumulates on the floor (2). Possible late stage of slow
deposition of large gypsum crystals on all exposed surfaces (3).
(b) The cave drains and dries. Gypsum replacement crusts and
floor deposits are dessicated and shrink. An overgrowth evapori-
tic crust of gypsum (4) forms on the dessicated deposits. (From
observations by M. Buck.) (c) In contrast, at Atlantida Cave,
Ukraine, standard atmospheric condensation water with dis-
solved CO, is replacing massive gypsum wall rock with ~5cm
of calcite. (From observations by A. Klimchouk.)

~2200ma.s.l. Dating of alunite by “°Ar/*’Ar (section 8.6)
places their oldest outlets at ~12 million years. Carlsbad
Caverns and Lechuguilla Cave (Figure 7.33) have three
or four principal levels between 1100 and 1370 ma.s.1.,
the higher being ~6 million years in age and the lower
(Big Room-Lefthand Tunnel at 1100m in Carlsbad
Caverns) ~3.5million years. The lowest explored
points (950-1000 m a.s.1.), are at or a few tens of metres
above the modern water table; studies around
1000ma.s.l. in Carlsbad Cavern reveal episodes of

protracted flooding there within the past two million
years that are probably consequences of the Quaternary
colder periods. Lechuguilla Cave, in particular, has an
extremely complex morphology that appears to be related
in part to exhumation of some much older palaeokarst.
Du Chene and Hill (2000) present a comprehensive
review.

The Frasassi caves of Ancona, Italy, are a smaller two-
level complex with similar morphology and origin. The
prime role of H,S has been recognized there since 1978
(Galdenzi and Menichetti 1990). Auler and Smart (2003)
proposed it for maze caves in Bahia Province, Brazil, and
it is recognized in caves of the Grand Canyon, Arizona.
At Baiyun Cave, Hebei Province, China, the Guadalupe
geological structure is reproduced in miniature but, in this
case, with basinal coal measures supplying the H,S; the
oldest karst remnants are calcite flowstones preserved on
the highest peaks of the denuded anticline. Akhali
Atoni Cave, Georgia, is another system of large chambers
and galleries created by waters rising through them
(Tintilozov 1983). It is in the footslope of the Caucasus
Mountains at the edge of the Black Sea. A mixture of
cool springs and warm springs with CO, and H,S emerge
a few hundred metres distant. When they are in flood the
lower cave is also back-flooded. It appears to be essen-
tially of the Carlsbad type, but with deep CO, and warm—
cold water mixing corrosion processes perhaps playing
more of a role than in the New Mexican examples.

7.9 SEA-COAST EOGENETIC CAVES

Here we are considering development of caves in young,
newly emergent limestones that have not been buried and
compacted beneath later sediments to a significant extent.
The term ‘eogenetic’ refers to the sequence of dissolution
and cementation events that occurs during the subaerial
diagenesis of young limestones such as calcareous dune
sands (Vacher and Quinn 1997). These conditions occur
chiefly in those tropical to mid-latitude coastal regions
where the rocks are later Tertiary or Quaternary in age.
Effective porosity is high so that, although penetrable
fissures are less important than in more mature rocks,
water-table levels are determined primarily by sea level.
If there is fresh water, it is usually as a lens resting on
saline water underneath (section 5.8). All development,
diagenetic and karstic, is complicated by the fact that sea
levels have been oscillating quite rapidly between +10
and —130m or more due to the Quaternary glaciations.
Open cavities on coasts are also subject to concurrent
enlargement or destruction by mechanical wave action.
Syngenetic caves are formed simultaneously with
lithification (Jennings 1968) and are the most fundamen-
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Figure 7.33 (Upper) The long section and map of Carlsbad Caverns. (Lower) The map of Lechuguilla Cave. Both caves are in the

Guadalupe Mountains, New Mexico.

tal class of eogenetic cavities. While carbonate sand
dunes and beach ridges are accumulating, their surfaces
may become cemented to depths of centimetres or tens of
centimetres by dissolution and precipitation following
rain, spray or dew fall. This can form calcrete that is
strong enough to support a cave roof. At their most
simple, syngenetic caves are produced by the mechanical
washout of unconsolidated sands beneath such thin

calcrete layers. Washout occurs where streams flowing
from hinterlands, tidal swamps or small shafts, or
wave action, can breach the calcrete. Cave chambers
>10m in diameter are known (White 1994). More
often, localized washout is coupled with both dissolution
and cementation at the water table and elsewhere in the
dune to create shallow spongework caves of greater
extent (Figure 7.34).
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Figure 7.34

A model for syngenetic cave and karst development in accumulating calcareous sand dunes. Reproduced with

permission from Grimes, K.G., Mott, K. and White, S., The Gambier Karst Province. Proceedings of the 13th Australian Conference

on Cave and Karst Management. 1-7, 1999.
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Figure 7.35 (a) General model for zones of enhanced solubility in a young carbonate island. (Left) Development of caves at the
water table and along the halocline is stressed. (Right) Model distribution of cavities in the Yates oilfield buried karst, Texas. Adapted
from Craig, D.H. (1987) Caves and other features of Permian karst in San Andres dolomites, Yates field reservoir, West Texas, in
Paleokarst (eds N.P. James and P.W. Choquette), Springer-Verlag, New York, pp. 342—63.(b) Model for the development of flank
margin caves. Reproduced from Mylroie, J.E. and Carew, J.L. (1990) The flank margin model for dissolution cave development in
carbonate platforms. Earth Surface Processes and Landforms, 15, 413-24. (c) Map of Lirio Cave, Isla de Mona, Puerto Rico, an
outstanding example of a flank margin cave. (By J.E. Mylroie, with permission.)

Where the initial cementation is strong enough to
prevent large amounts of washout, small primary vadose
caves (rounded shafts, often termed pit caves or soil
pipes) develop in the vadose zone. Conduit caves may be
created along the water table where there are allogenic
streams or where the autogenic catchment is sufficiently
extensive. For example, Mylroie and Carew (2000) note
that many conduits developed under the Bahamas when
falls of only 10 m below modern sea level increased the
dry land catchment area of the Bahamas Banks by ten
times or more; these caves are now drowned and inert.

In principle, caves may develop on limestone coasts
anywhere along the halocline as a consequence of mixing
corrosion, although in practice the effects are much less
obvious in ancient crystalline limestones than in young
porous limestones. As already noted (section 3.7), intense
dissolution is common in many large coastal caves,
creating microspongeworks there. But in such cases the
caves themselves usually have a different origin, and the
halocline entered them as a result of post-glacial sea-level
rise. Gunn and Lowe (2000) describe short, inclined
caves in the Tongan Archipelago that may have evolved
along the length of haloclines beneath fringing reefs,

but little other evidence is reported. Rapid Quaternary
sea-level changes have tended to keep the elevation of the
halocline in a state of flux, creating small cavities over a
substantial vertical range rather than a few larger caves;
this pattern is suggested by the empirical model given on
the right-hand side of Figure 7.35a.

Mylroie and Carew (1990) have shown convincingly
that caves can develop very quickly around the coast
where the water table in diagenetically young limestones
meets the sea. In these circumstances, fresh- and salt-
water mixing is coupled with oxidation/reduction pro-
cesses there to create flank margin caves (Figure 7.35b).
A mixing dissolution front recedes irregularly into the
rock, leaving wide, low-roofed caves between pillars of
more resistant rock in its rear. In the ideal case, the front
itself is an abrupt (blind) termination of the cavity, with
no suggestion of a proto-cave tube in it. Physically, this
model is close to that envisaged by Rhoades and Sinacori
(1941; section 7.2) for meteoric cave genesis. The origi-
nal studies on San Salvador Island, Bahamas, focused on
development in the margins of calcareous dunes, where it
was shown that the caves were able to extend back into
cemented dunes of the previous interglacial stage at mean
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rates up to 0.5-1.0mkyr '. It applies equally well to
uplifted reef and platform strata. Figure 7.35¢ shows
Lirio Cave, Isla de Mona, Puerto Rico (Mylroie and
Jenson 2002). This exceptional example is an uplifted,
relict marginal cave at a contact between platform lime-
stones and dolomites underlying a plateau. The cave
extends as much as 250 m into the rock. However, that
was no more than 5% of the width of the plateau; a
freshwater lens could be sustained under the remainder of
it, so maintaining an effective mixing front. The ratio of
width to height in the many chambers between the pillars
in this cave is always > 10:1

7.10 PASSAGE CROSS-SECTIONS AND
SMALLER FEATURES OF EROSIONAL
MORPHOLOGY

The erosional form of a cave passage may be attributable
entirely to dissolution in phreatic (pressure flow) condi-
tions or in vadose (free-flow) conditions or alternating
(floodwater) conditions. Many passages are compound
forms displaying, first, phreatic erosion and then vadose
erosion. Dissolutional forms of every kind may be mod-
ified or destroyed by collapse of walls or roof. Break-
down processes are reviewed in section 7.12.

There is a great variety of smaller forms (speleogens)
eroded into cave ceilings, walls and floors, including
standard and variant channels plus many types of karren,

most of which also occur above ground. Lauritzen and
Lundberg (2000) gave a comprehensive review in which
passage cross-sections are classified as mesoforms, and
lesser speleogens within them as microforms. Slabe
(1995) illustrated the latter in detail, using many simula-
tions with plaster-of-Paris. Bini (1978) and Zhu (1988)
also presented general classifications.

7.10.1 Phreatic passage cross-sections

When first connected, phreatic passages (Fr. conduites
forcés) have a subcircular cross-section or (if resistance is
very low) are elongated along the fissure (Figure 7.36a
and b). Diameter or width is no more than a few
centimetres. The dissolutional attack is delivered to all
parts of the perimeter.

The form that develops as the passage enlarges further is
a function of the interaction between passive variables
(lithological and structural) and active mass transfer vari-
ables (fluid velocity, dissolution potential, type and abun-
dance of clastic load). Figure 7.36¢ illustrates the case
where geological properties are isotropic or the active
variables are much more significant (normally, flow is
very fast). The minimum friction cross-section (a circular
pipe) is maintained (Figure 7.37). Circular cross-sections
are common, even at great size, e.g. at La Hoya de
Zimapan (Figure 7.15) the diameter is ~30m, both
where flow is vertically upwards and where it is horizontal.
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Figure 7.36 The evolution of phreatic passage cross-sections. In the lower frame, effects of differing solubility in beds above and
below the exploited bedding plane and along the joint are illustrated.
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Figure 7.37 Cross-sections of some phreatic passages. (Top left and middle) Passages centred on bedding planes; residual flood
clays mask the floors. (Top right) A passage centred on a small, inclined fault. (These views in Castleguard Cave, Canada). (Bottom
right) A joint-centred passage, Grotte Valerie, Canada. (Bottom left) A bedding plane passage in Mammoth Cave, Kentucky.

(Photographs by Ford and (bottom left) A.N. Palmer.)

Isotropic geology with slow mass transfer will simi-
larly permit the simple fissure to enlarge uniformly to
great size. More often, however, passive variables are
anisotropic normal to bedding planes (i.e. properties
change significantly from bed to bed). Irregular profiles
must then evolve (Figures 7.36d, 7.36 lower and 7.37).
The extent of irregularity may be a function of size, and
thus of the aggregate amount of erosion time.

The variety of phreatic cross-sections is enormous, but
all are variations on these themes. Lange (1968) and
Sustersic (1979) have attempted formal geometric analyses.

7.10.2 Anastomoses, pendants and half-tubes

Anastomoses may be independent forms or, with pen-
dants or half-tubes, can constitute a gradational set of
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Figure 7.38 (Top) Dissolution pockets in passage ceilings. Since the cave drained, the pocket at right has begun to fill calcite
speleothems fed from the joint that guided its dissolution. (Photographs by Ford.) (Bottom left) Anastomoses in the roof of a passage
in Mammoth Cave, Kentucky. (Bottom right) ‘Boneyard’ — intense pocketing associated with H,SO,4 formation in oxidizing waters,
shown here in reefal rock at Carlsbad Caverns, New Mexico; also characteristic of coastal mixing caves. (Photographs by A.N.
Palmer.)

features (Figure 7.38). Independent anastomoses are the  Vertical joints, steeply dipping bedding planes, etc. show
subsidiaries of primary tubes. They may continue to relatively little anastomosing.

extend throughout the phreatic history of a cave. The Excellent anastomoses can originate late in the history
frequency of their divergence and convergence is a of a cave where water from an established large passage
function of properties of the fissure and of its gradient. opens up hitherto impenetrable bedding planes or fractures
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(i.e. effective fissure frequency is increased). This is
best seen where stratal dip is low. Often it appears that
the penetration is by floodwater, e.g. into bedding planes
overlying the original ceiling in many places in Mammoth
Cave, Kentucky.

Pendants (Ger. deckenkarren) are residual pillars of
rock between anastomosing channels. They can develop
in bedding planes and joints, where they are gradational
from anastomoses. They also appear on unfissured ero-
sional surfaces such as cave walls where they developed
at the contact with rather impermeable clastic fill. They
may be as much as 1 m long and can cover tens of square
metres of cave wall. They can be carved by water
draining up, down or along the contact. Very diverse
and complex patterns can be created.

Ceiling half-tubes (Fr. chenaux de voute, Ger. wirbelk-
anal) are equally common but more controversial. Some
develop where a bed is more resistant. We consider that
the great majority develop to carry the surviving flow
through a passage that has become choked with sediment,
i.e. they are a stage beyond the ideal paragenetic passage
of Figure 7.19. Although normally found in the apex of a
passage, horizontal examples are known in walls, while
others climb from wall to apex. In the apex, they often
transform into a broader pattern of pendants (and back
again), especially where ceilings are horizontal. Lauritzen
(1981) has reproduced them experimentally.

If half-tubes are in the apex, they are the last places to
fill during a flood. This led Bogli (1980) to propose that
they develop because the CO, of trapped air is dissolved
there, enhancing the local solvent capability. They are
found in deep phreatic conditions (and in gypsum caves),
so this explanation can be only partial.

7.10.3 Solution pockets and cupolas

Solution pockets are one of the most attractive features
of phreatic caves and one which most surprises geomor-
phologists who are not cave specialists. They may occur
in floors and walls but are best developed in the roofs
(Figure 7.38). They are varieties of blind pockets that
extend as much as 3040 m upwards. Many terminate in a
tight joint or microjoint that they have followed during
expansion. They may be single or multiple features,
rounded like conventional cupolas, or elongated along
the guiding fracture. Some are multicuspate and transi-
tional to honeycomb structure; these develop particularly
well in vuggy rock, e.g. reefs. Some pockets are complexly
multicuspate but have neither vugs nor joints to guide them.
Osborne (2004) gives a comprehensive review.

It is now well established that pockets can be created
by condensation corrosion in vadose conditions. These

are considered in section 7.11. In relict phreatic caves,
however, the majority of solution pockets will generally
be of phreatic origin except, possibly, in periodically wet—
dry entrance zones or climatic chimney sites (section 7.11).
Several different mechanisms have been proposed to
explain these. Most widely accepted is dissolution by
cellular convection in near-static waters, driven either by
thermal gradients or by solute density gradients. Bogli
(1980) firmly believed that mixing corrosion explained
them in meteoric water caves, where enriched subsoil
solutions descending the guiding joints mixed with bulk
water flowing in the cave passage to create mixing points
of accelerated dissolution; Veress et al. (1992) presented
a comprehensive analysis of the geometry produced by
such mixing. However, the likely mixing ratios (one
volume from the joint per 100-1000 volumes or more
from the passage) seem to preclude this as anything more
than a local trigger mechanism in limestone caves; also,
pockets of identical form are seen in gypsum caves where
mixing corrosion is not a factor and, as noted, many
pockets lack a source joint. Pocketing certainly occurs
where salt and fresh waters mix at the halocline in coastal
caves in young limestones, but it tends to be small and
rough, unlike the typical smoothly rounded or edged
forms illustrated in Figure 7.38. It has been suggested
that pocketing may be due to flooding (i.e. an epiphreatic
phenomenon), or to compression of air during floods. In
many phreatic caves, however, it is found that the taller
pockets terminate upwards at one given elevation that
was determined by a palacowater-table, i.e. they were
always submerged. Some of these display a corrosion
notch just below the top that marks the low-stage water
level, e.g. the Cheddar caves shown in Figure 7.22.

7.10.4 Vadose passages, corrasion and potholes

The form of vadose passages is that of entrenchment, with
or without widening. At its minimum development, the
entrenchment is an underfit in the floor of a phreatic
passage (Figure 7.39a). This suggests that regional phrea-
tic flow has been rerouted and the passage now handles
only local epikarst drainage. T-form or keyhole com-
pound passages as in Figure 7.39b suggest that the same
river has always occupied them, switching from
phreatic to vadose conditions. Figures 7.39c and e are
characteristic of drawdown vadose morphology;
entrenchment predominates but the phreatic part was
first and fixes the position of the trench on the map.
There may be multiple entrenchments, where each floor
represents a former baselevel, as in the example from
Belgium that is shown Figure 7.39d. Single trenches as
deep as 100 m are known; they are canyons with a roof on.
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Vadose entrenchments: A—F, see text; cross-section D from Grotte Ste. Anne de Tilff, Belgium (Ek 1961); G,

McClung’s Cave, West Virginia, a typical example of entrenchment from an initial phreatic passage in limestones down into
mechanically weaker shales; H, purely dissolutional stream potholing in limestone arrested by a basal shale band; J, a large pothole
eliminated by underfit stream entrenchment, which destroys its plunge. Reproduced from Ford, D.C. (1965b) Stream potholes as
indicators of erosion phases in caves. Bulletin of the National Speleogical Society, 27(1), 27-32.

Many entrenching streams are able to establish long
profiles that in fluvial geomorphology would suggest
rough equilibrium. The channel becomes armoured by
bedload moved only during floods. This encourages
channel widening. Cave walls are undermined, and
large blocks collapse from them into the channel which
deflects flow to the opposite wall, where the process is
repeated. By the mixture of undercutting and breakdown
a trapezoid cross-section of stable width is achieved
(Figure 7.39f). This is a very common form.

Although all categories of vadose channels can be
created by dissolution alone, mechanical erosion by bed-
load (corrasion) is often important. This is attested by

innumerable instances where the entrenchment is largely
or entirely in underlying insoluble rocks. Gouffre Pierre
St Martin, one of the world’s deepest systems (Table 7.2
and Figure 2.17) is a celebrated instance. Figure 7.39g
shows a more extreme example; in the ‘Contact’ caves of
Greenbrier County, West Virginia, passages extend for tens
of kilometres in insoluble but mechanically weak shales
beneath initial, much smaller, limestone solution caves.
Where channel gradients are steep and the rock is hard,
stream potholes (Fr. marmites) may develop. These occur
in all strong rocks, being drilled when grinder boulders are
trapped and spun (rock mills) in any small hole in the
channel bed. However, they are most frequent and display
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the most regular form in hard limestones, dolomites and
(pre-eminently) in marbles, because dissolution in the
swirling water reinforces the grinding there and may
replace it entirely (Ford 1965b; Figure 7.39h). To main-
tain and deepen a pothole a minimum plunging force
(height times discharge) is necessary. In some caves this is
lost, a narrow entrenchment being cut through the pothole
so that it is left abandoned in the wall (Figure 7.39j).
There are two successive flights of eliminated potholes in
Swildon’s Hole, England, and a third flight in the active
channel is in process of elimination. It is apparently an
effect of changes in the dominant discharge.

7.10.5 Meandering channels in vadose caves

Three distinct types of meandering channels occur in
vadose caves. The entrenched meandering canyon

develops where a waterfall (a knickpoint) recedes along
a meandering channel (Figure 7.41a). The canyon has
simple vertical walls and meanders only in plan view.
This type is common where strata are flat-lying and there
is a deep vadose zone with many invasion streams.
Ingrowing meandering canyons are created by mean-
dering entrenchment down into bedrock. There is no
waterfall recession. As the channel is cut down it
migrates forward (Figure 7.41a) and it may also do so
as it rises (Figure 7.41b). Ingrown meanders are common
in surface canyons (e.g. the famous ‘goosenecks’ of the
San Juan River, Colorado), but they achieve their
supreme morphological development in well-bedded
limestones in caves. Many examples are several tens of
metres deep and some kilometers in length, but too
narrow for an explorer to pass through most parts. Deep
ingrowing meanders will often wander laterally far from

Figure 7.40 (Top) Vadose entrenchments; note dissolutional scallops in left and centre frames. (Bottom) Basal undercutting to
create trapezoid or breakdown forms. (Photographs by Ford, A.N. Palmer and A.C. Waltham.)
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Figure 7.41 Meandering channels in caves. (a) Bedrock meanders ingrowing below an initial phreatic passage. (b) Paragenetic

passage meandering above an initial phreatic passage. Reproduced from Ewers, R.O. (1982) Cavern development in the dimensions of
length and breadth. McMaster Univ. PhD thesis, 398 pp. (c) Ingrowing bedrock meanders in caves compared with alluvial channels
and surficial bedrock channels. (Modified from Smart and Brown 1981.) Bedrock cave meander measurements in Ireland and New
Zealand trend counter to the norm found in surface rivers. (d) Part of the composite (bedrock and alluvial) channel pattern in
Hurricane River Cave, Arkansas, USA. (Adapted from a map by N.W. and J.O. Youngsteadt, with permission.)

the original passage above if they encounter a particularly
penetrable bedding plane.

Smart and Brown (1981) studied ingrowing meanders
in the Burren, Ireland, and at Waitomo in New Zealand.
The most striking result is that the relationship between
meander wavelength and channel width is the converse

of that found in other meanders, alluvial or bedrock
(Figure 7.41c). In the examples they measured, channel
width increases downstream (the standard response to
increased discharge from addition of tributaries) but
canyon height diminishes as the water table is approached;
this may have determined the unusual behaviour.
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Alluvial meanders develop where the channel is
formed in sand, gravel, etc. on a broad passage floor.
Deike and White (1969) showed that examples in Mis-
souri caves behaved morphometrically in the same man-
ner as all surface channel meanders (Figure 7.41d). There
is one major distinction, however; because the rock is
soluble the alluvial channel may pass smoothly into the
wall (becoming a bedrock channel) and back out again.
Where there is slow downcutting (or paragenetic rise)
of the channel floor this creates tapered fins of rock
(bedrock point-bars) projecting into the passage. They
are another channel form that is rarely or never found at
the surface.

7.10.6 Vadose shafts

Shafts created by falling water are known up to 640 m in
depth. Many of the deepest caves are of the primary or
invasion vadose types and consist of spacious vertical
shafts linked by short sections of constricted meander
canyon (Figure 7.17).

The form of shafts ranges between two extremes. The
first is that created by a powerful waterfall. The water
mass itself will tend to create a simple circular or
elliptical cross-section for its fall but this is often mod-
ified. Breccia is swept out of any guiding fault, to form a
parallel wall shaft. A plunge pool undercuts the walls
which, therefore, tend to display irregular taper rather
than parallelism near the base. Spray at all levels attacks
weaknesses to produce local block fall. Many shafts are
highly irregular in form as a result of these effects.

The other extreme is that of the domepit created by a
relatively slow and steady flow (Figure 7.42). This may
occur as leakages at the base of the epikarst (Figure 5.28)
or below point-recharge depressions (Figure 5.16a), and
is able to attack drained joints in the vadose zone. In the
ideal condition the flow is never large enough to detach
and fall free in the vertical plane. Instead, it is retained
against the rock by surface tension. It disperses radially
from an input point and carves a set of dissolutional
flutings down the walls. The pit has a symmetric dome at
the top (where the first dispersion occurs) and is circular
below. This kind of pit is best developed where strata are
flat-lying and joints are few and with high resistance.
This is the case in the Mammoth Cave area of Kentucky,
where the form was first analysed (e.g. Merrill 1960).
There is a sandstone caprock there which functions as an
additional regulator to maintain a steady, filming flow of
aggressive water.

Many shafts show a mixture of the two forms, with
waterfall features down the fall line and fluting of farther
parts of the perimeter.

7.10.7 Salt caves — rapid vadose cave development

Rock salt is ~1000 times more soluble than limestone. As
a consequence, cave development is very rapid. Many
caves of enterable size have been created where allogenic
streams were introduced by salt mining operations during
the past few centuries, including some large ones with
tourist cave appeal such as Forat Mico in the Cardona salt
diapir, Spain (Cardona and Viver 2002).

Explorable salt caves are largely limited to a primary
vadose zone and the water table. Where streams can
leak through a caprock, shafts are quickly drilled by
(essentially) dissolution mining straight down following
intergrain boundaries. Vertical joints or other fractures
are not required. The fast, largely first-order, kinetics
prohibit lengthy penetration beneath any water table
unless it is along an interformation contact such as an
underlying dolomite. In most situations, the cave below
the entrance shafts is a gallery perched on an insoluble
base above the water table, or it has the juvenile type of
profile of Figure 7.17. Where there is ponding in
perched situations, deep corrosion notches (below) are
soon cut at the water line. Similarly, juvenile profiles are
quickly lowered to the minimum gradient required
to transport whatever bedload is supplied from the
caprock.

The greatest known salt caves are 2—-6 km in length.
Greatest depths are 150-200 m. The leading studies have
been by Frumkin (1995, 2000a,b) at the Mount Sedom
diapir which overlooks the Dead Sea, a very arid locality.
The diaper is capped with anhydrite. It is rising rapidly,
with active faulting at the margins where the salt also has
the tight concertina folding typical of diapiric deforma-
tion. By '*C-dating remnant twigs stranded in upper
trenches, Frumkin was able to show that ~25m of
entrenchment had occurred in 3300 year at Mishqafaim
Cave, keeping pace with the jerky, aperiodic rise of the
diapir (Figure 7.43). Using erosion pins, instantaneous
entrenchment rates up to 0.2mms ™' were measured, but
only for a few minutes of storms during the 5year
observation period. Mean annual entrenchment-rate esti-
mates range 5-25mma !, being greatest where allogenic
catchments are largest. Salt caves in the Zagros Moun-
tains, Iran, have also been studied intensively in recent
years (see Bosak et al. 1999).

7.10.8 Scalloping by dissolution, sublimation
and condensation

Dissolutional scallops are spoon-shaped scoops (Figure 7.44).
They occur in packed patterns so that individuals are
usually overlapping and incomplete. They are common
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Figure 7.42 Fantastic Pit, Ellison’s Cave, Georgia, USA. This is a beautiful example of a fluted domepit. It is 190m deep,
developed in thick to massively bedded limestones that are flat-lying. (Photograph by A.N. Palmer.)

on walls, floors and ceilings in caves. Inspection shows
that they are smallest where flow is fastest, e.g. in a
venturi. Measurement reveals that their length is log-
normally distributed, usually with relatively little statis-
tical dispersion. Most scallops are 0.5-20cm in length
but they range up to 2 m. Width is ~50% of length. In the
right conditions it is evident that patterns of scallops of
characteristic length extend to colonize all available

surfaces. They are the stable form of these surfaces in
the prevailing conditions.

It has long been recognized that many scallops are
strongly asymmetrical in the direction of flow. The
perimeter is steeper at the upstream end, i.e. facing
downstream (Bretz 1942). Flutes (Curl 1966) show the
same asymmetry and are really scallops of infinite width;
they are rare. In relict caves, scallops and flutes are
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Figure 7.43 Long-section and cross-section through Mishqafaim Cave, a salt cave in the Mount Sedom diapir, Israel. It is an
excellent example of ‘episodic vadose entrenchment. Numbers’ are '*C ages in years of relict wood fragments stranded in the upper
trenches. Reproduced with permission from Frumkin, A. and Ford, D.C., Rapid entrenchment of stream profiles in the salt caves of
Mount Sedom, Israel. Earth Surface Processes and Landforms 20, 139-152 © 1995 John Wiley and Sons.

(a) ()

LILBLILILA | LI

PARALLEL-WAL

t1TrrrrrrrrrirrrrrrrerrriIrrrnd

CONDUIT ]

CIRCULAR .

CONDUIT ]

Lt 1 ] 1 111l n

46 810 20 40 60 2
D/L3;

Figure 7.44 Dissolutional scalloping. (a) Section through a scallop: 1, the saturated boundary layer detaches; 2, turbulent eddy
(locus of maximum dissolution); 3, diffusion, mixing and reattachment; 4, course of the steepest cusp with further dissolution (the
scallop migrates downstream). (b) The characteristic appearance of a fully developed scallop pattern on a surface; the entire surface is
occupied and individuals overlap. (c) The predicted relation between Reynolds’ number and the ratio, conduit width or diameter d to
Sauter mean scallop length, L 32. Reproduced from Curl, R.L., Deducing flow velocity in cave conduits from scallops. Nat. Speleo.
Soc. Am. Bull. 36(2), pp. 1-5 © 1974 The Geological Society of America.
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potentially important indicators of both the direction and
velocity of palacoflow.

Scalloping is common in limestone, gypsum and salt
caves. However, not all limestone regions display it and it
is quite rare in dolomite caves. This is because uniform
rock grain size is necessary for good scalloping, and a
lack of heterogeneities such as insoluble fragments or
open pores. Many limestones and dolomites are too
heterogeneous to develop scalloping, e.g. reef rocks.

Scalloping also develops where wind blows over old,
well-densified snow or through ice in a glacier cave. It
even develops (but without the steeper upstream cusps)
on infalling iron meteorites! In these cases the process is
mass transfer by sublimation of homogeneous crystalline
material. In the karst rocks it is the same, but with
dissolution substituting for sublimation. Curl (1966)
proposed an elegant theory of scallop and flute formation
in which there is detachment of the saturated boundary
layer at a specified Reynolds’ Number (equation 5.6),
occurring in the subcritical turbulent flow regime.
Detachment permits aggressive bulk fluids to erode the
solid rock directly (Figure 7.44). The frequency of
detachment increases as velocity increases, thus reducing
the erosion length available to each individual scallop.
Scallop length will be inversely proportional to fluid
velocity and to fluid viscosity. Air has a much lower
viscosity than water; for a given velocity, scallops are
longer (larger) in ice and snow than on limestone, etc.

Curl’s (1966) theory has been quite exhaustively tested
and confirmed with laboratory simulations and in the field
(see Lauritzen et al. 1986). Mean palaeovelocity (v) in a
channel may be computed by obtaining Re; from Curl’s
graph for circular and parallel wall conduits (Figure 7.44c)
and substituting the value in the equation

V= vﬁ (7.1)
L3,

where Re; is a Reynolds number for scallops, based on

the fluid velocity at a distance from the wall equal to L5,

and v is the kinematic viscosity (Table 5.4); Ly, is the

Sauter mean length of scallops

L[y = (7.2)

1
S
being the greatest length (in the direction of flow) of the
ith scallop. This device is used to suppress the statistical
significance of the subpopulation of very short scallops
that occurs in many scallop distributions because of
bedrock inhomogeneities.

An alternative, direct calculation for a compromise
between circular and parallel wall cases is given by Curl
(1966) and is accurate to £15%

v

V= 7
L32 [55 ln(DhL32) + 81]

(7.3)

where D, is the hydraulic diameter (four times cross-
section area divided by length of the wetted perimeter).

The concept of dominant discharge is important through-
out hydrology and fluvial geomorphology because this is
the flow assumed to be responsible for channel width in
alluvial rivers. It is difficult to establish and may not apply
to bedrock channels. In well-scalloped cave passages,
however, we may think in terms of one or several ‘scallop
dominant discharges’, i.e. those discharges that create the
one or several Sauter mean scallop lengths measured. In
examples from some Norwegian caves, Lauritzen et al.
(1982) have shown that the modern scallop dominant
discharge is approximately equivalent to the annual snow-
melt flood, i.e. to the upper 5% of the flow regime, and
some three times larger than mean annual discharge.

At very high velocities sand may be entrained as suspen-
ded load (Figure 8.2). Its abrasive effects then may override
dissolutional effects so that scallops become highly elon-
gated and polished, resembling ‘flute markings’ obtained
experimentally by Allen (1972). This will only occur where
there is an abundant supply of hard (i.e. silica) sand and
thus is rare in caves. Excellent examples are seen at narrow
points in the great gallery of Niaux Cave, Pyrenees, which
was subjected to violent glacial meltwater floods. Simms
(2004) compared the mean veolocities required to entrain
particles and to produce solutional scallops. He found that
the velocities necessary to entrain sand particles of 1 mm
would produce scallops of about 10 cm length, and noted
that scallop formation continues at flow velocities two
orders of magnitude slower than the minimum threshold
velocity for entrainment of any particle.

Air scalloping also develops from corrosion by con-
densation waters, where turbulent air movement near
cave entrances introduces humid air that becomes satu-
rated on contact with cooler cave walls, condenses and
dissolves the surface (section 7.11).

7.10.9 Corrosion notches, bevels and facets

Scallops are created by an accelerated erosion mechanism
requiring turbulent fluids. This survey of solutional forms
in caves is concluded by going to the other extreme and
considering a special family of features developed
because the water is nearly static, so that the slightest
fluid density gradients may establish sharply delimited
zones of accelerated erosion.
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Figure 7.45 (a) Corrosion notching at the surface of a pool.
(b) Foot caves or swamp notches in tower karst. (¢c) Corrosion
bevelled ceiling in Fung Kui Water Cave, Guangdong, China.
This shows the level of a previous water table. (d) Corrosion
notch filled with layered pyrite, Nanisivik zinc-lead mine, Baffin
Island, Canada. (e) Corrosional facets; the models of Lange
(1968) and Kempe et al. (1975). (f) Na Spicaku Cave, Moravia,
Czech Republic; corrosion notching is sharpest where passages
are largest.

Corrosion notching is illustrated in Figure 7.45. In a
standing pool heavy solute ions and ion pairs sink,
driving a cellular convection that carries fresh H ions
to the walls at the water surface. A sharp notch is
dissolved there, tapering off very steeply below the
waterline. This is the normal form. It is widespread in
limestone caves, e.g. at siphon pools where it develops in
low-stage conditions. We have seen examples where such
notching is as much as 1 m deep, although this is excep-
tional. It can signify palacowater-table levels very pre-
cisely. Some times there are several notches one above
another.

This notching becomes much larger in the foot caves of
karst towers abutting alluvial floodplains (Figures 7.45b
and 9.43). Notching at the seasonal flood level and
extending several metres into the rock is common.
Because such notches are more extensive and create a
flat roof regardless of geological structure, they may be
termed corrosion bevels (Ger. laugdecke of Kempe et al.

1975). In examples in some karst towers of southern
China, the bevelling extends throughout the length of
State 4 (water-table cave) passages that pierce through
them (Figure 7.45c). These caves have lost their prime
hydrological function, because most water now dis-
charges around the towers on the floodplain.

Although bevelling at the level of the water table is
extremely common in humid tropical caves, the greatest
corrosion notching we know occurs in the hyperacid
conditions of some massive sulphide emplacements. For
example, at Nanisivik Mine, Baffin Island, the greatest
notch is > 400 m wide, but only 1 m deep. It is horizontal,
slashing across dolomites dipping at ~15°, and is filled
with syngenetic layered pyrite (Figure 7.45d). Stable
isotopic evidence suggests that the pyrite was deposited
at temperatures between 80° and 150°C (Ghazban et al.
1992), so this was a case of immense stability in fluid
layering far below the water table.

The first theoretical analyses of density gradient corro-
sion notching in meteoric water were made by Lange
(1968), who supposed that beneath the waterline the
corrosional cut would taper away in a smooth exponential
function. Kempe er al. (1975) suggested on the basis of
physical simulations and examples in gypsum caves of
southern Germany, that the taper should be linear. They
measured density currents 1-3 mm thick descending the
natural gypsum walls, and calculated velocities of
~0.5cms™". These linear corrosion surfaces were termed
facets by Kempe et al. (1975). They are comparatively
rare in limestone caves in our experience because the
surfaces become armoured with silt or clay residuum that
inhibits the linear dissolution. They are better seen in
maze caves in pure gypsum, such as many of the
Ukrainian giants (Klimchouk 1996). Retreat of a Lange
or Kempe facet under stable water-table conditions yields
a corrosion bevel.

7.10.10 Notch caves

Some striking caves can be created entirely by initial
slow dissolutional enlargement of vertical or inclined
fissures that is succeeded by notching within them fol-
lowing a fall of the water table. The notching (with bevels
and facets, plus breakdown that may be induced by the
undercutting) dominates the enlargement. These we term
notch caves.

Notch caves require an isolation control that permits
only limited supply and draining of water. In many
instances, the isolation is strictly an effect of local
geology. Ochtina Cave, a UNESCO World Heritage
cavern in Slovakia, is an excellent example. It is the
largest of 16 or more small maze and chamber caves
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Figure 7.46 (Upper left) A syntectonic passage in Malham Cave, Mount Sedom, Isracl-Palestine, showing waterline corrosion
notches and an active fault plane in a salt diapir. (Photograph by A. Frumkin, with permission.) (Upper right) Seven corrosion notches
can be seen in this view in Cova del Riu, a human-induced cave in the Cardona salt dome, Spain. Adapted from Cardona, F. and
Viver, J. (2002) Sota la sal de Cardona, Espeleo Club de Gracia, Barcelona, 128 pp. (Bottom) Ghar Alisadr Cave, a large corrosion

notch cave in Iran.

perched far above valleys in the humid temperate hills of
the Slovak Raj (Paradise). Water is trapped in lenses of
metasomatic limestone, enclosed by phyllites and partly
altered to ankerite and siderite by Mg- and Fe-bearing
hydrothermal solutions in the past. There is sporadic
flooding via fractures in overlying phyllites, the water
ponding or draining very slowly out through lower phy-
llites until it is refreshed by another flood. Convectional
dissolution pockets, notches, bevels and facets are all
well developed (Bosak et al. 2003).

Aridity is another effective isolation control. Rare but
violent flooding and consequent notching are prominent in
Kartchner Caverns in the Arizona desert (Graf 1999), in
Pofaddergat, Thabazimbi Cave, and others in arid regions
of southern Africa. The greatest notch cave we have seen
is Ghar Alisadr, Hamadan, Iran. This is developed in a
narrow ridge of steeply dipping metamorphosed lime-
stones that protrude above weaker schists in a semi-arid
basin. The limestones are shaly and impure, probably
supplying an H,S supplement to normal CO, dissolution.
The only recharge is occasional rain onto the limestone.
Narrow dissolution fissures on bedding planes and cross-
joints have been greatly enlarged by notching in a large,
semi-static pool. Eleven kilometres of passages are

mapped (Figure 7.46 lower). Calcite shelfstones at, above
and below the modern waterline indicate 3 m of oscillation
of the pool surface over the past 25000year or so
(Kaufmann 2002); this may be partly related to cool-
climate wetter conditions in the Pleistocene and partly to
human regulation of a scarce water resource.

7.11 CONDENSATION, CONDENSATION
CORROSION AND WEATHERING IN CAVES

In recent years there has been growing interest in the role
that processes of aqueous condensation may play in
caves. Thus in a New Zealand cave, de Freitas and
Schmekal (2003) monitored and numerically simulated
for over 1year the microclimate processes of vapour
transfer and condensation. Much of the water is acidic
and may attack the rock. Earlier cavities are enlarged, and
their shape and proportions may be radically changed. At
the least there is slow weathering of the walls and ceilings
of relict passages, chiefly in cave-entrance zones.

To simplify, we assume that condensation and its cor-
rosion takes place in the three distinct settings presented
below; in practice, there may be a mixture of them
occurring in a given cave.
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7.11.1 Closed cellular convectional corrosion

This was the first corrosional situation to be considered in
detail. Convection is driven by the heat from a pool of
thermal water in a chamber that is closed to outside air
flow (Figure 7.47a). Vapour (including any H,CO5; and
H,SO,, etc. carried by the water) is condensed onto
cooler cave walls. Szunyogh (1989) analysed this in
detail, deriving a quite complex equation to estimate
the rate of dissolutional recession of the walls about the
centre of a hypothetical cell (Figure 7.47b). The film of
condensed water (now saturated with respect to calcite)
thickens towards the base of the cell, shielding it a little to
produce the onion-form chamber shown in Figure 7.47c.
For a reasonable range of pCO, and thermal gradients in
the rock, Szunyogh (1989) estimated wall recession
rates of 50-200 uma~" for water at 60°C, reducing to
4-30pma~! at 20°C. Dreybrodt (2003) simplified the
model

dmM
—=0.26

Tair - Trock ( S
dt 1 g )

m2s7h) (7.4)

and Lismonde (2003) refines this to suggest recession
rates around 0.9m 10*a~'. Typical spheroidal pockets
attributed to condensation corrosion range 1-5m or so in
diameter, so such rates seem reasonable. Where dissolu-
tion by H,COj is replaced or augmented by H,S, they
may be faster.

7.11.2 Lateral advective corrosion (climatic
chimney processes)

Here the ideal situation may be thought of as an inclined
cylindrical cave passing from a plateau to a valley below.
It is open to the outside atmosphere at both ends. This is
the ‘chimney’ model of cave climatologists. If there are
strong contrasts in the external temperature (daily where
the cave is short, seasonally where it is long), cave walls
are chilled by descending air flow when it is cold outside.
Moisture may then be condensed on to them if there is
ascending air flow due to subsequent warm conditions.

This setting has been studied meticulously, both in
theory and in the field, by V.N. Dubljansky (see Dubl-
jansky and Dubljansky, 2000). At the scale of large caves
and extensive blocks of karstified rock around them he
proposes

A=TVe(es — eyt (7.5)
where A is the mass of condensate (g), V is the volume of
cave and surrounding karst with active air circulation
(m?), ¢ is the estimated porosity (0-1), (es — e,) is the

difference in absolute humidity, surface and underground
(gm™>), tis in days and J is the frequency of air exchange
(replacement) underground, estimated from cave air-flow
data. Field studies were conducted in the Caucasus
Mountains and the Crimean Plateau, locations with high
relief, cold winters and hot, dry summers. In summer
strong correlations between the discharge of karst springs
and the humidity of the external air were often detected.
The volumes of condensation water in the springs were
estimated to range from 0.012Ls™' to as much as
8.6Ls !, Dry-season condensation water yields ranged
03-10Ls 'km™2, or 0.1 to 9% of the mean annual
precipitation at different locations.

In contrast to the cellular model, the air flow is linear,
along the passage in the ideal case. Dissolved rock is
removed in film flow down the walls, or laterally in the
form of aerosols when the cycle reverses and evaporation
succeeds condensation.

7.11.3 Advective and cellular condensation corrosion
in cave entrance zones

This is the most common and widespread setting for
condensation corrosion. A little can be seen in all cave
entrances except those that are very constricted or thor-
oughly screened by vegetation. It applies in caves that
have only one effective climatic entrance as well as those
(such as chimneys) with two or more. However, the
quantitative effects are generally more muted than in
thermal or chimney settings with strong air circulation.

Figure 7.47d shows a model for diurnal corrosion
derived from micrometeorological and condensation
field studies in caves of Cayman Brac, Cayman Islands
(Tarhule-Lips and Ford 1998a). The caves are short,
tapering solution cavities of the flank margin marine
type, opening in coastal cliff faces. The climate is tropical,
with a diurnal temperature cycle typically ~2-5°C. Dur-
ing the day the cave is comparatively cool and air flows
out along the floor, drawing warmer replacement air in at
the ceiling. At night this breaks down into weaker advec-
tive flow at the floor and cellular flow in any chambers
above it. Moisture condenses from the warm daytime air.

In the large majority of caves there is a distinctive
climatic entrance zone in which both temperature and
relative humidity vary. Condensation and potential corro-
sion rapidly diminish as the amount of variation (daily or
seasonal or both) reduces to nearly zero in the deeper
interior. Wigley and Brown (1976) showed that the extent
of the zone can be modelled as a relaxation (or
‘e-folding”) length

xp = 36.44a'2y 02 (7.6)
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Figure 7.47 (Upper left) A closed convection cell above thermal waters. Reproduced fromMuller, P. and 1. Sarvary (1977) Some
aspects of developments in Hungarian speleology theories during the last ten years. Karszte’s Barlang, Special Issue, pp. 53-59.
(Centre left) The model of G. Szunyogh (1989) for condensation in a closed convection cell. (Lower left) The cupola form produced
by Szunyogh’s closed convection model. (Right) A model of cave-entrance-zone daily microclimate behaviour and resulting
condensation corrosion for a tropical island cave. Reproduced from Tarhule-Lips, R. and Ford, D.C. (1998a) Condensation corrosion
in caves on Cayman Brac and Isla de Mona, P.R. Journal of Caves and Karst Studies, 60(2), 84-95.
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Figure 7.48 (a) Condensation corrosion has bevelled a cave ceiling and severely corroded the stalactite below it in this scene in a
cave in northeast Brazil. (Photograph by A. Auler, with permission.) (b) Bellhole morphology. Reproduced from Tarhule-Lips, R. and
Ford, D.C. (1998b) Morphometric studies of bellhole development on Cayman Brac. Cave and Karst Science, 25(3), 119-30. (c) The
weathering of a limestone pendant in Martinska Cave, Slovenia. (Photograph by N. Zupan Hajna, with permission.)

dependent only on a (the radius of the passage) and V (the
velocity of air flow through it). The zone typically
extends 5-6x, where the passage has a constant cross-
section. The magnitude of xq is reduced if there are
constrictions. At one prominent cave on Cayman Brac,
only 30m separates the cave entrance, where calcite
speleothems are being strongly corroded by condensa-
tion, from interior chambers, where there is vigorous
speleothem accumulation. From measurements of solutes
in condensation water and from the dissolution of gyp-
sum tablets suspended in the air, mean corrosion rates
around 20 mm ka ™! were obtained; from theoretical con-
siderations, Dreybrodt (2003) suggests that these may be
somewhat too great.

7.11.4 Condensation corrosional features
on bedrocks and speleothems

As noted above, single or multiple spheroidal pockets are
produced where cellular convectional air flow is predo-
minant. The best examples, perhaps, are Satorkopuszta
Cave and Batori Cave in Hungary (section 7.8). Well-
formed pockets are also seen where there is local cellular
convection in advective flow caves.

Where advective flow predominates, the principal
forms on bedrock walls and ceilings are varieties of air
scallops and flutes. These have the same basic form as
scallops in stream channels described above, including
the flow asymmetry, but are much larger (0.5-2.5m or
more in length) as a consequence of the lower viscosity of
air, and are generally very shallow. They are more
prominent and better defined in and approaching air
flow constrictions. Where denser air may be ponded
behind a natural dam in a cave, corrosion bevels that
trim off pendants or trim the entire ceiling can be seen
(Figure 7.48a).

The impact of condensation corrosion is most apparent
where speleothems such as stalactites, stalagmites and

columns protrude into a moist air stream and are corroded
by it. Growth of vadose speleothems indicates that net
calcite (or other) precipitation is dominant at a given site.
Reduction by corrosion thus signifies a significant change
in the balance of forces. Three levels of impact may be
recognized:

1. minor, where the stalagmite (etc.) is damaged by
small corrosional rills, usually on the upwind side;

2. where as much as 75% of the volume of the deposits
may have been corroded away but its original form is
still discernible (e.g. the stalactite in Figure 7.48a);

3. major, where the original form is lost and an air
scallop form cuts smoothly across its stump and the
adjoining bedrock wall or ceiling (Tarhule-Lips and
Ford 1998a).

Such damage is widespread in caves in subhumid and
semi-arid regions. It is spectacular in the lowest (young-
est) level of Carlsbad Caverns, the Lefthand Tunnel,
where there is a H,S component in the corrosive vapour;
most stalagmites and columns growing in constrictions
display 50-75% loss from upwind (Hill 1987). Where
there is only CO, corrosion, a particularly common
feature is pocketing corrosion upwards underneath pro-
truding carapaces in large stalagmites, indicating that
rising air currents have focused condensation there.
Although chiefly a warm-climate phenomenon this occa-
sionally can be seen in climatic chimney situations in
temperate caves, e.g. above the Concert Chamber in
Baradla Cave, Hungary, where an ornamented stala-
gmite some 10m in height is deeply indented by
pockets.

In the case of speleothems it is often apparent that the
condensation corrosion has been episodic. Periods of net
corrosion are succeeded by hiatuses with very slow
weathering, or by renewed calcite deposition. Evidently
there is climatic or microclimatic control, but attempts to
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firmly correlate episodes of corrosion to, for example,
global glacial conditions or lower sea levels, have so far
failed because of local factors such as erosion or infilling
disrupting the cave air-flow patterns.

7.11.5 Bell holes

Bell holes (Wilford 1966) are a geomorphological pecu-
liarity, strictly vertical cylinders of nearly perfect circular
cross-section, seen in the ceilings of a small minority of
caves in the tropics. Their verticality is maintained regard-
less of lithological variation, stratal dip or the regularity or
gradient of the ceiling (Figure 7.48b). There may be
shallower bell pits (Lauritzen and Lundberg 2000) in
the floor beneath them. Careful study in Cayman Brac
determined that they occur only in the illuminated or
partially illuminated entrance zones (Tarhule-Lips and
Ford 1998b). Height ranges 0.5 to 5.7m in four sample
caves in dolomitic limestones; their diameters are propor-
tional, 0.6—1.3 m. It is proposed that these bell holes were
formed by condensation corrosion strongly abetted by
microbial activity. Colonies of microorganisms (biofilms)
establish themselves in patches on ceilings in the entrance
zones, where they obtain moisture from condensing water.
Dissolution of the bedrock by these microorganisms
initiates a depression in the ceiling. When deep enough,
this traps the warmest air, inducing extra condensation in
a positive feedback mechanism. The verticality of the
holes is attributed to the fact that only the most soluble
intergrain calcite cements are dissolved by the microor-
ganisms and condensation corrosion; the less soluble
grains themselves are removed by gravity, which is
most effective when operating straight down.

In some very large tropical cave entrances we have
seen apparent bell holes that are as great as ~8m in
height and 1.5m diameter, exposed to view by later
condensation cutting across them; thus the maximum
sizes of bell holes are not yet established. Densely
packed, small, bell-hole-like features occur in limestone
and dolomite in the zone of water-level oscillation of
some freshwater lakes in Canada and Ireland; they are
weakly illuminated and may also be mixed bio- and
condensation corrosional in origin.

7.11.6 Weathering in relict caves

Where limestone and dolomite caves have been drained
and relict for long periods it is common to find that the
walls and ceilings are weathered. Condensation is the
source of the moisture. However, its rate of deposition is
too low to permit effective film flow that can remove the
solutes and so sculpt the walls as it does in spheroidal
pockets, for example. Velocities of air flow across the

surfaces are similarly too low for rapid removal of solutes
as aerosols, so that air scallop and flute corrosion does not
occur either. Instead, the rock surfaces are subject to a
very delicate, preferential dissolution of all tiny weak-
nesses. Microboxwork may develop where calcite veins
are frequent. Most common are patterns of dense, irre-
gular pits 0.3—1.0 cm in diameter and a millimetre or two
deep; in Bone Cave, West Virginia, we have found that
they follow silty streaks in the limestone. Rims are soft
and can be scraped away by fingernail, or even the claws
of mice! Zupan Hajna (2003) has studied such weathering
in detail in caves of Slovenia (Figure 7.48c). The weath-
ering rinds generally extended to depths of 1-5 cm there,
and were > 90% calcite or dolomite. The water content
ranged 24-40%.

The weathering is greatest in the cave-entrance zones
defined above, although it often extends throughout
chimney caves. It can also be found deep in the interiors
of some relict caves without vigorous airflow, where it is
probably the result of lengthy wetting and drying cycles,
and proceeds very slowly indeed.

Palmer and Palmer (2003) describe a different mode of
weathering in Mammoth Cave, Kentucky. Diffuse see-
page loses its CO, passing through sandstone above the
cave; it becomes acidified when it is wicked out to the
cave walls and encounters the atmosphere, contributing
to weathering that is 0.2-2.5 cm deep. Precipitated in the
rind there may be trace amounts of secondary silica
derived from the sandstone.

7.12 BREAKDOWN IN CAVES

Jagged surfaces of rupture in walls and roofs and piles
of angular rocks that have fallen from them are found
in a majority of caves (Figure 7.49). They constitute the
third basic morphology seen underground, modifying or
replacing previous phreatic or vadose solutional forms.
This morphology is termed breakdown or collapse by
English-speaking speleologists, incasion by many
European specialists.

The cause of all breakdown is mechanical failure
within or between rock beds or joint-bounded masses.
The summary of cave breakdown that follows is also
applicable to cliff faces exposed in surface karst, e.g. at
stream sinks, pinnacles, towers, etc.

The load on a point in a rock mass may be expressed
simply as

p = pgh (7.7)
where p is rock density and 4 the thickness of the rock
mass or height of the cliff overhead. The distribution of
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Figure 7.49 (a) Distribution of stress lines around a cave and tension dome. (b) Critical spans (passage widths) or breaking
thicknesses for beams and cantilevers in limestones with horizontal bedding. Reproduced from Waltham, A.C. (1996) Ground
subsidence over underground cavities. Journal of the Geological Society of China, 39(4), 605-26. (c) Deformation of the theoretical
breakout dome where stratal dip is steep. (d) Pressure-release spalling where load is maximum, e.g. at a pillar or the foot of a wall.

this load, as a stress field about a cave cross-section, is
given in Figure 7.49a. A tension dome is created in the
rock above the passage. Its height is determined princi-
pally by passage width. Rock in the dome is subject to
sagging and the overlying weight is transferred to the
adjoining passage walls, greatly increasing the stress
there. There is also tension in the floor, but in natural
caves (as opposed to mined cavities) this is of little
significance.

The largest cave breakdowns are failures in the tension
dome. These are most regular in form where strata are
well-bedded and horizontal. As a consequence, this is the
situation used in basic analysis. Bonding across bedding
planes is presumed to be much weaker than strength
within the beds; therefore, the beds sag elastically away
from each other. Each bed then can be considered to
function as a separate beam if it extends the full width
of the passage, or as a cantilever where it is fractured
through (e.g. by a wide central joint) or does not extend the
full width. Fractured spans are usually much stronger

than simple cantilevers. Cliffs at the surface most often
fail as cantilevers.

Mechanical rupture and fall of the bed will occur where
a critical span is exceeded for a given thickness and
strength, and vice versa. A simple equation for a
beam is

pi’

lerit = g (78)
where t. is critical thickness, 4 the span of the beam
(passage width) and S the bending stress. For a cantilever:

3pA?

7S (7.9)

Terit =
i.e. cantilevers are much weaker. Rock density is used
here as an approximation for strength: in mining practice,
triaxial compressive test values are substituted for it
(Brady and Brown 1985).
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Figure 7.50 Ceiling breakdown occurring at a passage junction. (Photograph by A.N. Palmer.)

The bending stress is defined as:

§==°

7 (7.10)

where M, the maximum moment of the beam, is given by

M = Btp)? (7.11)

with f§ the width of the beam, i.e. normal to 7 and 4
(7.12)

and I, the moment of inertia of the beam, is given by

I1=pf (7.13)
Figure 7.49b models critical spans (passage widths) or
breaking thicknesses for beams and cantilevers in lime-
stones with horizontal bedding (Waltham 1996). The
unconfined compressive strengths (UCS) range from a
weak 25MPa (p=18kPam™>) that is found in many
chalks up to 100+ MPa (p=26kPam ) found in the
strongest cavernous limestones. Note the critical impor-
tance of bed thickness. Thick-bedded carbonates of

medium strength can support roofs up to 20m wide
before failure where they are unbroken beams, and
massive beds (> 1.0m thick) may extend 35 m or more.

This model uses only flexural strength, assuming that
the rock breaks like a piece of elastic that is suddenly
overstretched. This does not allow for plastic creep or the
development of cracks in highly stressed areas. Failure
usually occurs where open cracks allow rotational move-
ment of the bending beds. This is considered in a crack
propagation model by Tharp (1995):

()
v=c|—
ch

where v is the velocity of crack propagation, K] is the stress
intensity (MPam®?), K. is the ‘fracture toughness’ of the
given rock and c is an empirical constant (Tharp 1995). In
practice it will be difficult to estimate K., especially in
soluble rocks where dissolution within the widening cracks
may disturb simple, progressive, p hysical failure; Tharp
suggests that this may reduce the rock strength to about
one half within 100 year. In Figure 7.49b the values 1%
and 2% estimate the reduction in strength of a cantilever in
which crack width is 1% and 2% of the cantilever length.

(7.14)
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Failure in the tension dome tends to progress upwards,
one or a few successive beds falling at one time. As the
form becomes increasingly arched it is strengthened and
the rate of bed fall may reduce. Breakdown finally
stabilizes, however, when either (i) the span of the bed
newly exposed is less than the critical width for its
thickness, or (ii) the dome below becomes fully clogged
with fallen breakdown which supports the remaining
span. Clogging must occur unless there is concurrent
removal of the breakdown by dissolution, settling, stream
action, etc. at and towards the base of the pile because the
volume occupied by breakdown will always exceed that
of the previously unbroken rock. The stabilizing height
where there is no concurrent removal is given by

h = hy

P (7.15)

where £ is the initial height of the cave (before there is
any collapse into it) and k the volume increase created by
piling the breakdown (Andrejchuk 1999). For example,
where /) = 10 m and the void volume in the pile (its bulk
porosity) is 10%, clogging occurs 100m above the
original ceiling; for 20% porosity the limit is 50 m and
for 50% it is only 20 m.

The proportion of failure in the tension dome (partial,
or completed to either upwards limit) and its geographical
extent varies greatly within and between caves. There
may be no breakdown. For example, it is negligible in
much of the Big Room at Carlsbad Caverns (Figure 7.51)
although the room is often wider than 50m. This is
because it is located in massive reefal rock. Where the

wide Carlsbad passages extend into adjoining backreef
beds, breakdown promptly occurs.

Where cavernous strata are generally horizontal and
medium- to thick-bedded, it is common to find collapse
domes at particular places only. They tend to develop at
passage junctions or where a prominent joint intersection
creates a cantilever. At the extreme there is partial or
complete failure throughout the length of a passage. This
is characteristic of most large passages in gypsum
because the rock is weakened by hydration stresses.
Klimchouk and Andreichuk (2003) give a detailed
account of breakdown in the Ukraine gypsum maze
caves, recording 1800 collapses per square kilometre in
Zolushka Cave as a consequence of its dewatering for
quarrying purposes.

Where strata dip steeply the same tension dome with a
vertical orientation exists in theory, but it is evident that
updip walls and roofs are the more unstable, creating
asymmetric breakdown (Figure 7.49c). Here, the adhe-
sion across bedding planes and joint faces (neglected in
the analyses given above) becomes an important variable.
In mines, adhesion will be measured by laboratory or
in situ shear-box testing.

Tension dome breakdown that is completed to stability
at a given time may not be stable over the thousands to
millions of years that the cave may then survive, espe-
cially if it is in a vadose state. Infiltrating waters drain
preferentially towards domes and, if chemically aggres-
sive, will attack the rock, reducing S values and convert-
ing beams to cantilevers, etc. This renews the process of
upwards failure of rock, termed stoping. Many Kkarst
terrains contain deep breccia pipes or geological organs

Football
Pitch

Belize
Chamber

Figure 7.51 Examples of the largest cave chambers or rooms. Sarawak Chamber, Lubang Nasib Bagus (Good Luck Cave), Mulu
National Park, Sarawak; Belize Chamber, Actun Tun Kul (Tun Kul Cave), Belize. Big Room, Carlsbad Caverns, USA and Salle de la
Verna, Gouffre Pierre St Martin, France. The great shaft of El Sotano, Mexico, is compared with the 430m high Empire State

Building, New York.



Speleogenesis: the development of cave systems 269

(section 9.13; Quinlan 1978) that are the debris-filled
products of long sequences of tension dome formation
and collapse. Frequently, they extend into non-karstic
cover strata. Where the latter are mechanically weak but
elastic (e.g. clays, many shales), it is common for the
progressive fragmentation to be replaced by cylindrical
downfaulting en masse. Stoping upwards has propagated
through more than 1000 m or more of cover rocks at sites
in Canada and Russia. In mines, rock bursts (explosive
release of stress) sometimes shatter walls and floors. This
is unknown in natural caves, because the slow rate of
their excavation permits less violent adjustments to the
stresses being imposed. However, it is common to see
pressure-release spalling of particular beds exposed in
cave walls (especially at pillar sites such as passage
junctions), or at or near the bases of limestone or
dolomite cliffs (Figure 7.50d). The spalling beds are
usually the most argillaceous and/or fine-grained in the
sequence The spalled fragments display platy or con-
choidal fracture. Such basal spalling undermines upper
walls, widening the tension dome, and so may induce a
general collapse at the site.

White and White (1969) divide breakdown fragments
into three categories.

1. Block breakdown: rock fragments consisting of more
than one bed remaining as a coherent unit.

2. Slab breakdown: rock fragments consisting of single
beds.

3. Chip breakdown: rock fragments derived from the
fragmentation of a bed.

Single blocks with volumes greater than 25 000 m® are
known, e.g. from a reef-backreef junction at Carlsbad
Caverns. Slab breakdown is predominant in thin- to thick-
bedded, horizontal strata. There are many forms of chip
breakdown because here petrological properties will
determine the shape; splinters, flakes, plates, arrowheads,
cubes and saucer-shaped conchoidal fragments are
amongst the more common forms.

Mechanical failure is the proximate cause of all break-
down and cave genesis is the ultimate cause. Between
these extremes, other factors determine the sites and
timing of the breakdown events. Probably, the three
most important factors are: (i) draining of phreatic
caves (e.g. Zolushka), which removes the buoyant force
of water, effectively increasing the load by 30% to 50%
in different karst rocks; (ii) vadose streams, which over-
widen a passage beyond its beam or cantilever width
limits, either locally at meander undercuts and passage
junctions, or generally along a passage that becomes
alluviated; (iii) aggressive vadose seepage waters weak-

ening the roofs, as noted above. In very well-aerated
caves dissolution by water condensed onto walls may
produce much slab and chip breakdown.

In many caves it is suspected that major falls may have
been triggered by earthquakes. In the headwater passages
at Castleguard Cave, Canada, it is evident that the
addition of 200400 m of glacier ice overhead induced
pressure-release spalling (Schroeder and Ford 1983):
probably, this was a factor in caves in many formerly
glaciated terrains. Gypsum precipitating within limestone
from SOy-enriched seepage waters causes widespread
chip and slab breakdown at Mammoth Cave (White
and White 2003) and in many other caves around the
world; salt plays the same role in some Nullarbor caves,
Australia (section 10.1).

7.12.1 Frost shattering and frost pockets

Frost shattering is an effective agent of breakdown in
limestone and dolomite caves in cool regions. In caves
where there is only one entrance that admits or discharges
thermally significant quantities of air or where such
entrances are far apart, frost penetration is limited to
the entrance zone of vigorous temperature fluctuation, as
discussed above (equation 7.6). Effective frost action is
usually limited to the first one or two relaxation lengths.
The shattering zone will be longer or frost action more
severe where the cave is a chimney with two or more
large entrances at different elevations, as is the case of
many relict caves in mountainous regions. The frost
debris produced are normally varieties of chips. Slab
breakdown is common close to entrances.

Frost shattering on cliffs may create shallow, shelter-
type caves termed frost pockets. These develop in all
stronger rocks where there are wetted fractures, but they
appear to be most abundant in the carbonate rocks
because they are wetted via solutionally enlarged open-
ings. Solution is the trigger process for larger scale frost
action about the point of groundwater emergence
(Schroeder 1979). The pockets often expand upwards
into the tension dome that they create, forming a rounded
arch that may be metres to tens of metres in height. At a
distance these cannot be distinguished from the frost-
modified entrances to large caves, which has led to many
exaggerated reports of dissolution cave frequency in
mountainous regions.

7.12.2 The largest known voids

Great open spaces in caves are termed rooms by Amer-
ican cavers and chambers by British cavers. Some of the
largest that are known are shown in Figure 7.51. Sarawak
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Chamber, discovered in 1980 in the Mulu karst, Sarawak,
is the largest. It has a volume of approximately 20 10 m>.
Miaos Chamber, Gebihe Cave, China has ~1010°m?>.
Belize Chamber, Salle de la Verna and the Carlsbad Big
Room are each in excess of 1 10° m>. Hundreds of rooms
are known with volumes of 100000 to 500 000 m.

A majority of these rooms are centred at vadose river
passage junctions where undercutting has widened ten-
sion domes to produce repeated breakdown. The rivers

are able to remove much of the debris in solution, and so
maintain open voids rather than breccia pipes. Carlsbad
Big Room and some large chambers occurring in hydro-
thermal caves probably owe most of their excavation to
the exotic corrosion effects discussed above and display
relatively little breakdown morphology.

Impressive as they are, these greatest cave rooms are
minor in scale when compared with the debris-filled
volumes of many breccia pipes.



8

Cave Interior Deposits

8.1 INTRODUCTION

Caves function as giant sediment traps, accumulating
samples of all clastic, chemical and organic debris mobile
in the local environment during the life of the cave. They
are the most richly varied deposits that form in con-
tinental environments and tend to be preserved for greater
spans of time than most others do. It is not by chance that
a majority of important Lower Palaeolithic archaeologi-
cal sites have been caves.

Cave sediments have received much more study than
the cave erosional genesis discussed in Chapter 7, because
of their archaeological and palacoenvironmental signifi-
cance and because they can be sampled and analysed
like other sedimentary deposits. They may be divided
into cave entrance plus rock shelter (abris) deposits or
facies, and cave interior deposits (Figure 8.1). This chapter
focuses on the latter. Entrance deposits, because of their
archaeological importance, can be considered a partly
separate subject.

Table 8.1 presents a comprehensive classification of
cave interior sediments. There is a basic division into
clastic, organic and precipitated types and into sediment
formed outside of a cave and transported into it (allogenic
or allochthonous) and that created within a cave (auto-
genic or autochthonous).

This introduction closes with a warning. Cave sediments
can be most complex. The law of superposition (that an
upper deposit is younger than a lower deposit on which it
rests) is often violated because of shrinkage, slumping,
flowstone intrusion, burrowing and other effects. Many
facies are diachronous (i.e. they differ in age laterally).
Variation in rates of deposition can be extreme. Down-
stream movement of sediment may be much obstructed
because breakdown barriers sieve it to varying degrees or
dam it entirely for long periods. Undoubtedly, there is
much reworking and redeposition.

8.2 CLASTIC SEDIMENTS
8.2.1 Mechanics of fluvial sediment transport

Local breakdown (section 7.12) and allochthonous fluvial
sediments are the predominant categories of clastic depos-
its. Sediment transport in open alluvial channels such as
rivers has been studied intensively (e.g. Middleton 2003).
However, vadose caves are usually rock-bound channels,
hence width is fixed during an event, channels are parti-
cularly rough and they usually lack floodplains. Phreatic
and floodwater caves are approximately equivalent to
manmade pipes, but with much higher friction due to
their irregularity. Transport of solids in slurries through
filled pipes has been the subject of much engineering
experiment. In particular, a study by Newitt et al. (1955)
was particularly important, so its findings are followed in
our discussion.

Sediment begins to be moved when the shear stress at
the bed (boundary) exerted by the specific stream power
exceeds a critical value (equations 5.17 and 5.18). A
general expression for boundary shear stress 7o (kgm ™~ 2) is:

70 = pg@ﬁ (8.1)
where p is fluid density, 6 is channel slope, a is cross-
sectional area, d is depth and w is width. The critical
value 7.4 increases with particle diameter and density but
is also dependent on its shape, packing among other
particles, etc. An approximation is

Terit = 006(/)5 - p)gD (82)

where D is particle diameter (mm), and p, is particle
density. The greatest particle moved by a given flow is
estimated by

Dinax = 6570 (8.3)

Karst Hydrogeology and Geomorphology, Derek Ford and Paul Williams
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Figure 8.1 A model depicting the principal categories of clastic and precipitate deposits in hydrologically active or relict caves.

Equations estimating bedload transport en masse face
many problems. However, that of Meyer-Peter and
Muller (1948) is widely used

rate = 0.253(tg — rcm)3/2 (84)

For deposition, the terminal settling velocity v, for a
spherical particle is given by Stokes’ law or similar
equations

1 (p s — P )

wo= -t gp?

T (8.5)

The effects of these relationships in open channels are
summarized in Figure 8.2. Dogwiler and Wicks (2004)

measured grain sizes at 59 stations in two stream caves in
Kentucky and Missouri and used shear-stress analysis to
determine that 85% of grains could be transported at the
underground equivalent of river ‘bankfull’ stage, which
in these regions had a recurrence interval of ~1.7 year.

For pipefull flow Newitt et al. (1955) noted five modes
of transport:

1. a slowest mode of rolling grains producing ripples on
a stationary bed;

2. saltation of individual grains above the bed;

3. a sliding bed involving, at first, the upper part of the
bed load but extending to all of it with further increase
of velocity;
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Table 8.1 Cave interior deposits

Source Deposit type Origin Comments
Allochthonous Clastic 1 Fluvial Many kinds — dominant allochthone
or allogenic 2 Filtrates From seepage — minor
3 Lacustrine Rare
4 Marine Beach facies
5 Aeolian Normally minor except at entrances
6 Glacial and glaciofluvial injecta Common in glaciated regions
7 Dejecta, colluvium and mudflows Normally restricted to entrance areas
8 Tephric Volcanic areas; inwashed ash and pumice
Organic 9 Waterborne, windborne, etc. Scale ranges from spores to tree trunks
10 Exterior fauna Sometimes cave-using species
Bones, nests and middens, faeces
Autochthonous Clastic 11 Breakdown Mainly by failure; minor thermoclastic

or autogenic 12 Fluvial

Derived from breakdown or erosion of karst rock

13 Weathering earths and rinds

14 Aeolian
Precipitates 15 Ice
and evaporites* 16 Calcite

Derivatives of 11, 13
As water ice, glaciéres, frost and glacial injecta
Most significant autochthone

17 Other carbonates and hydrated

carbonates

18 Sulphates and hydrated sulphates

19 Halides

20 Nitrates and Phosphates

21 Silica and silicates

22 Manganese and hydrated iron

oxides

23 Ore-associated and miscellaneous

minerals

*More than 250 different minerals are known to be generated in caves. The dominant ones are listed.

4. heterogeneous suspension;
5. homogeneous suspension at the highest velocities
(Figure 8.3).

Their experiments were limited to horizontal pipes of
circular cross-section, and to grain sizes up to 10 mm.
Later experimenters have obtained similar results from
larger pipes.

There is no doubt that at least the first four of these
transport modes occur in phreatic or flooded caves. There
are many instances of pebbles and cobbles being carried
straight up vertical shafts and expelled at the top. This
represents heterogeneous suspension, at the least. An
example from Castleguard Cave 1is plotted on
Figure 8.3; 40-100 mm diameter pebbles of dense lime-
stone (p = 2.85) are carried > 7.5 m up a floodwater shaft
there (Schroeder and Ford 1983). Minimum velocities
>0.8-1.0ms™" are calculated from the settling laws, in
good agreement with mean velocities of 1.2-1.3ms
obtained from measured maximum flood discharges.

Note that the Castleguard grains plot in the ‘stationary
bed” domain of Newitt et al.’s (1955) experiments. This
does not invalidate those experiments, but does empha-
size that grain shape and other factors create great
variability in real behaviour.

Figure 8.4 from Gillieson (1986) presents a summary
of the relationships between cave hydraulic conditions
and common sedimentary structures.

8.2.2 Deposits of gravel to boulder-sized material

This is typical bedload in many hilly karst regions if there
are extensive allogenic catchments. It is important in most
glaciated terrains, where it is reworked from till and out-
wash. It can also be generated from autogenic breakdown.

The extreme of transport is seen in steep floodwater
caves such as many alpine systems, where the maximum
permitted grain size may be decided by the minimum
passage diameter. Allogenic boulders of 1t or more firmly
wedged between floor and roof deep in the cave are
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common. The dynamics can be likened to those of a
vigorous toilet flush.

A facies that is frequently encountered is a poorly
sorted to chaotic mixture of all sizes up to boulders, with
patches that are grain-supported and others that are
matrix-supported. There is little preferred orientation or
other structure. Such deposits can have varying origins
and, in general sedimentology, are known as diamictons.
The top of the deposit is usually an abrupt contact that is
often succeeded by well sorted gravel or sand. If in a
sequence of deposits it is usually the basal unit. Such

// /// e“eO"g deposits in caves we attribute to the pipefull, sliding bed
01 / “o«\"ge(\é\o“ mode, i.e. all the mass was in motion, and then deposited
o simultaneously with sorting only by the dispersive pres-

0.01

0.001

- -1

Figure 8.3 Clastic sediment transport regimes under conditions
of pipefull water flow (Reproduced from Newitt, D.M., Richard-
son, J.F., Abbott, M. and Turtle, R.B. (1955) Hydraulic convey-
ing of solids in horizontal pipes. Transactions Institute of
Chemical Engineers, 33, 93-110.; with data for Castleguard
Cave added.)

sure of colliding particles (McDonald and Vincent 1972).
It is the equivalent of the antidune mode in alluvial
channels. Gillieson (1986) presented the first detailed
descriptions from caves, in the very wet highlands
of Papua New Guinea. Sliding bed deposits are also
recognized in subglacial esker deposits, i.e. deposited in
floodwater caves formed in glaciers (Saunderson 1977).
Figure 8.5 displays examples of Gillieson’s results
(curves 17 and 18) and the grain-size envelope for six
esker samples (envelope 2).

In open cave channels or where pipefull velocities are
too low, gravels and boulders move by rolling and
sliding. They are deposited as shoals or bars of medium-
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to well-sorted grains, exhibiting lateral, downstream and
upwards fining trends. Bar form is best downstream of
constrictions such as short siphons. These deposits very
often show channel cut-and-fill structures that include

0001 001 01mm 10 10 100 1000
1 1 1 [l
~ 100
g
4
Q
5 754 L
m
T
2]
Q 504 -
w
2
<
2 254 L
b=
2
(&)
0 .
10 5 0 -10

scale -5
1

GRAIN DIAMETER or INTERMEDIATE AXIS
(¢ scale)

Figure 8.5 Cumulative distribution of grain size curves for 18
different cave deposits plus samples from six eskers. Data from
many sources.

sands and fines. The gravels may be well imbricated.
Wolfe (1973) described a palacodeposit in West Virginia
where the imbrication indicated flow in the direction
opposite to that indicated by solutional scallops on
adjoining walls: it was a consequence of an alluvial
stream invading an abandoned phreatic cave.

A distinct facies may occur where there is a choice of
routes for floodwater, so that any given passage can be
progressively infilled. As its flood cross-sectional area is
decreased by filling, velocities increase and thus the
deposit coarsens upwards, perhaps terminating with a
lag of boulders or cobbles jammed into the roof.

8.2.3 Sands and their sedimentary structures

Allochthonous sand is an abundant constituent of cave
sediments because of the common occurrence of lime-
stone and sandstone together in basins. The typical sand
structures of flumes and alluvial channels (Middleton
2003) have been reported many times in caves. Sorting
ranges from moderate to very good. Fining upwards,
laterally or downstream is common, as is coarsening
upwards. Sands are often interbedded with silts and clays.

In Figure 8.5, curves 6, 7 and 8 are representative
of coarse and medium sands measured in the temperate
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river caves of Slovenia (Gospodari¢ 1976, Kranjc1981);
curve 9 is the mean for well-sorted sands from the Niaux
System (Pyrenees), where the deposits are proglacial
outwash into giant passages (Sorriaux 1982); and curve
10 is sand ejected from a phreatic tube only 67 mm in
diameter (Gale 1984). More recent studies have produced
grain-size curves that are very similar in form and range
(e.g. Valen et al. 1997).

8.2.4 Silts and clays deposited from suspension

Silts and clays are the most widespread clastic deposits in
caves. Because they are transported in suspension they
may coat walls and even ceilings, although most accu-
mulation is on the floors.

Their sources are the most diversified. Allogenic
sources include eroded soils, reworked fluvial and lacus-
trine deposits, and windborne dust and tephra (Figure 8.5,
curves 14 and 16). There may be filtrates from soils
overhead, and there is often a significant autogenic
component from the weathering of walls (curve 15) or
the winnowing or decomposition of older sediments.
Terra rossa at the surface in southern France (curve 12)
is winnowed to curve 13 at a depth of 30m. Mixed
allogenic and autogenic fines are often the final deposit in
relict caves and are referred to as cave earths.

The clays and silts usually accrete as laminae that are
parallel to the depositional surface, which may be hor-
izontal, inclined, vertical or inverted. There may be
marked fining upwards within a lamina, which creates a
colour change that gives it the appearance of a couplet,
e.g. from buff (silt dominant) to grey (fine silt—clay) in
many glaciated regions. Thickness of individual laminae
are reported to range from ~0.2 to >50mm, but 1-
10mm is most common. Aggregate sections can total
many metres.

Some clays lack lamination or fining structure, which
suggests that they were decanted from a homogeneous
suspension that was steadily renewed. However, this is
rare. Lamination and fining (sometimes coarsening)
upwards are normal and represent deposition from wan-
ing floodwaters or other pulsed flow, termed slackwater
deposits (e.g. Gillieson 1996).

Typically, silts and clays grade laterally from centres
of passages and are finest grained in deep recesses (curve
19). Floods can repeatedly scour and fill along the main
passages but there may be only accretion in the recesses
which thus can build up great banks with the most
complete sedimentary records. ‘Mud mountains’ >20m
in height are known in protected places.

Where frequent flooding and draining occur silt and
clay banks steeper than ~ 40° may exhibit patterns of

rilling; rills are dendritic on slopes between 40° and 70°,
becoming parallel where they are steeper. These ‘surge-
marks’ are depositional, at least in part (Bull 1982).

Thin deposits onto vadose cave roofs are often reorga-
nized into stringers and subcircular clusters of clay when
the cave dries. They have the appearance of worm trails
and are termed vermiculations (Bogli 1980). The pat-
terns appear to be produced by a combination of droplet
distribution and electrical charge attraction.

In extraglacial regions clays and silts are normally
composed of clay minerals, quartz fines and some dolo-
mite and calcite silts. Where there are allogenic catch-
ments the clay minerals are most often dominated by the
suites in their soils. In glaciated areas the proportion of
carbonate grains typically increases to 20-80% or more
of the fines. They are reworked ‘glacier flour’ produced
by basal ice erosion.

8.2.5 Characteristic sedimentary facies and suites

All categories of sediments noted above can be found in
common phreatic caves. Allogenic gravels and even
boulders may be transported through a surprising number
of deep loops. At Wookey Hole, the downstream end of a
classic ‘multiloop’ cave system in the Mendip Hills,
England (Figure 7.15; Farrant and Ford 2004) divers
have found that medium gravels are in constant agitation
even at low stages of flow, being driven up a very steep
slope at —90m by the force of the cave river, and rolling
back again. Where there is such large and coarse clastic
load, paragenetic deposition with roof dissolution and wall
pendant formation is particularly common. The facies can
include sands, granules and gravels, usually in fining
upwards sequences. However, laminated silts and clays
are more usually dominant in the phreatic environment,
and paragenetic dissolution is more muted. Laminated
fines in small amounts are the chief deposits in thermal
water caves and artesian mazes.

The standard suite in gentle vadose or shallow phreatic
caves is a series of cut-and-fill deposits with marked
lateral fining (Figures 8.6 and 8.7). There may be a
sliding bed facies at the base of any given sequence or
this facies may cross-cut remnants of earlier sequences
along a central channel.

Where a dam of breakdown is abruptly created in such
caves the effects can be highly variable. Most often, there
is infilling with parallel beds or delta facies on
the upstream side, initially coarse, becoming finer as the
barrier becomes increasingly clogged. Downstream, there
is reworking or complete scouring of older deposits, plus a
varying addition of finer grain sizes passed through the
dam or winnowed from its components. If much of the dam
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Figure 8.6 Some representative cave sediments. (Upper left) A basal chaotic (probably sliding bed) layer is terminated by clay at
the level of the hand. A sequence of pebble—silt—clay overlies this and fills the passage to the roof. A later, imbricated fill of pebbles is
emplaced in the upper clay by cut-and-fill processes. (Photograph by Ford.) (Upper right). Banks (dunes) of flood silt and clay,
Selminum Tem Cave, New Guinea. (Photograph by A.S. White, by permission.) (Lower left) An ‘abandonment suite’ of pebbles
fining upwards to clays succeeded by silts fining upwards to clays. (Photograph by Ford.) (Lower right) Typical flood clays
(“slackwater deposits’) in a backwater passage. Note the dendritic surge marks. (Photograph by A.N. Palmer, by permission.)

is then swept away in a flood, a particularly complex
‘pond-and-sieve, winnow, cut-and-fill” suite is left.
Where upper passages are progressively abandoned by
flowing water distinctive ‘abandonment suites’ may occur.
These are cut—and-fill sequences with marked lateral fin-
ing, that also tend to become finer upwards as the floods
become weaker and weaker in their capability. The final
deposits tend to be finest at the upstream end (the overspill
flood entry point where only suspended load can now
enter) and coarsen downstream as a result of local rework-

ing. In Figure 8.5, grain size curves 3, 4 and 5 generalize
the progression from perennial channel sediments to the
overspill channel and then to the completely abandoned
channel in river caves of West Virginia (Wolfe 1973).
Varved clays are rhythmic sequences of laminated silt
and clay each appearing as a couplet that is darker and
coarser below, finer and lighter above. They form in
proglacial lakes, the finer fraction only settling out when
the lake is frozen over in winter, i.e. ideally, each couplet
represents one year’s accumulation. Thick sequences
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Figure 8.7 Representative drawings of sedimentary sections in caves. (Top left) Coarse fill in a compound (phreatic — vadose)
conduit in Sirijordgrotta, Norway, with a modern stream below. Note that, despite the small size of the passage, the filling is capped
with a calcite flowstone that has survived there for ~128 000 yr. Reproduced from Valen, V., Lauritzen, S-E. and Levlie, R. (1997)
Sedimentation in a high-latitude karst cave: Sirijordgrotta, Nordland, Norway. Norsk Geologisk Tidsskrift, 77, 233-50. (Lower left)
D. Gillieson’s (1986) drawing of a colluvial diamicton (mud flow), with clay above, in a New Guinea cave. Reproduced from
Gillieson, D. (1986) Cave sedimentation in the New Guinea highlands. Earth Surface Processes and Landforms, 11, 533-543. (Right)
The author’s interpretation of a complex sedimentary section in Grotte de I’Entre de Vénus, France. There are six channel cut-and-fill
sequences, including two with partial sliding bed facies, within a section only 1.5 m in height. The passage cross-section (above)
shows that this sequence was then cut through in a seventh erosional event. Reproduced from Delannoy, J-J. and Caillault, S. (1998)
Les apports de 1’endokarst dans la reconstitution morphoge’nique dun karst: exemple de I’ Antre de Vénus. Karstologia, 31, 27-41.

of varve-like rhythmites are common in caves in gla-
ciated regions. Figure 8.5 curve 11 is the envelope for
14 samples from Castleguard Cave. They may be the
predominant deposits, with later channels carrying bed-
load being cut through them. They represent deposition
from pondings beneath or along the flanks of Quaternary
glaciers. They have a high carbonate content. It is not yet
established whether each couplet is an annual (true varve)
deposit or represents some other event; see Schroeder and

Ford (1983), Maire (1990), Campy (1990), Lignier and
Desmets (2002) for discussions. Reams (1968) attributed
couplet laminae in caves of Missouri to individual floods
generated by thunderstorms.

Where surface rivers impound and backflood the
downstream ends of caves, any sediments they are able
to introduce tend to be those typical of the local flood-
plains, chiefly fine sands, silts, clays, floating and water-
logged organic debris, etc. (e.g. Springer and Kite 1997).
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8.2.6 Other types of clastic deposits

Caves everywhere display cones of dejecta accumulated
by a mixture of piecemeal falls and small slurries from
steep or vertical openings to the surface (Figure 8.1).
Passages that slope more gently from the surface may
channel tongues of colluvium for many tens of metres.
This is unsorted debris, usually matrix-supported and
with a high organic content. Sorriaux (1982) described
instances where fluvial sediments in Pyrenean caves have
been remobilized as mass waste flows. Gillieson (1986)
showed that fluidized polymodal mudflow deposits (dia-
mictons) were able to penetrate up to 3 km into caves of
the Papua New Guinea highlands.

Glaciers may discharge meltwater and clastic load
directly into caves. Typical here is an injection facies;
the passage entrance is blocked by wedged boulders and a
tail of gravels and sands extends inwards. There are
also simpler injecta where an advancing glacier merely
bulldozed till or outwash into entrances, filling them
entirely.

Caves that terminate in the coastal breaker zone may
contain beach sand and shingle deposits. These take the
form of berms (barriers) with steep fronts facing the
waves and gentle backslopes that can extend inwards
for several tens of metres. Williams (1982b) described a
marine gravel deposit injected into a limestone cave
graded to a 60 m emerged coastal terrace in New Zealand.
Cosmogenic burial dating has since shown the quartz
gravel to have been emplaced 1.25 4 0.43 million years
ago (D. Fabel, personal. communication).

8.2.7 Particle shape and changes of shape
and size in caves

The shape of a particle is described in terms of form
(platy, bladed, etc.), sphericity and the roundedness of
corners (e.g. Sneed and Folk 1958, Cailleux and Tricart
1963). Most studies in caves have been concerned with
pebble and cobble sizes, and have taken care to differ-
entiate autogenic clasts (usually limestone or dolomite)
from allogenic, non-carbonate clasts. Bull (1978) found
no systematic downstream changes of autogenic bedload
in river caves in Wales and attributed variations to
original lithological properties. In general, this is not
surprising. Caves that offer sufficient accessible lengths
of alluvial channel for substantial changes of shape to be
expected will be low gradient and likely to contain
breakdown barriers that screen out upstream particles
and substitute fresh stocks of angular fragments. Exces-
sive roughness of channels also causes much breaking
into angular pieces rather than steady attrition over all the
surfaces of grains. Major rounding or shingling can occur

in situ where clasts of local origin are trapped against a
barrier that the flowing water must ascend. Curve 1,
Figure 8.5 presents an extreme illustration of this, depict-
ing pebbles of the dense, particularly resistant, limestone
that were trapped and rounded at the bottom of the 7.5 m
floodwater shaft mentioned above in Castleguard Cave.
Each pebble will have swept up the shingle beach there
hundreds of times, and rolled back down; the net down-
stream movement of most was zero. However, in com-
prehensive studies in the Slovene river caves Kranjc
(1989b) found that autogenic gravels could become
very well rounded by 5-10km of travel downstream.

The sizes of allochthonous pebbles, cobbles and
boulders, and their proportion in the total bedload is
certainly reduced during transport through caves. In
large karst basins in West Virginia, Wolfe (1973) found
that mean bedload grain size was weakly related to
channel length and gradient (Table 8.2), but filtering in
breakdown destroyed any trend at the outlet of the longest
basin there. Kranjc (1982) noted a mean diameter loss of
4mmkm™"' for sandstones transported at least 11.5km
through Kacne Jama, but random samples of all clasts
(allochthonous plus autochthonous) yielded no trend
there. The sandstone roundedness generally increased to
350-550 on the Cailleux and Tricart (1963) scale (where
~550 is close to spherical), but more resistant chert
pebbles remained quite angular.

There have been many electron microscope studies of
the shape of sand and clay size quartz grains in caves.
These grains suffer comparatively little damage during
underground transport, so the studies determine their
origin or provenance. Quartz silts from local soils are
most often detected. In a pioneer study at Agen Allwedd,
Wales, Bull (1977b) recognized also a suite of glacigenic
sands modified by fluvial transport and a later suite of
diagenetic quartz sands from the local caprock, plus
distinct glacial, fluvial or aeolian features in the silt and
clay grains. He was able to correlate particular groups of
silt and clay laminae over distances up to 5Skm in Agen
Allwedd, and later to recognize a fini-glacial loessic
phase (component) in capping muds in caves throughout
southern Britain.

8.2.8 Provenance studies

Many studies have used pebbles and cobbles of some
distinctive lithology as an easy but accurate means of
tracing sediment sources and flow paths. Normally they
will be allogenic.

In fine fractions heavy mineral abundances may differ-
entiate the sources. Other studies have emphasized clay
minerals and their ratios. Although there is much varia-
tion, abundant kaolinite tends to indicate warm
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Table 8.2 The principal minerals deposited in caves

Group Mineral Formula
Carbonates Calcite CaCO;
Aragonite CaCO;,
Magnesite MgCOs;
Huntite CaMg;(CO3)4
Hydrated carbonates Mono-hydrocalcite CaCO05.H,0
Tri-hydrocalcite CaCO3.H,0
Nesquehonite MgCO;.H,0
Hydromagnesite and others 4MgCO0O;.Mg(OH),.4H,0
Sulphates and hydrated sulphates: halides Anhydrite CaSoy
Barite BaSO,
Celestite SrSO4
Thenardite Na,SO,4
Halite NaCl
Bassanite CaS0,4.H,O
Gypsum CaS04.2H,0
Epsomite MgS0,4.7H,0
Hexahydrite MgS0O,4.6H,0
Mirabilite Na,S04.10H,0
Bloedite and others Mg,S04.Na,S04.4H,0
Sulphides Pyrite FeS,
Marcasite FeS,
Galena PbS
Sphalerite ZnS
plus fluorite (fluorspar) CaF,
Phosphates and nitrates Whitlockite Ca3(POy),
Monetite CaHPO,
Hydroxyapatite Cas(PO,);.0H
Carbonate-apatite Ca;o(PO4)6C0O5.H,0
Crandallite CaAls.(POy),.(OH)s.H,O
Taranakite (K.NH4)Al3(PO4);(OH).9H,0
Potassium nitre (Saltpetre) KNO;
Soda nitre NaNO;
Nitrocalcite and others Ca(NO3);.4H,0
Iron, manganese and aluminum oxides Geothite Fe OOH
Hematite Fe,03
Limonite Fe,05.nH,0
Birnessite MnO,
Hollandite BaMgO,¢
Psilomelane (Ba.H,0)2Mn;s0,,
Todorokite (Na.Ca.K.Mn.Mg)0,,.3H,0
Bauxite A12033H20
Boehmite AlO(OH)
Gibbsite and others Al(OH);
Silica Quartz, chalcedony and SiO,
cristobalite (opal)
Ice H,O

conditions either in the source rock or during its weath-
ering. Illite and chlorite are usually the most prominent
clay minerals in glaciated regions, while increasing
montmorillonite suggests a drier climate, etc. Wolfe
(1973) found a kaolinite:illite ratio of ~ 3:1 in Carboni-

ferous source rocks. This reduced to 1:1 in modern
sediments entering the caves and towards 0.6:1 as they
were traced 8—12km underground. The ratio in aban-
doned passages also decreased downstream, from 0.6 to
< 0.4, indicating that there was further alteration of
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kaolinite as the ancient deposits weathered a little in the
caves. Lynch ef al. (2004) showed that most clay dis-
charged from a major Texan spring that is an important
water resource was allochthonous, deriving from distant
upland soils and prone to convey bacteria and other
contaminants from there.

8.2.9 Diagenesis of cave sediments

The nature and amount of diagenesis occurring in cave
sediments is usually much less significant than that in
original limestones (Chapter 2) and has been little stu-
died. Physical processes include effects such as loading
(load casts or deformation), drying out, abrupt rewetting,
etc. Shrinking away from walls is common; it permits
later sediment to intrude. Polygonal dessication cracking
may extend to depths greater than 1 m.

Burrowing by animals (bioturbation) is a second
physical category. Cave-specific (hypogean) fauna in
the interior are small and weak. They can do little damage
but disturb the uppermost laminae of soft sediments
which, however, may suffice to ruin their palacomagnetic
signals (see below). Burrowing by large mammals such
as badgers (and humans) is important in many entrance
deposits.

Drying permits oxidation, which extends throughout
most well-drained sediments. Periodic wetting encourages
further hydrolysis of aluminosilicate minerals and the
alteration of clay minerals. Such chemical weathering
takes place in most cave sediments, but normally at very
low rates.

Osborne (2001) has investigated such diagenesis in
Australia, where many caves are unusually old and so
provide more time for the slow changes that occur.
Chemical precipitation within sediments is the most
important process. In vadose settings, meniscus calcite
cement is first deposited, succeeded by void-filling spar
that can convert the loose sediment into a solid rock of
low porosity. Between these extremes, patchy, layered or
graded cementation is common. In phreatic settings there
is acicular cementation. Because of their low permeabil-
ity, allogenic clays (e.g. kaolinite, illite, quartz) resist
cementation and can survive for millions of years in a
soft, wet condition.

Other precipitates include surface veneers of gypsum
and other crystals where enriched solutions in the original
sediment have been drawn out by capillary suction as it
dried. In parts of Mammoth Cave silts and clays have
suffered evapoturbation to depths of 1 m or more, i.e.
gypsum precipitated between the laminae breaks them
up. In quartz sand deposits amorphous silica (crystallites)
may precipitate onto grain surfaces, although this will

rarely cement them. Nitrate and phosphate minerals also
accumulate in cave earths, as discussed below.

8.3 CALCITE, ARAGONITE AND OTHER
CARBONATE PRECIPITATES

Calcite is the principal secondary precipitate in caves.
General terms for it include speleothem, sinter, traver-
tine and tufa. The first two terms are generally used to
describe dense crystalline deposits found in cave inter-
iors, although both sinter and travertine are also used to
describe predominantly chemical precipitates deposited
at springs. Tufa refers to softer porous material found
near cave entrances where rapid deposition is encouraged
by evaporation. In most karst regions the mass of sec-
ondary calcite will far exceed that of all other secondary
minerals combined. Aragonite is more widespread than
has generally been supposed and is possibly the second
mineral in abundance, with gypsum being the third. The
other carbonates and hydrated carbonates are much less
significant; they form small but attractive decorations in a
minority of caves.

Speleothems (stalactites, stalagmites, helictites and
flowstones, etc.) are the chief attraction in the majority
of the world’s tourist caves (e.g. Figure 8.8). It was their
visual aesthetic appeal that also attracted many scientists to
study caves. As a consequence, speleothems are the subject
of many detailed studies, general reviews and lavishly
illustrated popular books. A review by Hill and Forti
(1997) with other contributing specialists presents the
most complete account; see also Cabrol (1978), Bogli
(1980) and Cabrol and Mangin (2000). Railsback (2000)
has prepared an online atlas of sample microfabrics. Here
we can give only a broad summary of the many interesting
features.

8.3.1 Calcite and aragonite crystal growth

In the evaporitic conditions of most cave entrances and
seasonally dry caves, calcite deposition is by the rapid
formation of separate crystallites. This creates a soft
calcite of globular or irregular clumps of tiny crystals,
earthy in texture, with high porosity and often pasty to
the touch, at least on first deposition. Hard calcite is
precipitated by slow exsolution of CO, from solution in
humid cave interiors (Figure 8.1). Some speleothems are
composed of sequences of hard and soft calcite, or have
soft calcite on upwind sides.

Most hard calcite grows by the competitive enlarge-
ment and coalescence of crystallites deposited as syntax-
ial (axially aligned) overgrowths on previous crystals
(Figure 8.9). In most speleothems it is present in
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Figure 8.8 Stalactites, stalagmites and columns growing in a cave. J.W. Valvasor’s engraving of AD 1689 showing a decorated
chamber in Postojna (Postumia or Adelsberg) Cave in Slovenia. Cave lighting then was not as revealing as it is today but visitors clearly

did not lack in imagination. Reproduced from Valvasor, J.W., Die Ehre des Hertzogthums Crain. Lubljana, Endter. 4 vols, 1687
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Figure 8.9 Ilustrating calcite crystal ontogeny. (Left) Competitive growth and selection from an initial substrate that is flat;
favourably oriented crystals succeed in a length-fast mode. (Centre) Length-fast growth from a more realistic, irregular, substrate;
initial crystallites are numbered. The gently undulating surfaces of stage II growth in the figure are very common features in
stalagmites and flowstones. Adapted with permission from Self, C.A. and Hill, C.A., How speleothems grow: a guide to the ontogeny
of cave minerals. Journal of Cave and Karst Studies, 65(2), 130-51. [BCRA] (Right) A photomicrograph of length-fast growth
upwards in a stalagmite from China. It is in the equivalent of stage I1I in the centre illustration. Vertical extension is clearly seen in the
crystal fabric but transverse banding is more prominent. The 16 numbered bands are considered to be successive annual
accumulations. The scale bar is 500 mm in length. Reproduced with permission from Ming, T., Tungsheng, L., Xiaoguang, Q.,
and Xianfeng, W. 1998. Signification chrono-climatique de spéléothémes laminés de Chine du Nord. Karstologia, 32(2) ; 1-6, 2003
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microcrystalline form with the ¢ axis oriented roughly
across the direction of growth (length-slow or ‘coconut
meat’ texture of Folk and Assercto 1976) or as coarser
palisade, columnar or equant crystal aggregates with the ¢
axes oriented to growth (length-fast — see Railsback
2000). Large monocrystalline speleothems occur but are
rare. A final crystalline type is an irregular mosaic, created
by inversion from aragonite. Russian mineralogists adopt
an ontogenetic approach that aims to link a particular
crystal fabric with the specific environmental conditions
in a cave; see Onac (1997) and Self and Hill (2003) for
reviews. Frisia et al. (2000) correlate columnar and fibrous
fabrics with low supersaturation and continuously wet
conditions. Where discharge varies or there are abundant
growth inhibitors, the defects increase. They are at a
maximum in evaporative conditions, as many have noted.

Spaces left between the growing individual crystals are
sealed off by later deposition and constitute inclusions,
normally filled with fluid. Variation in the abundance and
scale of fluid inclusions creates the smallest features that
can be distinguished by eye or hand lens, which are faint,
parallel growth layers. They reflect variation in rates of
deposition. Stronger layering is created by temporary
cessation and drying, by periods of dissolving at the
growth front (re-solution) or other erosion, or by deposi-
tion of foreign particulates. Syntaxial crystal growth
may extend through such breaks, or new generations of
crystals may start upon them with greater or lesser

bonding across the break. At the extreme, there is no
bonding; the speleothem can fall apart at the hiatus.

Aragonite in caves displays a principal habit as radiat-
ing clusters of needles, termed ‘whiskers’, ‘flowers’,
‘anthodites’, etc. They grow from bedrock or calcite
speleothems. There is also massive, acicular aragonite
in regular stalagmites and flowstones. It may be inter-
laminated with calcite or display a patchy appearance
where inversion to calcite is occurring.

There has been much discussion of why aragonite
is found in some caves (or parts of them) and not
others. Figure 8.10 indicates that it is metastable in
the domain of calcite and dolomite. The latter is almost
unknown as a primary precipitate in caves, so it is
widely accepted that depletion of Ca ions in Mg-
rich solutions is the principal factor (Hill and Forti
1997, p. 238), usually by prior deposition of calcite.
The ‘popcorn — aragonite — hydromagnesite globule’
model (see Figure 8.14) thus is a potent example of
the process at work. Other suggestions include ion
substitution or ‘poisoning’ (e.g. by Sr) or unspecified
effects of organics or other seed nucleii when growth is
initiated.

8.3.2 Stalactites and draperies

The principal forms of speleothems are shown in
Figures 8.11 and 8.12. The fundamental form is the
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