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Preface to the German Edition

The present publication on karst hydrology and physical speleology combines two
subjects which have up to now been treated separately. The two fields of knowledge
have gone their separate ways, less as a result of differences in subject matter than of
varying approaches. The focal point in karst hydrology lies in the description of subter-
ranean water with its physical and chemical properties, whereas physical speleology de-
scribes subterranean cavities with their contents (air, water, and sediments), which gen-
erally have been created by water. Such cavities can be correctly interpreted only by
means of a knowledge of karst hydrology, yet they in turn yield indications of the pro-
perties of karst water. Karst hydrology and physical speleology are thus two aspects of
the subterranean karst phenomenon and should be viewed congruently.

This book addresses geologists, hydrologists, geomorphologists, geographers, and
karstologists, above all speleologists, as well as all friends of caves, especially the cavers
among them. Its contents must therefore appeal to two groups: on one hand to the
academically trained, whether university faculty, graduates, or students, who as a rule
have the necessary basic knowledge to be able to understand the theoretical com-
ments; on the other hand to the laymen, who have first-hand experience from their own
observations in caves, but who often do not dispose over the scientific foundation
necessary for an understanding of the phenomena. Therefore occasionally more
attention will be given to problems of a simpler nature and to questions of technical
terminology.

During geomorphological studies in the Muota Valley in 1946 it became necessary
to investigate the effects of limestone corrosion underground. I then penetrated the
Holloch Cave for the first time. (The Holloch, Hell Hole, is located in the Muota
Valley in Central Switzerland.) Very soon a contrast became apparent between the
then predominant notion about subterranean water in karst areas as founded by O.
Lehmann and the facts in the Holloch. Especially the passages which also showed up
on the bedding planes in the commercial cave section matched the theory very poorly,
and this weighed even more heavily, as Lehmann’s hypothesis was founded on accept-
ed physical principles. Furthermore there were additional observations which put his
hypothesis equally in question. These contrasts between theory and reality challenged
me increasingly into the underground of the karst. There I had to recognize, even
though after long resistance, that nature had gone ways which could by no means be
explained by the then accepted hypothesis. The goal of solving this problem enticed
me to intensify my work and soon the idea of a book arose. The book was to grow
out of the natural facts of karst hydrography and to do justice to the evolution of
subterranean water passages and thereby to speleology. The necessity of having also
to learn about the karst underground ‘in differently structured landscapes took me into
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many other caves, above all in table-land and arid zones. For both types the USA
offered excellent and easily accessible examples, the exploration of which is in full
swing, giving rise to valuable publications.

The Holloch, which happens to lie in my personal geomorphological area of study,
became an important element of this book. In 1946 4280 m of this cave system had
been surveyed and were well known. Today, 1980, there are 140000 m. Between 1904
and 1946 all research on it was suspended and all known facts were based on a disser-
tation by Egli (1904). The new thrust into virgin areas occurred first in 1948/49 by a
research group from the Swiss Society of Speleologists (SSS) and by a precursor of
the Association for the Exploration of the H6lloch (AGH) which I joined. In August
1952 three collaborators and I were trapped in the cave by rising water. This brought
me into especially intensive contact with karst hydrology and gave further impetus to
my study of this phenomenon.

In 1974 Karsthydrogeologie by J. Z&tl was published. It brought substantial
progress to the understanding of karst water. For the first time it was shown with all
desirability that the hypothesis of O. Lehmann was untenable. Thus the spell was
broken which had blocked progress for a long time, but which, however, had also
stirred up contradiction and thus encouraged new research.

It is in the nature of karst hydrology and of speleology that they comprise a broad
spectrum of supporting sciences. Apart from the geosciences, among them mineralogy,
geology, and geomorphology, particularly hydromechanics and the chemistry of the
CaC0O3-CO,-H, O system are of central significance. The necessity of a unified approach
to subterranean karst prompted me to risk the disadvantages against the advantages of
a presentation of the whole scope of material by one single author. Prof. M. Frey, to
whom I am indebted, assisted me with hydrodynamics.

Research in subterranean karst is always teamwork. The scientist depends on the
assistance of the cavers, whether this is in a purely physical sense or in research by
means of surveying, gathering material and observations, or of contributions to dis-
cussions. For this reason I owe gratitude to the AGH and its members, my colleagues
and friends. The few who are mentioned here stand for the more than 100 collabora-
tors who have helped in the course of three decades: H. Niinlist, the man of the first
thrusts, technical director of the AGH during the first decade of exploration; B. Birt-
schi, untiring helper and organiser since 1960; D. Krimer, who lost his young life in
the exploration. I should like to thank the many friends all over the world, east and
west, for reprints, for their permission to use sketches and findings from their field
of work, for inspiring and fruitful discussions and for numerous guided trips through
“their” caves. Of these I should expecially like to mention the members of the Cave
Research Foundation, CRF, most particularly R. Brucker. They always received me in
the USA with open arms and I am grateful to them for new knowledge and deep in-
sight into North American karst hydrology. My thanks go also to the authorities of
Mammoth Cave and Carlsbad Caverns National Parks for always granting me permis-
sion to enter the great caves and thereby actively supporting my undertaking. Assistants
at the Geographical Institute of the University of Ziirich helped in the last phase of the
realization of this boek by copying, sketching, and proof-reading, among them U. Gro-
ner and P. Frehner.
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To conclude this preface I should like to express my thanks to the publishers,
especially to Dr. K.F. Springer for the good layout and presentation of the book, and
to Mrs. A. Seeliger for her agreeable co-operation.

November 1978 Alfred Bogli
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1 Karstifiable Rocks

1.1 Introduction

The formation of karst landscapes and karst hydrography is related to the occurrence
of specific rocks. These must be soluble and may leave but little residue, so that the in-
terstices widened by the processes of solution remain open, which is a prerequisite for
the characteristic underground drainage.

The following groups of rocks are karstifiable:

evaporites: gypsum, anhydrite, rock salt
carbonate rocks: limestone, dolomite
quartzite: only under conditions of extreme tropic humidity.

Silicate rocks are known to be nonkarstifiable even though in the humid tropics forms
occur which resemble karst forms. In the humid, tropical climate they show a “solubil-
ity” which should rather be called a readiness to decompose. It is not the case, as it is
with karst rocks, that individual mineral components are dissolved, but that the miner-
als themselves are disintegrated, destroyed — they are weathered. Large amounts of in-
soluble residues are thereby created, e.g., clays and perhaps quartz sand. For this rea-
son joints within the rock do not widen; at most, existing open joints are made tight,
and as a result there is no underground drainage of the karst type. The forms remain
limited to the surface.

Quartzites are a special case. Up to now they have not been listed as karstifiable
rocks — in certain cases this has been incorrect, as remains to be shown. According to
Krauskopf (1956) and Siever (1962), amorphous silicic acid is soluble, 50-80 ppm at
0°C, 100-140 ppm at 25°C — only 6-14 ppm of quartz dissolve at 25°C. For the first
time in literature White (1960) reported a “quartzite karst” in the Roraima Formation
of the Guayana Shield in southeast Venezuela with karren, even karren fields, dolines,
and enlarged joints. In a small cave he found silicic stalactites. Colvée (1973) describes
the 395-m-long quartzite cave in the Sierra Autana in the same area, which can have
been created only by corrosion. Urbani, the driving force behind karst research in Ve-
nezuela, and Szczerban (1974), as well as Szczerban and Urbani (1974), made a thor-
ough study of quartzite karst, especially of subterranean quartzite karst. They report
shafts, one of them with a depth of 370 m, and a 800-m-long cave river with ponor
and resurgence (karst spring, re-exit). Precambrian quartzite (age 1700-1800 million
years Gassner, 1974) consists, according to White (1960) and White et al. (1966), of
rounded grains of quartz in a silicic acid matrix, sporadically mixed with up to 5% feld-
spar. The quartz is partially transformed into amorphous silicic acid (opal), which ex-
plains its high solubility. The processes of transformation and dissolution caused by pre-
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cipitation are, however, extremely slow and a matter of geological epochs. Therefore
Urbani et al. (1976) expressed the supposition that the quartzite matrix, e.g., opal, had
been mobilized by the thermal water as a result of granite intrusions and that the rock
had thereby been loosened. Afterwards the cavities were hollowed out by erosion along
joints and bedding interstices. Seen from a distance, however, the question arises as to
why the grains of quartz did not make tight the open joints analogous to the fine dolo-
mitic sand in Yugoslavian dolomites. The result would be a lack of karstification. Con-
clusion: quartzites, and this means orthoquartzite as well as quartzitic sandstone, are
only conditionally karstifiable under hydrothermal but also under extremely humid
tropical conditions which remain the same for millions of years. Therefore quartzites
will not be further discussed as too little is known about their capacity to karstify.

1.2 Evaporites

Under the conditions found in lagoons in warm, dry climates, the subtropics and mar-
ginal regions of the tropics, sea water evaporates. According to the composition and the
solubility of the components evaporites are deposited: limestone, gypsum, anhydrite,
rock and potash salt. According to Clarke (1924) sea water contains twenty times more
Ca-sulfates (anhydrite ions) than limestone ions. Therefore as a rule limestone occurs
only as acomponent of other evaporites. Potassium salt (KCI) does not come into ques-
tion for a karst landscape because of its small, original concentration of K-ions, of the
high solubility of all other potassium salts, and their high plasticity, as well as because
of their rarity.

1.2.1 Anhydrite and Gypsum

As corresponds to their creation in lagoons on the surface of the earth, anhydrite,
CaS0,, and gypsum, CaSO4-2H,0, occur far more rarely than limestones and dolomites,
which are found around the world. They were deposited in large quantities mainly in
the Permian, Triassic, and Tertiary Periods. The following are a few of the numerous
regions where useful finds have been made: in Germany gypsum in the Muschelkalk
(middle Triassic) of western Wiirttemberg, in the Zechstein (upper Permian) of the
southern Harz and around Segeberg, in the USSR in Podolia, in the USA in western
Oklahoma and northern Texas, as well as in the Pecos Valley and in the White Sands
(gypsum dunes) of New Mexico. The deposits in the USA and in the USSR surpass those
of all other known regions in their size and quantity (see also Herak and Stringfield,
1972). In nature Ca-sulphate is deposited by freshwater only in the form of gypsum,
since the lack of greater concentrations of other salts prevents anhydrite from forming
at temperatures lower than 90°C. In concentrated sea water in the evaporating basins
of lagoons anhydrite is formed primarily already at 25°C. If anhydrite comes into con-
tact with fresh water, it joins with two molecules of crystal water and turns into gyp-
sum. This process results in an increase in volume of 1.557 times (Biese, 1931). This
causes the layers to be compressed and gypsum with a wavy structure is formed. On the
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earth’s surface local gypsum banks are pressed up by the swelling of anhydrite and small
cavities are formed beneath,e.g., the Zwerglocher (Dwarf Holes) and the Waldschmiede
(Forest Forge) in the southern Harz. The floor of the Waldschmiede, the largest such
form, has a diameter of 7.5 m, while the height of its dome is 2 m. Biese (1931) calls
such cavities swelling caves, but does not list them as karst formations as they were not
created by karstifying processes.

Gypsum, the product of a transformation of anhydrite, is very jointed and tends
for this reason and because of its high solubility to the formation of caves. The same
qualities and in addition its softness, however, lead to its quick destruction. Smaller so-
lution forms, especially gypsum karren, are easily destroyed again. However, wherever
gypsum has been deposited directly and has been recrystallized, it is massive and only
slightly jointed or not at all.

Underground solution effects a slow sinking of the capping rock (subsidence). On
the surface subsidence zones form with solution subsidence dolines and/or atypical
karstic troughs. Reuter (1973) measured rates of sinkage as high as 40 cm/y. Occasion-
ally covering layers and loose formations on top break off and plunge into the depths.
Such an Erdfall is to be classed as a collapse doline. Recently in the DDR land sinking
has been observed in areas of larger settlements on top of gypsum and salt deposites.
The cause was found to be water seeping in at various distinct points and dissolving the
underground. The buildings were damaged.

Gypsum is frequently made impure to a high degree by clay. In underground cavi-
ties a coating of clay is the rule. This, however, does not hinder the dissolution of the
rock.

Table 1.1. Physical properties of Ca-sulphates

Gypsum Anhydrite
Density (kg/dm®) 2.5 2.9
Hardness (acc. to 1.5-2 3-3.5
Mohs) can be scratched cannot be scratched with
with fingernail fingernail
Pressure resistance ? 420 (acc. to Jennings,
(kp/cm?) 1971)

1.2.2 Rock Salt, Halite

Rock salt (halite), NaCl, is a coarsely crystalline rock of high solubility. Under pressure
it becomes highly plastic, which leads to the formation of diapirs (salt dome). For this
reason open cracks are lacking. Natural salt caves from inside salt domes are not known,
either because underground cavities are not formed at all, or because they are quickly
destroyed again after their formation. In the 2500-year-old Iron Age salt mine of Hall-
statt (Hallstatt Culture), the old adits have disappeared and the only witnesses left are
the well-preserved remains of mining tools. In contrast to this the adits in the salt mine
of Wieliczka (Poland) dating from the 18th century have hardly been touched by this
phenomenon.
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As is the case with gypsum, subsidence is frequent, but results even more quickly.
Land sinkage is frequent above salt deposits which are exploited with extraction by wa-
ter. The exploitation of salt brine had to be halted under the suburbs of Rheinfelden
(Switzerland) because the houses were in danger. In humid climates rock salt cannot
remain on the surface. Precipitations dissolve it and the residue, a thick mixture of clay
and gypsum, protects the deposit from further washing away. In completely arid zones,
on the other hand, rock salt is found on the surface also, as salt karst, e.g., in Iran, Abys-
sinia, and in Death Valley (CA, USA). Salt karren are pointed and sharp and can scarce-
ly be walked on, e.g., the Devil’s Golf Course in Death Valley.

1.3 Carbonate Rocks: Limestone and Dolomite

1.3.1 Limestone and Dolomite

Limestone and dolomite are carbonate rocks which have very similar karst morphologi-
cal properties.

Table 1.2 Comparison of limestone and dolomite

Rock Mineral Chemical formula
Limestone Calcite CaCO,
Dolomite Dolomite CaMg(CO,), or CaCO, - MgCO,

double salt

When sea water is confined in warm, dry climates, first limestone is formed, but not
dolomite, although the Mg-ions are three times more frequent than the Ca-ions (Ca®").
Dolomite is formed afterwards when the Mg?* substitutes the Ca** in the calcite crys-
tal until an ion ratio of 1:1 is reached.

2 CaCO3 + Mg2+ -> CaMg(C03)2 + C3.2+.

Table 1.3 Dissolved substances (ions) in sea water (acc. to Keller, 1962, p. 179)

An ions g/l Kations g/

ClI- 19.26 Na* 10.71

Br- 0.07 K* 041

s02- 2.69 Mg?* 1.29

HCO; 0.15 Ca** 0.42
Various 0.33

Total 35.33 g/l sea water

When there is a higher concentration of salt water in lagoons dolomite can be deposited
spontaneously. Strachow et al. (1944, quoted by Fischer, 1961) observed in the Caspian
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Sea, in Kara Bugas (bay on the east side of the Caspian Sea) that when the salt concen-
tration was less than 7% only limestone was deposited, when 7%-8% dolomite was spon-
taneously deposited, and when the concentration was higher magnesite, MgCO3, was
deposited. Seidel (1958) assumes that the following reaction takes place:

2 Ca(HCO3), + MgCl, - CaCO; - MgCO; + CaCl, + 2 H,CO3

It would be more correct to write the reaction as an ion equation:

Mg** + Ca®* + 2 HCO3 + 2 Cl~ - CaMg(CO3), + 2Cl~ + 2 H*

Dolomites which are formed spontaneously belong to the evaporites.

IMPURITIES
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Fig. 1.1. Carbonate rocks according to Leighton and Pendexter (1962)

Table 1.4. Nomenclature for limestones and dolomites according to Pettijohn (1949)

Limestone: more than 90% CaCO, Calcareous dolomite: 50%-10% CaCO,
Dolomitic limestone: 50%-90% CaCO, Dolomite: less than 10% CaCO,
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1.3.2 Differences Between Limestone and Dolomite

Limestone and dolomite are very similar, so similar that the nonexpert can scarcely dis-
tinguish one from the other. The surest method of distinguishing them without making
a chemical analysis is to test the density. With a little practice one can make this test
for a preliminary decision in the field. Dolomite can be distinguished from anhydrite,
which is as dense and hard as dolomite, by its reaction in hot hydrochloric acid: it bub-
bles up.

Table 1.5. Comparison of limestone and dolomite

Properties Pure limestone Pure dolomite
Calcite/CaCO, Dolomite/CaMg(CO,),
Dolomite content See Table 1.4 See Table 1.4

Density (kg/dm?) 2.7, dolomitic lime- 2.9
: stone higher
marly limestone 2.5
porous limestone

under 2.3
chalk down to 1.6

Mohs hardness 3, with increasing 3.5 otherwise
clay content and like limestone

porosity diminishing

Pressure resis-
tance (kp/cm?)

acc. to Rinne (1928) 100-1900 Up to 1200

acc. to Jennings (1971) 340-3400 620-3670
Solubility in cold Good, even when in Hardly at all when
hydrochloric acid lumps bubbles up in lumps, noticeable

when powder (with
gas bubbles, only pure D)

Solubility in warm Strong bubbling up Slight bubbling up
hydrochloric acid even in a lump
Solubility in acetic Gas bubbles No reaction

acid

Special properties of dolomite which are not generally valid: certain dolomites are
destroyed by weathering, breaking down into dolomite sand, e.g., in the Swabian-Fran-
conian Jura;they are in general less resistant to frost than is limestone, thus large slopes
of dolomite debris can be found (South Tyrolean Dolomites).

When limestone is mentioned hereafter dolomite will be included in that category.
Wherever their properties differ special mention will be made of that difference. For in-
stance dolomite in Yugoslavia is, in comparison to limestone, practically impermeable,
because dolomite sand makes the interstices tight; in France underground water from
dolomite is frequently heavily laden with dolomite sand.
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1.3.3 Limestones

Most limestones are of marine origin, but there are also freshwater and terrestial lime-
stones such as calcarenites from the sands of dunes of western Australia.

According to Clarke (1924) 500-1000 million tons of Ca-salts (sulfates and carbon-
ates) are carried to the sea annually. These are deposited as limestone mainly on the con-
tinental shelves, but also as far down as in the bathyal zone (at a depth of 200-2000 m).
In the abyssal plains it is found as globigerina ooze down to a depth of 5000 m (Mur-
awski, 1963).

Limestone has been deposited partly detritically as gravel, sand and mud (fluvial,
surf), partly by chemical deposition and partly organically (foraminifera, brachiopods,
reefs etc.).

Chalk is a soft, friable, very porous limestone, consisting mainly of foraminifera.
In a dry state its density varies between 1.6 and 2.0 kg/dm?>. Its great susceptibility to
weathering and to any form of erosion causes karst forms to be destroyed as fast as they
form. Therefore karren do notexist at all with the exception of solution pockets, which
are related to them. There are isolated doline fields in chalk limestone such as in Picardy
(Plateau of Baumetz). On the other hand there are frequent karst dry valleys which are
of periglacial origin both in northern France and in southern England (Tricart, 1949;
Pinchemel, 1954). Caves do occur rarely, e.g., near Rouen, Caumont caves (Avias,
1972). Underground drainage is developed to a medium degree and occasionally shows
ponors and karst springs, also (Avre river in Normandy).

Karst landscapes occur on pure and compact limestones and dolomites. However,
limestones are frequently encumbered with impurities, which reduce their ability to
karstify or prevent them from karstification altogether. The two most common insol-
uble impurities are clay and silicic acid (opal, flint, quartz).

Table 1.6. Simplified list of mixtures of (a) limestone and clay, (b) limestone and silicic acid

a) Limestone/clay Impurities in %  Ability to karstify

Limestone, very pure 0- 5 Excellent

Limestone 5- 10 Good

Marly limestone 10- 30 Karren formation is hindered, from 15% onwards only

suggested. Dolines good. Small caves only asan ex-
ception up to 20%, more than 20% no karstification.

Marly/marly slate 30- 70 Impermeable, no karst forms
Marly clay 70- 85 Impermeable, plastic
Clay 85-100 Impermeable, plastic
b) Limestone/SiO, Impurities in % Ability to karstify
Limestone 0- 10 Excellent to good
Cherty limestone 5- 30 Good
Limestone with fine
quartz sand 10- 30 Hardly or not at all karstifiable
Siliceous limestone
(“Kieselkalk™) 30- 50 No karstification
Quartz sandstone with No karstification (matrix = basic mass,
limestone matrix 50- 90 . binding agent)

Quartz sandstone
Quartzite 90-100 No karstification
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If the silicic acid is finely distributed, e.g., in the Hauterivien siliceous limestone of
the Helvetian nappes (Swiss Alps, Eastern Alps), karstification is completely prevented
by it. If, however, it is concentrated in lumps and nodules of chert which are embedded
in a pure limestone matrix, then karstification takes place according to the matrix. In
one of the largest systems of caves in the USA, in Green Brier Caverns (WV, USA), there
are many passages running through Paleozoic limestone with innumerable chert nodules
and in Speak-Easy Cave near Springfield (MO, USA) lumps almost the size of a head
stretch up out of the heavily corroded limestone of the Mississippian. Siliceous pebbles
in Lower Tertiary limestone conglomerate on Mallorca do not at all prevent the devel-
opment of rillenkarren (solution flutes), which are otherwise very sensitive to impurities.

Table. 1.7. Chemical analysis of some rocks according to Clarke (1924), Franz (1960), and Rinne
(1928). CaO, MgO and CO, were recalculated according to the corresponding carbonates, (figures
are percentages)

1 2 3 4 5 6

CaCO, 97.39 96.07 98.50 90.80 54.54 74.07
MgCO, 1.23 1.17 0.42 1.09 45.52 0.25
Carbonate 98.62 97.24 98.92 91.89 100.06 74.32

.. X,0 0.12
CO, (remaining amount) 0 0 0 0.85 0.08 H,0 1.56
Al,0,, Fe,0, 0.68 0.71 0 0.56 0.09 2.29
FeO 0 0 0 0.14 0.01 0
Insoluble residue 0.70 1.15 0.23 5.80 0.02 21.75
Total 100.00 99.10 99.15 99.24 100.26 100.04
1. Salem limestone, Mississippian, IN, USA Clarke
2. Solnhofer limestone, upper Malm, Solnhofen, Germany  Clarke
3. Recent coral limestone, Bermuda Clarke
4. Crinoid limestone, Jura, Hernstein, Austria Franz
5. Dolomite, Trias, Pottenstein, Franconia, Germany Franz
6. Pliner marl, Cenoman, Harz foreland, Germany Rinne

1.3.4 Structure of Limestones

In petrography structure means the spatial arrangement and distribution of equal ele-
ments in rock. The English school especially attributes great importance to structure in
the formation of limestone surfaces. Sweeting (1972, 1975), Oxford, is investigating
this relationship.

Coarse crystalline limestones show less clear karst forms than do fine crystalline
ones; thuskarren are only poorly formed in the pure marble of the Apuanic Alps. Coarse
crystalline parts in a fine crystalline matrix and calcite-filled tension cracks dissolve less
easily and therefore project up above the limestone surface. The finer the grain, the
larger the surface vulnerable to corrosion.

English literature has taken over the division according to Folk (1959) for petrol-
geological investigations by karst researchers (Jennings, 1971; Sweeting, 1972). His the-
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ory is based on the fact that limestone mud is deposited in quiet, shallow seas. The re-
sulting limestones he calls micrites since their basic mass is micro- to crypto-crystalline.
The matrix appears gray in the microscope. If its deposits are disturbed by submarine
slides or ploughing shellfish he speaks of dismicrites. The allochems, the parts brought
in from the exterior, are embedded in this matrix. Detritic allochems are called intra-
clasts. They vary from the size of a fine grain of sand to that of pebbles. Ooliths, pellets
(calcite particles of organic origin) and organisms (foraminifera, corals, brachiopods,
molluscs, sponge needles, etc.) are further examples. The result is the following rock
schema:

intramicrite
4 oomicrite

§ pelmicrite

biomicrite

micrite

If the matrix consists of clearly distinguishable calcite crystals, its cleavability be-
comes obvious. This attribute is called spar. From spar Folk took the term sparite. The
same terminology is valid here as with the micrites:

intrasparite
~—— — oosparite

§ pelsparite

biosparite

sparite

Sparites develop where cavities or large pores were already in existence primarily,
or where limestone mud was washed away from between the allochems by water in mo-
tion, so that calcite crystals could develop in the spaces. There are, however, also aut-
ochthonous limestones, limestones which were already deposited on the site, e.g., reefs
(coral, sponge and aigae reefs). To these Folk applies the term bioliths, which Potonié
(1905) initiated. As a consequence bioherm will be used in this work for reefs which
tower up and bjostrom for small flat reefs. Further differentiation will not be attempt-
ed.

1.3.5 Permeability of Limestone Rock

Three factors determine the permeability of carbonate rocks, their porosity, their joint-
ing, and their bedding. Of these three the jointing especially is of great importance for
karst morphology as well as for karst hydrology (see Chap. 14.1). The joints influence
not only the appearance of the surface (grikes, bogaz, rows of dolines, directed karst),
but also the underground water systems which, under vadose conditions, can come into
existence only through joints which have opened. In the phreatic zone the water sys-
tems lie mainly in the bedding-planes. Joints are important also because they stand
more or less vertically on bedding-planes, connecting them.

Bedding-planes occur in limestones in capillary to subcapillary widths. Their per-
meability is increased if they have served for tectonic movements; then they bear simi-
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larity to faults. Caves in folded mountains illustrate this. In Holloch 90% of the 140 km
of measured passages are bedding-plane controlled. However, this does not preclude
that jointing also plays a part in it. Bedding planes have the advantage of being connect-
ed over long distances without interruption. Bedding planes are of special importance
when they separate a capping limestone bed from the underlying, impermeable rock,
e.g., from slate. The water courses form in the limestone and then, after they reach a
certain size, they cut down, by means of erosion, into the softer, underlying rock. Fre-
quently cave rivers follow those bedding planes. Compact carbonate rocks are practical-
ly impermeable to water. Since they are also brittle, even slight tectonic stress leads to
the formation of joints, e.g., even in the tectonic domes in Tennessee and Ohio. On their
flanks enormous caves have developed, among them the longest in the world, the Flint
Mammoth Cave system. By virtue of the corrosive widening of jointings limestone be-
comes the most permeable rock; moreover a rock in which permeability increases with
time.

Not all joints show the same properties. The main system of joints usually has clos-
ed pressure joints, standing perpendicular to the direction of pressure, and tension joints
which are sometimes open. In such one can often find a permeable breccia, which is
either still loose or consolidated by calcite. It can easily be attacked by water and clear-
ed away.Porouslimestones are permeable, even if only to a slight degree when compar-
ed to jointed limestone. Under a pressure head water flows slowly through the pores.
This primary permeability is not so very dependent on the volume of the pores as on
their width and the connections between them. Thus a sandstone with half the volume
of pores that a marly clay has is nevertheless around 1000 times more permeable.

Table 1.8. The volume of pores in various rocks according to Martel (1921), p. 123 (quoted from
Trombe, 1952) and in various loose materials according to Pettijohn (1949)

Volume of pores (%)

Granite 0.05- 0.86

Slate 0.54- 0.70 pressed
Sandstone 3.32-39.8

Compact sandstone around 4

Limestones 0.67- 2.55 Free of joints
Chalks 14.40-43.90 France; in G.B. max. 46% (Kendall et al., 1924)
Dolomites 1.50-22.15 Free of joints
Marbles 0.11- 0.59 Free of joints
Coarse sand 39 41

Fine sand 44 49

Loam 50 -54

1.3.6 Reefs

Reef-forming organisms, corals, sponges, algae, build up unbedded limestone masses
which can become dolomitized with time. They are called Massenkalke in Germany.
Reef sands form slopes around such reefs. The sands become hardened to calcarenites
with a primary bedding incline of up to 20° and 30°, e.g., the sponge reefs of the Swa-
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Fig. 1.2. Cross-section of a
barrier reef

bian Jura. Such bioherms enclose only a delimited area and are completely local. In
contrast to single reefs, atolls embrace a small, barrier reefs a great extent. The Austra-
lian barrier reef is 1800 km long. Such reefs, originating in the Paleozoic Era, have
been geologically and karst-morphologically studied in detail; e.g., the Permian Capitan-
Reef in the Guadalupe Ridge near Carlsbad (NM, USA ;Newell et al., 1953; Motts, 1972)
and the Devonian reef of the Napier Range in West Kimberley, Australia (Jennings and
Sweeting, 1963; Playford and Lowry, 1966). The forereef facies correspond to those
surrounding single reefs: calcarenites. The reef limestones themselves are dolomitic and
unbedded. Interpolated calcarenitic nests give evidence of former reef caverns which fil-
led up with reef sand. In the backreef zone where the surf becomes calm again calcare-
nites form which gradually tum into well-banked micrites with interpolated bioherms
and biostroms. If itis a barrier reef, the content of impurities increases as it approaches
the mainland.

The two examples of barrier reefs mentioned have essential differences in their
karstification: the Napier Range shows surface karst with few small caves, the Guada-
lupe Ridge shows slight surface karstification but has, on the other hand, spacious caves
such as the Carlsbad Caverns.



2 Processes of Dissolution of Karstifiable Rocks,
Corrosion

Corrosion, used in the geomorphological sense, is the dissolution of rocks. The term
chemical erosion, which used to be applied to this phenomenon, is too narrow and causes
confusion because it inadequately expresses the basic processes. Today it is rarely used
any more.

There are three types of corrosion:

a) The corrosion of carbenate rocks is a reversible chemical reaction (French: cor-
rosion, German: Korrosion), which gives rise to the formation of carbonate karst in rel-
atively pure limestones and dolomites.

b) The corrosion of gypsum and rock salt is a reversible physical process (French:
dissolution, German: Korrosion) which results in gypsum or salt karst.

¢) In warm, humid climates irreversible chemical processes take place in silicate
rocks, that is a decomposition of rock-forming minerals. The results are partly soluble
products, e.g., salts of Na*, K*, Ca®*, Mg?*, and partly insoluble ones such as SiO,-gel
(silicic acid), clays, and quartz sand as an unchanged residue. These are purely processes
of weathering. The forms which are thereby created can be similar to those of karst
(pseudokarst), e.g., pseudorinnenkarren, or they can take on their own shapes like the
tafonis (Klaer, 1956; Wilhelmy, 1958). The actual processes involved are insufficiently
known in detail, but seem to depend on the fact that silicates are unstable in the pre-
sence of water with a higher CO, content and organic acids in such temperatures as pre-
vail in the humid tropics (25°-35°C and higher). Even if individual minerals can be re-
generated in the resulting soils, it is still impossible to speak of reversibility in the sense
of the creation of a rock with at least the same chemical properties as the original had.

The rate of dissolution vy, is important for all three types. It depends on numerous
factors, e.g., on the diffusion coefficient D, the momentary concentration C, the con-
centration of saturation Cy, and on the surface A, as well as on exterior conditions, such
as the temperature, which determines the rate of reaction, the removal of the dissolved
material from the corroded surface, or on the rate of diffusion, the speed of flow, the
turbulence of the water, and the roughness of the rock’s surface. The exterior factors
are defined in the constant of proportionality k, which is determined empirically:

<. k-A-D(C—C,) (Feitknecht, 1949, p. 163)

g

In chemical dissolution chemical reactions enter the picture with the diffusion or con-
vection of active substances to the rock’s surface, or to a rock component which has al-
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ready been physically dissolved, e.g., in corrosion of lime where the rate of diffusion
of atmospheric CO, into water is important because it becomes a limiting factor owing
to its smallness.

The dissolution of rock is the decisive process in the formation of karst. Because
of the difficulty in determining k, which shows a different value in every new case, vy,
has till now not been used in geomorphological calculations. k is dependent on temper-
ature and therefore v; must be taken into consideration qualitatively as a factor in
climamorphology.

2.1 Dissolution of Gypsum and Rock Salt

Anhydrite, CaSOy4, gypsum, CaSO, - 2H,0, and rock salt (halite), NaCl, form ionic lat-
tices which the ions leave during dissolution without any chemical change: i.e., physical
dissolution. When anhydrite, gypsum, or rock salt crystallize, the same crystal lattice
forms again.

Anhydrite and gypsum: ~ CaSO,~— Ca®" + S0}~
Rock salt: NaCl =— Na*+ClI-

Dissolution occurs in a closed system and approaches continuously in an exponential
curve the point of saturation.

Fig. 2.1. Curve of Dissolution

The curve of saturation for gypsum reveals a relatively slight dependence on tem-
perature. At 0°C there are 1.76 g of CaSO, in 1 kg of solution, at 35°C there are 2.105 g
and at 45°C there are 2.100 g. Thus the curve runs through a maximum.

Gypsum deposits resulting from the cooling of saturated calcium-sulphate water
are not common. The deposits, which are several meters in size, found in the Big Room
of Carlsbad Caverns (NM, USA) have been explained in this way (Bretz, 1949;Good,
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1957). As a rule, however, gypsum deposits are the result of the evaporation of water
(evaporite).

The solubility of gypsum is 10 to 30 times greater than that of limestone (Gmelin,
1961). In addition, the rate of dissolution is higher because it is only a matter of the
ions’ detaching from the crystal lattice.

Fig. 2.2. Curve of saturation for
Ca®’* and SO2” with gypsum as
sediment (acc. to Niggli, 1926,
p. 110, Trombe, 1952, p. 139 and
Freien, 1978, p. 15)

Gypsum is therefore more exposed to corrosion by precipitation than is limestone.
Karren form quickly and without the participation of other substances (Priesnitz, 1969).
They are sharp and pointed but because of the softness of the rock they are soon de-
stroyed again. Caves are in general short, rarely longer than 4 km (Heimkehle, DDR).
This is a result of physical dissolution which effects that the water’s capacity to dissolve
is exhausted after acertain distance of underground flow. There are no reactions which
could interrupt the dissolution of gypsum for a definite time — nor can the concentra-
tion be decreased except by the introduction of fresh water capable of dissolving. Among
gypsum caves those of Podolia are sole exceptions: OptimistiCeskaja Peschtschera with
119 km and Ozernaja Peschtschera with 103 km. There is still little known about the
conditions of their formation. They are labyrinths.

Notable among the corrosion forms in the caves are the horizontal roofs created
by dissolution and the facets created during their formation. These present an image of
the layering of the water according to its density (Gripp, 1912). Brandt et al. (1976)
pursued this problem further and won new insight into this process. Yet Volker (1973)
did not exclude the possibility of their creation by erosive denudative processes.

Fig. 2.3. Roof created by dissolution (L) and facets (F) in Numburg Cave (Kyffhiuser, DDR) ac-
cording to Biese (1931), in outline
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The dissolution of rock salt proceeds according to the same laws. Yet its solubility
is 180 times greater and reaches 360 g/1. Its dependence on the temperatures which oc-
cur in nature is very slight and practically negligible between 0° and 40°C.

2.2 Dissolution of Carbonate Rocks

The dissolution of limestone and dolomite is the central problem of superficial and un-
derground karstification. It takes place in a system of substances of the type CO, —
H,0 —MeCOj; (Me: Ca or else Mg). It comprises numerous physical and chemical pro-
cesses, in which all three aggregate states — gas, liquid, and solid — participate. This
causes a mass transfer through the interfaces air/water and water/rock (Fig. 2.4).

Fig. 2.4.

The processes at the interfaces are physical (mass transfer, diffusion), within the
solution they are chemical.

In the system of substances CO, — H,0 — CaCQj; essentially the following steps
take place:

1. During precipitation atmospheric CO, diffuses into the water:

COz 2 = CO; physically dissolved

Air- €O,

COp =

— — Fig. 2.5. See text at Eq. (1)

2. The physically dissolved CO, is 0.75% hydrated at 4°C (carbonic acid):

CO; phys. dissolv. T H20 == H,CO03, o, chem. dissolv.
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Fig. 2.6. See text at Eq. (2)

3. As a strong acid H,CO3 is completely dissociated: first oxydation level:

Fig. 2.7. See text at Eq. (3)

The second oxydation level, the dissociation of HCO3 into CO% ~and H", can be
neglected at a pH of below 8.5 because of its small proportion.

4. When water and carbonate rock come into contact the ions are freed out of the
crystal lattice, a physical process:

CaC0O; = Ca* +C0%-

Fig. 2.8. See text at Eq. (4)

5. The newly created CO3 ~associates with the H* from step 3:

CO3~ +H* =—=HC(O;3 .

Fig. 2.9. See text at Eq. (5)
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6. The solution along the interface becomes impoverished of CO3~. The solution’s
equilibrium with the solid CaCOj; is thereby disturbed and the ion product no longer
corresponds to the solubility product L.

(Ca™) (C0%")=L=4.0-10"° (Picknett, 1973) at 10°C.
Note: round brackets ( ...) mean the “activity” of their content; square brackets| ... ]
point out the concentration (see Chap. 2.2.4).

The solubility product L has been determined in quite different ways by different
authors. Picknett’s figures might actually be the most precise.

Table 2.1. L according to Picknett (1973)

5°C 10°C 15°C 20°C 25°C

L: 4.1-10°° 4.0-10°° 3.9-10°° 3.8-10°° 3.7-10°°

In order to replace the expended CO%~ and thereby bring the ion product again
up to the constant L, CaCOj; again dissolves (4th step), whereby [Ca®*] increasingly
predominates over [CO3 ~].

The equilibrium between the carbonic acid and its first product of dissociation is
disturbed by the combination of H* with CO3~, and renewed dissociation results. In
order to maintain the equilibrium physically dissolved CO, is hydrated and thereby
the equilibrium with atmospheric CO, disturbed, which is the reason why new CO, dif-
fuses into the solution. In short: all the steps in the reaction are re-activated by the as-
sociation of H* and CO3~ until a new equilibrium is reached. Therefore processes of
dissolution are not to be comprehended as static only, they must also be considered
dynamic.

By the addition of steps 2-5 the well-known and much-used equation for the disso-
lution of limestone is reached (dissolution equation):

CaCO3 + CO, + H,0 = Ca® + 2HCO;3 .
solid limestone dissolved limestone

Air Solution Rock

PO+ (C0,)=——>(H,CO 4 )=—(HCOZ)++(C0* )+—>-CaCo

2 \/\i/ L

Interface Interface

3

Fig. 2.10. The mutual dependences in the system CO, — H,0 — CaCO,; the dissociation of water is
not taken into consideration
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If Mg** also takes part in the process of dissolution, the conditions on the interface
solution/rock become considerably more complicated. To be precise the dissociation
of water should also be included:

H,0 = H"+OH".

However, under natural conditions this ion portion can be neglected as the extreme pH
values necessary for a higher portion are not attained in karst.

2.2.1 CO, on Either Side of the Interface Air/Solution

CO, is the only component in the system which can vary uninterruptedly within wide
margins. The most important source of CO, is the air of the atmosphere and of the soil;
their CO,. contents generally make up between 0.00035 and 0.1 of the total pressure
(Bogli, 1969a;Miotke, 1972, 1974). Under special conditions the partial pressure p'CO2
sinks below 0.00035, for example with increasing altitude, in forests (assimilation) or
in close contact with melting snow, limestone, and air (Ek et al., 1969, Bogli, 1969¢).
A wind with only 0.016% CO, (Bogli, 1970), as an exception 0.010% CO,, blows at
times out of the Schwyzerschacht (Muotatal, B6dmerenalp). At present the mean
p'(;o2 of atmospheric air lies at sea level at 0.035% but is frequently higher close to
the ground.

Table 2.2. pcQ, in dependence on the altitude when
the pressure portion of 0.035% remains unchanged

Altitude pPH in % PCO,
(m above of pg when the pressure
sea level) portion is 0.035%
0 100 0.035
200 97.7 0.0342
400 95.3 0.0334
600 93.1 0.0326
800 90.9 0.0318
1000 88.7 0.0310
1200 86.6 0.0303
1400 84.5 0.0296
1600 824 0.0288
1800 80.4 0.0281
2000 78.4 0.0274
2200 76.5 0.0268
2400 74.6 0.0261
2600 72.8 0.0255
2800 71.0 0.0249

3000 69.2 0.0242
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The CO, content of the air in the soil exceeds that of the atmosphere which is
0.035%; values between 10 and 100 times that amount are normal. As the upper limit
Roques (1962) mentions 10%, i.e., 300 times as much, and Trombe (1952) even 25%,
or 700 times as much.In a humus soil at 1650 m above sea level Bogli (1969) measured
apco, of 8.3% in relation to 760 mm of Hg; this corresponds to a portion of 10.2% in
the soil’s air. The CO, of the soil’s air is biogenic since it is created by processes of de-
composition of organic substances by organisms in the soil and by root respiration
(Bogli, 1960a, Miotke, 1974).

According to Henry’s Law the pco, of the atmosphere and the dissolved CO, are
in the following relationship to one another:

Pco, = D -[CO.], D: diffusion coefficient dependent on temperature (2.1

The formula derived from this according to Trombe (1952) is more suitable in practice:

CO, g/l=M -pco, - 2.2
_ 1 1964
‘D 44

1.964: liter weight of the CO,;44: molecular weight of the CO,

Table 2.3. M as a function of the temperature

0°C 5°C 10°C 15°C 20°C 25°C 30°C 35°C

M calculated according

to Roques (1962) 3.441 2.830 2.343 1.999 1.709 1473 1.284 1.125
% of Mo 100 82.2 68.1 58.1 497 428 373 327
M according to Trombe

(1952) 3.364 2797 2.345 2.001 1.724 - 1.306 -
% of M, 100 83.1 69.7 594 513 - 38.8 -

Fig. 2.11. M as a function of the temperature
(Roques, 1962; Trombe, 1952)
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By means of Eq. (2.2) the CO, concentration in the solution is determined when
in equilibrium with the pco, of the atmosphere. CO; is dissolved physically to more
than 99%, the remainder, 0.7% at 4°C, is hydrated (Trombe, 1952). When the pco, is
constant the CO, content of the water sinks to 37.3% at 30°C, compared with the con-
tent at 0°C. As a result the solubility of the limestone sinks also.

Table 2.4. Amount of the CO, dissolved in equilibrium in ppm as a function of pcQ, (%) and
temperature T

PCO, 0°C 5°C 10°C 15°C 20°C 25°C 30°C 35°C
0.01 0.34 0.28 0.23 0.20 0.17 0.15 0.13 0.11
0.03 1.03 0.85 0.70 0.60 0.51 0.44 0.39 0.34
0.1 3.44 2.83 2.34 2.00 1.71 147 1.28 1.13
0.25 8.60 7.07 5.86 5.00 4.23 3.68 3.21 2.81
0.5 17.2 14.2 11.72 10.00 8.54 7.37 6.42 5.63
0.75 25.8 21.2 17.6 14.99 12.83 11.05 9.63 8.44
1 344 28.3 23.4 20.0 17.1 14.73 12.84 11.25
5 172 141.5 117 100 85.5 73.7 64.2 56.3

10 344 283 234 200 171 147 128 112.5

Little is known concerning the CO, hydrates. The existence of a hexahydrate, CO, -
6H,0, is certain but according to Roques (1962) nothing can be said about the other
hydrates. The kind of hydrate cannot be determined from the dissociation products.
Therefore the monohydrate CO, - H,0, or H,CO3, is taken as a norm.

Between the dissolved CO, and the products of the first step of dissociation there
exists an equilibrium with the dissociation constant K.

_ [H'] [HCO3]

K
! Ccos

The values for K ; vary according to the author. Cigna (1972) considers those of Roques
(1964) as the best, while those of Harned and Owen (1958) are preferred in the Anglo-
Saxon world (Picknett et al., 1976).

Table 2.5. K, as a function of the temperature T: (a) according to Roques, 1964 (quoted from
Stchouzkoy, 1972, p. 474), (b) according to Harned and Owen (1968) and Harned and Davis (1943)

0°C  5°C  10°C
@ -pK, 6.646 6.596 6.547
K, - 107 2.260 2.535 2.838

(b) —pK, 6.579 6.517 6.464
K, -107 2.647 3.040 3.430

15°C 20°C
6.500 6.456
3.126 3.500

6.419 6.381
3.802 4.147

25°C 30°C
6.414 6.372
3.855 4.246

6.352 6.327
4452 4.710

35°C 40°C 45°C 50°C
6.330
4.656
6.309 6.298 6.290 6.285

4914 5.058 5.139 5.161
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Fig. 2.13. —pK, as a function of the temperature (acc. to Roques, 1964)

In the second step of dissociation the following is valid:

_ [H*] [CO3"]

K [HCO3]

The values are 10* times smaller than is the case with K;.

Table 2.6. K, as a function of the temperature T according to Harned and Scholes (1941) and Ma-

ronny (1961, quoted from Roques, 1964, p. 286)

T 0°C 5°C 10°C 15°C 20°C 25°C
-pK, 10.625 10.557 10.49 10.430 10.379 10.329
K, - 10" 2.37 2.77 3.24 3.71 4.20 4.69
T 30°C 35°C 40°C 45°C 50°C

-pK, 10.290 10.250 10.220 10.195 10.172

K, - 10" 5.13 5.62 6.03 6.38 6.73

In the solution CO,, HCO3 and CO3 ~ are a function of the partial pressure of the
atmospheric CQ,. Through dissociation they effect a change of the H* content and
thereby of the pH value. Between the latter and the pco, there is a close relationship
during equilibrium which is shown in the following graph (Fig. 2.15).
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Fig. 2.14. X, as a function of the temperature according to Harned and Scholes (1941) and Maron-
ny (1961)

Fig. 2.15. pH as a function of the PCO, according to Roques (1964)
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During equilibrium the ratio of the amounts of CO,, HCO3 and CO} ~ are always
the same at any given pH-value, but they also change when it changes.

Fig. 2.16. Amounts of CO,, HCO; and CO%~
at 10°C asafunction of the pH during equilib-
rium (acc. to Roques, 1954)

Itis clear from the graphs that a pH-value of 8.5 CO, and CO3 ~ each make up 1.2%
and that the HCO3 reaches its maximum of 97.6%. At a pH below 8.3 the content of
CO%~ caneven be neglected in calculations. The same is true of CO, at a pH above 8.7.
However at 6.6 and below, its concentration even exceeds that of HCO3. In nature,
where pH values between 6.25 and 8.75 occur, CO3 ~ is quantitatively of no essential
significance. In equilibrium karst water generally shows pH values between 7 (corre-
sponding to approx. 330 ppm of dissolved limestone) and 8.5 (50 ppm). HCO3 strongly
dominates here.

2.2.2 The Kinetics of CO,

Up to now CO, and the other members of the system have been looked at under static
conditions, which show definite qualitative and quantitative relationships. If one takes
primarily akinetic point of view — considering the rates of reaction and changes in con-
centration in general — one must be satisfied with qualitative statements. Either the
models used diverge too greatly from the actual realities of nature or the parameters
cannot be determined sufficiently precisely. The results, calculated theoretically, are at
best approximate values. A few clearly defined cases are an exception, e.g., the changes
in concentration during dripping.

The mass transfer from one medium to another always takes place slowly, which
is the reason why an existent state adjusts only gradually to a new one. Changes in the
Pco, can, on the other hand, take place abruptly, for example when water moves
through a tube without contact with air and then issues into a cavity with an open water
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surface. In the airless tube the water forms a closed system in which nothing more
changes after the equilibrium is reached: if the lime content is low, no limestone is dis-
solved, ifitishigh, none is deposited. A theoretical Pco, prevails which is in equilibrium
with the dissolved CO,. When the pool is reached the system is open and shows a new
Pco, to which it must adjust.

In Fig. 2.17p, is the theoretical partial pressure to the CO; in equilibrium (CO2¢q,
eq = equilibrium) in the closed system, p, is that in the air-filled cavity; assumed: p; <
p. which for example corresponds to the conditions in bare karst. When the water
flows into the air-filled space it is undersaturated in relation to p2- The graph shows an
exponential curve where the partial pressure gradually adjusts to the pressure in equilib-
rium with the p, as atmospheric CO, diffuses into the water. 7 refers to the time (t)
which passes before 90% of the change in concentration necessary for the equilibrium
has taken place.

Fig. 2.17. Temporal change in the
CO, content in underground water
when p, <p,

In ascending karst springs (vauclusian springs) normally p; > p,. In comparison to
the air on the exterior (p,) the water has an excess of CO, and therefore gives off CO,
to the atmosphere (Fig. 2.18).

It has already been mentioned that in both cases the concentrations of the various
components are forced to change.

The transition from one medium into the other is determined in the case of quiet
water by the diffusion coefficient D of the CO, in the air and in the water.

Din air = 0.138 cm®s™ (0°C, 1 atm); 1 cm?s™! (25°C)
Din water = 0.95 - 1075 cm?s™! (0°C).

Because the diffusion coefficient in the water is smaller by the factor 107%, the rate of
diffusion is 10,000 times lower there. The latter therefore determines the amount of
the mass transfer through the interface.



26 Processes of Dissolution of Karstifiable Rocks, Corrosion

Fig. 2.18. Temporal change of the
CO, content in the water of a vau-
clusian spring where p, > p,

If the two media are motionless, the CO, molecules move on only by diffusion.
There is no need to speak of a marginal layer-thereby since the entire volume reflects
its conditions. The adjustment to the equilibrium takes place from the interface and
progressively includes parts which are more and more distant. It is obvious that the ratio
of the surface to the volume, A/V, is the decisive factor for 7.

When the water is turbulent conditions change fundamentally. CO, is carried away
from the interface immediately by convection and mixed with the solution, as the wa-
ter’s movement is greater by the power of tens than the rate of diffusion. The whole
volume is thereby brought to approximately the same concentration and the difference
of the concentration at the interface is always held at the maximum. This greatly ac-
celerates mass transfer. Moreover the water surface is rough and the A/V is increased.
This has a similar effect.

One of the best examples that has been investigated is the behavior of CO, in a sin-
ter tube. These stalactites are not rare in caves, measuring between 10 and 100 cm in
length — as an exception up to 450 cm — at diameters of between 4 and 6 mm. Roques
(1964, 1969a) examined the drops which emerge at the lower end of the tube. Its wall
can be considered airtight so that no contact exists with the air on the exterior. Thus
the water forms a closed system with partial CO, pressure p; > p,. When CO, is given
off the pco, changes from p; to p, by way of p’, the concentration C; thereby changes
also by way of C' to C,, where the equilibrium is reached (Fig. 2.19).

Whether the equilibrium is reached during the formation of the drop is simply a
question of time. 7 amounts to approx. 4 h. Dixon and Hands (1957, quoted according
to Roques, 1964, p. 346/7) investigated the thythm of drops falling every 0.1-10 s, Ro-
ques did the slower ones.

The occurrence of a minimum of CO, loss during the formation of a drop seems
to be contradictory. If the drop already falls off after 0.1 s, 16% (C; — C,) is given off,
after 4 s it is only 9%. When the time of formation is short (0.1 s), the water flowing in
quickly, turbulence is great and therefore a maximum difference of concentration to
the pco, in the air dominates practically constantly. When the period of formation is
4 s the turbulence is so low that a marginal layer can build up in which diffusion deter-
mines the rate of discharge of CO,. Of course the thickness “d” of this marginal layer
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Fig. 2.19. Behavior of CO, in
the water of a sinter tube /
straw stalactite

Fig. 2.20. Graph of the losses of
CO, during the formation of
drops, during their fall and while
they flow away, in reference to
the time of formation t of the
drop (according to Roques,
1969a, p. 469).

is still slight so that the concentration gradient C,/C’ and therefore also the rate of dif-
fusion is high even though the latter still lies far below the velocity of convection.

As the length of the period of formation of the drop increases the turbulence con-
tinues to decrease. Moreover there is a transition of (p; — p,) to (p’ — p,), decreasing
until approximately zero. The discharge of CO, sinks thereby, also approaching zero.

7 is reached in approx. 4 h. From this the order of magnitude of 7 can be derived
for other forms, too. The drop of 0.08 cm® showsa A/V of 8.9 cm™, as long as it hangs
on the sinter tube as a hemisphere, and of 11.2 cm when it is released as a sphere. In
comparison to this a cylindrical basin with a capacity of 800 cm? and with an open sur-
face of 160 cm? has a A/V of 0.2 cm™.

For example that is the case with small camenitsas (see Chap. 3.1.2.1,B.1). If all
other conditions are similar, 180 h or 7 1/2 d are the result for 7. This magnitude has
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Fig. 2.21. Drops on a sinter tube

been measured approximately several times in nature. Natural processes, wind, evapora-
tion, and temperature changes generally vary this value.

The period of the formation of the drop ends when it falls off. Dixon and Roques
both chose aheight of fall of 1 m. They observed that as the period of formation of the
drop increased, there was a continuous decrease of 16% from the amount (C; — C,) at
a rhythm of 0.1 s to 9% at 4 s and to 2% at 7. At the moment when the drop falls off
an approximate sphere forms from the hemisphere and A/V increases abruptly from
8.9 cm™! to 11.2 cm™'. Moreover a short turbulence follows after the detachment of
the drop falls. That means there are two further constant magnitudes at the same height
of fall. There still remains the turbulence taken over from the drop; it results in an ad-
ditional loss of CO, when the intervals between the drops are short. When the drop
strikes and subsequently flows away 70%, 82%, and 7% of the (C; — C,) is given off
at drip-intervals of 0.1 s, 4 s, and 4 h respectively.

2.2.3 Dissolution of CaCO;

The dissolution of carbonates resultsin the first place from the release of ions from the
ionic lattice, i.e., the passage of the ions through the interface solid/liquid. It does not
happen at any arbitrary rate as the ions are surrounded with H,0O molecules (hydra-
tion); this is connected with a low energy requirement. In the system CO, — H,0 —
CaCOj the dissolution of CaCOj; belongs to the slow reactions.

On the surface of the solid substance a marginal layer forms during dissolution
which remains intact even when the turbulence is strong. It is several microns thick. In
it the movement of ions takes place only by diffusion, which determines the rate of dis-
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solution by its slowness. During turbulence there exists beyond this layer a balanced
concentration C', on the limestone the concentration in equilibrium Cy, which depends
on the equilibrium with the H* brought in by diffusion. Therefore the concentration
gradient in the marginal layer amounts to

Cyx — c’
q .
s
9]
(9]
x
CaZ+ —_—
c0§” ——
HCO; —
H* -
Fig. 2.22. Concentration gradient in COZ -
the marginal layer

When those ions leave the ionic lattice CO3 ~ is transformed by H* into HCO3. Ac-
cording to Roques (1964) it is irrelevant whether the H™ or the hydronium ion is put
in. In the marginal layer there are two directions of movement: Ca?*, CO% -, and HCO3
move towards the zone of turbulence, H* and CO, toward the rock.

The solubility of CaCOj is dependent on the kind of ionic lattice built up by the
Ca®* and CO%~. Under natural conditions rhomboedric calcite is the most stable modi-
fication with the lowest degree of solubility. Metastable thombic aragonite is somewhat
more soluble. The other two modifications, hexagonal vaterite and the amorphous
CaCO;-gel are unstable in contact with water and are transformed into calcite, and,
when the concentration is sufficiently high, into aragonite. Here, too, for the degrees
of solubility there are different values given in literature. To be sure Cigna (1975) names
those of Roques (1964) and Stchouzkoy-Muxart (1972) as the best; the values of Frear
and Johnston (1929), whose figures became classical, are 20% higher, and also those of
Tillmans (1932) show similar divergences, apart from the low CO, contents below 2
ppm. This causes uncertainty.

Roques and Stchouzkoy worked with the same experimental arrangement. The
former dealt with the area of 10° and 15°C for calcite and aragonite, the latter with
that of 20° and 30°C for calcite. The results of both complement one another very well,
yet those of Roques appear to be somewhat too high; this becomes unpleasantly appar-
ent only when a curve of dependence on temperature is drawn.
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Fig. 2.23. Solubility of calcite and aragonite in dependence on the pco, (acc. to the values of
Stchouzkoy, 1972, and Roques, 1964)

COzeq is always associated with dissolved CaCOs. In place of CO¢q the pco, rte-
sulting from it can also be put in. For a long time Tillmans’ empirically gained pairs of
values (1932) were valid for calculations. They were subsequently modified by the work
of Pia (1953), Roques (1962, 1964) and others and given a theoretical basis, which
was, however, similarly based on empirical figures to a large extent.

Ca**, Mg®*, and HCO3 can be determined precisely and expediently today by means
of complexometric methods. One can find the pH value with any desired degree of pre-
cision. It is closely related to all the components of the system CO, — H,0 — CaCO;.
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The preceding comments furnish in the following classification of CO,:

Aggressive CQO,, available for further limestone disso-

Free COg lution
COZ eqs unavailable for limestone dissolution

\ /HCO; , form of the dissolved carbonate ion: hydro-

gen carbonate ion.
Combined CO,
\CO only form in the solid phase, in solution
very subordinated: carbonate ion

2.2.4 Influence of Other Ions

In natural solutions of the system CO, — H,0 — CaCOj there are almost always other
jons to be found, above all Mg?*, more rarely SO3 -, also alkali ions in the vicinity of
the sea and in arid regions with saltwater lakes. In addition ions from mineral springs,
weathered rocks and ores, guano, fertilizers, sewage water, and mine water are found
locally. Very generally it is true that in the case of a saturated solution of a salt which
has a low degree of solubility the addition of a second, more easily soluble salt which
has no ion in common with the first increases the solubility of the first. Cigna et al.
(1963) proved an increase in the solubility of 10%-25% from the addition of 0.1% NaCl.

°lo
\
20 \
]
\!‘\\

10
Fig. 2.27. Changes in the solubility in % of 0 100 300 500 700
the total solublhjcy w1th. the addition of ppm Ca(HCO3),
0.1% NaCl according to Cigna et al. (1963)

Explanation: the activity of the ions is the portion of active ions in the total stock
of ions and the activity coefficient f is the factor with which the concentration of ions
must be multiplied in order to obtain the activity (Langelier, 1936; Pauling, 1967). Ac-
cording to this the activity of Ca?*

(Ca®) = [Ca™] - f o+
f is always smaller than 1. Everything that hinders the movement of the ions reduces

their activity. That is for example the case when the concentration of ions is increased
from C to C'. Then the following is true:
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fca2+ > f,C32+'

One must thereby take into consideration the interpretation of the solubility product:
Pure solution: L = (Ca?*) (CO3 7) = [Ca**] [CO} ] fp+ - feoz- -

The addition of other ions reduces the activity from f to f'. The product sinks. In order
to reach L an additional dissolution of CaCOj is required, i.e., the originally saturated
solution becomes undersaturated by the addition of other ions. The solubility of CaCO3
thereby increases by the corresponding amount.

Reversely the addition of a substance with one ion the same causes a reduction in
the solubility of the limestone because in the solubility product Ca** or CO3 ~ occurs
in addition. Therefore the result must be the deposit of limestone in order to retain the
constancy of L. Indeed the activity coefficient sinks at the same time, also, whereby
part of this effect is again offset. Roques’ experiments (1964) show a remarkable in-
crease in solubility with the addition of MgCl,. Mg?* tends to the formation of com-
plexes in a solution with HCO3, i.e., to a fixation in the uncharged MgCO$ complex
and in the. MgHCOj complex. The portion of these complexes is of great consequence
as opposed to the corresponding Ca complexes which occur only in such slight amounts
that they can be neglected. The formation of complexes considerably disturbs the elec-
trical equilibrium between Mg?* and C1-. Therefore Ca?* is drawn upon in substitution
which leads to a renewed dissolution of limestone quite apart from the change of f2+
(see too Garrels et al., 1961).

Gerstenhauer and Pfeffer (1966) found that the primary MgCO; content of a rock
considerably reduces the amount of CaCQ; dissolved in the unit of time. Experiments
with artificially produced mixtures of CaCO; and MgCOj; as sediments show a sinking
of the amounts of CaCOj dissolved in 28 h from 17 ppm in the case of pure CaCOj; to
approx. 6 ppm with 2% MgCO; content and to 3 ppm with 95%. This phenomenon
presumably plays an important role in karstification. Closer investigations in the field
are still lacking.
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Fig. 2.28. a, b. The “readiness of CaCO, to dissolve” (Losungsfreudigkeit) when in mixture with
MgCO, (acc. to Gerstenhauer and Pfeffer, 1966)
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The calcium carbonate first precipitates out of solution with Mg?* and Ca®* as sin-
ter tufa, as long as the Mg?* does not dominate (see Chap. 1.3.1). To test this a small
stream with a tufa-bed, a medium gradient of 15% and a water flow of 0.4 1/s was ex-
amined. There were three measurement stations (1, 2, 3) at distances of 80 m (M;-M,)
and 160m (M,-M3). The average velocity of flow between M; and M, was 686 m/h, be-
tween M, and M3, 960 m/h and between M, and M3, 847 m/h.

Table 2.7. Ca®** and Mg?* in a brook (Hitzkirch, Ct. Lucerne)

Date, Time, Weather ty CC) Ca®* ppm Mg?* ppm CaCO; ppm

10.8.73 / 15.30-16.00
Warm, dry air

tajr CC): 26 1/2
10.8.73 / 18.15-18.45
tair CC): 24 1/2

=

13 124.0 9.7 309
131/2 106.2 13.6 265
141/2 94.1 15.8 235

13 120.2 8.9 300
14 112.2 10.9 280
15 102.2 12.2 255

131/2 110.2 12.2 275

w oD

-

w oD

13.8./15.00-15.30 .

-

Warm, dry air , 14 100.2 134 250
tajr CC): 27 . 16 88.2 15.4 220
13.8./19.20-20.00 , 14 104.0 14.6 259
tAir CO): 21 , 14 96.2 15.8 240

15 90.2 15.8 225

14 112.2 12.2 280
15 106.2 12.2 265

18.8./15.50-16.20
Sultry, misty

© -

tair CC): 29 , 161/2 96.2 12.2 240
24.8./7.40-8.10 , 14 116.2 9.7 290
Damp air , 141)2 108.2 9.7 270

tAir CC): 16 1/2
24.8./18.00-18.30
tair CO): 22

15 102.2 9.7 255
14 120.2 9.7 300
15 112.2 9.7 280
16 108.2 9.7 270

w

O -

EEEEER BREE EREREEREE EREREE

w

From the table it can be seen that the Mg®* content rises when the air is dry and
evaporation increases accordingly but that when there is slight evaporation it remains
unchanged within the frame of the margin of error. The higher Mg values at stations 2
and 3 are a consequence of the solution’s loss of water on days of low humidity.

2.2.5 Mixing Corrosion (Plates 1.3,1.4)

Buneyew (1932, quoted from Laptev, 1939) recognized the fact that water in equilib-
rium becomes corrosive again when it mixes with other water with a different concen-
tration of Ca®*. Laptev(1939) pursues this thought. In Germany Klut (1943) mentions
this phenomenon, which can lead to very unpleasant corrosion in drinking water and
sewage pipes and in concrete constructions in water. This knowledge remained limited
to a small group of water supply and sewage engineers. In 1961 Bégli discovered the
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phenomenon anew and published his results (1963c, 1964a-), which were completely
concerned with karst and speleology. Ernst (1964) established the theoretical basis for
them.

Mixing corrosion can be derived from usual corrosion with the aid of the curve of
equilibrium. On the convex side lies the water oversaturated with lime, on the concave,
the aggressive water with its surplus of CO,. Any straight line between two arbitrary
points of the curve runs through the aggressive zone. Those are the straight lines of
mixing in which lie all possible mixtures of the two waters which are in equilibrium,
W, and W,. The surplus of CO, created by the mixing can be graphically determined
with the aid of the curve of equilibrium.
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Fig. 2.29. Determination of the aggressiveness of mixed water according to Bogli (1964a, b, c,
1971a). See text
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It is assumed that the temperature is 15°C. W, is water with 10 ppm of CaCOj3 and
approx. 0.1 ppm of CO,¢q. W, is water with 350 ppm of CaCO3 and 174 ppm of COzeq
(according to Tillmans it was only 101 ppm of CO,). A mixture of such extreme con-
tents of lime occurs only rarely in nature, perhaps where bare karst and soil covering
with a high degree of biological activity occur side by side, e.g., in the Mediterranean
region. The mixture 1:1 (A) results in a CaCOj3 content of 180 ppm with 87 ppm of
CO,. But this lime content demands only 23 ppm of COsq (C). Therefore there is a
CO, surplus of 64 ppm (AC). The portion AB is required to dissolve the additional
CaCO3, BC is used for the increase of COyq. According to the equation of dissolution
Eq. (2.2) 1 mol of CaCOj; requires 1 mol of CO, for dissolution. Therefore AB is to
BD as 1:1, i.e., 44 ppm of CO, to 100 ppm of CaCO3 (1 mmol each), see auxiliary graph
(left) above. Its angle « is therefore to be used at A to the construction. BD corresponds
to the amount of additionally dissolved CaCOj3,here 65 ppm — a rare extreme in nature.

The determination of the aggressivity of a mixture can also be extended to primar-
ily aggressive water or to water oversaturated with CaCOj3; see W; in mixture with W3
or W, respectively. That with W results in an additional dissolution of 62 ppm of lime,
yet W3 shows a primary aggressiveness of 38 ppm so that 24 ppm fall to mixing corro-
sion. W4, oversaturated with lime, when in mixture with W, still manages an actual, ad-
ditional dissolution of 28 ppm of CaCQOs. In the case of an even greater surplus of lime,
as Thrailkill (1968, p. 33) established in the groundwater of Kentucky, it is possible
that no additional lime can be dissolved at all — the mixture is then accordingly less
oversaturated. In nature usually much smaller differences in the lime content occur. In
Holloch the extremes are 50 ppm and 200 ppm, which results in 14 ppm of CaCOj as
the amount additionally soluble.

Table 2.8. Additional amounts of CaCO, soluble by mixing corrosion at 15°C calculated according
to Roques’ values for equilibrium

Initial concentrations Ratio of the mixing components with the amounts of

\A W, CaCO, additionally soluble in ppm

ppm CaCO, ppm CaCO, 3:1 1:1 1:3
11.5 125.0 4.5 5.0 4.0
11.5 221.6 15.5 24.5 19.5
11.5 329.6 35 58 55
739 125.0 1.3 25 2.0
73.9 221.6 9.6 14 11
73.9 329.6 25 41 37

125.0 170.5 09 11 0.8

125.0 272.7 9.5 14 10.8

125.0 358.0 21 34 32

These values are somewhat higher than those calculated by Howard (1966) with
the figures of Garrels and Christ (1965). Picknett’s investigations (1977) showed that
when carbonate waters with different Mg contents mix, aggressiveness also increases:
rejuvenated aggressiveness.
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2.2.6 Cooling Corrosion and Thermal Mixing Corrosion

With increasing temperature and constant pco, the solubility of carbonates of Mg, Ca
(Sr, Ba) decreases. On one hand the amount of CO, dissolved sinks (Tables 2.3 and 2.4,
Fig. 2.12), on the other hand the required CO,q rises (Fig. 2.24). The values necessary
to establish the curves of temperature dependence have not yet been determined exper-
imentally in their entirety. Single values do not offer any common result and even Ro-
ques’ (1964) and Stchouzkoy’s (1972) values are not very suitable for this purpose.
Therefore the theoretical deduction of Zehender et al. (1956) will be applied here. The
values calculated from it by Bogli (1964a) are correct in their magnitude and above all
in the type of the curves, even if numerical deviations are to be expected.
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Fig. 2.30. Dependence of the CO,gq on temperature in the case of chosen constant lime contents
(acc. to Bogli, 1964a, p. 88)

Whenever the temperature of water in equilibrium sinks CO, becomes available for
the dissolution of limestone: cooling corrosion.

Table 2.9. Additionally soluble amount of CaCO, during cooling acc. to Bogli (1964a, p. 88). The
figures are approximate values in consideration of the respective CO,eq

CaCO; ppm Additionally soluble CaCO, (ppm) during cooling from
6° to 0°C 10° to 6°C 15° to 10°C 20° to 15°C 24° t0 15°C

120 1.0 0.9 1.2 1.5 2.8
160 2.3 1.9 2.7 3.2 6.3
200 4.2 35 5.0 5.9 11.4
240 6.9 5.7 8.1 9.6 19.2
280 10.3 8.5 12.0 14.3 27.1

Cooling corrosion is active in the upper, vadose regions of underground karst. It is
connected to zones with strong, daily thermal variations or with clearly marked seasons.
In the first case it is active during the day until late in the night, in the second during
the warm seasorn. As soon as the temperature above the surface is less than the day’s
average or the annual average, respectively, cooling corrosion ceases since the temper-
ature at a depth of 10-25 m, depending on the kind of rock, corresponds to the annual
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mean temperature there. Daily variations are detectable a few decimeters deep in the
ground at the most. Below the level of constant temperature the temperature rises anew
(geothermal gradient, see Chap. 15.2).

In mature karst circumstances are basically different. Air circulation and flowing
water cool the rock off so that even at a depth of several hundred meters nothing of the
earth’s heat can be detected. In Holloch (Switzerland) where passages reach as far as
900 m below the earth’s surface, a temperature gradient approximately corresponding
to that in the open atmosphere (—1°C/200 m) dominates in winter.

Cooling corrosion is climamorphologically active. It attains maximum values in
continental regions of the moderate and marginally tropical zones where considerable
daily variations are added to the annual ones. Compared with mixing corrosion, how-
ever, the effectiveness of cooling corrosion is generally less, and, moreover, limited to
the uppermost meters of the rock.

Thermal water is a special case. Its capacity to corrode rises to high values, as the
amounts of CO, which are released by cooling are occasionally enormous. When the
pressure decreases the CO, can become free spontaneously, especially on emergence at
the surface, thereby making the water bubble up: bubbling water. The thermal springs
of Budapest created cave systems by cooling corrosion.

Table 2.10. CO, ¢q as a function of t when the CaCO, content is constant; thermal springs

CaCoO, CO,eq (ppm)

ppm 0°cC 10°C 20°C 30°C 40°C 50°C
120 1.9 2.8 4.0 5.6 8.1 11.5
160 4.4 6.3 9.0 12.6 18.2 259
200 8.2 11.8 16.4 23.7 342 48.7
240 13.8 19.7 28.3 39.7 57.2 81.5
280 21.3 30.4 438 61.4 88.3 125.9

Table 2.11. The amount of CO, released during the cooling of thermal water

CaCO, Cooling from

ppm 30° to 20°C 40° to 20°C 50° to 20°C 50° to 10°C
120 1.6 4.1 7.5 8.7

160 3.6 9.2 16.9 19.6

200 7.4 17.8 32.3 36.9

240 114 279 53.2 61.8

280 17.6 44.5 82.1 95.5

Recalculated to CaCO3 (ppm):

2.274 - CO, (ppm) = CaCOj3 (ppm)
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Depending on the lime content of the water between one-quarter of the corrosive
CO, at 120 ppm of CaCO; and two-thirds at 280 ppm is required for the additionally
necessary COgqq.

Because of the bend of the curve there is also thermal mixing corrosion (Fig. 2.30).
The bend is slight and as a result the amount of additionally soluble CaCOj is small. At
temperatures of 0°C and 24°C it lies between 0.7 ppm for a content of 120 ppm of dis-
solved CaCO3 and 4.9 ppm for 280 ppm respectively. It can therefore be neglected. Ex-
ception: mixing of normal with thermal water.

2.2.7 Pressure Dependence of Limestone Solutions

In the absence of gas bubbles there is no change in solubility with the pressures which
occur in karst as the water for these pressures may be termed incompressible. Whether
the rate of single reactions depends on pressure remains to be investigated, for example
the formation of calcite nuclei in oversaturated solutions.

Liszkowski (1975) mentions unstationary conditions of currents in the phreatic
zone which provide pressure shocks. In the case of aggressive water these can consider-
ably accelerate corrosion and thereby the achievement of equilibrium. From this he de-
ducts that there is “accelerated corrosion due to pressure shocks” effective in the case
of water in equilibrium also. This he supports with the fact “that the overpressures in
the water occuring in the zones of the pressure shocks also lead to an increase in the
partial pressure of the CO, dissolved in the water, automatically increasing the aggres-
siveness of the karst water,” (p. 196). Now since the sum of the physically dissolved
CO, molecules per volume unit remains unchanged (incompressibility of H,0), there is
no increase in the partial pressure and therefore also no corrosion in water in equilib-
rium. On the other hand it is to be expected that such pressure shocks act erosively.
The acceleration of corrosion in aggressive water can be accepted as possible, while the
hypothesis of an increase in aggressiveness must be rejected as highly improbable.

It is a different matter in the case of enclosed gas bubbles. The following is true:

V - p = constant, hence V; : V, =p, : p;.

At a depth of 10 m in the water there are 2 atm and the volume of the gas bubble de-
creases to one-half. At the same time the partial pressure pco, increases to double. In
the phreatic zone several meters of water pressure can occur. Therefore there is addi-
tional corrosion in the zone of the air bubbles. It can be calculated according to Table
2.4, Figs. 2.12 and 2.24. In rapidly flowing underground water air is swept along by the
water at the transition to the phreatic zone and as the water pressure increases there re-
sults a corrosive attack on the cave ceiling and thus the formation of the so<alled ceil-
ing half-tube (see Figs. 12.4, 15.5;Plate 8.2; Bogli, 1956a).

2.2.8 Comparison and Evaluation of the Types of Corrosion

The equation of the dissolution of limestone is at the basis of every type of corrosion
of carbonate rocks; hence it is clear that the presence of aggressive CO, is essential for
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the dissolution of limestone. The types of corrosion can be set up according to the kind
of this CO,:

a) “normal corrosion”, called corrosion in short

b) corrosion by CO, as an oxidation product of organic matter in the underground

¢) corrosion by mixing waters

d) cooling corrosion and thermal mixing corrosion

€) pressure corrosion

f) corrosion by volcanic CO, or by CO, from oil or gas fields

These cases have already been partly discussed comparatively (Chap. 2.2.6, 2.2.7):
f) need not be further discussed as its effects can easily be derived from normal corro-
sion.

Although corrosion by the mixing of water had long received the attention of wa-
ter-supply and sewage-disposal engineers because of its destruction of water construc-
tions, this mixing effect was unknown to geographers, geomorphologists, and geologists
so it was never applied to the dissofution of limestone in nature. Therefore corrosion
by means of the intake of CO, from the air or else by aggressive water was regarded as
the given situation, as normal. Oxidation of organic matter in the underground and the
CO, resulting from it was frequently applied as a deus ex machina, to make compre-
hensible those processes of dissolution which could not be explained by “normal cor-
rosion”, e.g., in the phreatic zone.

2.2.8.1 Possibilities and Limitations of Normal Corrosion

Normal corrosion depends on a supply of CO, from the open atmosphere or from air
in the soil and on aggressive water, which amounts to the same thing in the end. Atmo-
spheric CO, can only be absorbed by water when the water’s CO, content has not yet
reached equilibrium. On the other hand aggressive water has a surplus of CO,.

In the bare karst of high mountains where comparatively low temperatures slow
down the rates of reaction, water usually seeps away long before it reaches the CO,
equilibrium with the atmosphere, very especially during heavy rains. During precipita-
tion between 2° and 4°C values around 15-30 ppm were measured, i.e., 20%-40% of the
value at equilibrium (Bogli, 1956b, Table 1, 1960a).

At a pco, of 0.035% between 0° and 5°C only 1.0 ppm of aggressive CO, is solu-
ble in lime-free water; with this only 2.3 ppm of CaCOj; can be dissolved. If the water
already contains CaCOj in solution, however, COjeq + COx44q, together make up 1.0
ppm and the amount of CaCO; which can be dissolved is still smaller. Because of the
conditions of equilibrium aggressive water can, by means of its CO, content, never reach
equilibrium with the atmosphere, which gave rise to its aggressiveness. Therefore the
atmosphere must stand at the water’s disposal as a source of CO, for corrosion until
equilibrium is reached.

In closed systems the COj,ger becomes consumed and an internal equilibrium is
created in which the CO,.q corresponds to a fictitious partial pressure in equilibrium
with the water. If the water then enters an air-filled, closed cavity, it absorbs CO, until
equilibrium is reached, thereby dissolving CaCQ3 (Fig. 2.17). When the size of the air-
filled space is limited its CO, content sinks, under certain circumstances even to below
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the value of the exterior atmosphere. On the other hand, it increases if the water has
too high a CaCOj; content and therefore a high content of CO¢q. When the air circu-
lates, however, there is a very rapid adjustment to the exterior atmosphere. The pco,
in the cave is then usually between 0.03% and 0.05%, which corresponds at 5°C to an
equilibrium with approx. 80 ppm of dissolved limestone (Bogli, 1976b).

When water enters narrow interstices, e.g., in the initial stage of underground karst,
contact with the atmosphere islost and a closed chemical system forms which is in equi-
librium. In such interstices normal corrosion does not take place. Only changes in tem-
perature can disturb the equilibrium. Roques (1964) showed experimentally that a slight
oversaturation of CaCOj3 can long be maintained in this situation. When water rises out
of greater depthsit cools off and can thereby become aggressive. Even if such water ad-
justs more quickly to the new equilibrium a certain amount of time passes before all
the CO, g, comes into contact with the limestone by convection, dissolving CaCO3.
Water issuing from springs is therefore usually not in complete inner equilibrium and is
just as little in equilibrium with the exterior atmosphere. In Aire Head Spring (Y ork-
shire) the water is more aggressive in the cold seasons than in the warm (Sweeting,
1965), which supports this. A general interpretation of the pH/CaCOj; graph does, how-
ever, still create difficulties.

In deep caves one can observe again and again that water emerging from joint planes
corrodes when it comes into contact with the cave’s atmosphere (Plate 1.2). This be-
comes detectable even without analysis, from the formation of cave grooves, a type of
cave karren. In Holloch in the Rabengang 800 m below the surface, water emerges which
has created such cave grooves (Plate 1.1). The pco, of the cave’s atmosphere there var-
ies between 0.04% and 0.1% (Bogli, 1976b). The necessarily low lime content of the wa-
ter requires that it seep in at the surface before reaching equilibrium with the exterior
air. Moreover this low content must remain intact for more than 1 km in closest con-
tact with the limestone of the joint’s walls. This is only possible in a closed system, i.e.,
in the absence of air.

Conditions in silvan karst (forest karst) and in areas with unbroken soil covering,
as found in the Sinkhole Plains of Indiana and Kentucky, essentially diverge from
the model of bare karst. The water seeping through the soils is rich in biogenic CO, and
in dissolved CaCOj, perhaps even in aggressive CO,. If it then enters the open joints of
the limestone, it has, to be sure, not yet quite reached equilibrium with the air of the
soil but it is oversaturated with regard to the open atmosphere and to the air circulat-
ing in the cave. Any eventual aggressive CO, is consumed in the closed system by the
dissolution of limestone. When the water reaches air-filled space it gives off CO,, at the
same time depositing calcareous sinter until it reaches equilibrium. The CO, content of
the air in the enclosed spaces rises thereby. During a phase of air stagnation in Hélloch
the CO, content rose from 0.04% to 0.12%; this is the partial pressure of the CO, in
equilibrium with the cave’s water with 110 ppm of CaCOj.

In covered karst normal corrosion occurs in underground cavities only as an excep-
tion, even when there is a surplus of CO, in the atmosphere, e.g., during high water,
which always shows a lower lime content, or in winter when there is a minimal amount
of biogenic activity in the soils.

Aggressive water which seeps slowly through interstices and narrow joints loses its
aggressiveness after a few decimeters or meters as the A/V ratio is very high. Here A is
the area of contact water/rock. In large channels with rapidly flowing water remaining
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aggressiveness can even still be detected after a distance of a few hundred meters: A/V
is low, v high.

In conclusion: “normal corrosion” is limited or hindered by

a) the absence of air, e.g., in the entire phreatic zone, under phreatic conditions in
the vadose zone (high water, siphons) or in narrow primary interstices which are practi-
cally the only water-courses in the initial phase.

b) the achievement of the CO,/CaCOj; equilibrium or oversaturation with lime.

Consequence: “normal corrosion™ is only active as long as the water has not yet
reached the CO; equilibrium with the atmosphere, and only as long as air, the open at-
mosphere, air in the soil or the cave’s atmosphere stands at its disposal as a source of
CO,.

2.2.8.2 CO, from the Oxidation of Organic Substances

From organic matter CO, is created by oxidation. When it is not a question of the en-
trance region this. material must be carried in by water. Apart from the soluble portion
this presupposes widened interstices with corresponding velocities of flow, i.e., previous
widening by corrosion.

Is the widening of a cave by the oxidation of organic material even possible at all?
In the endokarst of Central Europe where temperatures are relatively low the amount
of CO, formed is quite small. In the main system of Holloch there is an annual mean
temperature of 5 1/2°C, in its upper system 4°C. Older and younger cave clays — Old
Pleistocene and recent — differ in their organic content by approx. 1%. It is to be as-
sumed that in warmer caves (tropics, subtropics) where temperatures are between 15°
and 25°C oxidation progresses much more rapidly so that a high portion of autochtho-
nous CO, can be reckoned with. Investigations of this situation have not yet been made.

In natural shafts without any air circulation the CO, content can reach dangerous
concentrations as a result of decaying plant remains and cadavers. Those are exception-
al cases and they do not happen deep inside the earth but rather in the vicinity of the
surface or in the entrance region and when the temperature is temporarily increased.

The magnitude of the removal by oxidation of organic matter is calculated as fol-
lows, based on the conditions in Hélloch.

It is assumed that a cave clay has lost 1% of its dry weight through the oxidation
of organic matter since the Giinz-Mindel Interglacial. Three-quarters of this loss is car-
bon, C. One C dissolves one CaCO; by way of the intermediary product CO,. There-
fore when recalculated, 37.04 cm® of CaCO; (P = 2.7 kg/dm?) correspond to 1 mol
of C.

1 m® of dry clay weighs 1.5 t, and the C content of 0.75% amounts to 11.25 kg,
which dissolve 34.7 dm? of limestone.

In general: K : vol. of the limestone dissolved
100 : 1 molofCaCO,
12 : lmolofC
K= M VL - 0.75 x. Dy : density of dry clay
12 -Dg Dk : density of the limestone
Vi : vol of the dry clay
0.75 : C portion of the organic matter

X ¢ content of organic matter in the dry clay
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If one calculates the volume of limestone dissolved as the average amount removed
d from a limestone surface A then:

K

d=——-.
Ak

This will be applied to the cross-section of a passage which for the sake of simplicity is
assumed to be 1 m square. The cave clay fills the cross-section of 1 m?. Ay is then 4 m?
per meter, the volume 1 m®. A depth of removal of 0.0087 m per 1% of oxidated or-
ganic material results from this, i.e., 8.7 mm. One must take into consideration that the
sediments which come into question — they are cave clays — make up only a small part
of the total cavity in the rock; thus one can conclude:

Any additional hollowing performed by the decaying of organic matter in under-
ground cavities can be neglected.

2.2.8.3 Possibilities of Mixing Corrosion

Much in speleogenetics had to be laid aside as inexplicable before the introduction of
mixing corrosion. Above all, this was true of the corrosive widening of primary interstices
at the beginning of undergroundkarstification, so that O. Lehmann (1932) believed the
creation of caves to be possible only from larger than capillary open joints. Corrosion
in the phreatic zone was interpreted as the result of the water’s own aggressiveness or
of the effect of biogenic CO,, or the passages below the actual karst water surface were
explained as submerged parts of the vadose zone.

Mixing corrosion occurs everywhere that two different kinds of water mix. Charac-
teristic of the karstified area is its water circulation in a network of more or less inde-
pendent water-courses. Thus mixing is possible everywhere. Mixing corrosion therefore
occurs throughout the entirety of karst, on the surface just as well as in the deepest
parts of the phreatic zone — that is the great difference from normal corrosion. Jimenez
(1976) mentions oil-drilling in northern Cuba on the Hicacos Peninsula which struck a
cave at a depth of 2952 m. A water influx of the magnitude of 1 cm? cross-sectional
surface suffices to form such a cavity. Such forms were mentioned by Bogli (1964a, b)
and described by Fink (1968) from the many quarries in the vicinity of Vienna.

The fact that even water with the highest concentration of lime becomes corrosive
when it mixes, breaks down another important barrier of normal corrosion. It is a “par-
adox of mixing corrosion” that the more the concentration of the lime-rich components
increases, the more additional limestone is dissolved. This explains the previously puz-
zling fact that large caves occur in green karst where all water shows a high CaCOj; con-
centration. Among these is the longest cave in the world, Flint Mammoth Cave in Ken-
tucky (Well and Desmarais, 1973) with 320 km (1977), but also Greenbrier Caverns in
West Virginia with 51.4 km (1977), Domica Baradla Cave in CSSR/Hungary and many
others. Many of the large caves are also to be found where covered an¢ bare karst sur-
faces come together, i.e., where maximum differences in concentration,up to 200 ppm
and more, are possible. To this group belongs the second longest cave in the world, Hol-
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loch (central Switzerland), with its 140 km (Jan. 1980), Eisriesenwelt with 42 km,
Carlsbad Caverns in New Mexico (33.2km) and Postojnska Jama (Adelsberger Grotten),
to name only a few.

The question also arises as to the origin and the possibilities of the occurrence of
different lime contents. The following examples are given in answer:

a) The origin of water from various points of seepage is the normal case. Investiga-
tions concerning the pco, in the ground show considerable variation even at intervals
of less than 1 m, similarly in the vertical profile. This leads to different lime contents
in the seeping water, especially where the water originates partly from bare karst, part-
ly from covered (Bogli, 1969a).

b) In the course of 24 h the biological activity in the ground changes and with it
the pco, as well as the CaCOj content of the water seeping away (Gerstenhauer, 1972).
These variations lead in time to temporal differences in concentration in one and the
same channel. The water in an open joint flows fastest in the thread of flow and the
more slowly the closer it is to the wall. Therefore slight mixing corrosion takes place
(Franke, 1965a).

¢) Also water which has an uniform origin can lead to differences in concentration.
If water out of a moraine with 300 ppm of CaCOj; seeps into rock moving downward
through a narrow interstice in a closed system, the concentration does not change. On
the other hand if a part of the same water flows in an open channel, it strives to reach
equilibrium with the cave’s atmosphere, giving off some of its CO,. If this water there-
by reaches a concentration of, for example, 100 ppm, the mixture with the first frac-
tion 1:1 dissolves an additional 23 ppm of CaCO3 (10°C).

Corrosion by mixing waters is, apart from exceptional cases, considerably less ef-
fective per unit of volume than normal corrosion. However, it reacts under conditions
under which the other forms of corrosion no longer have any possibility of effective-
ness, especially in primary interstices and in the phreatic zone.

2.2.9 Further Possibilities of Corrosion in the Phreatic Zone

Besides “corrosion accelerated by pressure shocks” Liszkowski (1975) mentions the oc-
currence of CO, created mechanochemically. It has been experimentally proved that
when carbonates are pulverized CO, is created (Peters, 1962).

CaCOj + pulverizing energy - CaO + CO, + heat

From 5 g of pure calcite at 25°C Peters obtained approx. 2 cm?® of CO,, from 5 g of
ankerite (FeCO3) even 185 cm® (p. 86). Liszkowski assumes that the movements of the
earth’s crust “whether they are epirogenic movements due to the effects of the earth’s
tides, or else isostatic rising and falling, orogenic tangential movements. . . or exogenous
mass movements (p. 194) enough mechanochamical CO, is supplied” that corrosion can
proceed partly according to the equation of dissolution even in the deepest parts of
the phreatic zone” (p. 197).
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Alpine caves had their origin in the Quaternary and Upper Pliocene, i.e., at a time
when mountain formation had more orless ceased and the production of mechanochem-
ical CO,, if there was any, must have been at a minimum for the first time. And what
happened to the CaO? It automatically became CaCOj3 again. And the swelling of the
CaO when in contact with water? There is nothing known about the extent of CaCO3
thus transformed nor about the production of mechanochemical CO, in nature. If such
a production really takes place then it would be reasonable to assume a reaction with
the Ca0 created. Such a process might be expected in lime mylonites in any case — but
it does not result in the creation of caves.

2.3 Karst Denudation

The total corrosive removal in karst comprises the amount of dissolved rock which is
carried away out of the karst area. It is the loss of rock in m3/km? per year or the re-
moval in mm/1000y.

The total amount K/y is calculated out of the water discharge (surface A in km?
times outflow H in m) and the CaCOj; content of the water in ppm or else g/m>:

Kg =A-H-G[km? m/y,g/m®]=A -H-G[10° g/y]ie. [t/y].

Recalculated to the volume:

1 1
Ky=A-G-H ;[m3/y] and per km? KV'=G-H—p—[m3/y-km2].

To simplify matters Corbel (1959a) chose the value of 2.5 kg/dm?® for the density of
calcite which is 7 1/2% lower than its maximum of 2.7. This is justified because it lies
within the margin of variation of p of the limestone:

.1
Ky'= 52 H-G [m’fy -km’] =04 H- G [m*y - km’].

The absolute value corresponds to the removal of rock in mm per millenium.

K [mm/1000y] =04 H - G.

Corbel suggests incorporating the portion of the carbonate rock occurring in the region
and its alluvials in the calculation. However, that is not easy for on one hand imperme-
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able rocks can also contain limestone, e.g., marly schists, or the limestone may be buri-
ed under several meters of residual clays and red soils; this is usually not in evidence
in geological maps. Limestones and dolomites can also crop out under permeable rocks
free of limestone like the Carboniferous limestone under Big Clifty Sandstone in Mam-
moth Cave National Park. Water can also flow many hundreds of kilometers through
limestone which reaches the earth’s surface in only a few places. The vauclusian springs
of central Florida, e.g., Silversprings with a discharge of 30,0001/s are fed from southem
Georgia according to Jordan (1950).

Besides the above formula Groom and Williams’ (1965) is used in England; it is
identical to the first if K5 is expressed in 10° g/y:

— G
K [mm/1000 y] TALC

Since the amounts of limestone carried away out of karstified regions are proportional
to the discharge and thereby dependent on precipitation and evapotranspiration, a
strong dependence on climate results. According to Wiist (1922) the amount of evapo-
ration in the tundrais 120 mm/y, in the cool-temperate zone 300 mm/y, in the subtrop-
ics 450 mm/y and in tropical rain forest even 1200 mm/y. There are deviations from
this, among others those in karst, because underground drainage noticeably reduces
evaporation. In bare karst there is the additional lack of transpiration.

Mature karst landscapes are drained 100% in the underground. In bare karst the
water disappears in the underground long before it reaches equilibrium. In addition there
is corrosion by mixing water in the underground. Therefore limestone is dissolved on
the surface as well as in the underground. The proportions of the two areas of removal
cannot be determined from the lime content of the water. The rate of reaction increases
to double with a rise in temperature of 10°C. For this reason the dissolution of lime-
stone is accelerated in warm zones, and similarly the adjustment to the lower pco, of
the open air, also. Oertli (1953) measured for the Pivka (Slovenia) at 16°C as far as
Postojna, a distance of 12 km, a drop of 25% in the lime content and in the Postojnska
Jama a drop of 9% after 6.5 km (see also Gams, 1962, and Table 2.7). Thus measure-
ments in the tropics must be made within the karst region itself or else at the springs.

Karst denudation is that amount of limestone that is actually dissolved and carried
away. Within the area investigated lime can be redeposited as calcareous sinter, calcare-
ous tufa or calcareous mud. The fact of the previous removal of limestone is not there-
by nullified. If the lime content of the water is measured on the margin of the karst
area it is not the amount of limestone removed which is measured but the balance of
limestone, i.e., the difference between the removal and the deposit of limestone. In cold
regions the limestone balance is almost identical with its removal because of the low
rates of reaction, in the tropics on the other hand it is considerably smaller. This gives
the impression that there is only slight removal of limestone in the tropics and must
lead to false conclusions. Corbel (1958) assumed the removal of limestone in the sub-
arctic zone to be ten times greater than in the iropics. Sweeting (1964) showed that
lime contents also in regions with scarcely diverging climatic conditions are very differ-
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ent. It is a dependence on ground vegetation in the first place, in the second on lithology
(chalk or crystalline limestone) that is responsible for this. Pitty (1966) established for
his part that the dominant factor in the dissolution of limestone is biogenic CO, (see
Table 2.12 and Bogli, 1960a).

Table 2.12. The lime contents of karst water in Great Britain (partly according to Sweeting, 196:})

CaCO; (ppm)

Durness, N. Scotland, cryst. limestone, partially covered 60- 80
South Wales, Carboniferous limestone, partially covered 80-100
N. Pennines, Carboniferous limestone, aimost completely covered 140-180
Mendips, Carboniferous limestone, completely covered with vegetation 220-240
S. England, Cretaceous chalk, complete cover of vegetation 280-300

Similarly Bogli (1971b) proved the dependence of denudation on ground vegeta-
tion in the alpine karst of the Muotatal (central Switzerland). In high places over 2000
m above sea level 15% more precipitation falls than in the zone around 1300 m above
sea level, which receives 2100 mm. In spite of the greater run-off and a temperature
lower by 3°C, karst denudation in the high mountains amounts to only 78% of that in
the lower-lying silvan karst. This shows the decisive significance of ground vegetation
and the soil covering of rendzina related to it. Moreover it was established that in cov-
ered karst 89% of removal results on the earth’s surface, in bare karst only 20% (see
Table 2.13).

Table 2.13. Karst denudation in the silvan karst (800-1600 m above sea level) and in the bare karst
(over 1800 m above sea level) of the Muotatal according to Bogli (1971b)

Silvan Karst Bare Karst S): (B)
S B
Total removal in 1000 years 91 mm 71 mm 1:0.78
thereof:
A: above ground 81 mm 14 mm? 1:0.17
U: underground 10 mm 57 mm 1:5.7
A:U 8:1 1:4

4 This value was determined morphometrically, with the aid of pedestals of karren tables among
other things (see Chap. 3.1.2).

When precipitation is more or less comparable the value of the lime balance de-
creases from the humid tropics with approx. 50 mm per millenium towards the sub-
tropics to below 30 mm; it strives toward the maximum of approx. 100 mm in the tem-
perate zone of deciduous and coniferous forests, in order to sink again in the subarctic.
In Table 2.14 the use of extreme climatic examples was avoided.
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Table 2.14. Karst denudation in various climatic zones (Bégli, 1971b)

49

Precipitation Removal of Authors
limestone
mm mm/1000y
Warm humid climate
Jamaica, Rio Bueno 2000 51 Birot et al. (1958)
Jamaica, Martha Brae 1800 54 Birot et al. (1958)
Puerto Rico, Rio Camuy 1650 40 Birot et al. (1958)
Cuba, Rio San Vicente 1600 462 Lehmann, H., et al.
(1956)
Florida, Kissimmee River 1200 27 Douglas® (1962)
Temperate climate
Kentucky, continengal 1100 64 Douglas® (1962)
Lee, Essex, GB 700 63 Douglas® (1962)
Malham Tarn, N’Pennines, GB 1100 582 Sweeting (1964)
Areuse, Swiss Jura 1700 89 Burger (1959)
Muotatal, silvan karst, Switzerland 2200 91 Bogli (1971a)
Birsigtal, Swiss Jura 1100 50 Barsch (1969)
Subarctic to arctic climate
Muotatal, bare karst, Switzerland 2400 71 Bogli (1971a)
Spitsbergen 280 17b Nagel

2 Calculated by the author from literature
b The same on the basis of personal information

C Unpublished diss. by M. Sweeting

Not only corrosion but also erosion plays a part in removal. It is dependent on the
climate, the orography,and the rock’s resistance to weathering. Erosion is especially ef-
fective in regions where frost is frequent, especially in the zone of frost weathering (see

Table 2.15).

Table 2.15. Erosion in limestone according to Corbel (1959b)

mm/1000 y

Gold Creek, SE Alaska, mountainous, subarctic
Svartisen, Norway, mountainous, oceanic-subartic
Rio Usumacinto, Yucatan, humid margina; tropics

Sligo, Ireland, hilly, temperate, oceanic
Kissimmee River, Florida, USA, plain, humid subtropics

100
100
15
4
0.5




3 A General View of Exokarst

Superficial karst phenomena, exokarst, are created by the dissolving effects of precipi-

tations. They are often related to karst hydrology. For this reason the reader will be

given a review of such surface forms. The manifestations of exokarst are by definition

corrosion forms on soluble rocks at the earth’s surface. Also belonging to this category

are forms which are only indirectly the result of corrosion, e.g., collapsed dolines, dry

valleys, stepped pavement karst, and poljes. The forms are classed in the following cat-

egories:

3.1 Karren, small solution features measuring a few millimeters to a few meters, and
their higher classification karren fields.

3.2 Small, closed karst depressions measuring a few meters to 1 km: dolines (sinkholes),
uvalas (compound dolines), cenotes, cockpits.

3.2 Corrosion plains.

3.4 Fluviokarst: karst valleys, dry valleys.

3.5 Glaciokarst: stepped pavement karst.

3.6 Large, closed karst basins, measuring 500 m to many km: poljes.

3.1 Karren, the Small Solution Feature

Karren is derived according to Eckert (1895, 1902) from the old High German word
char = kar which means a bowl. Karren are indeed usually named according to their hol-
low form: solution groove, undercut karren, wall karren. But there are elevated forms,
too, such as karren spines, pinnacles, and clints. It is more probable that the word is de-
rived from the Slavic Kras or Karst, which has a paleoindoeuropean root meaning a
stony, bare rock surface.

Bare limestone surfaces such as have been created by climatological processes and
anthropological influences show a great variety of forms (Cviji¢, 1924), of which only
a few can be mentioned here. These are joined by further karren forms under a partial
or complete covering of soil.

3.1.1 Introduction

The forces which create these forms are determined, all other conditions being the same,
by the process of dissolution and the manner of drainage. Bogli (1960a) classified the
processes of limestone dissolution into three morphogenic types of corrosion effect.
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The first type results in a physical dissolution of CaCO3, upon which the associa-
tion of CO3 ~with H* follows directly to form HCOj3. H* originates from the dissocia-
tion of H,CO3. Thereby the product of the concentrations of Ca?* and CO% ~ falls be-
low the value of the product of solubility. For this reason limestone is again dissolved
until this value is reached anew. H™ has thereby disappeared from the equilibrium of
dissociation of carbonic acid. It must regenerate from the physically dissolved CO, until
the concentration of H* reaches the value at which K, is re-established. With that the
second morphogenic type of corrosion effect has already been introduced. The trans-
formation of CO, into H,CO3 now controls the system’s velocity of reaction. Since the
concentration of CO, in the solution diminishes, its equilibrium with atmospheric CO,
is disturbed. The latter begins to diffuse into the solution. As soon as the rate of diffu-
sion of CO, from the atmosphere into the water determines the velocity of the dissolu-
tion processes the third morphogenic type of corrosion effect begins.

Fig. 3.1. Scheme of dissolution of limestone according to Bégli (1960a)

To summarize, the following can be said about the three morphogenic types of
corrosion effect:

First type of corrosion effect: relatively high velocity of reaction, increasing with the
temperature, limited by the rate of dissolution of CaCOj;. This type of action is to be
found on bare limestone surfaces which are exposed to precipitation. Because of the
dependence on temperature the correlated forms, solution flutes, are especially long in
the tropics (H. Lehmann, 1953).
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Second type of corrosion effect: the velocity of reaction is lower but also increases with
the temperature. On the other hand the quantity of CO, dissolved at 0°C is three times
larger than at 35°C. For this reason this type is favored in cold climates. Correlated
forms are the large solution flutes of the second order, three to six times wider than
the those of the first order. Trittkarren (heelprint karren) appear on less sloped surfaces.
The hydration of CO, and the dissolution of the calcite are the limiting factors.

The third type of corrosion effect: the velocity of reaction is low and is controlled by
the rate of diffusion of CO, from the atmosphere into the water. For this reason the
exchange of materials is 10%-10% times lower than is the case with the other two types.
The third type of action is directly aimed at attaining the equilibrium H,0 — CaCO; —
CO,. All karren forms not yet named fall into this group.

Karren forms are strongly dependent on the manner of flow, whether the water
runs over bare limestone surfaces or seeps through very permeable or less permeable
soil. Wherever water flows freely over limestone, it stays on the surface only a short
time, disappearing into the underground long before it reaches the balance. In the lime-
stone Alps of central Switzerland 27 ppm of CaCO3 were measured at an equilibrium
of more than 80 ppm in a 13-m-long solution groove (Bogli, 1960a). During a heavy rain-
fall the values sink to below 20 ppm. The influence of area-wide sprinkling is reflected
in the low limestone content of this water.

All three types of corrosion effects are temporarily prolonged by rain, since pre-
cipitation delays the succession of one by the other. There are morphological conse-
quences for the forms of the first two types of action. Rillenkarren grow somewhat
longer and the surface part of the heel-print karren increases greatly. The lime content
of the film of water varies frequently during heavy rainfall between the second and
third type of action. It must be pointed out, however, that the occurrence of rillenkar-
ren and heel-print karren still depends on lithology, on whether the amount of bare
limestone surface is sufficient, and on the slope of the surface. Therefore the lack of
these forms is not proof of the lack of the first two types of action. No detailed inves-
tigations have yet been made of this problem.

Water behaves quite differently in the soil. For one thing the air in the soil has a
characteristic content of biogenic CO, which varies greatly but always exceeds the CO,
content of the atmosphere. In rendzinas, a humus-carbonate soil of the forest and mead-
ow level in the limestone Alps of central Switzerland CO, contents of 0.04%-9% have
been measured. Moreover water drainage is hindered by the soil. Thus the contact be-
tween the CO, in the soil’s air, the water and the limestone lasts much longer than is
the case on bare karst where the precipitating water disappears into the grikes after only
a few minutes and before it reaches the CaCO3/CO, equilibrium. Water seeping away
through the soil is, on the contrary, so rich in lime that it is oversaturated with respect
to the atmosphere.

Water from very permeable soils is lower in lime than water from marly soils. In
Bisistal (Muota Valley, central Switzerland) spring water from bare karst contains on
average 70 ppm of CaCOj, that from karst with humus patches contains 85 ppm, that
from covered karren fields with clayey soils inserted in rendzinas contains 130 ppm, and
that from below clayey soils even reaches 190 ppm at temperatures around 7°C.
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Table 3.1. Lime content of various waters from karst regions (Bogli, 1960a)

Place Author Kind of surface, remarks Lime content
(ppm)

Bisistal (Muotatal) Bogli Bare karrenfields low in humus 70
Bisistal (Muotatal) Bogli Karren fields covered with vegetation 85
Muotatal Bogli Covered karren fields 130
Muotatal Bogli Forest and meadow in karst springs 105
Holloch (Muotatal) Bogli High water 56- 80

Low water, autumn 120

Joint water, winter 180

id 200
Lauiloch (Muotatal) Bogli Surface with humus soil 105-140
Littau, (Ct. Lucerne) Adam? Water out of calcareous gravel 220-250
Hitzkirch (Ct. Lucerne) Bogli Springs from calcareous moraine 300-390
Pivka (Yugoslavia) Oertli Slovenian karst, cave river 132-187
Unica (Yugoslavia) Oertli Slovenian karst, cave river

Beginning of April 137-210

) Beginning of June 157-265

Cuba H. Lehmann Joint water 97.5

Joint course 4 m, in cave 150

Joint course 10 m, in cave 152

Rio San Vicente, cave river 140-150

2 personal communication

Bogli (1951, 1960) was the first to approach the karren problem by means of meas-
urements and water analyses. Then followed Bauer (1964) and Miotke (1968), and in
England Sweeting (1966) and Jones (1966).

3.1.2 The Genetic System of Karren Forms

The multiplicity of possible karren forms makes a morphological system endless, while
a genetic one allows a meaningful collection. The manner in which they are moistened
and the conditions of drainage of the corroding water are fundamental to it. Therefore
a differentiation is made between karren forms which are created by free, unhindered
water flowing off over bare limestone surfaces, those which are caused by a patchy
covering of soil, and those which develop beneath a closed covering of soil. These are
the basic forms. They change in appearance when conditions change, e.g., when over-
grown: subsequent forms. In addition to single forms, form complexes and groups of
form complexes can be differentiated.

3.1.2.1 Single Forms

A. Free Karren
Bare karst; the water flows unhindered over the limestone surface.

A.1 Basic Forms in the Case of Area-Wide Moistening by Precipitation
When water runs off over the limestone surface, the concentration of lime increases and
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corrosion decreases. Therefore the karren should flatten out toward the lower end. This
is, however, contrary to all observations. Area-wide precipitation adds new, unspent
water which counteracts the slowing-down of the chemical reaction. In fact, due to the
increasing quantity of water moving toward the lower areas, corrosion is even intensi-
fied; the karren become deeper. The gradual singling-out of individual streams leads to
the generation of grooves.

Fig. 3.2. The amount of super-
ficial deepening by an exponen-
tial decrease in the water’s capac-
ity for corrosion (see text)

If the moistened surface is separated into horizontal strips, the amount of superfi-
cial deepening by the water of each strip is added in the direction of the flow. The final
shape consists of a steeper slope in the upper part and a parallel deepening of the lower
part (Fig. 3.2.).

Solution flutes, (Germ.: Kannelierungen, Rillenkarren, Austria: Firstkarren), (Ta-
ble 2.1), occur only in places where fresh unspent precipitation is active and they end
where the water attains too high a content of lime or where spent water is added. Solu-
tion flutes are the module of the first morphogenic type of corrosion effect (Bogli,
1960a). However, Gerstenauer and Pfeffer (1966) contradict this hypothesis. Yet Pfef-
fer (1976) observes: “Hence on a basis of findings in the field, and contrary to earlier
supposition (Pfeffer, 1967), a specific type of action must be accepted for the genesis
of solution flutes,” (p. 11). In a later publication Heinemann et al. (1977), p. 59, state
more precisely: “that the explanation of this type of action as offered by Bogli cannot,
on the other hand, be supported. The explanation of the phenomenon by the dynamics
of flow and the corrosion connected with them (Bauer, 1963; Miotke, 1968, 1972). . .
is not sufficient to explain the phenomenon of solution flutes, either,” and p. 78 “An
explanation of the findings and therewith a new theory concerning the origin of solu-
tion flutes is not possible at the present time.” Accordingly the question is still open
today.

The length increases with the slope, the temperature, and the amount of rainfall,
reaching 1 m and more in the tropics (Cuba: H. Lehmann, 1953), up to 50 cm, and even
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as an exception 100 cm in the Alps. In the Mediterranean region a length of 100 cm is
common if the rock allows it. The width varies between 1 and 3 cm. They are together
in rows with no space in between, with sharp intermediary ridges, which hardly reach
1 cm in height. They increase at all freely exposed peaks and ridges where fresh rainwa-
ter alone is at work. In Fig. 3.3 the grooves of the rillenkarren (R) gradually flatten out
to a smooth surface (A).

In the USA this karren type is rare. It is most readily found in the Rockies, in the
Canadian Rockies (Sweeting 1972), and on the edges of Kamenica, e.g., on the Kaibab
Plateau near Kaibab Lodge (AZ) and on the Mesa Verde (CO).

Fig. 3.3. Solution flutes (R) with adjacent
flat surface (A) (Germ.: Ausgleichsfliche)

Trittkarren (heel-print karren) (Table 2.3) are almost connected with subhorizontal,
adjacent, flat plains. On the surface they create a form which resembles the imprint of a
heel (Bogli, 1960a). They move back into the slope, cut like steps by retrogressive corro-
sion. The semi-circular form is preserved by the “horseshoe falls effect” which concen-
trates the main amount of water on the innermost part of the heel-print. At the upper
rim the water gains speed. The thickness of the film of water is indirectly proportional
to the speed of flow. On one hand a higher speed causes a greater effectiveness of fresh
precipitation added to the flow on the ground, on the other hand it causes the diffusion
of atmospheric CO, and heavier corrosion.

Fig. 3.4, Trittkarren (T) with even surface
A)
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Many trittkarren have originated from the rim of the grike lying below and have
moved upward into the surface through retrogressive corrosion. Bogli (1951) and Hase-
rodt (1965) showed that at the foot of rather steep surfaces where snow collects deep,
almost funnel-shaped trittkarren appear, which are of subnival origin. Trittkarren are
common in the Alps. Sweeting (1972) mentions them as a peculiarity of the coast of Bur-
ren in County Clare, Ireland.

On almost vertical walls solution flutes form which are of the width of 3 to 6 rillen-
karren and can become as long as 3 m; these are solution flutes of the second order (Ta-
ble 2.2). The latter two karren forms named belong to the second morphogenic type of
corrosion effect; the following belong to the third.

Rinnenkarren (solution grooves) form where runoff water is collected in streams.
When the whole surface is moistened, the amount of water increases downwards with
the result that the grooves are widened and deepened at the bottom. This distinguishes
them from other similar forms. When the slope is slight they are coiled, but become
straighter with increasing inclination. A cross-section is round to flat at the bottom; the
transition to the surface of the rock is not usually sharp but rounded. The more water
runs over the rim into the groove, the more rounded the rim becomes. Rinnenkarren are
sometimes interpreted as being subcutane forms grown below the soil cover. This manner
of origin is not to be excluded but it is probably relatively rare. Solution grooves can be
found in all climates; in arid zones they are present as relics of the past when the climate
was damper (pulvial time).

A.2 Basic forms of karren with water flowing off without area-wide moistening

As a rule in this group of forms the water flowing off arises from snow melting or seeps
out from humus patches and rarely from bedding interstices or joints. The capacity to
corrode decreases downward, the higher the temperature, the faster.

Meandering karren (Table 2.4) are small grooves cut directly into the surface, a few
centimeters wide and deep; they remain the same size or decrease down the slope and
usually have small meanders which show typical, undercut slopes and slip-off slopes.
They frequently appear in the bottom of larger grooves, e.g., rinnenkarren.

Wall karren (Table 3.1) form on vertical walls. Occasionally area-wide sprinkling
plays a role in their creation. Their cross-section forms a semi- to a three-quarter circle.
If the wall is high enough the wall karren diminish downward.

If the water originates in humus covering, meander and wall karren have a different
characteristic: they become humus-water grooves. When leaving the humus covering, the
water contains an excess of CO, and, therefore aggressive, it dissolves limestone. For this
reason humus-water grooves are deep at the beginning. The biogenic CO, which it carries
is used up after 2-3 m, the grooves flatten out and continue as normal meanders or wall
karren (Fig. 3.5). On rare occasions the water is so rich in lime at the beginning that,
when the CO; a0 is used up, it is oversaturated with lime and so deposits CaCO3, e.g.,
Eggstock (Karrenalp, Ct. Schwyz).

B. Half-Exposed Karren
On otherwise bare limestone surfaces there are patches of soil which attack the rock by
means of biogenic CO,.
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Fig. 3.5. Humus patch (H) and wa-
ter seeping out of it. The water, rich
in CO,, creates corrosion troughs
and humus-water grooves. ({: direc-
tion of the corrosion by biogenic
CO,)

B.1 Basic Forms
Solution pans (Slovenic kamenica; Table 3.2) are basin-shaped, closed depressions in lime-
stone. The initial form is a closed hollow created by a humus patch. At its best the solu-
tion pan has over-hanging side walls and a flat floor covered by algae and small pieces of
broken rock; diameter 0.1-1 m, depth rarely more than 15 cm. After filling the hollow,
the rainwater, which is low in lime content, absorbs atmospheric CO, through its surface.
This results in corrosion which acts mainly sideward. The mud on the floor, moreover,
protects the bottom of the basin from corrosion.

Solution notches form wherever humic soil borders on a very steep or vertical lime-
stone surface. The rock becomes undercut by water rich in biogenic CO,. In the cone karst

of the humid tropics foot caves occur which are over-sized enlargements of solution
notches.

B.2 Subsequent Forms

Undercut karren (Table 3.3) are rinnenkarren (solution grooves) which have been trans-
formed by humus filling, their side walls have been hollowed under by biogenic CO,.

Fig. 3.6. Cross-section of undercut
karren (left) and solution notch
(right), broken lines indicate the in-
itial state; A humic soil

C. Covered Karren
Soil covers the whole limestone surface; the draining water is oversaturated with CO, as
compared with the atmosphere; corrosion is intensive (Gams, 1959; Bogli, 1960a).
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C.1 Basic Forms

These are easily overlooked. In our climate wavy surfaces like corrugated tin are occasion-
ally formed: wave karren. When denuded they are a disposition for the formation of
rinnenkarren. Beneath compact soils roots etch into the limestone: root karren (Table
3.4). They are so small and flat that, once laid bare, they are quickly removed by surface
corrosion.

To the basic forms belong also the cavernous karren of the recent and Tertiary red-
earth regions and of the humid tropics. They consist of pitted limestone. However, this
form has nothing to do with similar-looking, weathered dolomite — but there are numer-
ous transitions to the latter.

Finally the geological organ must be mentioned which leads to forms which have
nothing more to do with karstification. They are found as karst forms in the soft, Plio-
cene limestones of Apulia, in the soft chalk of northern France and southern England
and quite frequently in gypsum.

C.2 Subsequent Forms
These are widespread, especially round karren (Table 4.1). In the soil the water does not
flow freely; it corrodes away all edges and points. The small karren forms disappear,
grooves and grikes are widened and deepened.

One to two centuries after being laid bare, the earlier rounded edge is only just recog-
nizable. Therefore round karren and their remains give evidence of an earlier soil covering.

D. Grikes (Table 4.4)

Grikes are very widespread and are hardly ever missing. They form both in bare karst and
under a soil covering. In bare karst in the Swiss Alps they become 20-30 cm wide, under
the soil up to 50 cm. Their depth varies, but is difficult to determine because of the nar-
rowness of the deeper parts. In bare karst they reach several meters in depth, in silvan
karst (forest karst) up to 10 m and more. Bogli (1960a, 1964d) assumes that the disposi-
tion for many grikes existed earlier than the last Pleistocene glaciation (Prewiirm, Prewis-
consin); Pigott (1965) agrees while Haserodt (1965) sees them in their entirety as post-
glacial. However, these diverging views may be less the result of a difference in substance
than of a lack in the definition which gives no indication of the width at which a corro-
sively opened joint is to be called a grike. A widening to 2 mm complies with the facts
of the formation of a grike and such should also be called a grike. Such a widening re-
quires a great deal more time than the widening from 2 to 200 mm.

E. Karren Tables, Tables of Corrosion (Table 5.2)

Area-wide moistening lowers a limestone surface by means of corrosion. Boulders protect
the rock below so that in time a pedestal forms; its height on a horizontal plane indicates
the extent of limestone denudation since the boulder was deposited there. Boulder and
pedestal together form the karren table (table of corrosion according to Moser, 1956,
limestone table according to Moser, 1967). In the Mirenberge (2250 m above sea level,
central Switzerland) there are erratic boulders from the Daun (10,000 years ago) lying
on the Malm limestone with a pedestal of a maximum of 15 c¢m in height (Bogli, 1961b).
Moser (1956, 1967) found similar values for the Dachstein (Austria). Corbel (1957) men-
tions the like in Ireland with pedestals of one-half-meter height.
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Fig. 3.7. Karren ta-
bles (acc. to Bogli,
1961a)

Boulder

Remainder of a

Pedestal pedestal

F. Surf Karren

Surf karren form along marine limestone and dolomite coasts where the surf sprays wa-
ter onto abrasion surfaces which lie alittle above normal sea level. It is an effect of cor-
rosion by the mixing of sea- and rainwater. They do not exist under the surface of the
sea — seawater is not limestone-corrosive. Beyond the splashwater zone the karren are
much less sharp: rain karren (Mensching, 1965). Mensching (1965) describes them as
found on the Cantabric coast, Trudgill (1976) describes the same on the coral limestone
of the Aldabra-Atolls. They are often found on the coasts south of Bari and Tarent.
Sweeting (1972) mentions them in many places along the British and Irish coasts.

3.1.2.2 Complex Karren Forms

Complex karren forms are created by the combination of several single forms, especially
of grikes with other karren, e.g., pinnacles, clints, and pavements.

Pinnacles (Bogli, 1951, 1960a, Plate 4.2) are mature forms of karren. The side walls
of grikes and rinnenkarren cut across one another forming sharp edges and peaks which
can reach several meters in height. In limestones with a thin sheet structure these soon
fall into fragments which form debris karren. Pinnacles need a long period of formation.
The post-glacial period is obviously not sufficient. Therefore they are extremely rare in
the Alps, only to be found in especially protected areas which moving ice does not reach,
e.g., the peak of the Hengst (Schrattenfluh, Switzerland) and Misthaufen (Ct. Schwyz).
However, they are frequently found in extraglacial regions, e.g., in the Mediterranean re-
gion and in many such places they dominate. They are common in the tropics and attain
great sizes, e.g., in New Guinea or northern Australia.

Wherever glaciers have broken off karren pinnacles, the remains of bedding planes
delimited by grikes, are left behind;these are clints (Bogli, 1951, 1960a). They can spread
over several square meters and are classed as the smallest unit of glacial karst (Plate 4.3).

3.1.2.3 Groups of Complex Forms

Groups of complex forms are large forms of karst with karren as the physiognomically
dominant form. They are types of karst.

Karren fields appear as bare karst and cousist of the sum of exposed and half-ex-
posed karren, occasionally also of covered karren which have become exposed. They at-
tain the size of a few hectares to a few hundred square kilometers.
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Fig. 3.8. Pinnacles (S) and clints (F)

3.1.3 Karren and Karst Hydrology

The importance of karren consists in the generation of a surface drainage pattern with
extremely short branches and closely situated absorption points. The distance of sur-
face flowis limited to a few decimeters up to 20 m, rarely more. Grikes and pits serve
to absorb the water.

3.1.4 Pseudokarren (see Chap. 1.1)

Pseudokarren develop on insoluble, mostly silicate rocks by means of weathering pro-
cesses. They show a rounded type of rinnenkarren, less frequently the form of atypical
solution pans (Frinzle, 1971). Klaer (1956) describes well-developed rinnenkarren on
Corsican granite. Morawitz (quoted by Maull, 1958) names such forms out of the tonal-
ite of the Hochgall group (South Tyrol) and in the gneiss of the Hochalm peak (Aus-
tria). The best-developed forms were discovered in the tropics, for example, on Itatiaja
(Maull, 1930) on Syenit, in the Seychelle on granite (Bauer, 1898) and in many other
places.

3.2 Small, Closed Hollows in Karst

Closed hollows in karst are created by karst processes, whether directly by corrosion
or indirectly by subsidence and collapse into underground cavities created by dissolu-
tion. The main forms are dolines and uvalas, cenotes, and cockpits. There are also nu-
merous atypical karst basins of various sizes which cannot be classified in any one of
these categories.

3.2.1 Dolines

Dolines are the most wide-spread karst form. They are to be found in every karst land-
scape, whether they appear as funnel-shaped, bowl-shaped, or as flat, dish- and trough-
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shaped dolines. In the Slavic languages dolina means a valley, but also small, closed karst
hollows. The term was introduced into geomorphology by Austrian geologists. Dolines
are defined as “simple, funnel-, bowl- or kettle-shaped, closed karst cavities with under-
.ground drainage and a diameter which is greater than their depth” (Fink, 1973). Trough-
shaped should be added to this definition. To avoid confusion with dolina = valley,
vrtaca has been used exclusively for doline in Slovenic karst literature for several dec-
ades.

The diameter of the doline varies between a few meters and 1000 m, with a depth
of up to 100 m (Cviji¢, 1893) and the surface between 0.17 m? and 159,200 m? (Cra-
mer, 1941). They can appear singly but they can also form doline fields (Sinkhole Plains,
IN, KY, USA) and long-drawn-out rows on rock boundaries and on joints and faults.
Concerning the density of dolines Cramer (1941) names values between 0.57 dolines
per km? and 2450 d/km?. Sweeting (1972) states an average of 100-200 d./km?. Mora-
wetz (1965) found 400 d/km? in Istria and Mallot (1945) found the same number in
the Mitchell Plains (IN, USA). The following may pass as extremes: the 51 small solu-
tion dolines per hectare (5100 d/km?) on the Glattalp in the limestone Alps of central
Switzerland (Bé6gli, unpub. investigation, 1952-1962) and the 20-30 subsidence dolines
per acre (5000-7500 d/km?) in the Millstone Grit of South Wales (Thomas, 1954). Cra-
mer (1941) names a maximum doline surface of 300,000 m?/km?2, and Gams (1969)
calculates that doline surface makes up 24% of the karst in Yugoslavia, even 64% in
Montenegro.

A genetic classification differentiates between solution dolines, solution subsidence
dolines, and collapse dolines.

Solution dolines are formed when the limestone is dissolved away from under a soil
covering by a widening of the interstices (Terzaghi, 1913). Nicod (1967) found in the
Provence that dolines in bare rock are not deepening any more, but that those under
soil are today still continuing to develop. Rain is the most important factor but drifting
snow effects additional corrosion until late in the spring, in the high mountains until
summer. The deepening takes place because of, among other things, the widening of the
interstices in the rock with resulting settling (see also Palmer et al., 1975). Blocks and
soil formations sink, too. Fine material, later also sand and stones, are washed away
through the widened interstices. If the drainage ways are widened enough in the over-
lying, loose material, inner erosion results and funnels form on the surface. Williams
(1969) calls this type an alluvial doline. Further developmentsin the underground bring
about a settling of the rock and the loose material slides after. Thus the alluvial doline
is genetically an intermediary type between the pure solution doline and the subsidence
doline.

The subsidence doline is created by a slow downward movement of a mass while
the collapse doline is formed by one rapid, usually single occurrence, caused by a cavity
which lies near the surface. The collapse of the cavity’s roof can open an entrance to a
cave, e.g., at the well.known cave of St. Kanzian (§kocjanske Jame, Slovenia) through
the Small and the Large Doline (Mala and Velika Dolina), and at the Grotta di Castella-
na south of Bari (Italy). Deeply situated cavities gradually break through until finally
the roof collapses (see Chap. 12.2.4). The famcus collapse dolines of Imotski belong to
this type. The Modro Jezero (Blue Lake) lies in a funnel doline which is 245 m deep
with steep, in places even vertical, walls. Weathering has made a funnel out of the origi-
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Fig. 3.9. Solution doline (4), alluvial doline (B), subsidence doline (C), collapse doline (D)

nal kettle form. The Crveno Jezero (Red Lake) lies in a 481-m-deep shaft which is only
200 m in diameter (Guidebook, 1965). The facts that the ratio of its width to its depth
is 2:5 and that the lake is filled by underground karst water hardly allow this form to
be counted among normal collapse dolines. The Red Lake is a cenote.

3.2.2 On the Morphology of Dolines

The morphological classification is still today essentially according to Cviji¢ (1893):
funnel-shaped dolines, bowl-shaped dolines, trough-shaped dolines, kettle-shaped (shaft)
dolines. Well-developed, funnel-shaped dolines (Plate 5.3) form in loose material or in
slightly weathered rock, e.g., in thinly layered limestones. Bowl-shaped dolines show a
flat floor, trough-shaped dolines have a concave one (O. Lehmann, 1931). Usually sec-
ondary dolines form in them; these are generally funnel-shaped with rocky outcrops or
large stones visible.

In thickly layered limestone denudation is slight; it is also only slightly susceptible
to frost weathering; corrosion works vertically into the depths, and only a little hori-
zontally. The result is forms with vertical walls, and irregular in their cross-section, also
rounded: karren dolines (Plate 5.1), kettle-shaped dolines (Kotli¢i, see Kunaver, 1965).
They are not collapse dolines. Already early there was a difference made between asym-
metrical and symmetrical dolines, a morphogenetic division. Symmetrical dolines are
round to roundedly elliptical; asymmetrical dolines are lopsidedly extended with vari-
ously inclined slopes.
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Fig. 3.10. Ground plans and cross-sections of a symmetrical solution doline (4), an asymmetrical
doline with a runnel (B) and a structurally asymmetrical doline (C)

Asymmetry is caused by superficial water courses which end primarily in a swallow-
hole and develop into a form that can be morphographically called a doline. Water-
courses can, however, rip up an existing doline. Structurally asymmetrical dolines form
on inclined limestone banks.

There can also be climatic causes of asymmetry, e.g., when rain or snow are regular-
ly brought in from one certain direction of the compass; e.g., in Central Europe from
the west. Chabot (1927) mentions finding in the French Jura asymmetrical dolines with
steep inclines toward the north and east, which he assumes are caused by drifting snow.
The south-exposed side of dolines with soils rich in humus is biologically more active
because of the greater warmth ; this causes a flattening process. Haserodt (1965) observed
in the case of large dolines on the borders of frost-weathered zones that the steepest and
frequently bare rock slopes are exposed to the east and northeast. Sweeting (1972, p.
51) mentions similar forms in the Permian limestone of Vaughan (NM, USA).

There is little to be found in literature concerning the inner structure of dolines.
Aubert (1966) made a cross-section of an asymmetrical solution doline in the Vallée
de Joux (Swiss Jura), which is very complicated in its structure; it contains loose mate-
rial from the Prewiirm Age up to today and shows an open canal, 80 cm in diameter be-
neath. The author investigated numerous funnel-shaped dolines on the Glattalp (central
Switzerland); they were usually small dolines in marly limestones of the Upper Malm,
2-10 m in diameter and 0.5-2 m in depth. Here before the Wiirm Period underground
water courses developed with dimensions of up to 200 cm x 20 cm. Digging in a broad
trough-shaped doline in the silvan karst over Holloch (central Switzerland), we found a
small system of caves which led down into the depths; it could not be explored to the
end because the passage became too narrow. The single branches of the system began
in secondary dolines. Clay with limestone fragments formed the ceiling.
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3.2.3 Cenotes

Cenotes are collapse dolines above a high karst water surface and reaching into it; they
show a diameter/depth relationship under 1. Their walls are vertical, occasionally over-
hanging. Neighboring cenotes as a rule show the same high water level. This type is fre-
quent in Yukatan but by no means limited to that peninsula. Jennings (1971) refers to
cenotes in Turkey, and the author’s opinion concerning Crveno Jezero was already dealt
with at the end of Chapter 3.2.1.

Gerstenhauer (1968) explains the origin of the cenote by corrosion by mixing wa-
ters; water seeping in mixes with the karst water-body in the underground. Incasion
(breakdown) can cause the bottom of the cenote to extend beyond the water level: the
“dry cenote”.

Fig. 3.11. Cenote

3.2.4 Karst Window and Karst Gulfs

Two other hollows offer a glimpse of underground karst water, on one hand the karst
window, on the other the karst gulf. These forms were first described and named by
Mallot (1932) when he found them on the Mitchell Plains (IN, USA). A karst window
is a large funnel-shaped doline, in the depths of which a short stretch of a cave river is
visible. This type is found in Spring Mill State Park (IN, USA). This karst window has
a diameter of 130 m and a depth of 17 m. The cave river is open for an extent of 70 m,
but an alluvial surface is missing (cf. Osinksi, 1935).

Fig. 3.12. Cross-section of a karst window

The karst gulf is created by the collapse of a broad cavity which is situated close
to the surface. The fragments are transported away by corrosion, less by erosion. At the
bottom of the gulf sandy-clayey sediments are deposited. Later extensions follow when
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corrosion cuts back under the overhang and lateral breakdown occurs. There is no rela-
tion to an uvala or a small polje. The type’s locality is the Wesley Chapel Gulf (IN,
USA; Mallot, 1932, 1945). It comprises 3.4 ha, of which 2.5 ha alone are covered with
deposits (loam and sand). When the water level is high the underground Lost River over-
“flows, covering the whole area and depositing further fine material.

Fig. 3.13. Cross-section of a karst gulf

3.2.5 Cockpits

Cockpits are a hollow form in the cone karst of the humid tropics. This climate does
not exclude the possibility of the occurrence of normal dolines, too, when lithologi-
cal conditions are suitable. In Jamaica cockpits and karst cones develop in the pure
crystalline White Limestone (Middle Eocene to Lower Eocene) but only normal dolines
in the marly Yellow Limestone (Lower Middle Eocene), (Sweeting, 1958). The contours
of the cockpit are not rounded as is the case with dolines, but star-shaped with indented
sides, which indicates that cone formation is the decisive factor.

Fig. 3.14. Cockpit and dol-
ine (triangle peak of the
karst cone)

3.2.6 Uvalas (Slovenic)

Uvalas, also called karst troughs by Cviji¢ (1901), are the most controversial of the karst
hollows. Cviji¢ (1901, p. 77) defines them as “larger, broad-bottomed karst hollows
with broken ground” which show “no even areas on the bottom”. H. Lehmann (1970,
p. 783) defines uvalas as “elongated, sometimes twisted like a valley, but generally
bowl-shaped basins in karst”, but wrongly neglects to mention the uneven ground which



66 A General View of Exokarst

often shows dolines. The ISU (International Speleological Union, Fink, 1973) took this
into consideration in its definition, but otherwise holds mainly to the definition of
Lehmann. Jennings (1971) and Sweeting (1972) give too narrow a definition of the
uvala as a hollow form with an uneven floor, which is the product of two or more do-
lines that have grown together (compound dolines); this is the best definition of uvalas
in plateau regions (England, USA) but does not do justice to all those in folded areas,
e.g., in the Dinaric region.

3.3 Corrosion Plains

Corrosion plains are widespread in Dinaric karst, occur, however, also on the edge of
and inside cone-karst regions. They are found in most poljes, but they are also not in-
frequently outside them: on the lower course of the Cetina and of the Krka (Yugoslav-
ia). They are usually horizontal; older ones are later also either tectonically bent, lifted,
or cut up by later processes of corrasion. They spread out right across the tectonic
structures in the limestone. Kayser (1934, 1955, 1973) differentiates between marginal
karst plains and polje floors. Here the question will be left open as to whether other
corrosion plains within the karst should be explained as marginal karst plains — because
of their wide expanse they also encounter unkarstifiable rocks — or as parts of a polje
which was later split open, or even as parts of a river polje in the sense of Kayser (1934).
Gams (1965) explains the creation of such plains by accelerated corrosion in flood-
ed areas, whereby the soils with their biogenic CO, supply the water with the necessary
CO,. Rogli¢ (1957) explains the extension of the polje by a growth of the corrosion
plain from the boundary of the rock into the limestone; this is due to the action of the
polje waters which on the one hand make the permeable underground watertight, on
the other hand, however, dissolve the limestone laterally around the bordering ponors.
This, however, does not explain the striking constancy of height over relatively large
distances. According to Rathjens (1954) Dinaric corrosion plains are the forms of an
earlier age when the climate was warmer and wet seasons alternated with dry. Accord-
ing to Kayser (1934) they should continue to develop today; this can be observed on
the lower Neretva and on the Skadersko Jezero (Skutari Lake). Pfeffer (1973, 1975)
points out that in humid climates corrosion plains develop only at the level of inunda-
tion, but that the morphodynamics of dry climates also cause such plains in karst.

3.4 Fluviokarst Forms: Karst Valleys, Dry Valleys

Underground drainage is typical of karst; therefore valleys, which can only have been
formed by surface waters, are felt to be foreign forms. Today they are ordinarily no
longer active and their creation must therefore date back to an earlier period. One dif-
ferentiates between the surface rivers, which are still active today, and inactive dry val-
leys. Karst rivers are generally allochthonous and flow from an unkarstified area into
the karst, the whole extent of which they cross overground, e.g., the Tarn (France), or
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else the river flows alternatingly on the surface and in the underground as is the case
with the Pivka between the basin of Postojna and Ljubljana.

There are several reasons for the existence of karst rivers on the surface:

1. Karstification is not so advanced that the underground cavities (e.g., open joints)
are able to swallow the water. During its course the river loses water into the under-
ground karst, in dry periods so much that the river may even dry up.

2. The water has cutin to meet the body of karst water. A reciprocal action begins
between the river and the karst water. The river becomes the local base level (deep karst).

3. The river has reached the underlying, impermeable layers (shallow karst). Karst
springs supply it with water.

4. The riverbed was subsequently made watertight so that the river flows undisturb-
ed through permeable rock, as is the case with many polje rivers (Lika in the Likapolje,
Yugoslavia).

5. Underground drainage can be hindered by permafrost (Pleistocene) and the re-
sult is renewed surface drainage: blocked karst. On the one hand the old, superficial
water branchwork is reactivated, on the other hand new valleys form which are relative-
ly flat. After the permafrost disappears the young generation become entirely dry val-
leys, the old ones at least partially, e.g., in the dry-valley karst of the Swabian Alb (Frie-
se, 1933; Dongus, 1963; Villinger, 1969). In the north of France and in southern Eng-
land (Warwick, 1964) they are not rare.

The characteristic valley form of a permanent river in karst is the canyon (Cvijié,
1893; Grund 1903). How steep the sides of the valley are depends on the susceptibility
of the rock to weathering. In dense limestone with thick layers they are very steep to
vertical. The creation of canyons is controversial. They are explained partly by fluvial
erosion, and corrosion, partly by collapsed underground river courses. A general theory
does not exist; one must decide from case to case (cf. pocket valleys).

Frequently rivers flow only a little way into the karst and end: blind valleys. In
Indiana and Kentucky they have significant names like Lost River and Sinking Creek;
their valleys are only few meters deep, and dry valleys interlaced with dolines form their
continuation (Mallot, 1939, 1945; Powell, 1965). Also autochthonous karst valleys
which still end in the karst count as blind valleys. Dry valleys, which lead on from blind
valleys to a higher level, bear witness to an earlier active phase and to successive under-
ground tapping. Pocket valleys lead the water of larger karst springs (river source) away
out of the karst. They are often called bout du monde. They are frequently explained
as collapsed underground water-courses, thus Malham Cove in the North Pennines (GB,
Hudson et al., 1933).

Further details concerning karst valleys can be found in Cviji¢ (1893), Scheu
(1918), Corbel (1957), Maull (1958), Rogli¢ (1960, 1964b), Jennings (1971), Sweet-
ing (1972), and Pfeffer (1975).

It must be pointed out that there are also nonkarst dry valleys in humid climates,
e.g., where the water seeps into permeable alluvial deposits and where Pleistocene val-
leys which once carried the water from melted snow have become inactive. In arid or
semi-arid climates dry valleys are a normal occurrence (Pfeffer, 1975).
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Fig. 3.15. Blind valley (B), pocket valley (S)
and the dry valleys belonging to them (broken
lines)

3.5 Glaciokarst

Stepped pavement karst and cuesta-like karst (Plates 5.1., 5.4.) together form glacio-
karst, a karst glacial form complex (Bégli, 1964d). The upper bedding-planes are widened
by corrosion and the cohesion of the limestone layers is loosened. During the Pleistocene
glaciation the loosened limestone banks were pushed down. They separated from the
part which stayed behind along joints or grikes. A stepped surface was thereby produc-
ed; when the steps lie contiguously horizontal, they are like a staircase, when inclined,
like a cuesta.

Fig. 3.16. Cuesta-like karst (/) and stepped-pavement karst (II)

3.6 Poljes

The largest karst hollows, the poljes, were first described by Franz von Steinberg (1761)
(Polje of Zirknitz). Since then the term polje has been used in geomorphology for the
entirety of these karst hollows. “Polje” originally had nothing to do with karst. The term
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first rather comprised a piece of arable land in the midst of uncultivable land, whether
the latter was a stony surface, as in the case of karst where the green fields are especial-
ly striking, or swampy meadows as in the Savalowlands. Only a few karst morphologists,
e.g., Rogli¢, are aware of the ambivalence of the expression and thereby influenced in
their manner of thought. For most the original term is no longer anything but an inter-
esting reminiscence, so that it can today be morphologically clearly defined. The attempt
to define the term polje genetically is thwarted by the multiplicity of possibilities and
opinions, as H. Lehmann (1959) makes clear. Therefore the polje is today defined mor-
phologically. The ISU (Fink, 1973) suggests: “Polje, an extensive hollow form in karst,
closed on all sides, for the most part with an even floor, with a steep border in places
and a clear angle between slope and polje bottom. The polje has underground drainage.
It can be dry the whole year, or have water flowing through it at times, cr be inundat-
ed.” H. Lehmann (1970, p. 868) describes the form as follows: “Poljes are hollow
forms of varioussizes, but are generally several kilometers long and wide; they are part-
ly basin-shaped, partly twisted like a valley; they are closed all around and have a flat
floor which is covered with fluvial deposits of residue from weathering (terra rossa, grav-
els).” The polje’s floor is generally impermeable. Occasionally isolated, pointed, cone-
shaped hills have been left over after the formation of poljes, the so-called hum (pl.
humi); these are characteristic of many a polje.

The size varies greatly. The Likapolje in Croatia, the largest of all, has a surface of
700 km?. According to an inventory made by Ballif (1896) of Bosnia and Herzegovina,
the polje of Livno comprises about 405 km?; the smallest, the Blatcapolje, which is
southwest of the mouth of the Neretva, however, only 0.3 km?. There are smaller ones
outside of this region.

No other form of exokarst is so closely bound up with karst hydrology as is the
polje. Cvijié (1893, 1960) already pointed this out, and O. Lehmann (1932) gave the
reason for it. He recognized that during floods poljes can be filled not only from the
sides by inflowing water, but also from the underground by water being pushed up out
of the underground karst tubes which are under overpressure. This becomes visible
when water discharges from the original swallow-holes, the ponors, so that they func-
tion as springs. Such alternate karst openings (estavelle) are characteristic of poljes
which are periodically or episodically flooded. Beside the water spouts there are swal-
low holes at the same level at the same time. Therefore Grund’s explanation (1903) of
such flooding proves to be false, for he believed it to be caused by rising ground water.
0. Lehmann also rejects this theory categorically.

Poljes with perennial lakes are rare. The Lake of Zirknitz dries up in the course
of the summer (Lohnberg, 1934; Breznik, 1962). The present-day perennial lake has
artificially been made watertight; yet new swallow-holes have formed. The two open
poljes — poljes where the basin has been broken open on the side — one shortly before
the mouth of the Neretva and the other the Skadersko Jezero (Skutari Lake) — show
perennial lakes. It seems that the corrosion plains are developing further at the margins;
the steep slope of the shores support this assumption.

Many poljes contain periodical lakes, which form at the beginning of the rainy sea-
son and become dry again at its end. But numercus poljes remain dry all year. In Bosnia-
Herzegovina Ballif (1896) counted 32 dry poljes; among them were the large Nevesinjsko
and the Duvansko Polje; but he counted only 17 periodically flooded poljes; to these
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the Livanjsko Polje also belongs. The new hydroelectric installations have changed the
ecological balance of the water system to such an extent that many of the periodically
inundated poljes have today dried up completely, among them the Livanjsko Polje and
the Popovo Polje.

The genesis of the polje is still controversial today. Cviji¢ (1893, 1901) assumed
that poljes were formed by uvalas which grew together so that consequently there was
one genetic sequence of forms: the doline — uvala — polje. This theory has now been
completely discarded, it is a thing of the past. There are no common causes of origin if
one disregards the fact that tectonics influence the creation of all three forms. In any
case Cviji¢ (1893) saw the relationship of the polje to geological structure; he assessed
it as a tectonically favorable condition. This is emphasized by the facts that poljes are
lacking in plateau regions and that they occur only in folded regions. Grund (1903)
gave the extreme explanation, however: “The karst polje is a karstified tectonic subsid-
ence field. Only by virtue of its underground drainage does it become a component of
the karst phenomenon.” (quoted from H. Lehmann, 1959, p. 260). Here the hollow
form itself is attributed to tectonic processes. J. Martin (1965) described such poljes in
the Middle Atlas of Morocco. But otherwise this opinion is not held by many others
since this type of tectonic polje seems to be very rare. It is, however, a generally accept-
ed fact today that tectonic factors such as folds, synclines as well as anticlines, large
faults and the boundaries of rocks are important for the formation of poljes (Nicod,
1969). The formative, corrosive processes start from these structures. Roglié (1939,
1957) showed how water from impermeable rock gradually works its way into the lime-
stone by means of lateral corrosion. There are always new swallow-holes being created
at the front, while the corrosion plain which is forming gradually becomes watertight
from the sediments carried in fluvially. Poljes have therefore been created by exogenous
factors, by the erosion of insoluble rock, and by the corrosion of carbonate rock (Kay-
ser, 1934, 1973;Louis, 1956;H. Lehmann, 1959;Cviji¢, 1960; Rogli¢, 1964a; see Chap.
3.3).

Points of departure for the formation of poljes can be highly diverse. While Cvijié
firmly rejected their development from valleys, precisely this manner of formation has
become a certainty in many cases today, as in the case of Popovopolje, to name one of
many. Characteristic of this type of polje are a long, drawn-out form, drainage along the
great axis, and the threshold at the lower end. Still others illustrate the significance of
the rock’s margin for the formation of poljes by lateral drainage from impermeable into
permeable — and also soluble — rock. Most of such cases began precisely at the border
of rock.

The disposition for poljes was created for the most part in the late Tertiary and
they were also hollowed out then. Tertiary sediments in many polje floors bear witness
to this. With the change in climatic factors in the Pleistocene Period their lateral growth
ceased. Moreover in many polje surfaces situated at higher altitudes in the Dinaric area
(Cvijié, 1918; Kayser, 1934; Rathjens, 1960; Liedtke, 1962) and in Greece (Defaure,
1966) as well as in the Apennines (Riihl, 1911; H. Lehmann, 1959; Demangeot, 1965;
Pfeffer, 1967) and in the Venetian Prealps (Fuchs, 1970) fluvial and glaciofluvial depos-
its were made and in places moraines and moraine ramparts were formed. This led to
changes in the physiognomic character of the floors of the poljes, without the polje los-
ing its function as such because of that.
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A geographical division shows on one hand a zone of poljes in subtropical climates
with alternating wet and dry seasons, on the other hand such a zone in the humid trop-
ics where the poljes are mainly bound to cone-karst regions. Thus they show a consid-
erable dependence on climate (climate-morphology). It is, however, striking that in
warmly temperate North America there exists till now but one known polje, Grassy
Cove, which was first taken to be a huge uvala (Lane, 1952). It lies on the subtropical,
slightly folded Cumberland Plateau in Tennessee. Poljes are amassed around the Medi-
terranean Sea, with concentrations of them in the Dinaric, Greek region and in the mid-
Appennines, as well as in the Taurus Mountains (Louis, 1956) in Anatolia. In southern
France there are a few examples, e.g., the Plan de Canjeurs (Nicod, 1969); in Spain they
are even rarer; they can be found occasionally in Morocco, in the Mid-Atlas, e.g., the
Daja Chiker (Ek and Mathieu, 1964) and the Polje of Aguelmane Azigza on the Causse
d’Ajdir (Martin, 1965).

The poljes in the cone-karst regions of the humid tropics, the interior valleys enjoy
a special position. They frequently occur as marginal poljes, e.g., in Cuba on the Sierra
de los Organos (H. Lehmann et al., 1956) or in Puerto Ricco (Monroe, 1960, 1976). In
Jamaica a rare form lies in the midst of the cockpit karst, the tectonic polje of Lludas
Vale (Sweeting,-1958). In the cone-karst regions of southeastern Asia they are relatively
rare (Balazs, 1968; von Wissmann, 1954; H. Lehmann, 1936).

Classification of poljes according to H. Lehmann (1959) (simplified)

1. High-surface poljes, sunk into an elevated flat relief and without a system of valleys
as forerunner.

1.1 Even-floored basin-poljes (Dinaric type) with Pleistocene filling in the basin.

1.2 Trough poljes, without noticeable filling in the basin.

2. Valley poljes, sunk into older systems of valleys.

2.1 Even-floored, rubble, valley poljes with a sharp angle between floor and slope.

2.2 Trough-shaped valley poljes without the sharp angle.

3. Semi-poljes, physiognomically a genuine polje, but bordered on one side by a non-
karstifiable rock.

Lehmann meant this classification to be a suggestion and not generally valid, yet it
has since been frequently used.

Classification of poljes according to Gams (1973)

1. Semi-poljes: impermeable layers reach far into the polje on at least one side of it
(complex semi-polje according to H. Lehmann, 1959).

2. Marginal polje (the same as a semi-polje according to H. Lehmann, 1959).

3. Over-flow polje (according to Gams, 1969): a polje with karst springs on one side
and ponors on the other; because less permeable layers within the polje force the
water to rise on the side of its influx and to flow over at the surface.

4. Storage polje: polje floor on the level of the piezometric fluctuations of the water
level, because the karst water outside the polje is dammed up by impermeable lay-
ers.
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5. Parapolje: polje-shaped forms without even floors but clearly prominent fluvial,
glacial, or periglacial features.

6. Polymorphous (polygenetic) poljes: they have the characteristics of more than one
of the above types.

The advantage of this classification lies in the consideration it gives to karst hydro-
logy. To what degree it will be accepted remains to be seen.



4 Endokarst and Karst Hydrology

4.1 Introduction

Endokarst is undergroundkarst. Itisnot a primary phenomenon because sedimentation
takes place without forming syngenetic cavities. Simultaneously, however, the disposi-
tion for bedding interstices (banking) is created. Reef limestones are an exception to
this rule because primary cavities are formed in them during the growth of the biologi-
cal reef components (bryozoa, sponges, corals). Such cavities do not belong to karst be-
cause they are not created by processes of karstification, e.g., corrosion. They can,
however, be incorporated into the process of karstification and promote it (Bretz, 1960).

Underground karstification can set in at the earliest when consolidation has begun,
as Jennings’ (1968) investigations of the limestone dune sands of SW and S Australia,
including Tasmania, established. He calls this type syngenetic karst which in this case is
to be understood as syngenetic with diagenesis (consolidation of rock), not with sedi-
mentation as is usual. This is, however, an established term. Although processes of dis-
solution occur in sands, as corroded grains prove, the mobility of the material prevents
any creation of karst forms. Karst corrosion cannot be assumed to take place below the
surface of the sea yet the widespread occurrence of beachrock indicates a tendency to
limestone precipitation.

Karst is controlled by the dissolution of limestone and therefore by the presence
of water. The underground drainage which is necessary for the development of endo-
karst presumes a network of subterranean water courses; these consist primarily of joints
and bedding planes and/or sufficient porosity of the rock. Such permeable networks
do not occur only in karstifiable, but also in many insoluble and brittle rocks. To these
belong, among others, the already-mentioned quartzites and quartz sandstones of Vene-
zuela (see Chap. 1.1 and White, 1960; White et al., 1966; Urbani and Szczerban, 1974)
as also volcanites, especially volcanic tuffs. Lavas tend to considerable jointing as a re-
sult of fast cooling; the tuffs are very porous; these two properties are the basis of un-
derground drainage. In the humid tropics the weathering of porous, volcanic ashes pro-
ceeds extremely rapidly, when seen from a geological point of view. The clays created
thereby seal the interstices and pores in the course of only a few years or decades, so that
there is a noticeable decrease in the seepage of surface water. It is characteristic that
most volcanic pseudokarst areas lie in semi-arid and arid regions where it is impossible
to distinguish between karst and nonkarst areas on the basis of underground drainage.
Such landscapes should not be called karst, although this is sometimes done in conside-
ration of the partial underground drainage through solid rock. In the interest of a clear
definition of karst one should not speak of volcanic karst. When, however, forms occur
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on the surface which resemble karst features e.g., dolines, pseudokarren, and nonkarstic
caves (e.g., lava tunnels), the correct term to use is pseudokarst.

It must be pointed out that underground drainage is not completely identical with
karst in any case since occasionally streams ooze away into the valley fill.

A rock complex which is capable of karstification is at first exposed to karstifica-
tion only on the surface. Processes of corrosion set in at the outcrop of the capillary
interstices of bedding planes and joints, effecting their enlargement. On the surface
small V-shaped karren are thereby formed, a few millimeters wide and deep, features of
exokarst. Corrosion which reaches deeper is scarcely recognizable. This must have been
partly the reason why O. Lehmann (1932) assumed as a prerequisite of cave formation
the existence of “initial cavities” (Germ.: Urhohlrdiume) with a minimal width of 2 mm.
Experience has shown that such open joints are so rare in the Alps that they could nev-
er have been the cause of the formation of the giant caves.

The condition which sets underground karstification in motion is a difference in
height between the limestone surface and the local base level (Vorflut). As soon as this
condition is met, there is theoretically no limit set to the depth karstification can reach,
as long as a head keeps the water moving. Especially Russian and North American re-
searchers have pointed out that a previous valley formation is necessary for endokarst
(Popov et al., 1972; Davies and Legrand, 1972). In the initial stage, when phreatic con-
ditions prevail, besides aggressive water, also mixing corrosion works within the rock.
The process is steadily intensified, for the more the cavities extend and permeability in-
creases, the greater is the potential for corrosion until at last a limit is set by the quan-
tity of water and its capacity for corrosion. Considering the small amount of water mov-
ing through and the slow speed with which it moves, the initial phase lasts very long, in
the order of tens of thousands, even hundreds of thousands of years. In order to set wa-
ter in motion at all, at least a primary perviousness (Germ.: hydrographische Wegsam-
keit) is necessary (0. Lehmann, 1932) for the water must not only penetrate into the
rock, it must also be able to seep out again. With time the interstices of a primary per-
meability become karst-hydrologically-active open joints. The initial phase is then at
an end. This is noticeable on the surface by the gradually increasing loss of water. Endo-
karst is made accessible only when the underground cavities further develop into caves.
According to the internationally valid definition a cave is a “natural underground cavity
which has more than the size of a human being,” (Fink, 1973), or according to another
definition an underground cavity large enough “to allow a human being access to it”
(Bogli, 19764, p. 6). This specification of size is irrelevant for karst hydrology but it
does represent the threshold across which the diversity of the subterranean world re-
veals itself directly to the seeker.

4.2 The Origin of the Water in Endokarst

Karst groundwater is fed by seeping water from precipitation on bare limestone (),
by water from soils (B), by water flowing in from superficial streams (G) and by con-
densation water (K) (Fig. 4.1). The various components mix quite fortuitously in the
underground and finally collect in the phreatic zone (hatched) or above the imperme-
able stratum, along which they flow to the karst spring.
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Fig. 4.1. Underground karst water (see text for explanation)

During seepage the different types of water show different behavior and different
lime contents. Seen statistically, precipitation seeps into the underground in a diffused
fashion, although making use of well-defined swallow-points; it shows a low lime con-
tent. CO; g is found in quantities below 1 ppm or is completely lacking. Because of its
low lime content, the water becomes corrosive when it comes into contact with the
CO, of the cave’s air. Corrosive water obtains the CO, necessary for the dissolution of
limestone either directly from the cave’s atmosphere or by mixing, as opposed to aggres-
sive water, which carries the CO, in solution from the surface or releases it when cooled.
In general it is true that with increasing precipitation the lime content of seeping water
decreases. There are exceptions to this rule which indicate conditions which should be
investigated more closely.

From astatistical point of view the water from soils also seeps in diffusedly. As ex-
plained earlier, it is rich in dissolved carbonates and is, moreover, often aggressive. But
this aggressiveness is quickly lost when contact is made with the rock, since the A/V is
large. In contact with the cave’s atmosphere this water is normally oversaturated and
can deposit calcareous sinter. Prolonged precipitation causes the lime content to de-
crease.

Lake- and river-water is frequently in balance with the CO, of the atmosphere and
therefore shows a lower lime content than water from soils. The lime content of water
in little streams is dependent on the springs which feed them, but also on the time the
water has been flowing since it left the spring. If water from lakes, rivers, or streams
flows into the underground, it forms cave rivers in the vadose zone. In the phreatic zone
these rivers can either continue to exist independently or their water is dispersed in the
existing network, losing its independence.

The formation of underground condensation water is undisputed but its quantita-
tive importance is all the more disputable. Aristotle already observed it in the Thrazian
Mountains and Seneca partly explained underground water in this way. Volger (1877)
began with the observation that there was a difference between the large outflow from
karst springs and the aridity of the catchment area. From this he concluded that “all
groundwater should form from the condensation of the water-vapor in the air in the
underground” (quoted from Ule, 1925, p. 6). He thereby rated the importance of con-
densation for the occurrence of karst water very high, much too high; it resulted in the
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rejection of his theory. It was therefore almost lost. In the first two German text books
on speleology by Kraus (1894) and by v. Knebel (1906) condensation was not even
mentioned. Kyrle (1923) writes: “Much more modest in their amount and therefore al-
so.in their effect are condensation waters . . . Apart from a certain influence on the tem-
perature of underground wind they are of no importance for caves,” (p. 163 f). Géze
(1947) took up Volger’s idea, however, and emphasized the importance of this water.
His point of departure was southern France, where important differences of tempera-
ture are found in the Mediterranean climate. The following numerical example illustrates
to what extent this is true: when air measuring 30°C with a humidity of 70% (21 g wa-
ter/m? air) is cooled to 10°C (100 % humidity: 9.4 g water/m? air), 11.6 g of water is
condensed per m® of air. In caves there is often a considerable current of air. The result
is many liters of condensed water per second in an underground cave system. Neverthe-
less a quantity of water of the size of m>/s seems unlikely. Trombe (1952, p. 40 ff) deals
with this problem more closely. He mentions that Roman Theodosia on the Crimea met
its water requirements from 13 large heaps of limestone blocks which provided up to
720 m® on warm days. Chaptal (1932) illustrated with experiments that a mass of rock
of 4 m® near Montpellier can provide over 21/d.

Condensed water is free of limestone, and therefore obtains its entire requirement
of limestone from the cave. This amount exceeds by many times the amount per liter
of water of the other types of cave water. In places of condensation small dents, the
size of a large drop of condensed water, can usually be found so that earlier points of
condensation can be reconstructed from them. Such forms are described by Mais (1975)
in Schlenkendurchgangshéhle in Salzburg, Austria (see also Andrieux, 1970).

The difference in the carbonate contents of the water types results, when they are
mixed, in mixing corrosion. Some zones are especially favored for this. In shallow karst
it occurs most frequently on the impermeable underlying bed where descending water
merges with a sideways flow. In deep karst this mixing occurs in the zone of the perma-
nent karst water level, which leads to the creation of cave levels of the piezometric type
(Chap. 8.2).
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Hydrostatics and hydrodynamics determine the flow-behavior of subterranean water.
Since the shape of caves and of rock surfaces defies quantitative description in physical
or geometrical terms, hydrodynamics may only be summarily considered (for more de-
tail see Prandtl, 1969).

5.1 Hydrological Perviousness — Karst-Hydrological Activity — Velocity
of Flow

0. Lehmann (1932) established three types of joint: hydrologically impervious, hydro-
logically pervious, and karst-hydrologically active. If a joint is closed in only one place,
then it is Aydrologically impervious. The water course is blocked and the joint is of no
account for karstification.

Hydrological perviousness implies a continuous connection between a point where
the water seeps in and the spring/water outlet. It is unimportant whether the under-
ground water passages end at the surface of the earth or in a cave. In hydrologically
pervious joints the “water may ooze so slowly that it needs more than a year for its
passage and in no way responds to precipitation with the strong short-term fluctuations
of karst water” (O. Lehmann, 1932, p. 12). The main velocity of flow may amount to
only a few centimeters or meters per day. Hydrological perviousness is hindered but not
prevented by long distances. A few dozen meters are as much within the normal frame
of reference as a few dozen kilometers.

Hydrologically pervious interstices in limestone may be widened by corrosion and
thereby become karst-hydrologically active. Lehmann draws the line between the two
at an open-joint width of 2-3 mm. Stini (1933) distinguishes narrow and broad water-
courses and sets the limit between the two at 0.2 mm. In karst-hydrologically active
cavities water flows within hours or days toward the spring, or as Lehmann defines it
“in much less than one year.” Heim (1919, p. 702 ff) assumes that the thermal springs
at Baden near Zurich originate in the autochthon of the Aar massive, which is a distance
of at least 80 km (Engelberg-Baden), their water flowing at depths exceeding 1500
m. The time needed would, therefore, amount to roughly 20 months, which would cor-
respond to an average velocity of flow of 5.5 m/h, i.e., to that of lesser karst-hydrolog-
ical activity. This activity expresses itself in the potentially high velocity with which
water can flow through an underground cavity, rather than in the velocity with which
a spring’s discharge reacts to precipitation — there are some karst springs which react
very slowly.
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Apart from a few exceptions the velocity of flow cannot be directly followed in
the phreatic zone; it can only be indirectly calculated — in favorable situations, for in-
stance by interpreting the granulometric composition of mechanical sediments in cave
passages (see Hjulstrém Curve Fig. 13.1) and extrapolating for other sizes of cross-sec-
tions. The average linear velocity of flow v, can be determined by observing the time
marked water takes to flow. Inkarst this average is between a few meters and 0.5 km/h
(Tables 5.1 and 5.2). The time the water takes to flow is related to the distance a be-
tween the swallow point S and the karst spring K (Fig. 5.1). The way the water really
flows is always longer because it runs in all three dimensions and it is an exception when
it runs in a straight line for a longer distance. v; must therefore be multiplied by the
lengthening factor 71“— (L: real length), in order that the average real velocity v, be ob-
tained.

a
W" Fig. 5.1. Scheme of a possible water-course be-

tween S and K (see text)

The distances between the Danube’s sinks and the Aach Spring measure 11.7 km
from Briihl and 18.3 km from the loop of Frieding. In the Swiss limestone Alps by
means of water-tracing a connection over 20.8 km long was proved to exist between
Schrattenfluh (Ctn. Lucerne) and the Lake of Thun not far from Interlaken. The v, a-
mounted to 540 m/h at a gradient of 4.7% (Ah: 980 m; Knuchel, 1972). In investiga-
tions for the utilization of karst water in Yugoslavia water was marked hundreds of
times. Many of these investigations showed a water-course of over 20 km. In Taurus it
was proved of the connection Homat/Homa that a = 134, that the flow took about 370
d and that v; = 15.2 m/h (Bakalowicz, 1973).

Table 5.1. v, between the Danube’s sinks and the Aach Spring (Batsche et al., 1970)

Sinks a (km) Ah (m) gradient (%) v, (m/h) 2
Danube sinks:
South of Immendingen 13.3 179.9 1.35 364
Briihl 11.7 178.6 1.53 450
Friedinger Schieife/Loop of

Frieding 18.3 142.5 0.78 332
Others:
Doline E Neuhausen 15.4 260 1.69 226
Drainage shaft E Liptingen 11.8 245 2.08 190
Quarry S Buchheim 19.8 310 1.57 24

2 in reference to the first appearance of the tracer.

It is clear from Table 5.1 that no direct relationship exists between the linear veloc-
ity of flow and the gradient. Yet it has been shown that lower v, are found with small-
er quantities of water, such as in the quarry S of Buchheim.
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Investigations made in the upper Muota Valley (Central Switzerland) provided the
figures shown in Table 5.2.

Table 5.2. v,, a, Gradients in the upper Muotatal according to Bégli (1960b, 1970). Concerning trac-
ing points and resurgence of tracer see Fig. 5.2

1. 2. 3. 4. 5.

6. v, m/h 150 86 40 112 131
am 2700 2480 3360 3580 1530
Gradient (Grad.) % 17 18 13 12 30

7. v, m/h 222 148 60 185 189
am 3560 3410 4230 4440 2460
Grad. % 14 15 11 11 20

8. v, m/h 231 155 62 190 201
am 3560 3570 4370 4580 2620
Grad. % 13 14 11 11 20

9. v, m/h ' 288 148 63 200 213
am 3750 3700 4400 4600 2770
Grad. % 14 14 11 11 20

10. v, m/h 38 129
am Unrecorded 5230 5420 Unrecorded
Grad. % 12 12

11. v, m/h 363 221 94 327 368
am 6540 6640 7060 7200 5900
Grad. % 16 16 15 15 18

Date: 15.7.1947 23.9.1946 9.2.1958 27.8.1947 8.7.1954

Points of tracing: Resurgences:

1. Glattalpsee NW 6. Taschibach

2. Glattalpsee SW 7. Eigeli

3. Glattalpsee S 8. Feldmoos

4. Glattalpsee SE 9. Hochweidquellen

5. Schafpferchboden 10. Richliswaldbach

11. Briinnen/Hinter Seeberg

The mean linear velocities of flow show scarcely any noticeable dependence on the
gradient, but they show a marked dependence on the amount of water flowing. In July
when the melting of the snow is coming to an end, the water level is high in the Glattalp
Lake and there is a large amount of precipitation, the maximum velocities are found;
in February when there is a minimum of water the velocity of flow is also at the mini-
mum.

5.2 Catchment Area — Local Base Level

The local base level is the stream which gathers and carries away the water of a catch-
ment area, and which thereby becomes the hydrological base. It is in accordance with
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Fig. 5.2. Points of tracing and resurgence in the upper Muotatal according to Bogli (1960b)

the character of underground karst that catchment areas of karst springs can overlap,
especially in young karst which is not yet fully developed. These various local base lev-
els can also have parts of the catchment area in common, as tracing has proved conclu-
sively (Fig. 9.1). The absolute hydrological base level of a karst area lies on its edge.
However, this edge by no means always coincides with the limit of the karst visible on
the surface. Permeable layers can dip under impermeable, unkarstifiable ones: “covered
zones” according to Villinger (1972), “underground karst phenomenon” according to
Penck (1924). Penck’s term should definitely be avoided as it takes in quite general oc-
currences of underground karst such as underground water-course and caves. The water
can rise to the surface through a fault. The water level in the spring then becomes the
reference level, the local base level for the karst (Fig. 5.3).

Tectonics and the stage of development of the karst determine the occurrence and
the number of springs which are karst-hydrologically independent of one another. In
young underground (endogenic) karst which is only slightly developed the interstices
are still slightly widened; for this reason the passage of water requires higher pressures.
The piezometric surface lies correspondingly high. The number of active water passages
is large, consequently also the number of karst springs. Fully developed karst shows
only few, although large, active underground water passages, excluding those which
bring the water in. Analogous to this, there are also only few, though large, karst springs
(river sources). The area of Holloch, 22 km?, is drained by the Schleichenden Brunnen
alone.



Shallow and Deep Karst 81

Fig. 5.3. Hydrological limit of a karst area. Broken lines piezometric surface or surface separating
phreatic/vadose respectively

5.3 Shallow and Deep Karst

In shallow karst the impervious rock lies at the same height or higher than the local base
level — the phreatic zone is missing. Villinger (1972) observes that in this case karst
springs “‘emerge at the base of their karst water reservoir” (p. 158). Actually the classi-
fication of shallow and deep karst should not be dependent on the spring but on wheth-
er only the vadose zone occurs (shallow karst) or the vadose and the phreatic zones to-
gether (deep karst), Groschopf (1969) agrees with this definition also.

Fig. 5.4. Shallow karst

In shallow karst the hydrological conditions cannot be influenced essentially by the
local base level, i.e., by the spring. A rise in the base level (high water) only creates back-
water behind the spring.

In deep karst according to Villinger (1972) “large parts of the karst water reservoir
. .. lieunder the water level of the spring” (p. 159). The water level of the spring deter-
mines the level of the subterranean karst water table. The permanent karst water table
is a fictitious surface deducted from the single piezometric surfaces of the lowest water
level. It can rise considerably at high water. In the case of fully developed karst hydro-
logy and slight discharge the velocity of flow is so low in the karst tubes of the phreatic
zone that this surface runs almost horizontally, practically corresponding to the surface
on which water would be at rest. It is unimportant whether the point at which the karst
water discharges from the karstified rock is at the base level or deeper in the valley fill
or subaqueous; decisive is always the water table in the spring, the local base level.
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Mixed forms of shallow and deep karst are frequent. The higher part of the Swab-
ian Alb shows shallow karst. However, in folded areas the order can be different, e.g.,
by perched aquifers (Fig. 5.5). Therefore the local base level does not determine the per-
manent karst water table in all cases of deep karst.

Fig. 5.5. Mixed form of shallow and
deep karst with a perched aquifer

5.4 Pressure Flow — Gravitational Flow; the Cave River

Underground water is in motion as a rule and takes part in water circulation. On the
other hand, water that is almost stagnant or which moves only by convection currents
does not renew itself. In this case it can be fossil or else the expression of immediate
climatic conditions (arid climate). In Australia and under the Sahara fossil groundwater
has been bored; it dates from the last Pluvial Age. Jickli (1970) calls it “groundwater
with periodic renewal.” In the joints of the syncline of Coulon in the catchment area of
the Fontaine de Vaucluse water was struck during boring operations; its age was deter-
mined to be 3400 £ 400 years (Renault, 1970, p. 27). Such water, which undergoes ex-
tremely slow renewal, is to be classed hydrologically as almost stagnant. Geyh (1969)
divides karst groundwater into four categories according to age. In the fourth he places
“old water of covered karst; it is several thousands, or even tens of thousands of years
old and contains no recent components. .. .As far as can be seen, this water does not
seem to stagnate for it is always in motion, though extremely slow. First measurements
taken near Ingolstadt . . . showed velocities of flow of about 1 m per century.”

Flowing underground water occurs:

a) as seeping water

b) in gravitational flow with a free surface

c) in a pressure flow where it fills up the whole space

d) askarst water-bodies which embrace the whole phreatic zone.

In a gravitational flow the water does not move much differently than it does in
streams on the ground’s surface and it creates the same forms, too, by corrosion and
erosion. Linear deepening is characteristic. Canyons form, a key-form of the vadose
zone. Cave rivers frequently end in a siphon, a water-filled depression in the course of
the passage. The roof dips into the water, which is the origin of the French expression
voiite mouillante. Because of the possibility of a change from free to pressure flow, the
term cave river is used to embrace the whole flow, whether it has a free water surface
or whether it flows under phreatic conditions.
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Fig. 5.6. Siphons. I karst water-table; 2 closed siphon; 3 open siphon; 4 dry siphon

In Héhlenkunde (Speleology) by Kraus (1894), in keeping with the practically un-
disputed professional views of that time, the cave river was not yet treated in a chapter
of its own. It was a different matter with Knebel (1906) who had a remarkably inde-
pendent opinion since the groundwater theory of Grund (1903) had supplanted all pre-
vious theories almost completely. It was his opinion that the water of the Danube flows
as a cave river to the Aach Spring and does not discharge into the groundwater. Katzer
(1909) and Bock (1913a), however, helped the theory of the cave river so thoroughly
to victory that since then many German-speaking speleologists and karst researchers
have flatly rejected the term groundwater as applied to karst — and still do so today.
This is justified in so far as it refers to Grund’s conceptions but not if it refers to the
present-day picture of a phreatic zone or of a karst water-body where the term karst
groundwater may appropriately be used. This difficulty occurs only in the German lan-
guage; in English groundwater is all subsurface water below the permanent water table
(Schieferdecker, 1959).

Pressure flow is the only form of flow in the phreatic zone; it does, however, also
occur in the vadose zone, as in siphons. In this case an excess of pressure, and thereby
a head, is created toward the air-filled lower passages or towards the karst water table.
Interstices which lead downward are therefore used and widened. There is an increased
loss of water in the siphon. Finally the interstices are widened to cave passages and car-
1y the cave river down into the depths with a gradient in one direction. While young,
vadose cave rivers in a two<cycle cavern which have formed first in the phreatic zone
often show siphons (cf. Chap. 14.4), a fully developed, vadose cave river shows a gradi-
ent in one direction. The same is true of young cave rivers of purely vadose origin.

5.5 Piezometric Surface

5.5.1 Introduction

Karst water tables in passages which rise out of the phreatic zone (piezometric tubes)
are the surfaces to which water from a given aquifer will rise under its head. The pres-
sure at this surface is equal to that of the atmosphere; it is a level of equilibrium. Not
only the individual water tables in the cavities are understood under the term piezo-
metric surface, but also the fictitious table deducted from it (Warwick, 1960). Roglié
(1965) refers to this fictitious table when he writes: “In compact limestones, no ground-
water table can be formed”.
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Fig. 5.7 a-d. Development from a young to a mature cave river in a two-cycle cavern

The basic component of the head in a karst water-body is the hydrostatic pressure,
which is given by the local base level. Over the hydrostatic pressure positive and nega-
tive hydrodynamic pressure components are superimposed which help to determine the
height of the individual piezometric levels.

In addition, at high water the feeders carry a large amount of water and the veloc-
ities of flow are greatly increased. The difference in elevation between the high-water
level and the low-water level in Holloch can be 100 m in the front part and 180 m in
the back. In Flint Mammoth Cave (KY, USA) it is only a matter of a few meters.

Table 5.3. The altitude of the piezometric surfaces in Hoélloch at low water; Q = 0.3 m3/s

Place altitude Distance from Gradient from Gradient to the
m above local base level ~ place to place (%) local base level
sea-level

Local base level: Schlei-
chender Brunnen 637

Zurichsee 639 400 0.5 0.5
Orkus 643 2100 0.24 0.29
Fjord 643 2250 0 0.27
Passage E Anubissee 648 2800 0.9 04
Ritselsiphon 654 3300 1.2 0.5

Donnertal Siphon 665 5000 0.65 0.56




The Bernoulli Effect (Equation of Continuity) 85
5.5.2 Static Karst Water-Body, Local Base Level

If hydrostatic conditions alone prevail, the individual local piezometric water tables and
the base level are at the same level; the water does not move: a static karst water-body.

In the humid climate of Western and Central Europe the discharge of water is only
episodically interrupted — if ever. Prolonged dry periods are rare; underground channels
are too slow to react to dry weather and therefore hardly ever dry up. Weidenbach
(1960) describes a static karst water-body in the Brenz region. The fossil water already
mentioned in the syncline of Coulon (see Chap. 5.4) is only conceivable in a quasi-static
karst water-body.

In the Mediterranean climate temporarily static karst water-bodies are more fre-
quent due to the months without rain, however underground condensation compensates
somewhat for this. Only in fully arid climates can permanently static karst water-bodies
be found. In imitation of “groundwater with periodic renewal” (Jickli, 1970) it could
be called groundwater with episodic renewal.

Usually every body of karst water has an inflow and an outflow. The movements
of water thus caused are concentrated in individual streams with temporally and local-
ly varying velocities, even though there exists a spatial connection within the phreatic
zone. The result is the occurrence of various high piezometric surfaces in ascending karst
tubes. As opposed to the static, this is a dynamic body of karst water.

5.5.3 The Bernoulli Effect (Equation of Continuity)

With a given discharge Q the velocity of flow is determined by the law of continuity.
According to this the same volume V or the same mass m of an imcompressible medium
flows through every cross-section A of a tube in the interval of time t. The stream of
water Q is:

Fig. 5.8. Flow in a tube (pressure flow)

From Fig. 5.8 can be concluded: Qy =A-vandQ;=Q,
and Al'V1=A2'V2
Yi_ A

or =
< Va Ay !

(5.1)
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For stationary streams which are free of friction the Bernoulli equation is valid with its
various forms of equation for pressure, energy, and head.

Fig. 5.9. Pressure fractions in a karst
tube with flowing water (see text)

InFig.5.9h, = %2- is the drop in the water table caused by the velocity of flow v,
hy, is the head which exerts hydrostatic pressure on the point of measurement M,
and which causes the pressure p,

x is the elevation of the point of measurement above the level of reference.

Equation for pressure according to Bernoulli

p+pgx +—g— v2 = constant (5.2
(@ (b (©)

a) actual static pressure at point of measurement
b) pressure from the elevation of the point of measurement above the level of reference
c) decrease in pressure which the hydrostatic head undergoes due to the velocity of flow
(impact pressure; p = density).

By introducing the element of volume V of a section of water into the equation
one arrives at the energy equation:

p*AV +pgx -+ AV +~%v2 - AV = constant
(p =pgh; pg AV = AG, G: weight)
AGh + AGx + *Aarﬂ v2 = constant (5.3)
Energy from pressure + energy from position of M
Ep +  Eg = constant

The sum of all energies is the same at every point of an unbranched tube.
If we divide the equation of pressure by pg, the result in the equation of the head:

2

h'+ x + —;_g = constant 54
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The practical facts in a network of underground cavities often show results of the
Bernoulli equation which appear unusual. Thus water rising through a piezometric tube

out of an enlargement of the passage can flow backward over the main stream and into
another tube which begins at a narrow place in the same passage.

Fig. 5.10. Piezometric surfaces in a natural system of tubes

5.5.4 Torricelli’s Theory (Law of Outflow)
Up to here the air pressure has not been mathematically included since its amounts are
more or less balanced. It will, however, be taken into account when the Bernoulli equa-

tion is applied to a receptacle with an outflow (Fig. 5.11). The outflow will be the lev-
el of reference.

Co

X1

Fig. 5.11. Pressure conditions when the law of
outflow is applied. BN level of reference = — =

The following equation is valid (pressure equation):

P1tpgx +% Vi =p,tpgx, +%V%.

The air pressure p, is hardly different from p,, consequently p, = p,. Moreover the wa-
ter surface in the receptacle is very much larger than the area of the outflow’s cross-
section; therefore v, can be disregarded. Point 2 lies at the level of reference which is
why X, is also zero. It follows that:
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v3

PEgX1 = p——

N

x; is the height of the column of water which creates the hydrostatic pressure;x; =h,,.
hy, =— (5.5

or

v =+ 2ghy. (5.5a)

Equation (5.5a) is Torricelli’s theorem according to which water flows out of a wide
receptacle with a velocity as if its parts had fallen down from the height h of the water
surface to the level of outflow free of losses.

Table 5.4. Height of pressure h and velocity of flow v according to the Law of Outflow

h (m) v (m/s) h (m) v (m/s)
0 0 0.46 3.00
0.000127 0.05 0.82 4.00
0.002 0.20 1.27 5.00
0.0127 0.50 1.83 6.00
0.05 1.00 2.50 7.00
0.115 1.50 3.26 8.00
0.20 2.00 4.13 9.00

At alow v, up to 0.2 m/s, friction plays a small role and can be disregarded. Above
this amount an increasing loss of pressure occurs (see Chap. 5.5.5). The energy leaving
the system warms the water and v sinks with increasing h further and further below the
value calculated.

Nothing is changed in Eq. (5.5) and (5.5a) as long as the water flows out through
a tube under conditions of no friction. Practically, this is realized when the tube is wide
enough for v to amount to close to zero. Fhe tube for the outflow then belongs to the
receptacle. Such conditions are not rare in nature in the case of the rising karst spring,
the so-called vauclusian spring. Such is the Blautopf near Ulm.

The Blautopf shows an A, of 2.8 m? in the narrow pass at the base of the spring’s
basin, while A in the inflow passage is between 10 and 30 times greater (Keller, 1963,
p. 227 ). At low water (0.5 m3/s) the following measurements were taken in the nar-
TOW pass: V.. = 0.25 m/s and v, = 0.178 m/s. In the passage behind the pass v is
0.006-0.018 m/s; thus the losses of pressure are unnoticeably small.

Opposed to these figures for low water are others for greater discharges:

Average over years: Q=2.16 m*/s, v, =0.77m/s
Vmax = 1.1 m/s
Maximum discharge: Q= 26.2m3/s v, =935m/s.
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In the passages behind the narrow pass a v, of 0.026-0.08 m/s is valid for mean
water, for high water, however, 0.31-0.93 m/s.

Fig. 5.12. Longitudinal section of the Blautopf near Ulm (according to Keller, 1963, p. 222).

5.5.5 Loss of Pressure in Flowing Water

As soon as water flows, viscosity (internal friction) and external friction cause losses of
pressure. This can be presented graphically by means of curves of pressure.

Fig. 5.13. Pressure curve (dashed
line) when friction is lacking (nar-
row outflow). BN level of reference

Fig. 5.14. Curve of pressure
(dashed line) under the influence
of friction. BN levelof reference
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h,, height required to accelerate the water to v, more precisely to v, .

hp is the height necessary to counteract the friction. 4, remains constant for the
whole length of the tube — provided the cross-sectional area stays constant —hy dimin-
ishes throughout the length of the outflow tube to zero and thereby shows the losses
of pressure. According to O. Lehmann (1932, p. 52) the portion hy of the total pres-
sure increases with an increasing tube length so that for a length of 1500 tube diameters
the value for h, is close to zero.

Table §.5. vy, and hg dependent on the relative length 1/d according to O. Lehmann (1932, p. 52)

1/d Vm [m/s] (hg + 0.09 hp) [m] hy [m]
0 14.0 0 10
25 11.25 3 7
84 8.86 6 4
466 443 9 1

At the beginning of the outflow tube the water is accelerated to v. At this point the
velocity diagram across the tube shows almost the same velocities. The parts on the
sides, however, are braked by wall friction, while the water rushes ahead in the thread
of maximum velocity. Because water cannot be compressed:

v, must remain the same if A of the tube is unchanged.
Vmax = 1.3 v, (Prandtl, quoted from O. Lehmann, 1932, p. 48).

The factor 1.3 is an approximate value which can also be applied approximately to
underground water-courses which are geometrically incomprehensible, as was shown in
the Blautopf (see Chap. 5.5.4).

Fig. 5.15. Diagram of velocities in an outflow tube at turbulent flow

An acceleration from v, to v, requires 0.09 h;, according to Prandtl (quoted
from O. Lehmann, 1932, p. 48).

5.5.6 Losses Through Friction, Losses of Pressure

There are various kinds of pressure loss: friction from the walls (due to roughness),
changes in the cross-section and changes in direction. Each must be calculated individ-
ually. Since the situation of the piezometric surface is of §pecial interest in karst hydrol-
ogy, losses of pressure are expressed as changes in the pressure height.
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a) For a flow between rough walls when the surface of the cross-section remains
the same the following equation is valid:

2 Ah
Vo =V A (5.6)

1y, is the hydraulic radius which represents the relationship of the area of the cross-sec-
tion A of the water to the moistened periphery U, Ah/Al is the gradient and A a dimen-
sionless coefficient. From Eq. (5.6) follows:

_ vAAAl

= 5.7
e (5.7)
In hydraulic engineering the Manning-Strickler equation is often applied:
Ah 12

v=kn? A (quoted from Miiller, 1958, p. 524). (5.8)

If v is the same in Eq. (5.6) and (5.8), then
12

k =<_)%§_rh—1/3 ) [cm!/3 57! ] (5.92)

or
A= %%- R, respectively. (5.9b)

If X is put into Eq. (5.7) and h is taken as the loss in the pressure height h_, then it fol-
lows that

v2 2g Al

h, =2_g K2 127 (5.102)
with &, =%g2-?7}11/3- follows
VQ
hr = Erz—g : (5.10b)

Table 5.6. Coefficients of roughness k (m*'/?s™*) for
surfaces important to karst hydrology according to
Manning-Strickler (Press, 1969, p. 695)

Smooth masonry 50-60
Smooth paving 40-50
Coarse paving, smooth rock protrusion 3040
Wall of coarse boulders 20-30
Very coarse rock protrusion 15-20

In underground water-courses the kinds of surface are most varied. Small, phreatic
Kkarst tubes have usually been formed by water alone and are therefore relatively smooth,
frequently covered with scallops (k: 30-50). In passages there are additional obstacles,
sharp edges, boulders (k: 15-30). The wider the passage is, the more boulders are created
(k: 8-20).



92 Physical Behavior of Karst Water

b) Changes in the cross-section are, as opposed to the case in technical construc-
tions, very frequent. They cause losses of pressure which are heavily dependent on geo-
metry. Constant and slow changes in the cross-section cause scarcely any loss of pres-
sure. If the inlet is angular, contraction of the inflowing water and a loss of pressure re-
sult:

h, =se-—"2g < (5.11)

h, is the loss of pressure height when the water flows into a narrower section of tube.
When the entrance is rounded it is close to 0-0.1, when it has sharp corners it is between
0.5 and 1.3 (acc. to Press, 1969, p. 807).

In karst hydrology rounded inlets are unusual. They show coefficients of around
0.3, the others show coefficients of 0.5 and 0.9, with a maximum of 1.1. The losses
reach their maximum only when the transition occurs abruptly.

When there is a transition from a narrow pass to a wider cross-section considerable
losses occur when there are but small deviations from the ideal form which would cause
no loss. Therefore the coefficient is higher, around 0.8-1.2 according to Gibson (quoted
from Miiller, 1958, p. 538). The walls are frequently hollowed out on the sides behind
narrow passes:

2
& W
T (5.12)
¢) Losses due to curvature are dependent on the angle of deflection A° (§,0) and
on the relationship radius of curve/diameter of tube (r, /d; {;,)-

v? v?
hk=ék7g‘=§k1§A0—2—g . (5.13)

Table 5.7. Coefficients of the losses due to curvature ac-
cording to Press (1969, p. 809)

1i/d ¢ kr A© ¢ A°
0 1.3 30 0.15
1 0.7 60 0.40
2 0.33 90 - 1.00
3 0.25 120 1.60
4 0.25 150 1.80

When the angle of deflection is 60° or smaller and the 1 /d is around 1, the simpli-
fied approximate formula can also be used according to Miiller (1958, p. 533):

h =Y 00034 A°
k 28 > .

In karst hydrology all A° up to 180° — as spirals more than that — and all 1, /d are pos-
sible. Straight sections of passage are frequent in joint caves, but they are rather rare in
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caves of phreatic origin. A distance of vision of a few meters is the rule in smaller pas-
sages (H < 1.5 m, B <2 m);in larger ones it can measure 20-40 m and as an exception
it can extend to the limits of the range of sight (Hélloch up to 90 m).

A cave map does not always show the true deflections, as these can be situated
anywhere in the space. Vertical changes of direction are not recognizable on the map.
Small changes in direction, e.g., around one line of sight, often are sacrificed to a gen-
eralization of the map.

Fig. 5.16. Vertical changes in direction in the
Orgelwand, Holloch (Bogli, 1973a)

d) All losses of pressure height caused by friction can be summed up in:

V'Z

hR =_2E2£9

DE o= E HEHE VE.

5.5.7 Analysis of an Inaccessible Water-Course

The following example is meant to test the applicability of the equations gained from
technology for the analysis of inaccessible phreatic water-courses.

Example: Holloch (Muotatal, central Switzerland) has an inaccessible phreatic col-
lector into which all feeders discharge; above this lies an accessible high-water zone
(100-180 m thick) with a 9-km-long high-water course, and the inactive zone. The sec-
tion Orkus-Schleichender Brunnen was chosen from the whole for treatment because
there is a large quantity of reliable data on this section.

The distance a: Orkus — Schleichender Brunnen (emergence of Hélloch) measures
2100 m. An experiment with a tracer showed at low water a linear v, of 0.01 m/s.
Conclusions drawn about the inaccessible water-courses of the phreatic zone were based
on the situation in the accessible water-courses of the high-water zone. The resulting
values can therefore only be approximate. The extension factor L/a lies at 1.25. This
tesults in a true length L of 2625 m, an average passage cross-section A, of 24 m? and
avy of 0.0125 m/s.
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Fig. 5.17. Excerpt from map Orkus — Schleichender Brunnen (AGH, 1970; Bogli, 1970)

Table 5.8. Basic values for the calculations (low water)

Proportion L Am Vm Th k

%) (m) (m?) (m/s)
a) Narrow sections 10 265 2.5 0.120 0.36 30
b) Smaller passages 15 395 7.5 0.040 0.65 20
c) Medium value 65 1705 24 0.0125 1.2 15
d) Big rooms 7.5 197 94 0.0032 2.6 10
¢) Breakdown 2.3 60 1.0 0.300 0.13 10
f) Narrowest pass 0.2 3 0.3 1.000 0.11 10

1. Losses due to roughness: k according to Manning-Strickler is to be found in Table
5.8. Section (E), which is especially narrow, can only have been created by boulders’
being swept into an already narrow spot.

v L
Results:
a)h,=0017m ¢)h, =000l m ¢e)h, =0.820m
b)h, =0.003 m d) h, =0.000 005 m f) h, =0.569 m.

h,=1410m
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2, 3: Losses from changes in the cross-section: of the numerous changes in the cross-
section of the inaccessible part, two became manifest when the water swelled up into
the accessible part. For analogous reasons one can assume that there are at least 18 larger
pairs of narrow stretches — the many small ones are not of importance.

Table 5.9. Basic values for calculation

Number of pairs Vm e Ew
2g
1.¢/f f/c 1 0.0510 1.1 1.1
2.efd d/e 3 0.0046 1.1 1.1
3.¢e/c elc 3 0.0046 1.1 1.1
4. c/a alc 6 0.0007 0.6 1.0
5.b/a a/b 5 0.0007 0.4 1.0
Calculations:
~ v2 _ v2
he—ée-jg hW—EW“ig.
Results:
l.he =0.056 m hw=0.056m
2.h,=0015m h,=0015m
3.he=0.015m hw=0.015m

4.h,=0003m  h,=0.004m
5.h,=000Im  h,=0003m

$h,=0090m Zh,=0093m

4. Losses due to curvatures: in the high-water course which was investigated there are
close to 80 curves in the stretch Orkus — Lake of Ziirich with radii r, of 0.5-1.5d and
angles of deflection A° between 30°-150°. Not included are those changes in direction
where the side of the angle is so short that it does not cut the line of sight of the pas-
sage. The stretch Lake of Ziirich — Schleichender Brunnen is not accessible. By means
of extrapolation 20 further curves can be counted. There are close to 100 curves vari-
ously situated in the cavity, which should be classified in different v  -categories.

Table 5.10. Number of curves dependent on A°, on ¢k, and on ¢A°

A° 30° 60° 90° 120° 150°
ZA° 0.15 0.40 1.0 1.6 1.8
Number of curves 21 31 32 10 6

Of them ¢y = 0.7 13 18 20 5 3

Of them §k, = 1.0 8 13 12 5 3
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Table 5.11. Distribution of the curve radii in the v,-categories

Vm (m/s) 30° 60° 90° 120° 150°
$gr 0.7/1.0 0.7/1.0 0.7/1.0 0.7/1.0 0.7/1.0

a) 0.120 2 2 4 2 5 2 3 2 -1
b) 0.040 7 4 7 6 9 7 1 2 2 1
c) 0.0125 31 5 4 5 2 1 1 1 1
d) curves not able to be surveyed

e) 0.3 1 1 11 1 - - - - -

The calculations result according to Eq. (5.3):
V2
by = $a% 81 75

There are 34 individual results but the portion of the losses due to curvature is less than
2% of the total losses. Therefore it is not necessary to reproduce them here.

Thy = 0.028 m.

Total losses due to friction:

hg=h +h +h, +hy
hgr =1410m +0.090 m +0.093 m + 0.028 m = 1.621 m.

Discussions of the Results

It must be stated first that the value found is deceptive because the decimal places give
the impression of greater precision than is actually the case, as will be seen in the fol-
lowing discussion.

The losses due to roughness make up the major part with 87.1%, losses due to changes
in the cross-section make up 11.2% and those due to curvature 1.7%. Since results from
comparable investigations do not exist it cannot be determined if these values are gen-
erally valid. However, it can be assumed that they are approximately correct for caves
of a larger cross-section which are of phreatic origin.

A comparison of the measured sizes with the calculated ones offers some insight. At
low water there is the measured 6-m loss of height of pressure opposed to the calculated
1.621 m. The extent of divergence can be explained easily by the fact that the water
table in Orkus, which is accessible with difficulty, does not yet belong to the karst wa-
ter surface; it lies higher. This can be tested during high water since then the pool over-
flows and is thereby eliminated.

When there is slight high water with Q ~ 2 m?/s, the water rises high through
Orkus reaching the Seengang where it forms a piezometric surface. The same thing
occurs in the Sandhalde where the water table lies 28 m deeper (Bogli, 1966). The drop
in pressure occurs along the. 1400 m from Orkus to Sandhalde; that is 53% of the
total distance. The narrow spot (E) already mentioned borders on this stretch; the lat-
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ter’s loss due to friction is passed on to the next stretch. The loss of pressure amounts
to 53% of 1.050 m, i.e., (b, — 0.569 m)=0.557 m at low water. This value can be re-
calculated for slight high water, when the amount of water and thereby also the vis 6.7
times greater. Then the losses due to friction increase to 6.7% times and are 45 times
greater. According to this the calculated difference in height of the water table amounts
to 25.1 m or 90% of the measured value of 28 m. This result lies within the margin of
error.

When there is mean high water the discharge in the Schleichenden Brunnen reaches
3 m3/s, and the water surface lies immediately behind the entrance, 96 m above the wa-
ter table of the spring. Since there are no sizeable losses of water between the entrance
and Sandhalde, a distance of 700 m, and the water comes to rest after the cavities are
filled, the surface of the water in the entrance of the cave is the piezometric surface to
Sandhalde. The 96-m elevation of the water table would, according to the Torricelli
theorem, result in a v, of 43.2 m/s in the narrow pass when the flow is without fric-
tion. This is unrealistic for a v, of 10 m/s must be considered the upper limit under
karst-hydrological conditions (see Blautopf Chap. 5.5.4). This presupposes a cross-sec-
tion of 0.3 m®. The loss of pressure in the narrow pass then is 56.9 m = 100 - 0.569 m,
or 100 times the loss of pressure at low water, since v, is 10 times greater. To this
must be added the 47%-portion of the whole distance of the other losses which amounts
to49.4 m. The calculation shows a resulting total pressure loss of 106.3 m, a value which
is 10.7% above the measured value of 96 m. That is within the margin of error.

This discussion of the values shows that the margin of error must be wide, about
+ 15%; that the method of calculation is correct in principle, and practically applicable
if there are sufficient and adequate measurements at one’s disposal.

5.5.8 Cavitation

Cavitation occurs when as a result of the velocity of flow the pressure of water flowing
through a tube sinks below vapor pressure. Vapor bubbles are formed which again break
when the pressure increases. The water is thereby accelerated toward the concentration
of the bubbles. Water particles collide creating very high pressures; Prandtl (1969, p.
475) mentions 4100 atm. The destructive effect of this process is feared in technology.
Cavitation should be expected from the locally high velocities in karst. Yet we do not
know of any forms which would indicate such an occurrence. Verdeil (1961) states that
cavitation must evoke significant changes rapidly, but that this phenomenon is excep-
tionally rare, “sera excessivement rare” (p. 48). There have been no investigations of it.
To be sure Hjulstrom (1935) assumes that scallops are an indication of cavitation but
this has not yet been confirmed. Allen (1971) for his part observes: “The process has
otherwise been ignored in the earth sciences.” (p. 211).

5.6 Poljes as Karst-Hydrological Regulating Factors

In Chapter 3.6 it was stated that poljes are filled partly from above by water flowing in
from the ground surface, partly from below by water bubbling up from independent
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karst water-courses under excess pressure. Swallow-holes thereby become springs, esta-
velles (O. Lehmann, 1932). There is a third possibility where poljes and the bordering
karst show an especially close relationship and are karst-hydrologically coupled. Karst
which is situated higher and just provides the polje with water but receives none, or
karst which is situated lower so that its karst water-body never reaches high enough to
have an influence on the polje water do not count as karst-hydrologically coupled (Bog-
li, 1973b).

In the catchment area of the Areuse (Jura Neuchitelois, Switzerland) the volume
of the underground hollows makes up 0.45% of the rock (oral communication from
Burger), that of the Holloch makes up 0.3% of the Schrattenkalk. In the Dinaric zone,
which has been karstified for longer, or in Kentucky (Mammoth Cave National Park) it
may be around 0.5%. Weidenbach (1954) determined 1.8% for the catchment area of
the Dischinger Springs (Swabian Jura), but this value seemed to him to be “somewhat
too high” (p. 66).

When it rains the water table rises in the rock by an amount which is equal to the
amount of precipitation, divided by the portion of the volume of the hollows in the
rock c. For example if ¢ is 0.005 (0.5%) and 10 mm of rain falls then the karst water
table would have to rise by 2 m — provided there is equal in- and outflow on the sides.
In a polje coupled with this karst a water layer of only 1 cm would correspond to these
2m.

The equivalent height of water W in the rock is the thickness of an underground
layer of water in m, which shows a volume which is equal to that of 1 m in height in the
polje. It is indirectly proportional to ¢ and proportional to the relationship of the polje
surface Ap to the surface of the karst-hydrologically coupled karst area Ay .

A
W=-!—--—£
¢ K

W = 50 m means that water which stands (50 + 1) m high in hydrologically coupled
karst fills up the horizontal polje bottom 1 m deep when it runs out.

During a rainfall the karst water table rises and the water begins to flow out of the
rock as soon as the water level is higher than the water level of the polje bottom. After
the precipitation is over the karst water table sinks again in the rock since water is sup-
plied to the polje until the water levels are again similar. If it sinks further, the polje
water runs out, feeding the karst water-body and keeping the karst water table on the
same level until the polje is emptied. Consequently poljes have a karst-hydrological
balancing effect; they are important regulating factors (Bogli, 1973b). The karst water
table is thereby fixed to the polje water level for a longer or shorter period. The arrange-
ment of horizontal caves or even of whole systems of cavities on one such level indicate
such a function.



6 Karst Hydrological Zones

Underground cavities with karst-hydrological activity pervade the karstified region in a
three-dimensional network. The movements of the water, especially the slow ones, are
hindered only slightly so that there is a division in space, the accumulations of water
below, the water-impoverished areas above. The very dense network of interstices and
narrow open joints shows a behavior of its own and will only be included in this division
to a limited degree.

6.1 Introduction

The classical work of Cviji¢ (1918) in which he drew up the karst-hydrological zones
was partly the result of the controversy between Grund’s groundwater theory and Kat-
zer’s cave-tiver theory (1903, 1909, resp.). Swinnerton (1932, 1942) reached similar re-
sults 14 years later. O. Lehmann (1932) on the other hand repudiated this theory con-
cerning the behavior of water — wrongly, as was shown. Practical work in extensive cave
systems has proved that this division into three zones is justified, but that in small caves
or in caves which are situated high above the valley bottom (Eisriesenwelt, Dachstein
Caves, Tantal Cave) not all three zones occur or not all three are accessible.

Cviji¢ (1918) divides karstified areas into

a) a dry and inactive zone with seeping water, crossed by feeders

b) the periodically flooded, upper active zone and

c) the lower active, continuously water-filled zone.

This is only valid for the complete series in deep karst (see Chap. 5.3). In shallow karst
the lower active zone and in places also the occasionally flooded, upper zone are lacking
today — it could be that these were present earlier and that the lack of them is a late
stage of development.

Swinnerton (1932, 1942) also derived a division into three zones from the facts of
the frequent and easily accessible karst regions in the table lands between the Appalach-
ians and the Rocky Mountains in America:

a) Vadose zone, air-filled and with vertical drainage — vertical is to be understood
cum grano salis because it does not mean the vertical movement of water but the down-
ward flowing of water toward the phreatic zone.

b) High-water zone, alternatively air- and water-filled — in the presence of air, va-
dose conditions hold sway, when the water is high, phreatic conditions do.

¢) Phreatic zone with sideways drainage and all cavities continuously water-filled,
whether they are corrosively widened karst cavities or primary interstices and open
joints.
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Swinnerton’s terms vadose (Lat. vadosus = shallow) and phreatic (Gr. phrear = well),
introduced by Meinzer in 1923 correspond to the widespread English geological terms
(Trowbridge, 1962). Today vadose and phreatic are used by German karst experts with
these meanings, too. (German-speaking geologists call the water from precipitation in
the underground vadose and use phreatic only in connection with the overheating of
vadose water in contact with the magma; Murawski, 1963). On the other hand, the
French school rejected the two expressions because they were out of keeping with the
original meanings (Mangin, 1975).

Corrosion is of central significance for karst and karstification. From this point of
view, also, the division into three is completely justified. Under vadose conditions the
system CaCO3; — CO, — H,O0 is open and striving toward equilibrium with the CO, of
the cave’s atmosphere, in the phreatic zone the system is closed because the atmosphere
is lacking, while in the high-water zone the two types alternate according to the dis-
charge.

Cviji¢ introduced the criterium of activity or inactivity, further characterizing the
three zones thereby. A synthesis of this and Swinnerton’s conception establishes a clas-
sification which does justice to both authors:

a) vadose, inactive zone

b) vadose, active or high-water zone

¢) phreatic, active zone.

~ T —~——~——____— Karstsurface

Vadose Inactive
High-water surface
High-waterzone: |  pgrmanent Karst
water table
Shallow phreatic Active
Phreatic

Deep phreatic

Fig. 6.1. Karst hydrological zones

When Katzer (1909), Martel (1921), O. Lehmann (1932) and others reject a karst
water table they are right if they thereby understand a surface in the sense of a water
table in the valley fill. The essentials concerning this are dealt with in Chapter 5.5.1.
The piezometric surface consists of individual pressure tables in the piezometric tubes
and they separate the phreatic and the vadose zones. These pressure tables are situated
at various heights arranged around an average value. Depending on the tectonic facts,



Feeders 101

the distances between the individual surfaces are greater or smaller and in porous lime-
stones they are so small that the surface of the phreatic zone is similar to a groundwater
table in gravels and sands. Jennings (1971) reports a subhorizontal water surface in the
porous limestone of the Nullarbor Plain in Australia.

6.2 Vadose Zone

The vadose zone embraces on one hand the inactive region which is crossed by feeders,
and on the other hand the high-water zone. Its characteristic is the permanent or tem-
porary presence of atmosphere. Its CO, content determines the equilibrial content of
CaCO; in the water. When the CaCOj; content is too low, CO, is absorbed and lime-
stone dissolved; when there is an excess of limestone, CO, is released, whereby CaCO3
is deposited (calc-sinter and calc-tufa).

6.2.1 Inactive Vadose Zone

Inactivity in the vadose zone means that a cavity is not extended either by erosion or
by corrosion. However, this does not mean that nothing changes any more in inactive
zones. The forms from the active period can be partly or entirely destroyed by break-
down (see Chap. 11), or buried under its sediments, a chaos of boulders. Seeping water
which is rich in CaCOj3 deposits cave formations (speleothems) e.g., stalactites, stalag-
mites, flowstone, rimstone (see Chap. 13.3). Biogenic sediments like bat excrement, salt-
peter beds, phosphates in primary beds, form only in the inactive zone (see Chap. 13.2).
Where water which is low in lime content runs out, solution pockets can develop on
overhanging walls and on the ceiling (Bogli, 1963a; Franke, 1963a). Condensation wa-
ter creates little marks on the ceilings and when it drops off, it creates cave karren (see
Chap. 12.3.1). On the rims of cave lakes which are low in lime content occasionally
solution notches are formed, e.g., the dry lake in Tantal Cave (Hagengebirge, Salzburg,
Austria).

6.2.2 Feeders

Feeders form active strips across the inactive zone. Their water flows downwards to-
wards the karst water-body or towards a collecting channel (shallow karst): vertical
drainage (see Chap. 5.4). At high water they are active mainly by erosion; when the
amount of water carried is normal they are now more erosively active, now rather corro-
sively, depending on conditions. Water which is rich in lime cuts in only by erosion, wa-
ter low in lime cuts in practically only by corrosion when the incline is slight. Between
the two extremes there are all kinds of transitions.
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6.2.3 High-Water Zone

Whenever there is air in the cavities in the high-water zone vadose conditions are at
work. During high water, when the whole cross-section of the passage is filled with wa-
ter, only phreatic conditions are active. When the water is low, vadose forms arise which
may be from the inactive zone or from the feeder zone where canyons and other forms
of gorge-like passages give evidence of vadose origins (see Chap. 12.2.3). When the wa-
ter is high it corrodes and erodes in the high-water zone just as it does in the phreatic
zone. The rock’s surface shows solution forms; on the floor of the passage scallops and
on the ceiling flat hollows occur which are characteristic of a water-filled passage. Pock-
ets caused by corrosion by mixing water form at the exit of interstices from which wa-
ter emerges; such hollows can be a few centimeters to many decimeters or meters wide
and deep. In the same pockets stalactites are occasionally deposited when, at low water,
air has taken the place of the water. In ascendent piezometric tubes fine-grained sedi-
ments are deposited in the almost still water (see Chap. 13.1). Vadose and phreatic
forms mix, overlay one another. Stalagmites stand on clay and may be partially covered
again by fluvial sediments or may also be tipped over by the undercutting action of
running water at their base. An analysis of the forms offers a relative chronology which
often extends from the final phase of formation of the cave to its ultimate inactivation
(see Chap. 13.4 and Fig. 13.10). The high-water and the following shallow phreatic zones
are the areas of the most intensive cavity-forming processes.

6.3 Phreatic Zone

Only in deep karst are the karst-hydrological zones complete and consequentially the
phreatic zone occurs only there. It is frequently lacking in mountainous landscapes — or
is not always recognized.

According to Grund (1903) the water-filled zone contains groundwater which has
the sea as its hydrological and erosive base level. From here the groundwater surface
gradually climbs toward the interior of the land. The groundwater scarcely moves or it
stagnates completely. Above it lies a zone of karst water in which the water moves side-
ways to the Vorflut, in this case to the sea. Already in 1894 Martel was an exponent of
the theory of cave rivers according to which water in the depths also moves forward as
a cave river. As proof of this theory there is a submarine karst spring at Cape St. Mar-
tin. But he did not know of the eustatic movements of the sea-level. However, Katzer
(1909) is recognized as the representative of the cave-river theory. His conception of
the phreatic zone is completely different from that of Grund.

The cave-river theory so completely supplanted the groundwater theory among
German-speaking karst morphologists that use of the term groundwater for karst has
been taboo ever since; today it is still partly so. In other languages all phreatic water is
called groundwater (see Chap. 7).

In contrast to the multiplicity of European karst theories there is a unity of Amer-
ican theory which is based completely on groundwater.
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Fig. 6.2 a, b. A comparison of the
groundwater (a) and the cave-river
(b) theories. Upper dashed line (a)
karst water-level, (b) high-water level.
Lower dashed line (a) groundwater-
surface, (b) limit of the phreatic zone

However, it is not the scarcely moving groundwater envisaged by Grund, but a
body of karst water in motion; it moves partly as a whole, yet partly in single streams
as described by Katzer.

Davis (1930) advanced by deduction his classical theory of cave formation based
on his wealth of geomorphological experience and on the application of his theory of
cycles. It was the beginning of actual scientific speleogenesis. When the Origin of
Limestone Caverns appeared, Davis, at 80 years of age, was too old to be able to verify
his deductions in nature, or to let them be substantiated in controversial discussions.
Therefore this publication found a weaker echo than it deserved. In this treatise ground-
water is the central problem. From cave development Davis concluded that groundwa-
ter moved slowly, circulating right down into the far depths. The farther the point
where the water seeps in from the place where it emerges, the deeper the water-courses
run. Piper (1932) came to the conclusion that the water’s movement through the depths
must happen very quickly if the water was not to lose its aggressiveness already in the
uppermost phreatic zone — corrosion by mixing water was not yet known at that time.
Oil-drilling in Florida ran into large caves 2000 m below the piezometric surface (Jor-
dan, 1950), one of the many proofs of the correctness of Davis’ theory.

Swinnerton (1932) leaves many ways open for the water to move from the place
of seepage to the point where it emerges. The one along the shallow phreatic zone of-
fers the shortest way with the least resistence and is therefore preferred. This hypothe-
sis gives a simple explanation of the frequent occurrence of horizontal passages of caves
in the Paleozoic plateau of the USA. It should, however, also explain the rarity of deep-
ly situated cavities. How correct this explanation is must remain to be seen, for their
rarity could well be only the result of inaccessibility, since drilling activities resemble
but a few pricks of a needle over a huge surface. This is the reason why this hypothesis
has been contradicted. Dealing with Swinnerton’s hypothesis, Hubbert (1940) fell back
on Davis’ theory when he came to the conclusion that the water must move more deep-
ly through the phreatic zone. But it was Bretz (1942) who made Davis’ theory really
popular.
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Fig. 6.3. Comparison of the movements of water according to the theories of Davis (1930) and of
Swinnerton (1932)

In 1968 Thrailkill took up the problem of groundwater and compared the behavior
of water in granularly porous aquifer, e.g., gravel, and in compact limestone which is
full of ctosed and open joints. In the gravel the groundwater is limited by the barrier of
permeability, whether it is a piezometric surface or an impermeable stratum. The cross-
section of the pores and holes is smaller than that of the exit of the spring. It is differ-
ent in limestone: the cross-sections of karst-hydrologically active cavities are as a rule
larger than the points where the water emerges.

Thrailkill (1968) questions what is to be termed aquifer in karstifiable rock. He
sees three possibilities:

1. It is common to regard the entire phreatic zone as an aquifer. Of course it is char-
acteristic that one hole drilled in karst will strike water while another only a few meters
away will remain dry.

2. An aquifer could, however, be defined only by the water-filled cavities which run
through the rock. To consider it from this point of view is only useful for calculations
when the outlining forms are very simple and unbranched. Otherwise the arrangement
of the equipotential surfaces becomes complicated and difficult to comprehend (Fig.
6.4a).

3. The circumferential surface of the total of the karst-hydrologically active cavities
can, however, also be seen as an envelope enclosing this region like a permeability bar-
rier. Then, when the water flows very slowly, the coarser rock pores are also included.
The water-carrier is thereby similar to a very coarse gravel. The equipotential surfaces
turn out to be correspondingly simple, and the karst water-body can more easily be ap-
proached by calculations (Fig. 6.4b).

In order to clarify the controversy between the theories of Davis and Swinnerton
concerning the paths of flow of the water in the phreatic zone, Thrailkill (1968) calcu-
lated a model. It consisted of three pipes lying one above the other and connecting the
point of inflow with the point of outflow (Fig. 6.5). That would correspond to a natu-
ral system of cavities where the cross-section and the average head-loss were the same.
The flow volume through each branch would then be dependent on the length of the
pipe. The depth T and the distance between the swallow-point S and the karst spring K
result in the length of flow f in a square cavity network:

f=2T+SK.
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Fig. 6.4 a, b. The aquifer in karstified rock according to Thrailkill (1968); Ae equipotential surfaces;
D permeability barrier; PO piezometric surface; St flowline. a the cavities as aquifer. b the zone of

the cavities as aquifer

Examples according to Thrailkill (p. 26 f).

a Laminar
‘ 1.0000 — 0.3388 1.0000 f
‘ 06611 —— 0.3322 1.6611 *
; 0.3289 — 0.3289 03289 f

Turbutent

L 1.0000 — 0.3382 1.0000 *
‘ 0.6618 — 0.3317 0.6618 *
! 03300 — 0.3300 03300 |

Fig. 6.5 a (_1_(_]_X vertica_llg exaggeratedl When ¢

T = 0.005 SK, 0.010 SK and 0.015 SKis f =

1.01 SK, 1.02 SK and 1.03 SK. The shares Laminar Turbulent

the three tubes have of the amount flowing | 1.0000 1,0000 } ; 1.0000 1.0000 f

through are 33.9, 33.2, and 32.9% when the 06250 0.5368

flow is laminar and 33.8,33.2,and 33% when - = =

the flow is turbulent. b When T = 1/2 8K, | | 03750 0.3750 | | 04632 0.4632 }

1SKand 11/2 SKis f = 2 SK, 3 SK and 4

SK. The lengths of flow are 150%-200% in _ 0.2500 —» 0.2713

the shortest connection. The proportions of 125

the flowing water carried are 62.5%, 25% and + 0250 01250 ? ; 01918 0.1918 *

12.5% for a laminar, 54%, 27% and 19% for _. 0.1250 . 0,918

a turbulent flow

From these two calculations it becomes clear that when the input is close to the
karst spring the water favors the use of the shallow paths; when the input is far from
the karst spring, however, there is no significantly greater discharge to be expected in
the shallow phreatic zone than in the deep phreatic zone. This corresponds completely
with the theories of Davis (1930), of Hubbert (1940) as well as of Rhoades and Sinacori

(1941).
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\f\ c?l Fig. 6.6. Water-courses fl..'om
R v \_\ one swallow-hole to various
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The further development of underground water-courses must, however, also be
taken into consideration. The heavier the flow, the more intensively the cavities are
widened. Thus when the distances SK are short, those lying shallow are preferred, at-
tracting more and more water. From this a manner of flow results which approaches
Swinnerton’s hypothesis (1932). When the distance SK is large this effect is not to be ex-
pected since the slight differences in the proportion of the flow are greatly outweighed
by the effects of lithological and tectonic differences. But there is still another effect.
The water-courses which develop in the shallow phreatic zone are favored by corrosion
(aggressive water, corrosion by mixing water) and widened to a greater degree than those
in the deep phreatic zone. It can even come to the development of underground karst
levels (see Chap. 8). The prerequisites for the calculation, namely equality of all condi-
tions with the exception of the length, thus prove to be valid for only a short time.
Thrailkill nevertheless showed that water-courses which reach down into the depths are
also entirely possible and probable, particularly since corrosion by mixing water is pos-
sible at any, even at a very great depth.

A deduction of the discharge of water-courses of various lengths is applicable hori-
zontally as well as vertically. Since the same additional conditions of corrosion are valid
here for all paths of flow, only the differences in length become effective, all other con-
ditions being equal. Length factors of 1.01 or 1.03 have scarcely any effect. On the
other hand, values between 1.1 and up to more than 2.0 are not rare on the horizontal
plane (see Chap. 5.5.7). Local variations, narrow passes caused by incasion or sediments
for example, are decidedly noticeable, so that the dominance of one single connection,
which is not always the shortest, can result.

The American school’s knowledge and experience can be applied in Europe to areas
of deep karst with a comparable geomorphological and tectonic basis, that is, to pene-
plains with approximately horizontal bedding, like certain parts of Ireland, southern
England, or France (Parisian Basin, northern side of the Aquitainian Basin). In the deep
karst of the Swabian Jura German hydrogeologists recognized the existence of karst
groundwater already at the beginning of this century. In 1960 Weidenbach gathered to-
gether his experience and wrote: “that there are areas in the Jurassic of the Swabian Alb
in which there are no karst cavities but at best open joints in the limestone rock . . .
There are then no continuously connected karst water reservoirs consisting of a network
of karst caves; rather there are several karst water reservoirs beside one another, each
with its own karst mechanism” (p. 176 f.). But it would be incorrect to leave out the
following sentence: “On the other hand there is a karst water table which is continuous
throughout the whole Swabian Alb” (p. 177). The apparent contradiction in these sen-
tences is resolved as soon as it is recognized that the separating limestone areas, which
are nevertheless crossed by open joints, are difficult for flowing water to pass through,
but provide no hindrance at all to hydrostatic pressure.
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In orogenic areas other conditions hold sway. Karstified regions are cut by deep
valleys or border on such. These also become the base level wherever the limestone
plunges beneath the valley bottom. Moreover in synclines and faults bodies of karst wa-
ter occur in elevated positions. The piezometric surfaces lie deep under the earth’s sur-
face, their situation is decidedly the opposite of the shallow position of the piezometric
surfaces beneath the peneplains of North America.

Fig. 6.7. Three types of karst water reservoir in the Alps

There are also large karst water-bodies in the Alps, as proved by the investigations
of Bauer et al. (1958), of Maurin and of Z6tl in the karst massives of the Austrian lime-
stone Alps. Maurin and Z6tl (1964) determined by means of lycopodium spores, which
were fed into the swallow-holes at Elmsee (Lake in the Toten Gebirge), a connection
with 18 springs round about Elmsee. The greatest distance measured 10 km, the shortest
4 km.

In the Dachstein a swallow-hole in Miesboden was fed by Zotl (1957) with red-col-
ored lycopodium spores. They could be identified round about the input in 14 springs
at distances between 3.2 and 6.5 km and between 150 and 720 m below the swallow-
hole. Two weeks earlier a test was made in a swallow-hole near the cabin Maisenberg
which was positive in 11 springs in an angle of approx. 200° and at distances of 5.5-13
km. The height of fall measured 700-1330 m, the v, was 100 m/h.

Z6tl (1960, 1961) came to the conclusion (1961, p. 129) that the results of these
investigations gave evidence of “a large connected body of karst water” in the area test-
ed. Zotl rightly doubts that this can be brought into harmony with the hypothesis
which has been valid up to now that “karst cavities are independent and have no rela-
tion to one another” (O. Lehmann, 1932, p. 15). He stated that according to Stini
(1951, p. 230) the number and width of the joints decrease downwards. “This observa-
tion reveals the basic fact that within the karst massive there is in general a dense net-
work in the upper regions with smaller open joints reaching much deeper, even below
the base level” (Z6tl, 1961, p. 130).

The groundwater theories of Davis, Swinnerton, and Thrailkill can be applied ana-
logously to such karst water-bodies, if in Alpine regions the decidedly deeper situation
of the piezometric surface and the higher linear flow velocities are taken into consider-
ation. The phreatic zone can rarely be observed directly. In this respect Holloch (Swit-
zerland), where the contact between the phreatic and the vadose zones can be observ-
ed at various points along a 9-km stretch, is an exception for the Alps as is also Lamp-
rechtsofen Cave on the Saalach. In Holloch the body of karst water is elongated. This
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gives the impression of a cave river flowing along below the karst water table; it hardly
resembles karst groundwater any more. Only the ascending passages (piezometric tubes)
give evidence of quiet water. Nevertheless the theory of independent karst water-courses
must undergo the correction here too, namely that these show karst-hydrologically ac-
tive connections. Thisis not incompatible with the theory, but merely a question of the
pressure differences in these connections. If Ap is small or even zero, the corresponding
speed of flow is also small or zero.

If a karst water-body is large and deep enough, a shallow phreatic and a deep phre-
atic part will always be distinguishable, the former with a stronger, the latter with a
slighter movement of water. This is only generally valid for there are numerous excep-
tions. In America 20 m is stated as an average for the thickness of the shallow phreatic
zone. It can be very much thicker locally, as shown by the many vauclusian springs
which rise up from greater depths. For Silver Spring in Florida, Jordan (1950) mentions
the exit of the water into the spring’s funnel 60 m below its surface. Certainly eustatic
variations play an important role since the present-day shallow phreatic zone was vadose
in the cold periods. Bogli (1966) established for Hélloch a former shallow phreatic zone
of some 50 m in thickness in which the passages undulate up and down. Ford arrived
at similar results for the Mendip Hills in SW England (1965, 1968, 1971).

Fig. 6.10. The shallow phreatic water-course according to a scheme by D. Ford (1968)

There hardly seems to be a limit to the depth of the deep phreatic zone, unless it
is the lower limit of karstifiable rocks or the transition to the zone of closed joints. In
other words, thanks to corrosion by mixing waters, the processes of karstification must
still be possible at great depths as long as there are open joints and sufficiently wide in-
terstices. Oil drilling in Florida often strikes large water-filled cavities, among them
some as high as 13 m and some situated as deep as 2033 m beneath the piezometric sur-
face (Jordan, 1950, p. 264). Gddoros (1969) observed a similar situation in the Hungaz-
ian lowland where, at a depth of 1400-1700 m in the limestone below Budapest, abun-
dant thermal water was drilled; Lang (1969) mentioned such cavities at a depth of 2000
m in the same region. Oil drilling on the peninsula of Hicacos in Cuba struck a karst
cave at a depth of 2952 m (Jiménez, 1976).



7 Karst Water - Groundwater

In the previous chapters there has again and again been a noticeable contrast between
karst water and groundwater. This is a peculiarity of the German language but is never-
theless of general significance. It is a consequence of Grund’s theory of karst groundwa-
ter (1903) (see Chap. 6.2.3). Hence an investigation will be made to see whether this is
really a question of contrasts. It is characteristic that many karst hydrogeologists in
Germany who-are concerned with useful water reserves in karst (Weidenbach, 1960;
Eissele 1963; Groschopf, 1963) speak of groundwater, but that karst researchers reject
this expression. Wagner (1960) writes: “Karst water is a special kind of groundwater”
(p. 66).

7.1 Introduction

Keilhack (1917) uses groundwater to embrace all deep water. But already in 1925 Ule
writes: . . . water in loose soils indeed occupies such a special position that we . . . do
not wish to apply the term groundwater also to the water in the open joints of rocks”
(p. 3). At the congress of the International Association for Scientific Hydrology held
in Washington in 1939 groundwater was defined as “water which fills the cavities of the
earth continuously and is only subject to gravity and hydraulic pressure. ... The term
groundwater does not depend on whether the concerned parts of the earth’s crust are
loose or firm, whether they are weathered or unweathered, whether they lie close be-
neath the earth’s surface or at greater depths. Cavities which contain groundwater may
be of very different sizes. .., no upward limit has been determined for the size of a cav-
ity.” (Translation from the German edition, Giessler, 1957, p. 30).

In DIN 4049/5.Q2 groundwater is similarly defined. Pores, joints, and caves count
as cavities (DIN 4049/5.31). Underground portions of water-courses on the surface are
excepted from the term groundwater. In case of doubt the name cave water or karst
water is to be used.

Keller (1962, p. 239) makes the following critical comment on the above: “In lime-
stone and gypsum water behaves quite differently than in other rocks.” In Austria there
is even the rule: “Water in open joints and joints (joint water) . . . shall not be called
groundwater” (Oenorm B2400, quoted by Thurner, 1967, p. 3). This definition shows
unmistakably the influence of the karst landscape frequent in Austria, which deeply
preoccupies hydrogeologists. It may be mentioned that the water supply of Vienna
draws large amounts of karst water qut of the Raxalpe, Hochschwab and the Schneeal-
pe (Baur and Z6tl, 1972; Z6tl, 1974). On the other hand Thurner (1967) adds to the
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Austrian definition: “From the hydrological point of view there exists no principal dif-
ference, for pores are just as much cavities as are joints, open joints, etc.”

Practical and legal requirements are fundamental in the DIN definitions; these do
not always satisfy scientific knowledge completely. Some of the conditions for k~+st
groundwater which, compared with the DIN definition, are more restrictive are:

1. The coherent groundwater surface is missing. In its place there are individual v a-
ter levels at greater distances from one another which cannot be integrated into one
geometrically comprehensible surface.

2. The karst water-body does not move forward as a whole, but in individual streams
(tube-flow). In spite of their connections they are frequently hydrologically independ-
ent of one another.

3. As a result of tube-flow no uniform potential surfaces are to be found in the
phreatic zone; there are individual ones.

4. The diameter of karst-hydrologically active cavities can measure from a few mil-
limeters to tens and hundreds of meters. For this reason also the v, in karst groundwa-
ter is higher to the power of ten than groundwater in pores and joints when the pres-
sure gradient is the same.

5. Similar differences in size are also prevalent in networks of cavities.

In conclusion it can be said that the term groundwater means water as defined by
the International Association for Scientific Hydrology, or DIN 4049/5.02. It is divided
into three different types according to the size of the pores, or cavities, and their inter-
relationships as well as according to the resultant manner of movement of the water.

Pore groundwater
Groundwater —— Joint groundwater
~— Karst groundwater (karst water)

7.2 Underground Water

The main characteristic of a karst landscape is underground drainage in a karstifiable
rock. Other types of landscape show underground drainage, also, such as when streams
ooze away in valley-fill. Thurner (1967) emphasizes that water in loose rock is not karst
water.

Precipitation seeping away crosses the zone of seeping water and reaches the zone
of water saturation, the groundwater, from which it again emerges at an appropriate
place as a spring. There is a high degree of water accumulation in gravels and sands but
a low degree ofit in hard rocks, on the other hand, when the reservoir consists of joints;
in karst there are great variations.

In the initial phase of karstification karstifiable rocks do not behave very different-
ly from insoluble, hard rocks. They are as such impermeable, and only by means of the
joints do they become permeable. Limestone and dolomite are brittle and form tight
networks of joints after being exposed to only slight stress. The case with unkarstifiable
hard rocks is similar. This network of joints favors the penetration of water and joint
groundwater is formed first; this can be equated with the phreatic zone. It extends to
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very close to the earth’s surface. When the interstices are widened, karst hydrological
activity sets in and the upper limit of the water-saturated zone sinks. The latter finally
comes under the direct influence of the base level, or shallow karst forms with its water-
courses on the impermeable underlying bed. The zone of seeping water has reached its
greatest thickness. It corresponds to the vadose zone.

The seeping water gathers in underground water-courses which are called autoch-
thonous, since their water originates in the karst area itself. Water which comes from
outside the karst area is called allochthonous. Such is carried into the karst area by sur-
face water systems such as the Reka and the Pivka in Slovenia. Usually they disappear
into the underground on reaching the karst or shortly afterwards. Because the loss of
water is gradual, this may occur almost unnoticed until the river bed is left dry, e.g., the
outflow of the Malham Tarn in Yorkshire (Sweeting, 1972) and the seeping away of the
Danube. More rarely allochthonous water enters the underground through a spectacular
cave gate, e.g., the Reka entering the Mahor¢i¢eva Jama (Mahoréi¢ Cave), the front cave
of the Skocjanske Jame (Slovenia). There can be no doubt that the Reka reaches the
phreatic zone and persists in it for the long stretch up to the mouth where it flows out
as the Timavo at Duino south of Monfalcone. Nevertheless it keeps its individuality as
proved by experiments using various means of water-tracing. One of the best-known ex-
amples is the seeping away of the allochthonous Danube between Immendingen and
Friedingen. The water disappears in narrow open joints in the Malm limestone and
flows underground along various paths to the Aach spring which is 11.7-18.3 km dis-
tant, depending on the point of seepage. The speeds of flow measured are between 304
and 422 m/h (Batsche et al., 1970).

Fig. 7.1. Sketch of the situation of the Danube’s seepage points (according to Batsche et al. 1970)
A Aachtopf; F Friedingen; ] Immendingen; M Mohringen; R Radolfzell’s Aache; T Tuttlingen; Z
Zimmern. I karst boundary; 2 limit of catchment area of Aach Spring; 3 towns; 4 swallow-points;
5 dolines; 6 Aachtopf (resurgence)
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A significant portion of the underground Danube flows under phreatic conditions;
this was corroborated by diving experiments in the Aach Pot. During such an experi-
ment a vadose cave system was reached at a rather great distance from the spring; this
was an earlier phase in the development of the Danube’s underground course.

7.3 “Karst Barré”

The French term karst barré refers to a small area of karst which is surrounded by im-
permeable rock. There is no comparable term for this phenomenon in English. The wa-
ter is dammed up in the karst, which thereby belongs mainly to the phreatic zone. The
deep karstification is proof of the validity of Davis’ (1930) and Thrailkill’s (1968) the-
ories concerning water-courses running through the depths.

Corbel (1957) describes the characteristic example of the quarry of Harehope
(County of Durham, North Pennines, England). Limestone is separated from its sur-
roundings by a fissure intrusion (Sp). An allochthonous river used to cross the ter-
rain until recently without seeping through. Work in the quarry removed the barrier.
Shortly afterward water broke out 30 m below the surface while at the same time the
river dried up. This is only possible if karst-hydrologically active cavities were already
in existence at this time. Simultaneously cave passages were discovered which had be-
come dry. The fact that they had not been completely filled in gives evidence of flow-
ing karst water at this depth during the phreatic phase.

Fig. 7.2. The karst barré of Harehope (acc. to Corbel, 1957, p. 285)

In the karst of Montpellier (southern France) faulting created dammed-up karst
areas. This karst barré is a typical example and has been dealt with numerous times
(Dubois, 1961, 1962, 1964 ; Avias and Dubois, 1963).
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7.4 Blocked Karst

Blocked karst is a common occurrence in periglacial regions with permafrost. In the
cold periods of the Pleistocene the water froze in well-developed karst and karst hydro-
logical activity was blocked. In the place of underground drainage there was surface
drainage which, aided by frost weathering, formed valleys foreign to karst in karst that
was previously water-free; and this in a relatively short time. A good example of this is
the dry-valley karst of the Swabian Alb. “Subcutaneous caves” (Ciry, 1959) were form-
ed above the permafrost on terrain with a southern exposure during thawing.

Blocked karst is widespread in central and eastern Siberia. Popov et al. (1972) set
the thickness of the permafrost at 20-50 m in the south, at 300-600 m in the north. The
maximum depth at which there is thawing is as low as 2.5 m in the south, in the north
it is only 1.2 m. The karst springs are small and in the region of Rybinsk they show
around 5 1/s, in Angara-Lena Trough up to 100 i/s. This is an indication of the low in-
tensity actual karstifying processes have under permafrost conditions. The development
of underground cavities is correspondingly slow and, also only takes place when an ac-
tual circulation of water can set in.

Under the permafrost there can occur extensive, slow convection flows. Warm wa-
ter from the depths rises into the higher regions and is cooled off as it approaches the
permafrost, whereby corrosion due to cooling takes place. When the cold water parts
sink and become warmer the result should be limestone depositing. Sufficient observa-
tions have not yet been made of such processes and their effects.
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8.1 Introduction

In Europe underground karst levels were a subject of controversy for a long time. To-
day their existence is assured although in a few single cases it is still disputed. Swinner-
ton’s conception (1932) of the predominance of underground water-flow through the
shallow phreatic zone supplies one of the causes of the formation of karst levels (see
Chap. 6:3). It is this which explains the horizontal passages which stretch for kilometers
in the Flint Mammoth Cave System in Kentucky (Gardner, 1935). Deike (1967), Miotke
and Palmer (1972) have proved the relationship between this cave system and the sur-
face morphology. The chronological identification of the underground karst level with
systems of terraces on the surface in the Alps did not meet with approval from all sides.
Krieg (1954, 1955) was in support of such levels and used Bock’s cave-river theory
(1913) as evidence for them. This aroused intense debate in which Arnberger (1955)
and Trimmel (1955) rejected both the cave-river theory and the levels as Krieg meant
them, as well. Schauberger (1955) compiled the heights of all cave entrances of the
greater limestone massives east of the Salzach and thereby confirmed a storeyed struc-
ture which was, however, attributed by others to petrographic causes. On the other
hand Rogli¢ (1960), who illuminated the relationship of river erosion to the karst pro-
cess, failed to make any reference to a relationship between the phases of valley forma-
tion and underground karst levels. Droppa (1957) has convincingly proved that the sto-
reyed structure is a result of phases in which the valley was deepened in the case of the
Deminovské Jaskyne (Deminova Caves) in Slovakia. Bogli (1966) shows the occurrence
of cave levels in Holloch and their relationship with the correlated phases of the Muota
Valley’s deepening; each deeper phase acted as a base level. Zotl (1958) sums it up as
follows: “The question concerning the relationship between levels of erosion and the
development of a karst water system is a central problem of karst hydrology” (p. 125).

The underground karst level is directly accessible only in caves, which is the reason
why one usually speaks of cave levels. This comprises the sum of all karst cavities which
have been created by the influence of a given base level and which therefore form a
genetic and chronological unity. They can only be identified with certainty in vast caves
since smaller ones are only able to provide sections of random heights.

There are two types of cave level:

a) that which is connected to the piezometric surface and oriented towards the
base level, called the evolution level by Sawicki (1909), and

b) that which has been created by the underground part of a valley river and is
homologous to the systems of terrasses on the earth’s surface.
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8.2 The Cave Level of the Piezometric-Surface Type — Evolution Level

The first type of underground karst level develops in “deep karst”, more precisely in
the close proximity of the karst water surface. The latter is controlled primarily by the
base level, the overflow spring or, in the underground, by the overflow of water over
an impermeable threshold, under consideration of all those factors which cause the
height of the karst water table to vary, above all the velocity of flow (or the cross-sec-
tion of the cavity carrying the water), the arrangement of the narrow passes and the
discharge (see Chap. 5.5, 6.3, Fig. 5.11).

Sawicki introduced the term evolution level in 1909; it was, however, forgotten
during the clash of opinions concerning the cave-river and groundwater theories, al-
though evolution characterizes the essence of an underground karst level strikingly.

Corrosion and erosion form the cavities of the evolution level. At the beginning,
when the system of cavities which will produce the cave level is being created, there is
only corrosive action. When the width is sufficient first of all the v_, increases greatly,
and in addition erosion sets in. At high water erosion may even predominate. If during
further development the cross-section of the passage exceeds a certain size — this is de-
termined by local factors and is different for every cave — then the v, sinks again. Ero-
sion decreases proportionally.

In the shallow phreatic zone there are four possibilities of corrosion. In summer
corrosion due to cooling can take place when warmer water flows into the body of karst
water; since the difference in temperature is usually slight, there is a correspondingly
slight effect. Aggressive water is possible along larger water-courses — larger streams and
rivers. At high water unsaturated water can still occur; this works corrosively when in
contact with the cave’s atmosphere. The form of corrosion which is probably most ac-
tive is that which results from mixing water. Every surge of high water causes the lime
content to sink. In H6lloch (Switzerland) water from melted snow carries only 60 ppm
of lime and mixes with the phreatic water with 120 ppm, whereby 3 ppm of limestone
are dissolved. That may seem like little. However, joint water with up to 190 ppm is
flowing in, indeed in only small amounts, yet constantly. Thus only since the beginning
of the Post-glacial Age there have been considerable cavities formed corrosively at the
level of the piezometric surface. These figures can be applied to other alpine caves if
need be, but never to those with other basic conditions, e.g., to such as are in the “green
karst” of the Jura, of southern England or of the midwest of the USA. But valid for all
is the fact that at the surface of the phreatic zone, and thus at the evolution level, espe-
cially favorable conditions for corrosion dominate.

Because of the pressure flow and local geological conditions the water-courses do
not as a rule follow the shortest connection to the karst spring but rather, always fol-
lowing the head, they pursue the shortest hydrological connection. For this reason
these courses weave around a median position, both sideways and vertically, and they
form an evolution level. This level extends on the one side into the phreatic zone, on
the other into the high-water zone; at each high water the vadose conditions are suc-
ceeded by phreatic onesand corrosion increases considerably. The number of days with
phreatic conditions is the smaller, the closer the place is situated to the upper limit of
the high-water zone. In Holloch the point +180 m above the phreatic zone has been
reached only once in the last 25 years, the point +160 m at Bivouac 4 and Bivouac 3 is
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under water for a few hours every few years, while point +30 m remains under water
for months every year. The main passage weaves around this point with differences in
height of 30 m when compared to its medium height. Under peneplains, for example
in the Flint Mammoth Cave System, the high-water zone is only a few meters thick.
There the amplitude of the water-courses in the heights are so small that they are usual-
ly situated far below the clearance of the bigger passages and are therefore hardly rec-
ognizable. The passages of a level thus normally appear horizontal, except for piles of
debris resulting from breakdown or for the formation of sinter.

Fig. 8.1. Development of the three main levels in Holloch (without the high system) according to
Bogli (1966). I fault; 2 main fault; 3 cave spring with stream; 4 cave stream with sink; 5 connec-
tion proved by tracing; 6 passages of a lower order; 7 local karst water-table. Level I: W Wasserdom;
H Himmelsgang. Level IT: R Riesensaal; S Styx; T Titanengang; SW Seilwand; SAC anterior SAC pas-
sage; SA Sandgang; H Hoffnungsgang; TH Trughalle; SG Schluchtgang. Level III: E entrance; SB
Schleichender Brunnen; S Sandhalde; W Wegscheide; F Fjord; R Rabengang; ST Schuttunnel; SAC
rear SAC passage; P Pagodengang; RS Reinacherstollen

Holloch shows various levels;in the main section there are three. They were created
in connection with the deepening of the Muotatal. Level I with the Himmelsgang region
correlates with the preglacial valley system of the Muota. Level II, which can be follow-
ed for 6 km, climbs from W to E from 780 to 830 m above sea level. At the west end
on the surface at 750 m above sea level lies the remainder of the glacially polished val-
ley bottom of the first interglacial period. In the large interglacial period level III was
created. It can be followed for over 9 km (Bogli, 1966, 1968a).

8.3 Cave Levels of the River-Bed Type

When a valley bottom is deepened the water in the geomorphologically hard limestone
sometimes finds its way more easily through the rock. Such is the case with the Demi-
nova Caves (Droppa, 1957). These caves are situated in the Deminova Valley on the
north side of the Lower Tatra near Liptovsky MikuldS. At present, part of the river
seeps in on the southern boundary of the limestone zone and flows parallel to the course
the valley takes, through the Deménova Caves to the spring 4 km further below. The
same thing already happened in earlier phases. Droppa counted nine levels. The charac-
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teristics of this type are close grouping and the consequently one-sided gradient of the
passages which do not weave around a median height as is the case with the evolution

type.

Fig. 8.2. Excerpt from the longitudinal section of the Dem#nova Caves (acc. to Droppa, 1957). At
the lowest level (791 m) the underground valley river flows. E entrance; L length

Postojnska Jama also shows a storeyed structure caused by the Pivka. In the lower sto-
rey the Pivka flows, the higher one is inactive and contains the commercial cave. Here,
too, one is struck by the practically horizontal arrangement of the passages (Serko and
Mischler, 1958). Ek (1961) describes a few examples of the riverbed type in the catch-
ment area of the Ourthe, among them the grotto of Remouchamps.



9 Karst Springs

9.1 Introduction

Karst springs are water outlets from karst-hydrologically active cavities in water-soluble
rocks, whether they are on the surface or within the earth (cave springs). There are
scarcely any other characteristics which apply to them alone. The same lime contents,
the same amounts of discharge and the same temperatures can be found in other springs
as well. Springs emerging from rocks which are permeable, but practically insoluble and
therefore nonkarstifiable (volcanic tuffs, lava, etc.) are exempted from this definition.

In Westermann’s Encyclopedia of Geography (1970, p. 948) stands: “Cave (karst)
springs: springs often with a very strong discharge, in karstified regions.” Schmidt
(1923) writes: “Karst springs originate when the underground water of karst regions
reaches the surface. Karst springs are usually large and can immediately turn millwheels.”
Karst springs can be large, but there are many small ones. Cave springs do not always
emerge on the surface. Therefore these definitions are no longer satisfactory.

0. Lehmann (1932) spoke of the “karst-hydrological contrast” when referring to
the contrast between the innumerable seepage points in karst for precipitation and melt-
ed snow, and the comparatively few karst springs in the karst area and along its margins.
Out of the profusion of interstices originally available, selective corrosion creates a net-
work of water-courses. More and more of these become inactive so that, as a result,
there is a concentration of water in only a few of them.

In the early phases of an underground karstified area only marginal parts of the
karst water-body are oriented toward a spring; the main part remains undifferentiated
as a central karst water-body which passes its water on to the marginal sections (see al-
so Fig. 6.8 and 6.9). With increasing karst-hydrological activity the catchment area of
individual springs reaches deeper and deeper and the more efficient tap the others. Thus
the smaller karst springs are gradually eliminated. The more advanced underground
karstification is, the smaller the number of springs and the larger the average discharge
from them.

If the springs are fed from the phreatic zone, the discharge of the lower springs in-
creases at the cost of the higher ones. The faster outflow causes the karst water level to
sink and the higher springs are put out of action, one after the other. The catchment
area of Holloch comprises 22 km?, and when the water level is normal this water emer-
ges only in the Schleichender Brunnen.

Another special aspect of the karst-hydrological contrast is that a stream entering
the underground frequently flows out again from very different springs situated a great
distance from one another, e:g., in the Dachstein and in the Toten Gebirge (Fig. 6.8 and
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Fig. 9.1. Catchment areas of karst springs in an early and in a late stage of development (hatched
undifferentiated karst water-body; dashed lines underground watershed)

6.9). There is a similar situation with the swallow-holes on the Glattalp (Muotatal,
Switzerland; Bégli, 1960b; cf. Fig. 5.2).

9.2 Classification of Karst Springs

Karst springs behave so differently that the general principles of classification for all
springs can be applied to them with a few exceptions.

1. Classification according to the outflow.

a) perennial springs

b) periodic springs

¢) rhythmically flowing springs, so-called intermittent springs, ebb and flow springs
d) episodically flowing springs, e.g., Hungerbrunnen.

2. Classification according to geologic and tectonic conditions

a) bedding springs
aa) contact springs at the contact of an underlying, impermeable bed and a cap-
ping, permeable one
ab) springs on bedding joints inside the permeable rock; usually small.
b) fracture springs out of open (widened) joints
a) and b) are both referred to as descending springs
¢) overflow springs drain a phreatic zone with an impermeable base which sinks in
toward the mountain
d) ascending springs, when the outflow is heavy these are also called vauclusian
springs after the original of the type: Fontaine de Vaucluse east of Avignon -
da) ascending rock springs which drain the phreatic zone along open joints or as-
cending strata
db) alluvial karst springs drain a phreatic zone in the karst across a valley-fill,
e.g., in the Alps in the glacially over-deepened valleys (Fig. 9.7)
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Fig. 9.2. Contact spring Fig. 9.3. Spring on bedding joint

Fig. 9.4. Fracture springs

Fig. 9.5. Overflow springs
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3. Classification according to the origin of the water
(common in French, occasionally used in German and English)

a) emergence: larger karst springs without further evidence of the origin of the wa-
ter

b) resurgence: the re-emergence of a swallet stream at the surface

c) exsurgence: autochthonous seepage water flowing out

b

Fig. 9.6. a The Vaucluse Spring east of Avignon according to Flandrin and Paloc (1969); b Grotte
de Bramabiau according to Guide Michelin (1951), longitudinal section

Fig. 9.7. “False” vauclusian spring
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To these types of spring there can still be added individual types which do not fit
so easily into a general scheme: subaqueous karst springs (sublacustrine and submarine);
karst springs can also be found in the underground in every form: cave springs. The
question whether water which does not emerge on the earth’s surface can be termed a
spring can be answered by the fact that the visual impression in a cave is just as unmis-
takable as on the earth’s surface. Karst springs which have been covered by boulders or
by gravel betray their presence by the considerable flow of water. Small karst springs
under loose material can, however, not be distinguished from talus springs. In karst are-
as springs which flow out of a valley-fill may also be effusions of groundwater — deci-
sions as to classification must be made on the basis of chemistry and temperature. Es-
tavelles function alternately as sinks and as karst springs, thus they are also temporary
springs. O. Lehmann (1932) interprets them as relieving an underground stream during
high water, Grund sees them as emerging groundwater. Depending on the conditions
one or other of the two opposing opinions is correct.

9.3 Vauclusian Springs and Other Large Karst Springs

Vauclusian springs are karst springs which have an outflow the size of a river. In earlier
days their water was used to power mills, today they sometimes power smaller electric-
ity plants, e.g., at the Areuse Spring in Neuenburg’s Jura (Switzerland), at the Brenz-
topf and the Blautopf (Fig. 5.12) in the Swabian Jura and at the Ombla Spring close to
Dubrovnik. Cave rivers which emerge at the surface through a gate in the rock form
large springs such as the Pivka, which flows out of the Malograjska Jama (Kleinhusler
Grotto) into the Polje of Planina as resurgence, the Bournillon out of the cave of the
same name below the northern rim of the Vercors in the Vallée de la Bourne and the
resurgence of the Bonheur River out of the Grotto of Bramabiau on the eastern edge
of the Causse noir (Fig. 9.6 b).

Trombe (1952) defines the vauclusian spring as an outflow from the ascending
branch of asiphon. In a genuine vauclusian spring the water course runs upwards through
the rock (Fontaine de Vaucluse, Blautopf), in a “false” one the water is forced to rise
by gravel, moraine or scree (Schieichender Brunnen in the Muotatal). Genetically this
distinction is completely justified, yet in many cases no decision can be reached with-
out costly investigations.

Thurner (1967, p. 94) erroneously equates vauclusian springs with intermittent
springs because the water does not always flow out over the final boulder wall (see Chap.
9.4.2 and Fig. 9.6).

When the local base level is laid deeper a new type of spring develops which only
flows during high water. The water is drained to the lower outflow and the former
vauclusian spring becomes dry. Now the ascending branch acts as a piezometric tube.
The larger the supply of water from the inside of the mountain, the higher the pressure
necessary to achieve the faster rate of outflow required — then the water rises in the
piezometric tube. If the water level reaches the earlier rim of the spring, the water will
flow out again: high-water relief spring. Under the water pressure which now remains
constant, the outflow of the lower spring remains constant, too. Whether this high-wa-
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ter relief can be called episodic or periodic depends on the duration, the frequency, and
the regularity of the outflow. Almost every larger karst spring shows higher spring open-
ings which are partly or completely out of use. High-water relief takes place in the case
of Holloch (Switzerland) through the present-day entrance, 96 m above the present
base level, the Schleichenden Brunnen.

Fig. 9.8. Cross-section of a
high-water relief spring. H-Z
high-water zone; Ph-Z phre-
atic zone

Table 9.1. Outflow of several vauclusian springs (partly acc. to Bakalowicz, 1973, p. 38)

Extreme values Qmin : Qmax Average

(m®/s) (m*/s)
Aachquelle (Germany’s largest spring) 1.3 - 241 1: 19 8.8
Blautopf (Germ.) 0.35- 26.2 1: 175 2.16
Brenztopf (Germ.) 0.15- 17 1:115 1.2
Rhumequelle in the Harz (Germ.) 1.3 - 4.7 1: 3.6 -
Areusequelle (Switz.) 0.18-100 1:500 4.0
Various Yugoslavian ones 1:2t01:20
Bournillon (Fr.) 0 -40 - -
Fontaine de Vaucluse (Fr.) 4.5 -200 1: 44 29
Silver Spring (Florida) Scarcely any 1: 14 229
Rainbow Spring (Florida) variation 1: 1.1 21
Peschiera (Italy) - - 18
Timavo (Italy) 9 -138 1: 153 17.3
Big Springs (Ozarks, USA) - - 12.3
La Touvre (Fr.) 14 - 45 1: 32 12
La Loue (Fr.) 1.2 - 90 1: 75 10.8

9.4 Periodic Springs — Ebb and Flow Springs (Intermittent Springs)

9 4.1 Periodic Springs

As can be seen in Table 9.1, variations in the outflow of a spring are normal occurrences.
The variations are a result of precipitation, more precisely a result of the portion of
precipitation which seeps in (A), of the difference between liquid precipitation + melt-

ed snow N and evapotranspiration E. The underground water stores have a balancing
effect.

A=N-E
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Extensive parts of Central Europe show a balanced distribution of precipitation;
yet evapotranspiration, which is dependent on temperature, creates an excess of water
in the winter and a deficit in summer and thereby effects a periodic increase and de-
crease in the amount of water carried in underground courses. This causes the surface
of the karst water-body to rise and fall, too. In alpine regions the contrast between win-
ter’s dryness and early summer’s high water (melting snow) is striking. In the Mediter-
ranean climate, tropical steppe, savannah, and dry forest, or in regions with cold win-
ters, the curve of discharge shows a strongly periodic, annual thythm. Superimposed
on these periodic variations are aperiodic ones resulting from single precipitations.
Springs which show in their average discharge a pronounced periodicity that is depend-
ent on climate and is therefore lengthy, are called periodic springs.

9.42 Intermittent Springs, Ebb and Flow Springs

There is some confusion concerning the names of springs in the group with a strongly
varying outflow; this is probably because such intermittent springs are rare. Intermit-
tent implies a rhythmical process and does not mean a suspension of flow, but rather a
temporary, short-periodic interruption of the constant situation. Intermittent springs
show a rhythmical periodicity of a few minutes or hours with acute maxima and/or
minima. It is common that the outflow increases abruptly, remains at the high-water
mark usually for only a short time, and falls quickly back down to the old value. In an
extreme case the amount of water carried can sink to zero (Fig. 9.9).

The cause of the rhythm is not dependent on climate, but solely on hydrological
physics. Katzer (1909) was the first to recognize this and he explains the phenomenon
by a siphon system. The water gathers inside the rock in a basin B from which a tube
with an elbow in it first rises in the direction of the spring and then falls again. If the
water table in the collection basin rises above the culmination K in the tube, the water
flows over and fills the descending branch. If the drain down to the spring is narrow
enough below, a column of water builds up. It can finally suck the water out of the ba-
sin until the basin’s water-table has sunk below the level A of the point of suction. Air
follows after and the flow of water to the spring is abruptly interrupted (Fig. 9.10).

If the siphon is to function correctly, the descending branch must be so narrow
that when the water runs over at K, it fills the whole tube. There must be a siphon or
an especially narrow place inserted below, moreover, so that no air enters the tube from
below. In the area of the elbow tube above the level of the outflow A there cannot be
any open joints which carry air, for otherwise the column of water will break off at this
point. These additional conditions make it understandable that intermittent springs are
rare.

In 1924 Bridge published a treatise concerning the Ebb and Flow Springs in the
area of the Ozarks (MO, USA) in which he made an essential contribution to the prob-
lem. He also collected in it the number of ebb and flow springs which were known at
that time:
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USA: Virginia 2
Missouri 4 plus one doubtful one

Nevada 1

New Mexico 1
Europe 7 plus one doubtful one

15 plus two doubtful ones

Fig. 9.9. Diagrams of drainage according to Bridge (1924)

Fig. 9.10. Cross-section of an intermittent

spring

127
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The siphon phenomenon is not compelled to be in the direct vicinity of a spring.
If the siphon is close, the spring reacts with a sharp change from a surge of water to be
the suspension of it. If it is further away, the rhythm remains intact but a suspension
of flow no longer takes place. Frequently the intermittent stream joins with another
one with a steady flow of water. The rhythm is superimposed on the constant flow and
the outbreaks out of the siphon stand out as peaks. Bridge describes a spring in the
Ozarks which has complete suspension, two others with 150 1/s as their basic outflow
with peaks of up to five times as much. Moreover, in one other there are variations in
the length of the period between 1 and 6 h with single, longer periods of 13 and 20 h.
The drainage of Lilburn Cave in Sequoja National Park belongs to the same type; its
basic discharge is superimposed by a rhythmical swelling and subsiding over an interval
of several hours (personal observation).

Ule (1925) describes the Idzuk Spring in the Bihar Mountains (western Romania),
which suspends its flow every 10-15 min in rainy periods, in dry periods on the other
hand, every 20-30 min.

Many intermittent springs do not show the siphon effect at all possible water lev-
els: :

a) the intermittent action continues the whole time. The length of the periods
changes with the water supply, since this determines the duration until the basin is full

b) at high water the siphon becomes flooded and does not function because of the
lack of air: intermittent at low and mean water

c) the basin is not watertight. When the influx of water is slight it cannot be filled
over the level K (Fig. 9.10). With an increasing supply of water the siphon action sets
in: intermittent at mean and high water

d) a combination of (b) and (c) results in an intermittent spring only at mean water

According to Verdeil (1962) the springs of Fontestorbes (Ariége), the Fontaine
Ronde (Jura) and others, belong to type (b); to type (c) the Gouffre (shaft) de Poudak
(Htes Pyrénées), rising 15 min, high-level stage 3 min, descent 4 min and low-level stage
36 min. For the springs of Fontestorbes he registered for an outflow of 560 1/s an in-
crease in the amount of water during 15 min 4 s, a halt of 6 min, and a decrease and a
continuation at the old amount during 35 min 36 s, thus a cycle of 56 min 40 s; in the
Fontaine Ronde the water swells for 4 min, subsides for 2-2 min 30 s, and rests for 1
min 30 s, corresponding to a cycle of 8 min (p. 65). He mentions six such springs for
France, nine for the rest of Europe.

9.4 .3 Episodic Springs

Episodic springs flow extremely irregularly, sometimes they do not flow for years. There
is no periodicity. They flow when there is an extremely high water level in the karst
water-body, which is only the case in wet years. In the Swabian Alb wet years have,
however, always been years of bad harvests, years of hunger; this is the homeland of
the so-called Hungerbrunnen, the hunger springs.

Binder (1957) recorded the following for the Hungerbrunnen southwest of Heiden-
heim (eastern Swabian Alb):
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Table 9.2. Flow periods of the Hungerbrunnen between 1867 and 1957

1867 3.5 months 1939-1941 Continuously from
1896 ? short April 1939 to Jan. 1942
1897 ?  short 1942 6.5 months

1906 11 months 1944/45 Nov.-April, 5.5 months
1914/15 12 months 1947 A few days

1916/17 11 months 1955 7 months

1925 6 months 1956 3 months

1927/28 9 months 1957 2.5 months

1937 8 months

Eissele (1963) describes the hunger spring in Liebental east of Sigmaringen. It is a
case of piezometric tubes above an underground water course; only when there is heavy
precipitation does the water reach the surface through the tubes.

9.5 Subaqueous Springs

Subaqueous springs can be divided into:
a) sublacustrine springs in lakes
b) submarine springs or vruljas

9.5.1 Sublacustrine Springs

Water which emerges under water is found in many karst lakes and very often also in
limestone-alpine valley lakes that cut into karstified limestones, e.g., in the Lac d’An-
necy (80 m deep), in Thunersee west of Interlaken at the Bitterich, in Hallstéttersee
the K6hbrunnen (Morton, 1963). Water emerging subaqueously can be recognized by
the bubbling up of the water surface Wallerquellen, Boiling Springs according to Stini
(1933), by the difference in temperature to that of the rest of the lake, by the differ-
ent lime content, at high water also by the color of the water, by its cloudiness or also
by its bacteria content — karst water is not filtered.

There are three possibilities of its origin:

1. Creation of the spring after the formation of the lake. This is possible when the
water pressure in the rock surpasses the hydrostatic pressure of the lake water. No re-
search has been done on this subject.

2. Division of an already existing underground water course by erosion, e.g., when
alpine valleys were glacially overdeepened in the Pleistocene Period, or when river ero-
sion has taken place and the valley is later dammed by slides, alluvial cones, or moraine
ramparts.

3. Later submergence of a karst spring at the margin of a valley bottom by other
morphological and/or tectonic processes.

These processes are also valid for subaqueous springs in the groundwater of an al-
luvial valley bottom.
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9.5.2 Submarine Springs — Vruljas

A submarine spring is called a vrulja in Yugoslavia; the word has been taken into Ger-
man terminology as Vrulje. Submarine springs emerge partly from open joints in rocks
(Petrik, 1958), partly from submarine karst caves (Port Miou; Gallocher, 1954; Roques,
1956; Martin, 1968); however, they emerge most frequently from funnel-shaped open-
ings in the floor of the sea (Gulf of Ka$tela, Alfirevi¢, 1958; Etang de Thau, Dubois et
al., 1963).

On the Yugoslavian coast 30 m is taken to be the lower limit for the frequent oc-
currence of vrulje (Petrik, 1958). This slight depth is an indication that the creation of
the springs was under mainland conditions which were a result of the eustatic fall of
the sea’s surface during the cold periods of the Pleistocene. Evidence of this is given al-
so by the submarine spring off Port Miou, which issues from a cave at a depth of 12 m
under the water. Divers have found stalactites in the cave, which is proof that it was
formed under vadose conditions (Martin, 1968).

In Yugoslavia the water of the vrulje originates in the hinterland of the coast; from
there part of it flows 40-50 km under the bordering mountain chain through to the sea.
Vrulje are — as an exception — freshwater springs, yet they generally carry brackish wa-
ter which eliminates the possibility of using them as drinking or irrigation water.

Fig. 9.11. Freshwater vrulja with high-water relief, diagrammatic. I piezometric surface at normal
water level; 2 p.s. at high-water; 3 temporary karst spring (high-water relief); 4 vrulja; 5 freshwater
stream (black)

According to the Bernoulli equations lower pressures are created in narrow passes
2
because of the higher speed of flow (Ah, = ;—g ). Open joints which take such a narrow

pass as their point of departure have a lower pressure than the sea’s level and suck in
sea water. In this way the freshwater becomes brackish (Fig. 9.12).

Sea water can also be sucked in when the spring is not submarine, but is situated
somewhat above sea level: brackish-water spring (Fig. 9.13).

If the suction joint ends immediately at the surface of the sea, the piezometric sur-
face lies somewhat deeper and sea water flows into the rock: salt-water swallow-hole
(Fig. 9.14). :
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Fig. 9.12. Brackish water vrulja. I piezometric surface; 2 freshwater; 3 narrow pass; 4 sucking tube
for sea water; 5 brackish water and brackish-water spring; 6 vrulja; 7 salt-water swallow-hole

Fig. 9.13. Brackish-water
spring; legend see Fig. 9.12

Fig. 9.14. Salt-water swallow-
hole; legend see Fig. 9.12

9.5.3 The Sea Mills of Argostoli

The sea mills on Kephallenia (Tonic Islands) are the best-known example of sea water
swallow-holes. The sea water, which flows land-inward and disappears there into open
joints, used to power mills; today there is one lonely water wheel as a tourist attrac-
tion. Depending on the season the water table lies 75-135 cm under sea level. Wiebel
(1874) explained this phenomenon in the sense of Fig. 9.14. Moreover he observed that
it is not the numerous, closest springs on the other side of the bay which come into
question for resurgences — they are freshwater springs with a smaller outflow than
should correspond to the sea water streaming in; rather he assumed that the brackish
water springs on the other side of the island in the Gulf of Sami were the points of out-
flow. 0. Lehmann (1932, p. 81 ff.) violently attacks Wiebel fiir this assumption without
being able to give a better solution.

The hydrogeological investigation done by Maurin and Zétl (1960, 1963), who
made use of uranine for tracing, confirms Wiebel’s hypothesis.
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Fig. 9.15. The relationship between the sea mills and the Guilf of Sami (acc. to Maurin and Zdtl,
1963)
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Glanz (1965) explains sea mills by the ejector effect rather than by the suction
principle, and corroborates his opinion with a physical model. In the period of the eu-
statically deep water level a tectonically controlled system of karst water-courses came
into being which leads from W to E. Today it is submerged beneath the sea’s surface. A
stalactite from a depth of 3 m under the sea’s surface is 16,000 years old; another from
a depth of 26 m is even 20,000 years old (**C-dating by Miinnich, 2nd Phys. Inst. Univ.
Heidelberg); these corroborate Glanz’s theory . Precipitation and melted snow sink down
into the depths from the more than 1000-m-high island mountain of cretaceous lime-
stone (Aenos 1628 m above sea level). Flowing from W to E, it joins the water in the
cave system, accelerating it. This can happen any arbitrary number of times and the ef-
fect is accumulative. Although the theory is very comprehensible in this case, its gener-
al applicability to all vrulja which carry brackish water is to be doubted.

Fig. 9.16. The ejector process in the karst water system Argostoli — Guif of Sami according to Glanz
(1965, p. 124). Strongly exaggerated height

2
The distance h, from energy line and pressure line is always —;—é (see Chap. 5.5.5).

v, is the speed in the drainage tube in the mountain, v, the speed in the narrow tube
sucking in sea water and v that in the part of the cavity system crossing the island which

2
carries brackish water. h,, = —Vzlg is the difference in height between sea level and the pi-

ezometric level in the sea mill. Since v, is the smaller, the less freshwater flows in varia-
tions of h,, result in rhythm with precipitation or with the seasons respectively.

The phenomenon of the sea mills has been observed in other places as well but has
not met with such great scientific interest as has Argostoli. Von Knebel (1906) names
the Teufelsbrunnen (Devil’s Springs) south of Opatija: “At three neighboring points there
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disappear here far more than 100 liters per second. . .. It has been recognized that sea
mills are completely limited to karst regions alone” (p. 107 f.). Reclus (1881, p. 262 {.)
portrays a sea-water swallow-hole north of Cette (Séte) in the Lagoon of Thau (France),
the Gouffre d’Enversac (inversae aquae!). In winter’s rainy season freshwater streams
out of it, from the end of April to the beginning of winter, however, sea water flows,
swirling into the depths.

9.6 Physico-chemical Properties of the Water of a Karst Spring

By means of random sampling the momentary physicochemical state of a spring and
of the spring’s water can be measured. Measurements during a full year for any single
parameter are able to tell much more but they demand an input which can rarely be
afforded.

9.6.1 Discharge

The discharge of a spring is the amount of water emerging in a second in 1/s or m*/s
(Table 9.1). Small amounts of water up to 0.5 1/s can best be measured with a contain-
er; the time it takes to fill it is measured with a stop-watch.

v Q: Amount of water in 1/s
Q=+ [1/s] V: Volume of container in 1
t: Time to fill container

For greater amounts of water the brim-board can be used or some other instrument. Es-
timates are difficult and demand a lot of experience.

The discharge of a karst spring lies between a few 1/min and 200 m?/s (Table 9.1).
Extreme values are always the result of extraordinary circumstances. Of economic im-
portance (water supplies, electricity plants)is the mean discharge, calculated over weeks
or months. There is a close relationship between outflow A and the amount of liquid
precipitation N, of snow-melt water S, of evapotranspiration E and of storage-forma-
tion (—V) or storage-tapping (+V).

A=(Ng +S)+/-V-E

Water storage is included in the evapotranspiration curve for the Blautopf accord-
ing to Binder (1960). The relatively high values in autumn and winter he explains by
the snow covering which is a form of storage. The negative value in March is explained
by the activation of the snow reserves.
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Prolonged periods of low precipitation result in characteristic curves of discharge.
Their analysis is of especial interest to researchers in the French language (Salvayre,
1969; Nicod, 1970; Tripet, 1972, etc). They see the spring’s discharge as the result of
the combination of

1. water out of karst-hydrologically-active cavities

2. water seeping out of fissures

3. water from superficial streams sinking into the underground.

At high-water the cavities fill with type 1,and their piezometric surface rises quick-
ly (in Holloch as an extreme case 100 m in 12 h). The narrow fissures follow along only
slowly, whereby a hydraulic gradient is created toward them. Water is pressed into them.
When the high-water peak is past, the water surface in (1) begins to sink, while the wa-
ter surface in (2) continues to rise until it is on the same level as in (1). If the water sur-
face in (1) continues to fall, the hydraulic gradient turns round and the fissures begin
to supply water to the cavities. If the water storage is exhausted in the cavities, the
spring will be fed essentially only by the water from the fissures and will slowly con-
tinue to decrease its outflow (Fig. 9.18).

If in Fig. 9.19 the surface of the inflow rises, the hydrostatic pressure increases.
The pressure wave rushes ahead of the penetrating water, making the water level of the
spring rise long before the afflux has reached it: high-water situation. The Noiraigue
(Jura Neuchitelois, Switzerland) is a karst spring which carries light brown water. Bur-
ger (1959) observed that there is no change in the color when high water sets in. Only
after a rather long time does it become almost abruptly darker brown, when the water
which created the pressure wave reaches the spring. By then the high-water peak has
strongly subsided, however. Tintant (1958) measured the rate of flow of the water in
the Grotte de Béze in the French Jura at 170 m/h, but states a velocity of 1100 m/h
for high water. That is evidently the velocity of the pressure wave of the high water.
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Fig. 9.18. Section from the curve of discharge of the Vaucluse Spring according to Flandrin and Pa-
loc (p. Hy 13/5). A outflow mainly from karst-hydrologically active cavities; B outflow originating
in the fissures )

Fig. 9.19. The origin of the water of a karst spring. @ narrow open joints, fissures; b karst-hydrolog-
ically active cavities; S, H vadose zone with percolation zone S (seepage zone) and high-water zone
H; ps, pt shallow, deep phreatic zone; K karst water surface; HF high-water surface; Hq high-water
spring

Bourgin’s figures (1946) for the Vernaison, in which the pressure wave was measured at
1500 m/h correspond to the above.

9.6.2 Variations in Temperature

In general karst water shows a.very balanced temperature, the more balanced, the deeper
the water-courses reach down into the phreatic zone. They are usually somewhat above
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the annual average air temperature in the main catchment area of the water. In Holloch
(Switzerland) at an average depth of 600 m (extreme 900 m) the temperatures in the
cave sink from the beginning of the snow-melt at the end of March until toward the end
of July by about 1°C from 6° to 5°C, and then they gradually rise again to the higher
value. That is 2°-3°C more than the mean value on the surface. Flandrin and Paloc
(1969) quote temperatures between 11.9° and 13°C for the Fontaine de Vaucluse. Three
days after the high-water peak in the spring the temperature sinks; this is an indication
of the fact that so much time lapses between the arrival of the pressure wave and the
water.

9.6.3 Chemistry of Spring Water

When the water remains in the underground for a longer time, a physicochemical equi-
librium with the surrounding rock occurs (Holland et al., 1964). Where physical proces-
ses of dissolution take place, e.g., when sulphates (gypsum) are dissolved, the concen-
trations approach saturation more and more closely. On the other hand, wherever re-
versible chemical processes take place (corrosion), an equilibrium is reached; it is, how-
ever, disturbed by any change in the concentration of one component or by a change
in temperature and must readjust.

Water flows slowly through the karst-hydrologically active cavities in the phreatic
zone at low water; at high water the flow is correspondingly faster, up to ten times and
more. The contact of this water with the rock is reduced by the same factor so that
when it reaches the spring it clearly contains less lime. The longer the way through the
phreatic zone, the later the less-concentrated water arrives after the high-water peak.

Other parameters, such as the content of tritium, electrical conductivity, and the
pH are of importance. They all show a dependence on the amount of water and on the
rate of flow indicated by it. For treatment of this subject turn to specialized literature
on it, especially to Z6tl (1974) where there is also a rich fund of information on other
literature.
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It may be of scientific as well as of economic interest to know the origin of a springs’s
water, or where losses of water in the underground flow to. Problems arising from such
questions can often not be solved directly, even though, with the help of geology, an
underground catchment area is roughly comprehensible. It is not unusual that water-
sheds at the surface are not identical with underground watersheds. The showpiece is
the Danube’s loss of water, in which case the water runs under the European watershed
to flow into the Untersee near Constance and into the Rhine.

Occasionally natural phenomena help expose relationships. Local downpours make
distant springs rise; seeping, dirty water unexpectedly clouds emerging water, sawdust
is swept away by high water into the ground and appears in a karst spring. When a fac-
tory which makes aniseed liqueur (Pernod) burned near Pontarlier, the barrels burst:
some time later the Loue Spring smelled of aniseed.

10.1 Tracers

Experiments with artificial marking materials or tracers were preceded by natural aids.
Thus the origin of the Timavo close to Triest was determined by means of marked eels
which were put into the Reka at the Grotto of St. Kanzian (Skocjanske Jame). They
took 55 days to cover the distance, thus they swam about a kilometer a day (Wagner,
1954). Sawdust and salt were used for investigations. For a long time marking materials
were used only in karst areas; today they are being used to help discover other losses
of water, e.g., in testing the water-tightness of a dam or in the search for the cause of
impurities in groundwater. Zo6tl (1974), who published the most complete compilation
on the subject of tracers up to now, emphasizes: “that the attempt at marking repre-
sents the last link in the chain of karst hydrogeological investigations of an area” (p. 89).

Main groups of tracers

a) Salts: Kitchen salt, NaCl, is the most-used marking salt; it is simple and safe to use.
However, considerable amounts are required, at least 300 kg for 1 million cubic meters
of water. Thus NaCl is about 20 times more expensive and 15,000 times heavier than
uranine (Kiss, 1967, p. 131). Qualitative evidence results from a 5% solution of silver
nitrate (Lukas, 1959b). An elegant, quick, and precise method is the measurement of
the electrical resistance. With the aid of tables the concentrations can be determined
(Mitter, 1959).
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During the investigation of the Danube’s sinks by Batsche et al. (1970) potassium
chloride was also used and the K was measured with a spectral photometer. According
to Kiiss the expenses were, however, 30 times higher than the use of uranine would have
been (1967, p. 131).

Karst researchers in Triest marked with lithium chloride, LiCl, as early as 1907/
1908. In 1911 markings were done in the Reka. The Li* appeared 211 h later at Duino
in the Timavo. The proof resulted spectroscopically (Wagner, 1954). This salt was re-
cently used for a marking project in the Muota Valley (central Switzerland).

b) Test dyes: their number islarge. The most useful are fluoresceine and its sodium
salt, uranine. Since this disintegrates in acid water, red-colored sulforhodamine is used
in such cases today. Dissolved in water it can be traced at 1:10'% (1 g to 1 million t).
Uranine can be recognized as a green color by the bare eye in a solution of 1:107, with
the analytical quartz lamp at 1:10'° and with activated carbon even at 1:16'? (Lalle-
mand and Palloc, 1964). Such a high degree of sensitivity demands the utmost care
when the test is taken and analyzed; any contact with the coloring material must be
avoided in order to prevent the contamination of other water. For details see Lukas
(1959).

According to Thurner (1967) the following formula is valid for the amount of col-
oring material to be used:

_ M: amount of dye in kg
M=EK-Q EK: distance place of entrance — karst spring in km
Q: spring’s discharge in m3/s

¢) Radio isotopes: originally only radioactive marking materials were called tracers
but the word is used for the others as well today. The use of radioactive indicators de-
mands care since any damage done by radioactivity is noticeable only later. The radio
isotopes used are short-lived and have half-life periods of 12 h up to 3 months; tritium
is in a different class with its 12.3 years. The maximum dose permitted should be as large
as possible, yet one should absolutely avoid exceeding the limit in the belief, for instance,
that the amount will be very diluted in the underground. #*Na, ¥?Br and '*'J have been
used most frequently up to now. Today a new complex has been added, 5'Cr in com-
bination with 3T, which is being used more and more (Knutson et al., 1963; Knutson,
1967, Batsche et al., 1970). The results are “substantially more precise than for exam-
ple with coloration™ and more versatile since one can read from them “not only the
facts concerning the connection between swallow-hole and spring, but also exact details
regarding the distribution of the water to various springs, regarding water flowing in and
out and regarding the average rate of flow” (Mitter, 1959, p. 124; Table 10.1).

Naturally also nonradioactive isotopes can frequently make a contribution today,
since they give evidence of the age and/or the temperature of the water at which con-
densation takes place (climate).

d) Tracers which can be activated: the analysis works with substances that do not
give off radioactivity but are activated by means of neutrons. After they have been ac-
tivated they allow an analysis which is just as exact as that done with radio isotopes.
The disadvantage is that not only the tracers but also many other elements are activated.
The activated tracer can either be established by its own rays, or it is separated chemi-
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cally first and then further examined. During the investigations of the Danube’s sink
use was made of NH;Br with Br as the activated substance and La(NO3), - 6H,0 with
Lanthan which can be activated (Batsche et al. 1970).

Table 10.1. The most important radiotracers according to Mitter (1959), complemented by T and
S1Cr

Isotope Half-life period Max. dose Ray energy Substance
permitted MeV)
(uC/cm?®)
%4Na 15.10h 0.8-10°? 1.39 NaCl
2p 14.07d 2 .10 1.69 Orthophosphate
358 88.00d 5 -107% 0.167 Na,SO, + HC1
2K 12.441n 1072 3.5/1.9 K,CO, +KCl
56 : 52
82Br 35.87h 0.465/0.54-1.45 NH,Br
%Rb 195 d 3 -107° 1.80/0.724 RbCl1
131y 8.144d 6 -107° 0.606/0.306 NaJ
3T ' 123 a - 0.018 HTO
SCr 18 d - - EDTA-complex

e) Aromatic substances and detergents: although little use has been made of them,
aromatic substances and detergents can occasionally be quite useful. For the investiga-
tion of the Danube’s loss of water two aromatic substances were employed: dipenten
(which smells of lemon although in the Aach Spring it smells of turpentine), and iso-
bornyl acetate (spruce aroma). The threshold of perceptibility is 1:107 for dipenten,
1:5 - 107 for isobornyl acetate and for isoamy] salicylate (orchid aroma), which is also
usable, 1:10® (Schnitzer and Wagner, 1967). Such tracers have already been used with
success but not often enough that they can be judged conclusively.

Detergents have proved to be cheap tracers, easy-to-use but imprecise. They are al-
cylbenzol sulfonates which create a lot of foam and are biologically decomposable. By
means of the addition of substances to stabilize it, the foam can be made to last for
days. Detergents can be detected up to a dilution of 1:2 - 10° (Schnitzer, 1965, 1967).

The detergent content can, however, also be measured colorimetrically (Batsche et
al., 1970 p. 112 ff.), which is sufficiently precise. Water which is organically heavily
contaminated decomposes “soft” detergents biologically so that losses will occur when
the water remains a fonger time in the ground before emerging at the spring.

f) Drifting materials: insoluble bodies which are sufficiently small can be used in
karst as drifting material. A beginning was made with sawdust which was then followed
by synthetic material in powder form, but it was not until spores and bacteria were used
that this method won popularity. In 1953 Mayr first employed lycopodium spores,
which are light and also cheap; their diameter is 30 um. Z6tl (1953) improved this meth-
od by means of coloration. When differently colored spores are used they can be put
into the water at different points at one time. With plankton nets they are filtered out
of the spring’s water. The various colors can be counted out in one operation.

The spores are mixed in water to a paste with a substance to moisten them, e.g., a
detergent. When the flow of the water is at least 1 1/s, the paste (of spores) can be in-
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troduced into the stream directly. Otherwise it is made to flow into the sink through a
hose which is well flushed afterwards. For the investigations which covered an extensive
area of the Dachstein region Z5tl needed 12 kg, in the Buchkogel region near Graz, 3 kg.
Further details of this procedure can be found in Maurin and Z6t1 (1959).

Nonpathogenic bacteria which are strongly colored also belong to the useful drift-
ing materials. Those serving as test bacteria are: chromobacterium violaceum with violet
colonies, which do indeed have a slow growth and are in danger of being overgrown;
serratia marcescens (bacterium prodigiosum) with scarlet colonies, which grow faster
(Lukas, 1959, D2).

Batsche et al. (1970) describe the use of serratia marcescens in the Danube’s sinks.
“The facts that (these bacteria) are harmless to humans, have a striking red color on a
dry culture medium and are not aquatic allow them to be used . . . as a tracer” and:
““The separated, bright red cultures were made into a paste in 1 1 of the river’s water
and introduced into the largest ponor at the end of the Danube’s course in one gush.
In this paste there were about 30 trillion bacteria” (p. 129).

10.2 The Tracer-Diagram

The curve of concentration of the tracer in the spring’s discharge has a number of uses.
It includes, besides the concentrations, also the times the tracers were introduced, the
times they reached the spring and the maximum concentration, which are all facts of
importance. In karst water there is usually a rapid rise to the maximum and a follow-
ing, slower decline. If only one maximum occurs, the underground course is simple,
without any great complications.
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Fig. 10.1. Simple curve of concentration in the Aach Spring after introduction of a dye at Neuhau-
sen 0.E. on 14.3.1962 according to Kiss (1965, p. 45). The second wave of dye (from 1.4.62) is the
result of an increase in the amount of water to three times as much after three days of precipitation
(30.3.62-1.4.62)
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This allows the medium linear velocity of flow v, to be calculated:

a: distance SK (swallow-point — karst spring)

=2
Vm t: time of passage from introduction to appearance of tracers

m

When the factor or prolongation is known f = %— the result is the medium real veloc-

ity v :

(see also Chaps. 5.1 and 5.5.7).

If the discharge is known, the volume V of the moistened cavity can be calculated:
V=Q-t,

According to Prandtl (1969) v, = 1.3 v, (see Chap. 5.5.5). The earliest arrival of the
tracer after the passage of time t, is to be putinas v, , thus a/t,. Since a is constant,
the average velocity v, is given by the time of passage t_,. And

tm =13 ty.
From this it follows that
V=13-Q-t;.

The average moistened cross-sectional surface is then:

A= =133

max

This is, however, only an approximate formula for V and A, refer to a tube. In nature
there are often bulges or even in- and outflows which are situated close to one another
in a lake so that no surrounding areas of any great extent can immediately be included
in the occurrence. Experience shows that every case is situated differently, but that one
can draw conclusions concerning the inaccessible phreatic zone from the situation in
the accessible vadose zone. This makes an improvement in the results possible.

The tracer-diagram often shows additional maxima. An unpublished study of the
Centre d’Hydrologie in Neuchatel (Switzerland) concerning a spring on Thunersee
(Switzerland) shows such a diagram with three maximums (Fig. 10.2).

The introduction of a dye was made in the Septemberschacht at 1740 m above sea
level, the detection in the Gelben Brunnen at 560 m above sea level, at a horizontal dis-
tance of 12 km and with a gradient of 9.5%. Thirty-three h after introduction uranine
appeared in the Gelben Brunnen but that was already the declining branch of a small
maximum {point A), followed by a larger maximum (B) after 46 h, upon which came
a small third (C). After 9 d the investigation was terminated at 5 - 107'° g/cm® uranine.
The rates of flow calculated. for the horizontal distance were 364 m/h and 261 m/h re-
spectively (Simeoni, 1973).
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Fig. 10.2. Tracer-diagram for B
uranine in the Gelben Brunnen 30 |
on Thunersee (Switzerland) ac-
cording to Simeoni (1973). Ex-
planation in text
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Fig. 10.3. Model of a network
of passages. Explanation in text

An interpretation of three maximums is problematic. In Fig. 10.3 a model is shown,
the original of which is also to be found in Hélloch (Switzerland), and which could be
worked out in calculations. But here it is only a question of a qualitative statement.

The model shows phreatic conditions and the flow is so slow that losses through
friction do not have a negative effect. The main passage is twisted and in the loop at
AA' it is closed for a short stretch by a narrow connection, while between C and C' a
similar narrow detour exists. Therefore the main amount of water flows through the
main passage. A dye-front arriving with the water at A lets a small portion pass through
the short connection. This portion reaches A’ before the dye-front in the main passage
and mixes with the water which has not been colored: in the spring this color appears
as a first, small maximum. Meanwhile the dye-front in the main passage has moved on
and reaches C, where similarly a portion again branches off into the side passage. When
the dye-wave in the main passage reaches the spring it creates the large maximum there.
When the concentration decreases the third, small dye-wave at C ' reaches the main pas-
sage, creating a new peak of concentration. The concentration then diminishes and fades

away.
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Incasion, breakdown, comprises all processes which cause the walls and ceilings of an
underground cavity to break down naturally, and also as an exception the passage floor
(bumps). In French the terms effondrement, éboulement, affaissement, décollement
are used, in German Deckenbruch, Versturz, Einsturz, Hohlenverfall, Atl6sung, Berg-
schlag, etc. The term incasion is derived from the Latin incadere, which means to crash
into or to break into;the prefix in points out that the crashing rock falls into a cavity.
Incasion is equal to the two other cave forming factors: corrosion and erosion.

In the development of caves incasion, or breakdown, is a symptom of age in the
sense of a succession of forms and not as a stage in a speleomorphological cycle in the
sense of W.M. Davis. It happens when underground cavities have become so extended
by corrosion and/or erosion that the strength of the rock is overtaxed. An exception
to this rule is breakdown due to tensions in the rock, spontaneous rock detachment and
bumps, which can take place very early. Incasion increases parallelly to the age of de-
velopment and finally leads to degeneration of the cave (see Chap. 14). The beginning
of breakdown depends on lithological factors and on the tectonic stress on the rock.
When the latter is heavy, breakdown can already begin in a cavity the width of 1 m;on
the other hand it does not yet occur in a span more than 10 m in width when the rock
is thickly layered and poorly jointed. For research it is of the utmost importance that
breakdown destroys old structures or conceals them with boulders (see Chap. 14.3).

Incasion has its own laws of form-giving. Ceilings and walls can only break down
when the pressure of the mountain or the weight of rock portions in the ceiling over-
taxes the local strength of the rock. The break is directed along already-present inter-
stices and cleavage, yet without any regard to whether these are in any way of karst-
hydrological importance or not. Other criteria are valid for the potential karst-hydro-
logical activity of an interstice than for the detachment of a block. The result of this
is the possibility that interstices — whether bedding or joint interstices is of no matter —
are exposed without their being of the slightest importance for karstification. It is ob-
vious that such a visually dominant side of an interstice is looked upon as the cause of
the formation of the passage although it was and is of no importance for the under-
ground karstification. The wrong decisions made on this account are serious apropos
of speleogenesis, for a bedding-plane passage of phreatic origin would then be classed
as a joint passage of vadose formation. Such wrong interpretations are frequent espe-
cially in alpine caves. This may be a reason why joint passages were spoken of for so
long while bedding-plane passages were not mentioned.

The innumerable joints and interstices in karstifiable rocks are the result of former
or still continuing inner tensions. Deep inside the rock there is generally a balance of
pressure, comparable to hydrostatic pressure. As the surface is approached, disturbances
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of morphological origin make themselves noticeable: limestone and dolomite on a plas-
tic foundation (marl, slate) begin to slide; where a valley is cut into limestone the rock
presses outward into the evacuated space. In mountains where considerable erosion oc-
curs — it can be many hundreds or thousands of meters of rock — the relief causes in-
terstices to form parallel to the surface (according Renault, 1967, p. 229).

Fig. 11.1. Interstices and open joints in a limestone massive. 2 bedding planes; b jointing due to
tractive force; ¢ tension-cracks of morphological origin

In a mountain which has reached an equilibrium there is an opposing pressure for
every pressure — thus no further movements take place. The main pressure is produced
by the weight of the superimposed masses of rock. It is proportional to the specific grav-
ity and to the height of the pillar of rock:

. .h.A
p=__g__A___.=vyh

-

l I 1\
1 1\

Fig. 11.2. a, b. Equilibrium of the forces in a rock. a in the inside of the mountain according to
Davies (1951); b near the flank of the valley according to Goguel (1953). H or H' respectively:
2 horizontal components when there is a hydrostatic distribution of pressure; b as long as the rock’s
breaking strength is not overtaxed the ‘“horizontal” components are the same. G or G’ respectively:
pressure on, or counter-pressure due to the rock’s mass
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In the rock the pressure lines generally run in the direction of gravitational acceler-
ation. However, they diverge from it as they approach the sides of the valley, for that
is the side from which the hydrostatic pressure is disturbed (Goguel, 1953).

Every cavity, whether it is a mere open joint S mm in width or a cave passage 5 m
across, is a disturbance in the structure of the stress lines. Since in the cavity the pres-
sure is zero, i.e., the same as that of the atmosphere, the stress lines turn aside and there-
by create a pressure-free space which extends above the cavity in the pressure dome.

Fig. 11.3. Stress lines around a cavity
with a round cross-section. D pressure
dome

By means of artificial cavities, e.g., tunnels, serious disturbances in the pressure
structure are created in no time at all and they can only gradually adjust themselves.
Pressure tensions are thereby created parallel to the surface of the cavity; these can lead
to the splitting-off of thin rock sheets. The process is called detachment, when the piece
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is hurled away it is called a bump. Bumps occur especially on the side walls, less often
on the roof, still more rarely on the floor. Irregularities in the rock lead to tensions even
in the zone of the theoretically pressure-free pressure dome. According to a description
by Stini (1950), the side walls “hurl small to very large slabs which grow thin toward
their edges, into the cavity without any warning. An intense cracking noise and earth
tremor accompany the burst. . . .Sheets fly off usually only a few hours or days after
the rock’s surface has been laid bare. Detachment takes place parallel to the wall of the
cave without regard to the cleavage of stratification or jointing of the rock™ (p. 274 f).
Thus the form of the cavity survives to a certain extent, and the rock’s surface is rela-
tively smooth.

Karst cavities have a long period of formation behind them. In general tensions
have adjusted but for a few remaining ones. This is the reason why, in contrast to arti-
ficial tunnelling, bumps are extremely rare. In an earlier stage there must have been
more of them, especially detachments, too. An analysis of cross-sectional forms shows
this. Indeed it is difficult to distinguish an ellipse — the usual name for a lens-shaped
cross-section — derived from a flat ellipse by means of detachments from one that was
formed by corrosion, if the rock’s surfaces show corrosion forms created under phreatic
conditions (Plate 7.1).

Bedding-plane-controlled passages created by corrosion first show narrow, lens-
shaped, flatly elliptical cross-sections. When the width is sufficient rock sheets begin -
to crack off. The elliptical form survives but becomes asymmetrical because the upper
arch is strengthened. Moreover, tension interstices form which in time develop corro-
sively into rock scales, thrusting out of the rock’s surface at a very sharp angle (Plate
6.4). Such indicators were usually not recognized or given no consideration and there-
fore ignored. Detachments can also often be recognized from the debris. When slab-like
debris is created out of thickly layered limestone it is an indication that pressure ten-
sions have created it. This is certain if the surface of such debris is slightly convex. In
the commercial part of Ho6lloch there lies on the side of the path a strongly bent, thin
pressure-sheet which diminishes toward its edges (Plate 6.3). At the Polyp branching of
the Passage of the Titans behind Bivouac 1 pressure-sheets formed in the floor, which
is 10 m wide there.

Wherever the sides of the ceiling approach the floor of the passage, detachments
usually break away and rock stumps remain which are a further proof of the part pres-
sure tensions play in the formation of the cross-section of a passage (Plate 6.4).

Fig. 11.4. Form of an elliptical passage created by breakdown
due to rock pressure
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Theoretically the creation of rock detachments can be expected in the high-water
zone. The rapid change from the water-filled state to that of dried-up gives rise to fluc-
tuations in pressure. When the cavity is filled with water up to the surface there is at
every point a relationship of hydrostatic pressure py to the pressure in the rock pg of
1:2.75 or rather

py =0.36 pg

When the high-water zone is 10 m deep and 100 m below the surface the fluctuations
of pressure are only 3 1/2% in reference to the surface bordering on the phreatic zone.
In the back section of Holloch, however, the maximum depth of the high-water zone is
180 m with a basis of 800 m below the surface. Here there results a pressure difference
of 8.2% to the low-water level. Such high water occurs several times every year. How-
ever, there have not been any noticeable results of its influence in the last 30 years,
neither in the deepest nor in the higher parts of the high-water zone. Attention must
be drawn to the fact that in comparison to other karst regions a high-water zone of the
depth of 180 m is extraordinarily large.

Due to the fact that the pressure lines turn aside to go around a cavity, there is a
pressure-free area above and below the cavity, the so-called tension dome. As a form it
has the most stable cross-section (Fig. 11.3). If the rock breaks down easily, as is the
case with thinly layered limestone, this form is approximately attained. In the upper
tension dome — this one alone has consequences for the formation of the cavity — the
rocks are burdened only by their own weight, but they are not under the pressure of
the total column of rock (Plate 6.1). If the strength of the rock is overtaxed, parts of it
fall down. The surface form, as opposed to detachments, is of no importance; impor-
tant are stratification, jointing, and cleavage. The newly created surface is composed
therefore of facets of joints and bedding planes mixed with surfaces of fractures so that
the surface as a whole is angular and irregular. This kind of breakdown destroys the
original form completely (Plate 7.2).

In most of the caves in the USA the limestone shows horizontal stratification. In
the ceiling the strata are situated in the pressure-free area of the tension dome and form
rock beams. Under the influence of their own weight they move down, causing tensile
pressure and shear stresses and corresponding cracks. As long as these cracks do not
penetrate the sagging beam of rock, it works as a support. If the beam breaks, it forms
two cantilevers opposite one another. According to Davies (1951) there are two formu-
las which can be used to calculate the required minimum thickness of the rock beam d
for a given span b, so that it will not break under its own weight and fall down.

) _ bt f: bending strength
Beam: dr=0.75 % v: specific weight
Cantilever: 4 = bk b length of the span of the beam
' K f by : length of the span of the canti-

lever
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When the beam is divided through its center then by = 1/2 by. The necessary minimum
thickness of the rock beam which thus became cantilevers is unchanged. However, if the
break is at the full distance between the supports (break at the opposite abutment) then
the thickness of the cantilever must be at least 4 times the mimimum thickness of the
beam, or else incasion occurs.

When the limestone layers are horizontally stratified and at slight depth (up to
100 m) the cross-sections of passages often become rectangular. When an ellipse is
formed along a bedding plane and reaches the next higher one, a rock triangle comes
into being, which as a cantilever easily breaks off along fissures. The beam above it be-
gins to bend, and tension cracks develop. These are often interpreted as tectonic joints,
joints therefore which are supposed to control the formation of the passage. But that
is by no means what these cracks are. Because of the breakdown of these beams a rec-
tangular cross-section results which can be created under both phreatic and vadose con-
ditions. When water flows through, whether it is a high-water stream or a phreatic cur-
rent, the debris is dissolved and washed away; on the walls and ceiling forms of corro-
sion emerge.

Fig. 11.5. Forces on the ceiling of a cavity with a rectangular cross-section, according to Davies
(1951). Dk pressure forces; Sk shear forces; Zk tensile forces; Sr shear cracks; Zr stress cracks; Nf
neutral plane

In caves with a flat ceiling the “junction effect” can be observed. Because of the
sudden increase in the span at a junction breakdown is more likely there. The angle be-
tween diverging passages acts as a pillar which supports the ceiling. Between the supports
circular incasion occurs, each additional layer with a steadily smaller diameter so that a
flat dome develops.

Most knowledge of the fundamentals of breakdown is gained from the physics of
mine and tunnel construction where these problems are of vital importance. However,
it may be applied only in a limited way to natural underground cavities, as important
conditions differ fundamentally, even if the principles remain unchanged. Artificial cav-
ities are made quickly by the use of force which essentially loosens the rock (blasting).
Added to this there will be adjustments to the changes in pressure. Therefore the walls
of an artificial tunnel remain in motion for quite some time so that incasion happens
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as a rule in new tunnels without reinforcement. In the case of karstification, on the
other hand, the extension of underground cavities occurs slowly and gently. During the
extended period of time since its generation, a cave’s tensions have mostly been long
balanced by the time one can enter it. Only rarely have visitors experienced a spontane-
ous breakdown. During 30 years of research in Holloch with close to 200,000 h of re-
search and 100,000 visiting hours not a single spontaneous case of breakdown could be
observed, not even any traces of it during the periods in between. As for changes which
could not be directly observed, a single one was reported. It was caused by the interfer-
ence of man who had effected a change in the direction and the velocity of flow of the
high water by the construction of a wall across a passage. The degree of stability of nat-
ural cavities is typical. But human intervention may lead to incasion even here, e.g.,
when one brushes against loose rocks in passing, blasts, or clears a passage.

Incasion does not primarily increase the volume of subterranean cavities; it rather
separates the existing space into many small portions. It reaches the effect of increasing
the volume only in conjunction with the other cavity-forming forces: corrosion and
erosion. Thus blocks which fall into the water are dissolved or eroded. Cavities may
thereby be extended upward, taking on the forms of domes or shafts. Incasion is of
equal importance for underground karstification as are corrosion and erosion.

Fig. 11.6. Behavior of rock lay-
ers in a tension dome according
to Davies (1951)



12 Speleomorphology, the World of Forms Created by the
Subterranean Removal of Matter

12.1 Introduction

Speleomorphology is cave-oriented geomorphology, the description and interpretation
of the forms in the underground which are due to corrosion, erosion, and breakdown.
The wealth of forms which are the result of sedimentation (see Chap. 13) are not in-
cluded in it, in contrast to surface morphology which also embraces all forms due to
sedimentation.

This world of forms is classified into large forms, which embrace the smallest tube
up to the largest giant cavities and the most elaborately branched cave systems, and
small forms, which originate on the surface of the large forms. Caves and cave systems
are dealt with in Chap. 17.

12.2 Large Forms

Table 12.1. The more important large forms: 1, ph: phreatic, v: vadose; ph/v: combined; 2: normal
corrosion (exclusively vadose); 3: mixing corrosion; 4: erosion; 5: incasion; XXX: predominant or
exclusive; XX: dominant; X: minor; (X) exceptional

1 2 3 4 S
12.2.1 Passages ph/v
Double passage/labyrinth, maze ph - XXX X X
Garland passage ph — XXX - X
Blind passage, pocket passage ph — XXX - X
Cross-sections: ellipse ph - XX - X)
Asymmetrical ellipse ph/() — XX — XX
Rectangular ph/v X XX - XX
Keyhole profile ph+v X X X -
Canyon v/ph+v X X XX X
Joint passage (tectonic) ph/v X X X X
Isolated cavity ph - XXX - X
12.2.2 Ceiling half-tube passage ph X X X —
12.2.3 Hall, chamber ph/v XX XX X XX
Dome v/ph+v X X X) XXX
Bell-shaped dome, collapse type v X X - XXX
pothole type (see also dome) v X) X) XXX X
12.2.4 Shaft . ph/v XX XX X X

Chimney ph/v XX XX (X) X
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12.2.1 Passages — Passage Cross-Sections

Passages are “nearly horizontal or moderately inclined cave sections” (Fink, 1973). This
definition of passagesis essentially valid for inaccessible (small) cavities and tubes, also.
Double passages and mazes lie in principle on the same plane whether this is a joint
or bedding plane. They are phreatic forms and therefore have originated as a rule by
corrosion due to mixing waters, rarely by cooling corrosion or aggressive water.

Elliptical (lenticular) passages (Bogli, 1956a; Plates 1.3, 7.3) are primarily of phre-
atic origin. Symmetrical elliptical cross-sections may be taken as key forms of corrosion
due to mixing waters and of phreatic origin (Bogli, 1964a-). A key form with more
than one cause appears at first to be contradictory. As a decision must be reached in
classifying alternatives: vadose — phreatic, and normal corrosion — mixing corrosion, it
is nevertheless unambiguous.

Asymmetric elliptical cross-sections (Plate 7.2) with distinctly pronounced vaults
are key forms of tension effects in the rock (see Chap. 11, Incasion). If the stronger bend
is in the floor of the passage, it indicates an erosive effect; sand and gravel were carried
away, mechanically deepening the floor. If the rocks on the two sides of the bedding
plane behave differently, asymmetric elliptical passages can likewise be created from
them.

Garland passages are forms which are derived from elliptical passages and are there-
fore also key forms of mixing corrosion (Bogli, 1971a). Under phreatic conditions wa-
ter flows out of the generative interstice toward the side of a joint or bedding plane-
controlled passage and mixes with the water-fill; this leads to mixing corrosion. The el-
lipse of the passage is thereby extended by curved, flat niches. In the horizontal plan —
in joint passages in the profile view — the garland-formed side is very prominent while
the other has no concavities, since, as it lies deeper, no water flows out into the pas-
sage from it.

Fig. 12.1. Plan of a garland passage
of Hoélloch (Innominata Passage)
according to Bogli (1971a). arrows
flow of water out of bedding inter-
stices

Blind passages (pocket passages) (Bogli, 1964a-c) begin abruptly with a semi-circu-
lar, apse-like cavity which usually continues on as an elliptical passage in the direction
of the water flowing away. In the apse there are two or more small inflows of water ap-
proaching, a few centimeters in size, more rarely a few decimeters. These passages,
which are usually only short, may often originate from the mixing of two or several
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types of water of different concentrations; these have continued to flow on one inter-
stice, widening it to a passage.

Isolated cavities, appearing to be closed, are closely related to the blind passage;
they also can only be explained by mixing corrosion. They are occasionally found in
limestone quarries and tunnels (Bogli, 1964a, 1965; Fink, 1968). They have a diam-
eter ranging from a few decimeters to many meters; they are often isometric, can, how-
ever, also be stretched in length along a joint or they can diminish in the direction of
the out-flowing water. Cave karren and speleothems which occur in them betray the
continuation of development in a later vadose phase.

Rectangular passages occur mainly at slight depths and when the bedding approaches
the horizontal. They are the dominant form of passage in the giant caves between the
Appalachians and the Rocky Mountains. They can have their origin under phreatic as
well as under vadose conditions but their formation is always combined with break-
down (see Fig. 11.7).

Canyons are usually the result of a deepening under vadose conditions. If the dis-
position is vadose, the canyon then has one phase (see Chap. 14 4), and was created out
of an open joint. There are, however, also canyons with one phase which were phreati-
cally created by upward corrosion, called inverse corrosion by Maucci (1973). These
seldom occur. If the floor of a passage becomes covered with sediments, corrosion only
takes place on the ceiling. If fine, loose material is continuously swept in, the cavity
will grow upward. If the sediments are carried away (erosion), a canyon-like passage
will remain; it will usually have a high rectangular cross-section. The floor of the pas-
sage often runs up and down, which is a clear sign of its phreatic origin. The Paldotraun
in Dachstein Mammoth Cave is a typical example (personal information from F. Bauer,

1961).

Gorge-shaped
passages Canyon
Flint Ridge
Cave, KY., Pohl Avenue
Keyhole profile (Fig. 12/3)

Fig. 12.2. Types of two-phase gorge-shaped passage profiles

Gorge-shaped passages and canyons can, however, also have two phases. First an
elliptical or rectangular passage is formed on a bedding plane or on a joint. Under vadose
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conditions such a passage can continue to carry water. The freely flowing stream cuts
in and forms a canyon (Plate 8.1). If the phreatic form is well-preserved, one speaks of
a keyhole profile, whereas if the state of preservation is poor or also if the canyon strong-
ly predominates, the term gorge passage is to be preferred (Bogli, 1956a).

In a rectangular passage the stream often meanders on the passage floor, thereby
sometimes undercutting the side walls or even leaving the area of the passage. In Pohl
Avenue in Flint Ridge Cave (Mammoth Cave National Park) Columbian Avenue begins
as a floor canyon which becomes deeper and deeper in the direction of the outflow. It
leaves Pohl Avenue then, sinking somewhat further down and becomes an elliptical pas-
sage (Columbian Avenue), an indication that here the vadose water-course dipped into
the phreatic zone. After the karst water-surface sank further, however, the cave stream
went on flowing for a while and thereby left behind a floor channel in the elliptical
profile.

Fig. 12.3. Columbian Avenue is a canyon in Pohl Avenue, however it changes shortly afterwards into
an elliptical passage (plan according to CRF Surveyance 1964)

Joint passages are, according to form and direction, always determined by joints
and they are always higher than they are wide. Under phreatic conditions steeply in-
clined elliptical passages are created which often merge into an open joint at the top
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(Plate 7.3). Under vadose conditions passages on open joints are created with heights
that can be 10-20 times their width (single-phased gorge passages; Plate 7.4). Even
though such passages are said to have developed from open joints, the term open-joint
cave must not be used for them as it is reserved, according to Trimmel (1965), for caves
which are “open toward the top” — ““in this sense the big joints created by sliding rock
are considered to be open-joint caves” (p. 90).

12.2 2 Ceiling Half-Tube Passage (Plate 8 2)

In the ceiling of descending elliptical passages there is frequently a channel with a cross-
section in the form of a semi-circular arch to be found; that is the ceiling haif-tube pas-
sage (Wirbelkanalgang, Bogli, 1956a). Such passages begin in the zone of a former piezo-
metric surface, where the gravitational flow becomes pressure flow. When the passage
dips gently the rapidly flowing water can take up considerable amounts of air and carry
it along into the depths (see Chap. 15.1.4). When the passages are steeper an eddy forms
on the water’s surface through which air is sucked in. The water must, however, flow
fast enough to be able to compensate for the upward movement of the air. The steeper
the passage, the higher the speed necessary.

The air is carried along under the ceiling in the thread of maximum velocity of the
water (Fig. 12.4). The pressure thereby increases by the amount of water pressure. At
a depth of 10 m there is an additional pressure of 1 atm, at 20 m, 2 atm. Since in the
enclosed air p - V is constant, the pc o, increases to double or triple its value — it must
be emphasized that this is only true of air bubbles, not for the CO, which has already
been dissolved in the water. The result is a surplus of CO, in the air so that the rock is
corroded by the mixture of air and water; a half-tube passage forms on the ceiling. The
whirling mixture of water and air probably also attacks the rock by erosion. As soon as
the half-tube passage begins to form, the zone of mixing of water and air is concentrat-
ed on this area so that it stands out more and more sharply from its surroundings. This
theory of the creation of such a ceiling-channel type has not yet been tested experi-
mentally.

Fig. 12.4. The creation of a ceil-
ing half-tube in a passage (Bogli,
1956a). For explanation see text

Wherever the passage continues straight ahead or has only gentle curves, the ceiling
channel (half-tube) follows the highest area of the arch; if the passage makes a sharp
turn in direction, the ceiling channe! diverges from the direction of the passage’s axis
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towards the outside, following the inertia of the water and the stream’s thread of max-
imum velocity ; however it balances out again at the highest point in the elliptical cross-
section.

12.2.3 Dome — Beli-Shaped Dome — Chamber

Domes are large spaces with high, arched ceilings, e.g., bell-shaped domes; chambers,
on the other hand, have low flat ceilings. These forms are the present result of adapta-
tions made to the conditions of tension in the rock. Flat ceilings form in thick layers
which are under little tectonic stress, domes and bell-shaped domes in thinly layered
rocks which may or may not be under heavier tectonic stress. Here breakdown often
reaches into nonkarstifiable strata. These forms frequently show considerable amounts
of debris which can prevent access from below to the cavity created above them. Be-
fore the beginning of breakdown the original empty space must have been larger, since
part of it is claimed by the many gaps between the boulders.

Domes and bell-shaped domes show all transitions to shafts; they also often show
a continuation as a shaft at the top. These shafts may have been the primary form out
of which an optically independent part was created by under-cutting and breakdown.

122 4 Shafts

Shafts are generally counted among caves with water movement in a downward direc-
tion. Today this s certainly correct but it was not necessarily the case during the period
of their formation, for there are also rising springs. They can be phreatic as well as va-
dose in their origin, and all three form-giving factors can play a role in the creation of
shafts. Tectonics always have a part in it, whether it is a matter of open joints or steep
bedding planes. Because of the many overlapping parameters there is also no generally
valid scheme of classification.

Morphographically the purely vertical cave parts are vertical to very steep (over
65°). Such are shafts in the mining sense of the term. Then there are stepped shafts
where flatter, although short stretches of joint passages or canyons link the vertical sec-
tions.

Not only the forms which lead to the surface are called shafts but also vertical to
steep connections between two cave levels. Seen from above shafts are pits or open pits,
seen from below, domes or chimneys. These expressions only state the line of sight.

Géze (1953) distinguishes morphogenetically:

a) Tectonic shafts; those which are created by the extension of joints and steeply
positioned bedding planes. Géze obviously understands thereby shafts in which tectonic
conditions dominate physiognomically.

b) Collapse shafts are created by the collapse of underground cavities as long as the
ceiling is not too thick to prevent a break-through to the surface. This restriction
according to Géze can be disregarded because such shafts by no means always reach
through to the surface. Such a cavity in Hélloch, the Schwarzer Dom, with a volume
of 400,000 m* and a height of 75 m is only the part in a debris-filled shaft 225 m in
depth which has remained free; moreover it is 400 m below the earth’s surface.
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Fig. 12.5. Schwarzer Dom in Hélloch

¢) Swallow shafts are created by water flowing or seeping in. Genuine ponors which
are still active today belong to these.

d) Spring shafts (Fr: gouffres émissifs) have been formed by water welling up. The
spring shaft of the Vaucluse Spring was explored down to a depth of more than 100 m,
yet it reaches even further down (see Fig. 9.6a).

e) Piezometric shafts are created by the rising and falling of the water table (pres-
sure table) in the high-water zone. Above all they are shafts between two cave levels
which were created during the development of the lower system of passages. However,
there are also some that reach as far as to the surface of the earth, e.g., the gouffre de
Poudak (see Chap. 9.4.2). Estavelles (alternate karst holes) present a mixed form of
piezometric shafts, swallow and spring shafts.

Types (c), (d) and (e) can be classed together as water-formed shafts. They occur
frequently in poljes, either singly or in combinations. If they become inactive, they
can hardly be distinguished from one another. Scallops (see Chap. 12.3.3) can help with
clarification.

Gortani (1953) added to these five types:

f) Shafts of hydrothermal origin, e.g., the shafts on Monte San Calogero at Sciacca
on the southern coast of Sicily. Also the thermal open joints in the underground beneath
Budapest belong to this type.

A special type of shaft occurs in table lands, e.g., in Kentucky; Pohl (1955) names
it simply and aptly a vertical shaft. This type is found fully developed in Mammoth
Cave National Park in places where carbon limestones are covered by quartz sandstone.
Vertical shafts are absolutely vertical; in their cross-section they are almost the same
size from top to bottom and their cross-section is round, or more often elongated to-
ward the joint. The surface of the walls is smooth, interrupted only for a few centime-
ters at the bedding planes, and straight corrosion grooves run from top to bottom. The
unrelated proximity of horizontal passages and vertical shafts is striking. The shafts
were unmistakably formed later. They cut through the passages purely fortuitously,
whether in one broad part, or just barely, so that only peep-holes betray their presence.
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Besides morphological criteria, the absence of troglobionts (cave animals) in the pools at
the bottom of the shafts speaks for their later creation since troglobionts are otherwise
frequently found in Kentucky.

Creation: water low in lime seeps through the quartz sandstone ceiling, therefore re-
maining low in lime. Along a joint it then crosses the limestone under phreatic conditions
— therefore corrosion does not take place. If the interstice cuts through an air-filled cav-
ity, normal corrosion results. The water seeping out dissolves the limestone and a cupola
is formed. This moves upward toward the water flow until the quartz sandstone is reach-
ed. The walls of these shafts are wet even in caves which are otherwise dry. In the pools
on the bottom lie boulders of quartz sandstone and chert nodules which have been loose-
ned, but there is no limestone debris. This is a sign that breakdown in the limestone did
not play a part in the formation of the shafts. Bogli (1969¢) assumes that the water, which
is low in lime content, seeping into the depths (lacking air) creates a primary cavity when
it comes into contact with the groundwater, which has a high lime content, by means of
mixing corrosion. As soon as the karst water table sinks sufficiently, air enters this cav-
ity. Then corrosion in Pohl’s sense begins and also growth upward.

12.3 Small Forms

Small forms are created with few exceptions by only one single form-giving factor. Cor-
rosion causes the greatest wealth of forms. These predominate on the ceiling and on the
walls. Erosion is limited to the lower parts of the wall and to the passage floor, e.g., pot-
holes and, with the assistance of corrosion, scallops. Breakdown exposes bedding and
jointing planes and creates angular surfaces of fractures.

12.3.1 Cave Karren

Cave karren are solution features according to the definition of karren. Bretz described
various ceiling karren in 1942 and in his work Caves of Missouri (1956); Bogli (1963a)
presented a first collection of the cave karren which are most frequent in the Alps.

Anastomoses (Bretz, 1956) are intricately twisted cavities which are connected to
one another; they range from a few centimeters to up to 20 cm in diameter and are
found on outcropping bedding planes in caves. Probably slowly seeping interstice water
mixes with the water of the passage already within the interstice so that mixing corro-
sion results. A corrosive mixture of water seeping into interstices produces the same
forms. Anastomoses are not frequently observed in Europe, indeed they are usually
overlooked. Occasionally they are found in Holloch, e.g.,in the Titanengang. In the USA
they are frequent and are given a great deal of notice as a result of Bretz’s influence. The
holes which appear in outcropping bedding planes in Mammoth Cave are called pigeon
holes.

Pendants according to Bretz (1956), described by H. Lehmann (1956) as Decken-
zapfen (ceiling cones of rock) are 10-100 cm long, rarely more (Plate 8.4). Neighboring
ceiling cones end at the same height, a proof of the fact that these cones are remainders
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Table 12.2. The more important small forms (see Table 12.1 for the symbols)

1 2 3 4 5
12.3.1 Cave karren
Ceiling karren
Anastomoses ph - XXX - -
Pendents ph — XXX - -
Spongework ph — XXX - -
Ceiling dimples v XXX - — -
Cave rills v XXX - — -
Cave grooves v XXX - — -
12.3.2 Potholes
Potholes due to mixing corrosion ph - XXX - -
(inverse solution pockets)
Ceiling pockets, wall pockets ph - XXX - -
Vadose ceiling pockets (rare) v XXX - - -
Floor potholes, erosion pockets ph/v X) X) XXX -
Floor potholes with central cone ph X) X) XXX -
12.3.3 Scallops and ceiling dents
Scallops ph/v XX XX XX -
Ceiling dents ph - XXX - -
Ceiling half-tube ph XX - X -
Exposed interstice surfaces ph/v - - - XXX

of a limestone stratum in which dissolution had created winding cavities in the form of
channels, moving from the bottom upward; ordinarily these forms must be counted
among the anastomoses. Bretz includes them among the vadose forms, yet the formation
of the cavity demands that the passage be filled with water, phreatic conditions then —
whether in the vadose zone (high-water zone) or in the phreatic zone is irrelevant. War-
wick (1962) assumes that the channels were created on the ceiling when sediments fil-
led the cavity and water had to force its way between them and the ceiling. If it is a mat-
ter of individual channels only, inverse ceiling channels are formed, e.g., in Endless Cav-
erns (VA, USA). In Beatushohle (Switzerland) they are developed to the perfection of
a model; they are 10 cm wide, up to 30 cm deep, and have a length of many meters.
Wherever they connect in a network pattern single cones are created, pendants.

Drops of condensation water create ceiling dimples. Their form resembles a finger-
print. The border is generally flat. This type is frequently observed, e.g., it covers large
areas of the ceilings of the elliptical passages in Holloch. When condensation is rapid the
drops may dissolve deep pits with sharp ridges and peaks; these generally occur on the
underside of practically horizontal slabs. They are found to perfection in Dome Home
Cave (KY, USA, outside Mammoth Cave National Park).

If the condensation water flows away cave rills form on steep limestone surfaces;
shallow and up to 3 cm wide, they run side by side without interruption. It is assumed
that they also form out of wash stripes in the clay covering on cave walls (Bogli, 1963a),
when they are covered under phreatic conditions by corrosive water.

On slightly inclined surfaces the drops of water join forming cave grooves; these
are the equivalent of exokarst’s meandering karren. If unsaturated water emerges from
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bedding or joint planes, it immediately takes up CO, and corrodes. In this manner large
cave grooves are formed which begin directly at the point where the water emerges. In
ice caves it is not unusual to find twisted vein-like rills 1-5 mm wide and even less deep,
on steep to overhanging walls: ice-water grooves. They can be short, only a few centi-
meters in length, they may, however, occasionally attain several meters in length, e.g.
in Dobschau Ice Cave (Dobsinskd L’adov4 Jaskyfia, CSSR). They are created by the wa-
ter which, held by capillary forces, seeps away between the rock wall and the ice.

When snow is blown into shafts and the rock is moistened over the whole surface
cave pinnacles may be created, which can be razor-edged (Bogli, 1963a). Similar forms
are generated in vertical shafts where water which is low in lime emerges from the open
joints of the quartz sandstone and reaches the limestone, e.g., in Dome Home Cave
(KY, USA).

12.3.2 Potholes, Inverse Solution Pockets

Inverse solution pockets (Plate 1.4) are located on the ceiling and on the side walls
where water emerges from interstices or from isolated points: ceiling and wall pockets.
A water whirlpool is not necessary for the generation of the form but it may play a part
in it.

Inverse pockets form only under phreatic conditions, besides in the phreatic zone,
also in the vadose where the passage is permanently filled with water (siphons) or dur-
ing high water (temporary phreatic conditions).

Originally such inverse pockets were explained by erosion (evorsion), by strong,
local water whirling against the ceiling (Trimmel, 1965). Bretz (1956) explains them
by corrosion, which acts differentially, therefore selectively in whirling water. The usu-
ally elliptical form of the cross-section speaks against this interpretation; it is normally
extended in the direction of the joint carrying the water, even when the joint crosses
the passage and thereby the direction of flow. This indicates a low velocity of flow.

The fact that the pocket is localized around the point of emergence of the inter-
stice betrays that it was created by mixing corrosion — interstice water plus passage wa-
ter: pockets due to corrosion by mixing waters. In Holloch during the snow melt the
high water with 60 ppm of lime or less meets interstice water with 120-200 ppm in the
passages. When the high water recedes and the passage becomes dry, the water with the
high lime content continues to seep out of the interstices. Calcareous sinter (speleo-
thems) is deposited. For this reason one often finds sinter formations in the inverse
pockets due to mixing corrosion, especially in covered karst with its water rich in lime,
e.g., in the Grotto of Castellana south of Bari. Formerly these sinters were interpreted
as the effect of a change in climate.

The depth and the diameter of inverse pockets vary greatly (Plate 1.4). They range
from a few centimeters up to many meters. Chimneys up to 20 m in height which are
more or less rounded at the top or which end in a peak where they show small points
of emerging water are to be interpreted as large inverse pockets.

As an exception there are also ceiling pockets which form in an air-filled cavity.
Water low in lime emerging from the ceiling begins to corrode there and creates these
pockets. Franke (1963a) attempted to clarify the laws of these formations. Generally
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Fig. 12.6. Inverse pocket
due to mixing corrosion. a
plan of passages (spirals: in-
verse ceiling pockets); b sec-
tion of a side of a passage
with an inverse pocket.
Black speleothems

they show additional solution grooves; in this way they differ from the pockets of mix-
ing corrosion. Wherever such grooves are lacking it is a pocket due to mixing corrosion,
if its surroundings have been formed aqueously. The most extreme example of a vadose
solution pocket might well be Pohl’s “vertical shafts” (1955;see Chap. 12.2.4).

Corrosion pockets are rare on the floor of the passage as seeping water usually does
not rise. However, dripping water which is low in lime can attack the floor;such pock-
ets (potholes) give evidence of a considerable proportion of erosion in their creation;
and also they form only under vadose conditions. They usually reveal themselves by ad-
ditional runoff channels.

Potholes due to erosion (Plate 9.1) are created by stationary water whirlpools which
are laden with sand and gravel. These attack the rock base and deepen it. Centrifugal
forces drive the solid particles over the floor of the pothole onto the periphery where
they smooth the walls. Screw-shaped (helicoidal) holes thereby develop, reaching into
the rock. These occur most frequently where water with a high velocity flows into wa-
ter with a slower one, i.e., behind narrow passes. If the passage widens directly, the wa-
ter flowing through it is flanked by a reverse flow so that between the two, stationary
whirlpools can form. As a result of centrifugal forces the pothole’s center loses its sand
and gravel and erosion there is but slight. Under phreatic conditions a cone of rock is
created in that place. In Holloch (commercial part) the central cones are 5-20 cm high,
but as an exception they even reach almost 1 m. Potholes due to erosion which have
been created under vadose conditions never show such a cone because the air sucked
into the center of the whirlpool effects additional erosion in the bottom of the pothole.

12.3.3 Scallops and Ceiling Dents

The separating surface between two media which move at different speeds is wavy. Wa-
ter, flowing away over limestone, therefore creates forms of flow, so-called scallops by
means of corrosion or erosion (Fr. vagues d’érosion, Germ. FlieBfazetten).

There are three types of scallop, shell-shaped ones on the passage floor and on the
foot of walls which are not strongly sloped (Plate 9.3), wave-like ones on the lower
parts of walls, called flutes, and large flat ceiling dents.
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The scallops of the passage floor are shell-shaped, following on one another with-
out interruption. They are 5-25 cm wide and usually somewhat longer. As an exception
the relationship can become w:1 = 1:5. Every scallop has a steep side and an adjoining,
more gently sloping surface.

The steeper inclination indicates the direction the water flows away. This fact is
of great importance for karst hydrology. Since scallops require a certain time for their
formation, they are the expression of the behavior of flow during the last longer phase
of water-covering.

Fig. 12.7. View and longitudinal section
of scallops (acc. to a photograph taken
in Holloch). Dotted clay deposits under
1 mm in thickness on the steep side

Bock (1913a) specified scallops as forms of erosion and set up a formula to deter-
mine the velocity of flow which is necessary to cause a certain size of scallop. Bretz
(1942), on the other hand, believes their origin is due to corrosion. Maxson (1940) ob-
served such forms on insoluble rocks; this is in agreement with the author’s observations
in the bed of the Aare on the granite of Handegg-Grimsel (Switzerland).

The effect of erosion can be recognized from such observations. Renault (1961a,
1961b) is of the opinion that scallops are related to insoluble gravels lying on the lime-
stone. According to him the water must flow around the rounded stones whereby the
specific scallops arise. Opposing this theory is the situation in Hélloch where there is
to be sure no hard, insoluble gravel, but uninterrupted fields of scallops which are hun-
dreds of square meters in area. The manner of flow of the water is decisive in the crea-
tion and further development of scallops.

Fig. 12.8. Movement of water over scallops according to Blumberg (1970). S shearing surface; L lee-
whirl; J jet stream; hatched corrosion or erosion
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Fig. 12.9. Stream lines on the surface of scal-
lops according to Allen (1972, p. 10)

Curl (1966, 1974, 1975), Goodchild (1971) and Wigley (1972) attempted to solve
the problem of the dependency of size experimentally and mathematically, assuming a
constant velocity of flow v, and a sufficiently long, straight section for the water flow.
Since such conditions are not often given in nature, the results are only approximately
correct; still they are of great assistance in the interpretation of karst-hydrological rela-
tionships. When the v, is variable, the formation of scallops takes place fastest when
the speeds are high. For literature see Cuzl (1966, 1974) and Allen (1972).

To deduct the formulas Curl uses especially flutes, which show a greater regularity
than scallops. The form is delimited by edges which run from above downward. The
distance L from edge to edge is indirectly proportional to the v,,. The basic equation
according to Curl (1966, p. 127 f.) is:

Re; : Reynold figure for flutes
L Vi - L=Rey, u: coefficient of viscosity
H p: density

% is the kinematic viscosity v of the water.

Table 12.3. Kinematic viscosity v for water
0°C 5°C 10°C 15°C 20°C 25°C 30°C
v 0.0179 0.0152 0.0131 0.0114 0.0100 0.0090 0.0080

Re; can be determined with the aid of the diagram according to Curl (1974, p. 4);
in it Re; is set opposite to the ratio of the passage’s diameter D to the average length
L of the flutes. The Reynold figure is somewhat higher for a rectangular cross-section
than for a circular one.

Since D and L are directly measurable, Rey is easily determined.

Example: D of a rectangular passage measures 300 cm, the average length L of the
flutes when the smallest are excluded is 15 cm, the water temperature 5°C.
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Fig. 12.10. Relationship between Rey, and D/L according to Curl (1974). P passage with rectangular
cross-section; K passage with circular cross-section

D/L = 20 from which Re; can be determined to be 28,000.
v, "L=v-Re; =0.0152 28,000 =4256 cm?/s,
v, =284 cm/s or 10214 m/h

A passage with a circular cross-section results in Rey of 25,000 when D and L are
otherwise equal and v, is therefore 25.3 cm/s or 912 m/h, which is about 11% lower
than in the case of the rectangular passage.

Halliday (1962) determined in Boyden Cave (CA) an L of 6.5 cm and calculated
the velocity at about 50 cm/s at 8°C (v = 0.0138 cm?/s); this concurs very well with the
actual velocities.

Curl based his investigations completely on corrosion. There are, however, many
indications that the actual scallops are created mainly by mechanical erosion, e.g., by
water containing sand (corrasion). If the forms were created corrosively, surely the roof
of the cave would also have to show scallops similar to the others in size and shape: this
is, however, only so in exceptional cases and only in narrow passages where solid parti-
cles (sand) carried by the water are swept upwards to the roof. The distribution of the
forms in the passage cross-section indicates that gravitational forces play an important
part here. Corrosion takes place without the vital participation of any such forces. Al-
len (1971), one of the best authorities on the forms created on rock surfaces by remov-
al, who classes flutes and scallops as erosion forms, nevertheless writes: “These marks,
now recognized to be of solutional (mass transfer) origin. . .” (p. 177).

Thus the manner of flow determines not only the amount of corrosion, but also
of erosion, so that the latter must generate similar forms. It must be taken into consid-
eration that ceiling dents, which are formed by corrosion only, are several times longer
than the flutes or scallops in the same cross-section. A general equation for v, which
would also take erosion into account would not be of any great use because of the dif-
ficulty of determining the parameters.



13 Cave Sediments

The term cave sediments embraces all clastic, organic, and chemical deposits occurring
in subterranean cavities and cave entrances. They are the same three main groups as on
the earth’s surface. The clastic deposits hardly differ from those on the surface. Organic
and chemical sediments differ less chemically than morphographically from the corre-
sponding ones on the surface. For cave ice refer to Chapter 16.

13.1 Clastic: cave clay
sand, gravel
boulder debris

13.2 organic: 1. phytogenic sediments
/ 2. coprogenic sediments
13. Cave sediments bat guano

nitrate soils
3. cave phosphates

13.3 chemical: 1. cave formation
calcareous sinter
2. gypsum
3. other cave minerals

16. cave ice

13.1 Clastic Sediments

Clastic sediments form from deposits of fragments of pre-existing rocks which were me-
chanically destroyed. Not the origin of the components, but only the place where they
have been deposited is decisive in their classification as cave sediments. Allochthonous
here means an origin outside the cave.

The kind of clastic cave sediment is often determined by the climate on the earth’s
surface; this is especially true of those in cave entrances (Schmid, 1958; Riedl, 1961).
Frost loosens the rock and increased breakdown takes place. Many cave entrances there-
fore have a wide opening although at the back of the entrance hall only small passages
lead into the mountain, if any. Congelifracts — angular rock fragments produced by
frost action — are to be found in many alpine caves. They form under periglacial con-
ditions in caves which are situated close to the surface, in so-called subcutaneous caves
(Ciry, 1959 and chap. 7.4), however they occur in ice caves, also, especially in dynamic
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ones (see Chap. 16). In Eisriesenwelt (Austria) the floor behind today’s ice section is
covered with congelifracts for hundreds of meters, which are proof of the much more
extensive frost zone of earlier days. In caves where today the temperature never sinks
below 0°C congelifracts are an indication of earlier periods of cold. Debris from break-
down and frost is always autochthonous.

13.1.1 Coarse Clastic Cave Sediments

Gravel from karst rocks can be allochthonous as well as autochthonous. The proportion
of autochthonous components increases rapidly with granulation and with the distance
from the point of entrance of the cave water and, with the exception of quartz pebbles,
e.g., Augenstein, reaches 100%. The causes are the special conditions of erosion in cave
waters. According to Brinkmann (1967, p. 67) limestone debris is rounded after 1-5 km,
and after 10-50 km ground down to halfits size. However, in caves the distance required
to reduce the debris to half its size is extremely short: only a few 100 m when there are
no ascents. If the water’s course includes ascents, coarse rock fragments remain lying
at their foot, narrowing the cross-section of the passage. The higher velocity of flow
caused by this results in a portion of the coarse components being carried along up the
ascent behind the narrow place. In the following wider section, where the rate of flow
diminishes, the gravel rolls back again and is ground down until it is small enough to be
carried away, i.e., as pebbles and coarse-grained sand. It must be pointed out that the
rate of flow varies greatly at the narrow passes; from low water to high water from 1:5
up to 1:50, rarely higher under phreatic conditions. Thus the distance necessary to halve
the diameter of limestone pebbles is frequently reduced to under 100 m.

Pebbles are broken when the velocity of flow is high and when they fall over steps.
Therefore well-rounded components are rare in many caves but on the other hand sub-
angular ones are frequent.

Of the nonkarstic rocks especially quartzites and magmatic rocks are resistant and
are only slightly eroded, e.g., the Tertiary quartzite pebbles of many Austrian caves,
called Augensteine. Chert nodules are resistant and usually autochthonous since they
occur in many limestones, as in the Mississippian in the USA or in the chalk strata of
Western Europe. Debris from breakdown is also included in coarse, clastic sediments;
its components range between the size of a grain of sand and angular boulders of sever-
al cubic meters. Davies (1949) classified breakdown debris into four groups: blocks,
plates, slabs and chips.

13.1.2 Fine Clastic Sediments

In warm, humid climates chemical weathering predominates. Thus in these regions a
lot of fine material is carried in; in cold, humid climates mainly coarse clastic mater-
ial. Fine clastic sediments — as opposed to the coarse clastic ones — have a relatively
large surface and the rate at which they sink in water is correspondingly slower so that
they can be carried far in the cave without becoming noticeably smaller. Only a small
portion of them stems from residue of the limestone dissolved in the cave. Limestones
which are very karstifiable are pure, usually containing less than 5% clay impurities,
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occasionally less than 1%. Yet the volume of clay deposited in a cave often exceeds 5%
of the volume of the underground cavities. Moreover there are also great losses of fine
material due to its being carried away out of the cave. For these reasons the main por-
tion of cave clay must consist of allochthonous components; this conclusion is support-
ed by its mineral composition and its content of organic substances.

Table 13.1. Sizes of grains of clastic sediments according to DIN 4022

Loose sediment Diameter of grain

Clay Less than 0.002 mm Pelite (mudstone)

Silt 0.002-0.06 mm (siltstone)

Fine sand 0.06-0.2 mm Psammite (sandstone)

Medium sand 0.2-0.6 mm

Coarse sand 0.6-2 mm

Fine pebbles 2- 6 mm Psephite (conglomerate, fine breccia)
Medium pebbles - 6-20 mm

Coarse pebbles 20-60 mm

Stones Over 60 mm @ (Coarse conglomerate, coarse breccia)
Breakdown debris Up to several m @

When serial investigations are undertaken the distribution of the organic material
in a series of sediments allows some conclusions to be drawn concerning the situation
of the place of sedimentation in reference to the surface of the water. Organic materials,
e.g., particles of humus, have a density of a little over 1 g/cm?®, fresh components of
plants, for example needles, seeds, have a little under 1 g/cm®. Therefore the latter float
and are occasionally deposited on the edge of the water’s surface as suggestions of small
littoral banks. The former, however, are incorporated into the sediments, those deposited
near the surface of the water contain approximately three times as much organic mate-
rial as those in deeper regions of the water.

Table 13.2. Composition of three cave sediments according to Groner (1977); recent: Holloch (Styx
section)

Situation and behavior Org. Mat. < 0.002 mm 0.002- 0.063-
0.063mm 2mm

Sample 19. Rutschbahn; almost
calm water; occasionally small
influx 2.2% 12% 65.5% 22.5%

Sample 21. Rutschbahn; 15 m
under water’s surface; almost
calm water 1.7% 10% 75% 15%

Sample 23. Sylvia Lake, below
Rutschbahn; near outflow, .
water somewhat agitated 0.7% 9% 73% 18%
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13.1.3 Conditions of Sedimentation

The approximate velocity of flow of the water at the moment of sedimentation can be
determined from granulometry. The smaller the diameter of the components, the longer
the time necessary to deposit them. The velocity with which the particles are transport-
ed is always less than the velocity which is necessary to tear them away from an agglom-
eration of loose sediments; it is, however, greater than the velocity at which the particles
are deposited. In the case of coarse pebbles the velocity of the water is 50% greater for
corrasion than it is for deposition; in the case of coarse sand, however, it is approxi-
mately three times as great. The forces of cohesion increase parallel to the degree of
fineness of the grains. In the case of fine sand of 0.1 mm @ the limits of velocity during
accumulation and erosion are 1:20; in the case of silt of 0.01 mm @ they are 1:1000
(according to Hjulstr6m’s Curve, 1935).

Fig. 13.1. Relationships between velocities of flow, removal and sedimentation according to Hjul-
strtéom (1935). Mean values

Conditions of sedimentation are different in the tubes in the phreatic zone and in
the high-water zone, and they are essentially different again in piezometric tubes.

In the phreatic zone the velocity increases in the tubes during the rising of high wa-
ter (H), remains at the maximum for a certain time and decreases to the former value.
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The diameter of the components is therefore at first fine (F) — clay to silt — becoming
coarser (G), coarse silt to fine sand or even to coarse sand, depending on the situation,
and reverses again when the high water subsides.

" __J\/}\_,
Fig. 13.2. Water level (W) (or veloc-

ity of flow) and size of the grains N N

(K) in the sediments deposited dur- -fé\\___
ing a high-water phase (H) in the K

tubes of flow in the phreatic zone

(N low water) (see text, also) F F

Every high-water phase results in two layers consisting of finely and coarsely grain-
ed material, respectively. The appearance of such sediments recalls varved clay (Plate
10.1). The term varved clay should be avoided as this is not a case of fluvioglacial or
seasonal variations in the size of the grain. Bull comes to similar conclusions (1977).

In narrower sections of passages the velocity of flow so increases during high water
that old, fine sediments are also swept away. If, for example, v is 60 cm/s, silt of 0.01
mm @ is eroded, but at the same time gravel of 8 mm @ is deposited. The sedimentation
of coarse sand on silty clays can frequently be observed without any signs of erosion,
(see Fig. 13.9 and accompanying text).

In the high-water zone the water-course lies dry during the period of normal water
level. When the water begins to rise the fine sediments in the feeder tubes are washed
away if the gradient is one-sided and only the coarse components are left there. When
the water level rises the passage is filled and conditions become phreatic. If the cave
stream reaches the karst water surface and thereby the karst water-body, the velocity
is immediately reduced. The debris that has been dragged along is dropped. During the
phreatic phase not only fine materials are deposited by the cloudy water, but also or-
ganic substances and clay remain on the ceilings and walls through cohesion — sedimen-
tation contrary to gravitation.

When vadose conditions begin, the feeder washes the fine material out of the debris
so that the stones lying in the splash zone become clean; those beyond, however, remain
covered with clay.

Fig. 13.3. Sedimentation and hol-
lowing (4) where the stream passes
into the karst water surface
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Sedimentation proceeds differently in passages with varying directions of incline
where as a result depressions occur which become siphons during high water. In the de-
scending branch of the first depression any coarse material that has been carried along
remains behind. Since the depression (siphon) fills with water, the rate of flow usually
diminishes to such an extent that fine material, too, is deposited, especially in the as-
cending branch. If the water now flows over into the next depression, the descending
branch is washed clean, while in the ascending branch fine material is again deposited.
When the high water decreases the water in the depressions seeps into any available
open joints or flows away downward through side passages (see Chap. 5.4 and Fig. 5.7).

The depressions can, however, also fill up from below. The overflowing water —
the direction is unessential — will cause a flushing phase in the neighboring depressions.
An analysis of the distribution of sediments therefore provides information concerning
the behavior of karst water during high water.

Fig. 13.4. Accumulation and flushing in passages with varying directions of incline. 4 accumulation,
coarse: dotted; fine: hatched. S flushing (rock clean). a by feeder (circles gravel) b by water bub-
bling up. I first phase of filling; 2 second phase of filling

In every high-water course there are interpolated narrow passes, sections of higher
velocities of flow. The coarse material which is swept through such a narrow place re-
mains lying in the following wider section. If the narrow places are ascending and if the
wider section coincides with a considerable diminishing of the slope, high gravel banks
form there with their axis in the direction of the current. The water, which is now forced
to go around the gravel bank, flows on the side along the wall.

Fig. 13.5. a, b. Gravel bank, Kiesburgen in H61lloch, schematicly. a ground-plan; K crest of the gravel
bank. b longitudinal section; I young pebbles; 2 old deposits, stoney-rocky
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Piezometric tubes are ascending passages which do not have water flowing through
but are filled from below up to the piezometric surface. If they begin in the phreatic
zone, the deepest part always lies under water and shows correspondingly large accumu-
lations of sediments which are usually clayey-silty. Piezometric tubes which begin in the
vadose zone fill up only after the water begins to rise. There is only a current in piezo-
metric tubes when water moves through them to fill newly attained cavities. As opposed
to passages which have a flow of water through them, the water in them comes to rest
during high water and remains in them as long as the high water level does not essential-
ly change. The finest material is deposited. When the high water recedes again a channel
is washed out of these sediments. Therefore in the phreatic zone every high-water phase
effects a double sequence of fine and coarse deposits, one while it is rising and one while
it is subsiding.

N N
Fig. 13.6. Water-level (W) and size T T
of the grains (K) of loose sediments K _—/_\__—f\___
in a piezometric tube ascending out F = =

of the phreatic zone (see Fig. 13.2)

The distribution and the sizes of the grains of fluvial sediments provide information
concerning former velocities of flow, the situation of the high-water zone and the main
connections. For example, the Titanengang in Hélloch is clean as it once was a high-
water course; the piezometric tubes which depart from it are, however, generally coated
or filled with clay. A granulometric analysis of the sediments almost always brings re-
wards. The results are usually shown in tabular form and/or in gradated curves of the
percentile proportions of the grain fractions.

The central value (median Md) indicates that position in the gradation curve where
the total weight is halved and divided into areas with finer and coarser components.
The median is closely related to the velocity of flow (Sindowski, 1961). For sample 13
of the sediments of Mammoth Cave (KY, USA) this point lies at a grain diameter of
0.0034 mm, for sample 27 at 0.1 mm and for sample 33 at 0.17 mm. With the aid of
the Hjulstrém Curve (Fig. 13.1) one could from this arrive at velocities of flow of 0.025
cm/s, 0.75 and 1.4 cm/s respectively. These are values which do not differ very greatly
from those reached by other means (Fig. 13.8). Thus for a first orientation they are
quite useful.

By division into four parts Q; (25%) and Q3 (75%) join the median; they give in-
formation concerning the degree of grading (grading coefficient S) and concerning their
asymmetry, their so-called skewness (Sk).

Qs
s= /=,
Q
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The grading coefficient results in values above 1 since Q3 = Q;. A simple division
classes S < 2.5 as graded, such > 3.5 as ungraded. Sindowski (1961) makes further dif-
ferentiations:

$<1.20 very well graded
S$1.20-150 well graded
$1.50-2.50 moderately graded
$>2.50 badly graded

The skewness Sk shows the situation of the curve’s center of gravity. At Sk > 1 the
fine portion is better graded, at Sk <1 the coarse portion.

Sk = QKI/IT?}- (acc. to Pettijohn, 1957).

Table 13.3. Evaluation of the gradation curve of cave sediments from Mammoth Cave (Fig. 13.7),
Md, S and Sk

Samples: 13 27 33
Md 0.0034 mm 0.1 mm 0.17 mm
Q, 0.0014 mm 0.023 mm 0.11 mm
Q, 0.011 mm 0.24 mm 0.23 mm
S 2.83 3.22 141
Badly graded Ungraded Well graded
Sk 1.3 0.6 0.9
Fine fraction better graded Coarse fraction better graded
°/o
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Fig. 13.7. Gradation curves of sediments from Mammoth Cave (KY, USA) according to Davies and
Chao (1959). 13 silty clay, Boone Avenue; 27 silty sand, Pensacola Ave.; 33 sand fill, Sims Pit Ave
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Granulometric gradation curves, capable as they may be in giving information, are
not suitable for the analysis of velocities of flow, as the peaks are not clearly recogniz-
able. However, in the percentage histogram the peaks are clearly in evidence.

Fig. 13.8. Percentage histograms to . T 1 T T T T
Fig. 13.7 /o F=—=0.005mm v =0.036cm/s 13
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The velocities of flow during the sedimentations according to the Hjulstrém Curve
for samples 13 and 33 are around 0.036 cm/s, and between 0.7 and 2.4 cm/s respective-
ly. The more complex sample 27 shows a main peak which is to be associated with ve-
locities between 0.07-04 cm/s, and a subordinate range of velocities between 0.4 and
2.7 cm/s.

13.1 4 Interpretation of a Sediment Profile
Clastic sediments reflect a part of the history of development of a cave from the begin-

ning of sedimentation. The chronology remains relative, however, as long as there are
no criteria to fix the age absolutely by means of correlations. In the following example
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the passage correlates to the preglacial valley bottom which, in the role of local base
level, determined the altitude of the cavity. The sediments are therefore at the most of
preglacial age. Mainly there is an absence in these cave sediments of any key fossils.
Moreover the age of the sediments is much too great for *C-dating to be considered.

Example: the Rote Gang (Red Passage) of the upper system in Hélloch corresponds
to the late Pliocene terrasses in Muota Valley (which are termed preglacial by Swiss
geomorphologists). In it there is a series of deposits which betrays interesting relation-
ships.

Fig. 13.9. Sediments from the Roten Gang, Hol-
loch (for details, see text)

Above the rock there lies a reddish-brown, ferruginous clay with 63% granulometric
clay fraction; it is practically free of organic substances (1 in Fig. 13.9). Its upper limit
is determined by the surface of erosion (2-2), covered by gravels up to 6 cm @ and coarse
sand in a clayey matrix (3). With some certainty 2 and 3 are syngenetic, for the granu-
lation of the clay deposited indicates a rate of flow of at least 170 cm/s during erosion,
whereby coarse gravel of approx. 6 cm @ is deposited. Cold periods, seen as a whole,
have been recognized as being periods of increased erosion of fine material and of sedi-
mentation of coarse clastic sediments in many caves. Since the clay had to be classed
as preglacial, this layer corresponds to the first cold period. Above it the first intergla-
cial period left a yellowish-brown, silty clay (4), such as one finds as the oldest deposit
in several places in the upper cave system. It shows a clay fraction of 36.8% and a low
humus content. After this phase there followed a new period of thoroughgoing erosion
(5-5) which removed large portions of the sediments previously deposited right down
to the passage floor. Some pebbles have remained (6). The age of this clearance cannot
be determined. Some time later well-washed, grey, medium sand was deposited with
some gravel (7). These are lying in thin layers mainly on the older sediments, less often
on the passage floor, where they were more easily washed away. The stalactites are the
most recent formation. Tests to determine their age with the *C-method have resulted
in a maximum age of 12,000 years (unpublished investigations of Fantidis); they are
postglacial.

13.1.5 Clay Minerals — Heavy Minerals

Research concerning clay minerals has not been conducted to any great extent. During
his investigations in Douglas Cave (N.S. Wales, Australia), Frank (1969) found that, from



Small Forms of Fine Clastic Sediments 175

the top downward in a profile, kaolinite decreased, chlorite increased, while the illite
content remained quite constant. He interpreted this as the result of climatic changes
during the last 30,000 years. In a humid climate that means an increase in warmth. In
Holloch illite and mixed layers of illite-montmorillonite were detected. Up to then on-
ly illite, which indicates a humid climate, had been found in Pleistocene cave clays,
whereas the mixed layers, which have only been found in “preglacial” clays (layer 1 in
Fig. 13.9) give evidence of a somewhat drier climate.

Nor have many analyses been made of heavy minerals. Davies and Chao (1959) an-
alyzed the sediments of Mammoth Cave. They agreed approximately with those of the
surface sediments. There were found zirkon, tourmaline, rutile, goethite, leucoxene,
and chromite. In the medium and higher cave levels these were joined by authigenous
barite and celestite, which indicate that these strata are older. In the CSSR the analysis
of heavy minerals is integrated in paleogeographical and stratigraphical research (Misik,
1956).

13.1.6 Small Forms of Fine Clastic Sediments

When formed under water, the surface of cave clay either runs parallel to the surface
of the rock under it, or is horizontal. Lamination shows the same arrangement, also.

Mud stalagmites (Plate 10.3) are created by dripping water which splashes fine ma-
terial to the side, thereby building up a wall around the splash-cup. In the inside, a cra-
ter a few centimeters in diameter is formed. Turbid high water deposits new mud in it,
which is again flung toward the embankment. Mallot and Shrock (1933) investigated
mud stalagmitesup to 45 cm high and 15 cm in diameter in Lost River Cave (IN, USA).
Often the dripping water deposits some lime which makes the mud stalagmite more
resistant. In silty-sandy cave clays the water seeps through. If it is rich in lime, a por-
tion of the CO, volatizes and sinter is deposited. This strengthens the sediment under
the mud stalagmite and forms a hard, inverted cone which is called a negative stalagmite
or a conulite (Amer.) (Fig. 13.10).

Fig. 13.10. a Mud stalag-
mite; b conulite

During periods in which the water is at rest a portion of the material in suspension
is deposited, creating a thin covering layer of clay. When this dries, it shrinks, cracking
open so that scales of clay are formed which curve upward at the edges, measuring from
a few cm up to 20 cm in diameter (Fig. 13.11).
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- Fig. 13.11. Clay scales on banded cave cla
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During sedimentation of the finer granulometric components, especially of the :ilt
fraction, there is an increase in the density in the water on the steeper surfaces of the
cave passage (water + not yet deposited sediment); this results in a downward move-
ment of the water. Therefore the degree of sedimentation increases downward. In ad-
dition, grooves are formed in the direction of the slope (Plates 10.2, 10.3). They are
not created so much by erosion as by the varying amount of sedimentation. On a gra-
dient of 20° they become more and more distinct with an increasing angle of inclina-
tion. Ordinarily they are in rows, one after the other without a gap, and they have a V-
shaped cross-section. If they are wider than 5-10 cm, small, secondary furrows occur
on their flanks; these also cover the surface without any gaps and run parallel toward
the median line. Such furrows are created in the phreatic as well as in the vadose zone.
Occasionally they are defined on their upper end by a horizontal line, the border of the
former water table. Such grooves are found in many caves (Bogli, 1976a) but they are
frequently overlooked. The sediment contains not only silt but also clay in changing
portions. Groner (1977) found in sample 34 that the sediment from the wall of the Osi-
ris passage (Holloch) contained 78% silt and 19% clay . The clay is carried along by means
of cohesive agglomeration on the silt particles. The particles are caught on vertical walls
also by means of cohesion. The appearance of the surface changes on steep walls — cave
clay forms striped, drop-ike bulges. Bull (1977) investigated the clay furrows, which
he calls surge marks, of Ogof Ffynnon Ddu and in Agen Allwedd in southern Wales; he
established the dependence of the forms on the degree of inclination of the surface.
Under 40° they are lacking, between 40° and 60° they are frequently dentritically
branched (which corresponds to the above-mentioned clay furrows) and on even steep-
er inclinations they run exactly along the slope, straight and parallel.

Vermiculations occasionally occur on walls and ceilings; they are crooked, sinuous
or hieroglyphic stripes and networks of clay and organic material. The diameter of the
individual meshes lies between a few millimeters and 10 cm, their thickness is under 1
mm. The range of color extends from light yellowish brown to black; light vermicula-
tions are usually overlooked. The nature of these has not been sufficiently investigated.
Renault (1953) interprets them as thin coatings of residual clay on the rock’s surface,
through which the rock’s moisture seeps. Yet this does not seem very probable. Besides
Renault (1953, 1963), Choppy (1955), Pommier and Garnier (1955), and others in
France have been engaged in studying these forms. The author has found vermicula-
tions of black and greyish yellow colors in many places in Hélloch on impermeable
limestone (Schrattenkalk, Lower Cretaceous). Here they have formed from particles
as fine as dust under the influence of the surface tension of water drops. On the Garga-
no Peninsula black vermiculations decorate the ceiling of a Marian grotto; they were
created by the soot of burning candles, which gathered around drops of condensation
water. Renault (1963) mentions such in the catacombs of Paris and in the station for
experimental speleobiology in Naples. In a small cave near the Grotta del Vento (Prov.
of Ancona, Italy) they occur as a brownish-black network and in Pivka Jama (Postojna,
Slovenia) they are large, showing the most diverse forms, even radiating points. In all
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these cases the material obviously has its origin in the atmosphere; its dust particles
have come to rest on the damp surface dotted with drops of condensation water. In
Pivka Jama the material might have originated in the spray of the turbid water of the
wildly frothing Pivka. The drops of condensation water trickle down the steep surfaces
so that vermiculations are elongated.

SRS

Fig. 13.12. Main types of vermiculation. Left Hélloch; middle: Pivka Jama; right lower Grotta del
Vento/Ancona

13.2 Organic Sediments

Organic sediments in caves are those that either originate directly from organic sub-
stances, e.g., guano, or those that have obtained their characteristics from organic ad-
mixtures and their resulting products, e.g., bone breccia and phosphate soils.

13.2.1 Phytogenic Sediments

Phytogenic sediments are created from the remains of plants. They are usually found
close to the surface: leaves that have been blown in, tree trunks that have fallen into
shafts. In silvan karst tree trunks mixed with boulders occasionally form the bottom of
the shaft and are covered by a layer of litter which is often several meters thick. In cool,
humid climates decomposition often progresses even more slowly than the increase in
new material. In warmer regions nests of animals form accumulations of plant remains,
thus in the USA there are nests of cave rats to be found, e.g., in Kentucky. Beyond that,
however, it rarely happens that layers of phytogenic sediments are developed.

Organic substances, mostly humus, are normal components of Pleistocene and
younger cave sediments in Central Europe. The proportion of them in Hélloch varies
between 0.2% and 5% (Bégli, 1961a; Groner, 1977).

Fragments of plants decay when air has access to them or, in the case of the exclu-
sion of air, they remain preserved with increasing carbonification. The first is the case
with small parts of plants washed in, e.g., leaves, needles, seeds, which moreover provide
food for cave animals;the second results in permanently wet cave clay; wood embedded
in it becomes black and brittle.
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13.2.2 Coprogenic Sediments

Coprogenic sediments have their origin in excrements. Guano, in the original sense,
namely the excrement of sea birds, is found occasionally in shelter-caves along coastal
cliffs protected from the rain. Cave guano is, however, as a rule converted bat droppings
which collects in meter-high strata beneath the places where these animals hang. Abel
(1922) suggested the name chiropterite for it (Chiroptera = bat) but it did not become
adopted. Cave guano is removed in wartime as valuable fertilizer, e.g., in New Cave
(NM, USA; Hill, 1976). Rarely dung balls of cave rats are found in larger amounts in
Kentucky and Indiana.

Through the accumulation of excrements and urine the soil is enriched with com-
pounds of nitrogen which become oxidized and transformed into nitrates. Because of
their solubility they are only retained in dry caves. Kraus (1894) mentions finds in
Brazil and in Luray Cave in the USA. However, the nitrate soils of many caves in the
Midwest were of greater importance. Such soils from Mammoth Cave were already used
by the early Indians and later by Civil War troops for the manufacture of gunpowder,
(Faust, 1967; Watson, 1969, 1974).

Coprolites which are little decayed are very suitable for the *C-dating method.
Long and Martin (1974) determined the age of the dung piles of the extinct mammal
Nothrotheriops shastense Sincl. in order to establish the extinction of this species. The
aridity of the localities of the finds (AZ, USA, among others Rampart Cave in Grand
Canyon) preserved the excrements from decay by fungi and bacteria. The most recent
remains show a mean age of 11,070 years, while some from a depth of 99 cm show
36,200 + 6000 years and the oldest, those lying at a depth of 132 cm, more than 40,000
years; thus they are older than the limits of detection.

13.2.3 Cave Phosphates

Cave phosphates are almost without exception of organic origin. They also originate in
animal remains. In primary deposits they are found in situ, thus in guano, in cadavers
and bones, in bone breccia, and bone soils. Secondarily they are due to the reaction of
seeping water containing phosphates with cave sediments: phosphate weathering, phos-
phate soils develop. Bone soils are transitions between bones and phosphate soils. Com-
mon cave phosphates are usually Ca compounds. Where still other available cations oc-
cur in sediments, especially in regions with ores, compounds form with Al**, Fe3*,
Mg?*, Zn?*, K*, and NH} out of guano. As additional anions F~, OH™, CO3 ~, and SO3 ~
are found occasionally. '

the biphosphates, are more frequent, above all brushite, in addition struvite (Hill, 1976).
In the Drachenhéhle (Dragon Cave) of Mixnitz 60%-70% biphosphates occur (Kyrle,
1923).

In central Europe cave phosphates were removed from many sites during and after
the First World War, mostly in the eastern Alps, less often in the Carpathians. These de-
posits were created above all by cave bears whose bones are to be found in each of
them. The most famous is the Drachenhohle of Mixnitz in Styria, where the thickness
of the deposits in part reached 9 m. It contained 25,000 m? of phosphate soils. In addi-
tion there are many smaller caves in Austria. The mean P,O5 content is 10%. From 1919-
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Table 13.4. Cave phosphates (see Mineral List Chap. 13.3.3)

179

Ca-phosphates
Apatite: fluorapatite

3Ca,(PO,), - CaF,

hydroxylapatite 3Ca,(PO,), - Ca(OH),
carbonate-apatite 3Ca,(PO,), - CaCO, -H,0
Martinite Ca,;(PO,), - CaCO, - Ca(OH),
Whitlockite Ca,(PO,),
Ardealite CaHPO, - CaSO, -H,0
Brushite CaHPO, - 2H,0
Monetite CaHPO,

Phosphates containing Al

Crandallite CaAl,(PO,),(OH), - H,O0
Taranakite 6AIPO, - 2KOH - 18H,0
Variscite AIPO, - 2H,O

Phosphates containing Fe

Diadochite
Tinticite

Phosphates containing Zn

4FePO, - Fe,(S0,), - 2Fe(OH), - 24H,0
2FePO, - Fe(OH), - 3H,0

Hibbenite 2Zn,(P0O,), - Zn(OH), - TH,0
Hopeite Zn,(PO,), - 4H,0
Parahopeite Zn,(PO,), - H,0

Scholzite Ca,(PO,), - Zn(OH), - H,0
Spencerite Zn,(PO,), - Zn(OH), - 3H,0
Tarbuttite Zn,(PO,), - Zn(OH),

Phosphates containing Mg and NH,

Biphosphammite NH,H,PO,
Newberyite MgHPO, - 3H,0
Struvite Mg(NH,) (PO,) - 6 H,O

1925 alone, 24,000 tons of cave fertilizer were removed (Gotzinger, 1928; Saar, 1931).
The oldest information concerning cave phosphates and their exploitations is given by
Buckland (1823) and refers to the caves of the Franconian Alb.

In the Carpathians a supply of 15,000 t of phosphate soil with 8% P,0s was iden-
tified in 1923 in the cave of Vypustek (CSSR, Méhren), (Frodl). According to Gotzin-
ger (1919) almost 30,000 t of cave fertilizer had been removed from the Cave of Cso-
klovina (Siebenbiirgen) up to 1919.
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13.3 Chemical Sediments

13.3.1 Limestone Deposits

When CaCOj is precipitated from freshwater calcareous mud (Germ. Seekreide), calcar-
eous tufa, calcareous sinter and moonmilk are formed. No calcareous mud is precipi-
tated underground, no moonmilk forms above ground.

Carbonates are deposited in a reaction at the interface liquid/solid in the system
carbonate-CO,-water. This process has its place in a system of numerous equilibria.
Every change in the temperature or in the concentration of any component in the sys-
tem, from the CO, in the atmosphere to the interface liquid/solid, is the cause of a re-
adjustment of all equilibria. In an equilibrated solution every loss of CO, leads to an
oversaturation with Ca* and finally to the deposit of carbonate.

Roques’ experiments (1964) have shown that a metastable state exists, which ex-
plains the occurrence of oversaturated solutions in nature (Thrailkill, 1968). The smal-
ler the excess amount of Ca®* and CO3~ is, the longer this state continues. His labora-
tory experiments showed — supposing that experimental conditions remain constant —
that solutions with a CaCOs-concentration between 150 and 200 ppm need 20 d to reach
equilibrium with the CO, in the atmosphere, but after 45 d there was still no visible
formation of calcite-nuclei in spite of oversaturation. With 250 ppm of CaCOj; the CO,
equilibrium was reached similarly in 20 d, but after further 10 d crystal nuclei became
visible. At 350 ppm the formation of nuclei was reached after 9 d, at 400 ppm after
11/24d.

In the practical situation when the temperature remains constant, a change in the
Pco, is the most important reason for the disturbance of the equilibrium, and therefore
for precipitation, or corrosion, respectively.

Ca®* + 2HCO; ™ = CO,* + H,0 + CaCO53 .

CO, losses are only possible under vadose conditions, and then only when the CO,
in the water has a higher concentration than corresponds to the pco, in the atmosphere.
Then there follows an oversaturation of Ca®* and CO3~ and, after termination of the
metastable phase, CaCOj precipitation. However, assimilating plants may also take their
CO, from the water rather than from the atmosphere. This, too, leads to the precipita-
tion of lime. It is deposited rapidly which is why a porous, friable sediment forms, which
includes numerous plant particles: calcareous tufa.

But changes in temperature also disturb the equilibrium. An increase in tempera-
ture leads to oversaturation. Where cold water flows out of springs and cave entrances
which warms up in summer the formation of calcareous tufa results. In endokarst the
temperature rarely increases as the water carries away the earth’s warmth, cooling the
rock.

Evaporation also causes calcareous deposits by constricting the volume of the solu-
tion and thus creating oversaturation. Rapid evaporation of water flowing away in a film
results in the rapid precipitation of CaCOj; as a deposit similar to calcareous tufa. In
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Central Europe adequate conditions exist only on the surface and in the entrances of
caves, thus in places where assimilating plants also grow. Evaporation also takes place

in dry areas inside the cave which is why friable, tufa-like coatings are occasionally
found there.

13.3.1.1 Polymorphy of CaCO5

CaCO; is tetramorphous and occurs as calcite, aragonite, vaterite, and calcium carbon-
ate jelly.

Table 13.5. Polymorphy of CaCO,

Hardness Density (g/cm®)
Calcite Rhombohedral 3 2.75
Aragonite Orthorhombic 31/24 2.95
Vaterite Hexagonal ? 2.5
CaCO,-jelly Amorphous ? 2.25-2.45

In nature CaCO; occurs practically only as calcite and aragonite. In caves calcite
usually forms steep scalenohedrals which are placed together in calcite clusters. The
crystals can form small points which are almost unrecognizable, or they can have well-
developed forms up to 15 cm in length. Rhombohedrons are quite rare. In moonmilk
calcite occurs in microscopically small needles, which are called lublinite. Aragonite, on
the other hand, often appears in clusters of silky, gleaming, long needles (anthodates)
and in branched aggregates of short needles. The two polymorphs occur as coarse-crys-
talline sinter and as helictites. Aragonite helictites are called Eisenbliite in German (iron
blossoms) since they are to be found in the iron-ore deposits in Erzberg (Styria), where
Fe®" seems to be crucial for their creation.

If the two minerals cannot be distinguished by the form of their crystals, nor by
their density or hardness, the Meigen Test can help: samples of the material are pulver-
ized and boiled in a watery solution of Co(NO3),. Minerals of the calcite group remain
uncolored, those of the aragonite and vaterite become lilac-colored. However, since vat-
erite is not found in rocks, this procedure can be used specifically for aragonite in karst.
For more precise detection the X-ray analysis must be applied (Graf and Lamar, 1955).

Calcite is stable, aragonite is metastable and therefore 16% more soluble. Vaterite
is unstable and is converted into secondary aragonite. CaCOj jelly is still more unstable
and is rapidly converted into vaterite:

CaCO;-jelly - Vaterite - secondary aragonite.

For the formation of primary aragonite from a solution an oversaturation of CaCOj is
required in both calcite and aragonite - This oversaturation can be attained by means of
CO, losses, evaporation, or even an increase in temperature. It is probable that warmth
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not only causes a change in the CO,/CaCO; equilibrium but also influences the forma-
tion of aragonite directly (Curl, 1962). Certain foreign ions have similar effects (Murray,
1954;see Chap. 13.3.1.1.¢).

a) Influence of the Loss of CO, and of Evaporation

Roques (1964) in his investigation of the fields of existence of the four polymorphs un-
der laboratory conditions found that in a solution of 400 ppm CaCO; (equilibrium-
Pco, 1 9.5 1072 atm) which was exposed to the open atmosphere (pco, : 5 - 107
atm) a metastable oversaturation occurred at first through losses of CO,; this was fol-
lowed by aspontaneous deposit of calcite and then a deposit of vaterite. In this process
no aragonite was formed primarily, only later, secondarily from vaterite.

In the first place evaporation effects an increasing concentration and oversaturation
of Ca®* and dissolved CO, which induces CO, to be given off. When the conditions are
otherwise constant — temperature and humidity of the atmosphere unchanged with no
movement of air except the convection current — the ratio of the evaporating surface
A to the volume V of the solution determines the total time of evaporation t,,,, and
the rise in the concentration of Ca?*.

Vi = Vo —Kg - t. V,: volume at the beginning (1)
V¢: volume at the time t
Kg: constant of evaporation when
A is constant

At t_ . all the water is evaporated and V, = 0.

Then:
Vo = Kg * tmaxs
\4 ,
o = _K; , Kg = K'g « A. @)

In nature the evaporating surface frequently occurs on a thin film of water. A/V is
then especially high whereby K also becomes high. Moreover as long as there is no pre-
cipitation the following is valid:

Vo [C32+]o = Vi [CaH]t, (3a)
[C32+]0 Vi
[Ca®)y ~ Vo - (3b)

If Eq. (1) is integrated in Eq. (3a) then:

+ \ +
[Ca®]; = Vo_—KOE_—t [Ca*]o. 4
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The curve of concentration for [Ca®*] shows a hyperbolic approach to t . during eva-
poration, as long as no precipitation occurs.

s[ caZt ] [Ca2+ ]
A large A _small
o Vo
Fig. 13.13. The concentration of _
[Ca?*] as function of the time of .
evaporation t trmax tmax

If, however, the precipitation of CaCOj sets in, the concentration sinks and the
curve of concentration deviates from the asymptotic one. But since further evaporation
causes the constriction of the solution to increase more and more rapidly, precipitation
soon cannot keep pace and a renewed increase of [Ca?*] results. Wherever the concentra-
tion of Ca®* exceeds the limits of metastability the amorphous CaCOj again forms
which is converted into vaterite; this is in turn cenverted into secondary aragonite (Ro-
ques, 1964).

[ ca?*]

; Limit of
D [\(}‘“ metastability
Fig. 13.14. Curve of concentra- __/

tion for [Ca®*] according to ¢
Roques (1964) t max

b) Influence of Temperature

As the temperature rises the tendency to the formation of aragonite increases. Accord-
ing to Moore (1956) there are in the SW of the USA numerous caves with aragonites
which are coated with calcite. South of the 16°C-isotherm the precipitation of calcite
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does not take place, north of the 8°C-isotherm the precipitation of aragonite does not.
He concludes from this that the formation of aragonite requires a temperature higher
than 16°C and that during the warm period 6000 years ago it must have been approx.
8°C warmer than today. The calcite-aragonite method for the measuring of paleotem-
peratures is, however, controversial, since rightly the importance of other factors in the
formation of aragonite must be evaluated much higher than temperature.

According to Géze (1965) in reference to calcite and aragonite an oversaturation
of the solution causes the formation of aragonite, e.g., when a draught of air evokes the
rapid evaporation of water slowly seeping in; he attributes the aragonite in southern
France to this. The same explanation can be applied to the caves of the SW of the USA.
Then Moore’s observation could be interpreted as the result of a change in climate with
an increase in the humidity of the atmosphere and therefore a decrease in evaporation
toward the north so that calcite was deposited on aragonite. Pobequin (1954) and Ro-
ques (1964) obtained aragonite already at 10°C by means of rapid evaporation.

c) Influence of Other Ions in the Solution

The formation of aragonite is clearly dependent on certain other ions in the solution.
Murray already showed in 1954 that aragonite forms much more easily in the presence
of Mg®*, Sr** and Pb**. Roques’ experiments in vitro (1964) confirm these results. To
a solution of 740 ppm of CaCOj in a beaker there were added 12 ppm of Mg?* (as
MgCl,) which produced a residue of 20% aragonite in 15 days, with the addition of 40
ppm of Mg?* the aragonite content reached 75%, with more than 150 ppm even 100%.

13.3.1.2 Calcareous Tufa (Calc-Tufa)

According to Pia (1953) calc-tufa is a soft, porous rock to the formation of which plants
contribute;calcareous sinter is, on the other hand, nonporous, crystalline, and hard, oc-
curring only where there are no assimilating plants. Tufa is derived from the Latin tofus
referring to porous, crumbling, freshwater limestone and to volcanic tuff (Stirn, 1964).
Both are friable, which explains how two genetically so foreign rocks could be united
under one name. A distinction between limestone tufa and calcareous sinter is common-
ly made by karst morphologists and speleologists in the French and German languages
(Géze, 1973), whereas English and American geologists (Am. Geol. Inst., 1962; Monroe,
1970) frequently use calcareous sinter as the generic name.

In German cale-tufa is to be defined as friable, porous, freshwater limestone which
forms, as a rule, with contributions from assimilating plants, mostly mosses and aigae.

Calc-tufa consists, apart from impurities, of CaCOj for the most part, even in dol-
omite regions. Stirn (1964) published for the Swabian-Franconian Alb a proportion of
less than 0.7% of MgCOs in five analyses, a proportion of over 1% (up to 1.8%) in three
further ones. Impurities and organic substances occur in strongly varying proportions.

In Central Europe there are considerable, localized tufa deposits as valley-fill, but
they are not continuing to form today. With the aid of the *C-dating and pollen analy-
ses they have been placed in Central Europe in the Atlantic Warm Period (5000-2500
B.C.) and partly in the earliest Subatlantic Period (Groschopf, 1952, 1961). Such in-
tensive limestone deposition is only possible in warm, humid periods, when great bio-
logical activity coincides with an increased rate of reaction in the CaCO3-CO, system.
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In summer spring- and cave water, which is relatively cold, warms up greatly at the sur-
face especially in cascades; calc-tufa, called spring-tufa in German, is deposited. Cavities
become enclosed by it. One of the largest tufa caves is situated near Baar (Switzerland,
Ct. Zug), Hollgrotte (see Chap. 17.2), a commercial cave, not to be confused with the
karst cave Holloch.

Fig. 13.15. Schematic cross-section through Holl-
grotte

As soon as the cavities were closed by the growing tufa the crystalline, hard but
porous travertine (polishable, usually porous calcareous sinter, cave onyx) was formed
in place of the soft tufa. This change took place because of the high humidity of the air
(little evaporation), the constant temperature, and the higher CO, content of the cave
air.

The most famous tufa formations in Europe are the tufa barriers of Yugoslavia on
the Krka (Krka Falls) and on the Korana (Lakes of Plitwitz).

13.3.1.3 Morphology of Calcareous Sinter — Speleothems

Under calc-sinter one understands hard, coarsely crystalline deposits of CaCO3 by wa-
ter; their surface is not formed by crystal-faces. Calc-sinter can be massive, i.e., free
of larger pores, or else it can be porous; this depends on local circumstances during
sedimentation. Occasionally connected cavities occur — a result of the process of
growth — through which the water seeps. The term fravertine — Lat. lapis tiburtinus —
has not been clearly defined and subsequently it is used with quite different meanings.
Formerly the term designated a deposit similar to tufa, which can be processed easily
in the primary humid state, but which becomes hard when it dries. Tivoli east of Rome
is the locus typicus for travertine. In English travertine is often used with the narrow
meaning of a deposit in thermal springs (Stamp, 1963), while for American geologists
it is synonymous with calc-sinter (Am. Geol. Inst., 1962, p. 511), they sometimes even
broaden it to mean calcareous tufa. Only banded calc-sinter, massive to porous, should
be termed travertine.

Calcareous sinter — cave formations — is very rich in forms. One must distinguish
between flowstone, dripstone, rimstone, and pool deposits. Flowstone is stratified sin-
ter deposited by flowing water; dripstone is created by dripping water; rimstone forms
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bars on the cave floor behind which pools are dammed up (called gours in the U.K.).
The pool deposits are precipitations in such pools, mainly as calcite crystals.

The following description of forms applies a classification which relies on the Eng-
lish one: flowstone, rimstone, pool deposits, dripstone, cave formations due to capillar-
ity, cave pearls. These groups are of various sizes — dripstones comprise more forms
than all the other groups together.

A. Flowstone

Water rich in CaCOj3 flowing over the rock in a thin film has a large surface and gives
off CO, forming flowstone. If the water pursues a channel, this gradually fills with
flowstone until the same level is reached as in the neighboring rock; then the water
spreads out in a thin film over the whole surface.

Depending upon the amount of impurities carried in the water either in dissolved
form or in suspension, variously colored strata form: organic substances create yellow
to reddish and dark brown and black layers, iron hydrate creates bright ocher to brown,
mangan hydrate black, copper compounds blue to green (rare) — pure water creates
white speleothems. Cu-ions create light blue flowstone in a marble lens inside granite
and gneiss in Lilburn Cave (CA, USA). Nicely banded, polishable flowstone is called
cave marble and, if it is translucent, also cave onyx (in comparison common onyx is a
cryptocrystalline SiO, variety and much harder).

The bed of flowstone can be the naked rock, cave clay, gravel or sand. It can be re-
moved by corrosion or mechanically. If the flowstone is thick, it survives and freely
projects out into the cavity or forms a bridge in it. However, such a bridge usually breaks
off; the remainders of it can occur as flowstone ledges or survive on cave walls as crusts
of flowstone of slight thickness. They differ from ledges of calcareous sinter formed in
other ways on the break by their striation which is vertical to the surface, for in calcar-
eous sinter the calcite crystal’s main axis is vertical to the surface.

B. Rimstone and Rimstone Pool Deposits

One speaks of rimstone when calc-sinter bars the water causing a pool or coats such a
pool with a thick layer. It is created where water which is rich in lime trickles down
over rock in a thin film. When it flows over the rim there is an increase in the loss of
CO, and calcsinter is deposited. Where more water flows over, more sinter is formed.
The rim where the water overflows gradually becomes horizontal thereby and the wa-
ter is distributed over its whole breadth.

Fig. 13.16. Longitudinal section.of a row of rimstone pools. Sb rimstone pools; W rimstone bar; X
calcite crystals
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Rimstone pools (French and Eng. gours) have a diameter of from 10 cm to many
meters; the rimstone bar which delimits them is a few centimeters up to 1 m high, rare-
ly higher. There is a row of large rimstone pools, one above the other, in Brunnen Grot-
te in the Skocianske jame (Slovenia).

The same mechanism creates on flowstone the small microgours (German: Sinter-
schalen), a few millimeters up to a few decimeters in width, and up to a few centime-
ters in depth. They occur frequently but are usually overlooked because of their small
size. There are some especially large and beautiful ones in Katerloch near Weiz (Styria).

Pool deposits comprise calcite ledges projecting freely into the water, attached cal-
cite crystals as well as loose components. Clusters of calcite crystals are called calcite
roses (Plate 11.1). In Hélloch the individual crystals in a cluster are up to 5 cm long, in
Eisriesenwelt (Austria) up to 15 cm. The prerequisite of their formation is quiet water.
The more the water moves, the more numerous the crystal nuclei are, and the closer
the calcite crystals stand. Sometimes one can distinguish the individual crystals only
with a magnifying glass. If limestone is rapidly deposited in moving water, rounded sur-
faces like cauliflower are created.

The CO, diffusing into the air from the water’s surface results in a thin layer of
high Ca®* concentration and thus in calcite nuclei. Microscopic, flat, skeletal crystals
grow out of these; they are kept swimming by the surface tension: floating calcite. They
sink to the bottom when the water is in motion (p: 2.75 g/cm®). There they become
the point of departure for subaqueous calcite deposits. If the floating calcite strikes
against the rim of the pool or against boulders which project out of the pool, the water
is somewhat raised by capillarity; as a result additional calcite is deposited which ce-
ments the former floating calcite, forming ledges. These calcite ledges continue to grow,
becoming thicker and broader. They are an indisputable indication of actual or former
permanent water level.

C. Dripstone

Dripstone comprises “all standing or hanging forms which are attributable to dripping
water” (Fink, 1973). The forms which are created by this water running off do not be-
long to the same group but to flowstone.

C.1 Hanging Dripstone

Floury-looking, white sinter stripes on cave ceilings make visible the rock’s network of
interstices. Here water held capillarily in these interstices evaporates. These stripes are
up to 2 cm wide and only fractions of millimeters thick. They are rare in the caves of
Central Europe. They belong to the dripstones only conditionally since it rarely comes
to the development of drops, but they are a preliminary stage of them.

The prototype of the hanging dripstone is the stalactite (Gr. stalaktos = dripping;
Plate 12.4). It forms wherever water drips freely, whether on ceilings or on overhanging
parts of walls. If the place from which the water drips is not on an interstice, the stalac-
tite is massive in its cross-section: first type. As a rule this type (Fig. 13.17; Plate 12.1)
isin the company of other forms, e.g., of draperies, sinter fiags, medusa dripstones (Plates
12.2, 12.3). Stalactites which grow on an interstice have a central canal inside, 2-3 mm
in width: second type (Fig. 13.17; Plates 11.2, 11.3). Often the central canal is empty,
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but it can also be filled with calcite crystals formed subsequently or with fine material
that was washed in. The starting form is a small sinter tube, a “straw stalactite.”

Sinter tubes, “soda straws”, “‘maccaroni stalactites” are the form which has till now
been best investigated (Plate 11.3). Their diameter is between 4 (wall thickness 0.3 mm
according to Krieg, 1975) and 6 mm (up to 1 mm wall thickness). The cross-section
hardly changes along the whole length, whether they measure only 1 cm or 450 cm as
in the Grotte de la Clamouse (S. France) — these may be the longest in the world. Oc-
casionally there are thousands of them hanging on a cave ceiling, in such a case they de-
termine the physiognomy of the space.

Origin: water emerging from an interstice in drops deposits a circle of calcite or
aragonite around the rim of the drop. When the deposit is steadily made a sinter tube
is formed. In the tube itself the water cannot give off any CO,, therefore no CaCOj is
deposited and the tube remains open. However, on the hanging drop at the other end
oversaturations of Ca®* and CO3 ™ result as the water begins to give off CO, (see Figs.
2.19 and 2.21); these are accumulated on the lower rim of the tube, controlled by the
crystal lattice of the tube wall. It may be polycrystalline or monocrystalline (Géze,
1965). The losses of CO, from the emerging drop were described in more detail in Chap.
13.2.2.2. According to it the forming drop loses 10% of the CO, gradient between
the emerging water and the cave’s atmosphere when the drop hangs for 1-10 s; when it
hangs for 100 s it is about 25% and for 1 h 62% (see Fig. 2.20). The amount of the
greatest possible lime deposit can be determined with the aid of the curve of equilibrium
of the system C0O,-CaCOj; (Fig.2.23). The faster the cadency of the drip, the larger the
proportion is of undeposited, excess ions, since the time for their movement to the cen-
ters of crystallization on the rim of the tube is then too short.

If the water flows over the outside of a “‘maccaroni”, calcite (aragonite) is deposit-
ed, which has as a rule the same crystallographic orientation as the tube. Basset and Bas-
set (1962) describe monocrystalline stalactites with a hexagonal cross-section in Rush-
more Cave, S. Dakota. With increasing thickness, however, the number of disturbances
increases also, but the axes of the crystals are always arranged vertically to the surface.

The difference between the CO, of the solution and the CO, of the cave’s atmos-
phere, and thus the CaCO; deposit also, decreases exponentially as the water flows
away. The result of this is always a cone becoming more slender toward the bottom.
Aslong as water flows through the sinter tube which has now become the central canal,
the stalactite develops as type 2; otherwise the sinter grows over the tube’s exit and the
continuation develops as type 1.

Fig. 13.17. Stalactites of type I and type 2, lon-
gitudinal and cross-sections. S primary sinter
tube
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In the tropics and subtropics there are also exterior stalactites which hang down
from the rock walls. They are analogous to the tufa draperies of cool-temperate climates,
yet there are not usually any green plants involved in their formation. In Europe good
examples of these are found in Italy but there are especially typical ones near Banyal-
bufar on Mallorca. The causes are high temperatures, a high lime content in the water,
and a high degree of evaporation. The greater warmth increases the rate of diffusion on
the one hand, and biological activity on the other hand, thereby also the CaCOj; con-
tent of the seeping water. Under the conditions of Central and Northern Europe (cool-
humid to cold-humid) stalactites form only in caves.

Sinter flags and draperies (curtains) are formed on slanted ceilings and overhanging
walls by drops which run down them. These primarily follow the incline of the surface
but they avoid all uneven spots so that their course is winding. This at first creates a
sinter band which is called so up to a width of 5 cm (Trimmel, 1965). When it is wide
enough it continues independently to develop into sinter flags and curtains (Plate 12.1).
These can become up to 1 m wide and several meters long, whereas their thickness is be-
tween 0.25 and 1 cm. Therefore draperies are translucent. As the drops run down they
deposit sinter along the edge, smaller or greater amounts depending on the lime content;
this gives rise to stripes visible on the surface. Impurities carried in the water effect color-
ful stripes. Structures which run vertically to these bands at a distance of about 1 cm
from one another are often found in sinter flags. They are connected with the indenta-
tions on the edge of the sinter flags; large drops frequently hang in these indentations.
When the drops exceed a certain size they empty into the next indentation; a toothed
edge forms: saw-tooth sinter.

Fig. 13.18. Sinter flag (F) with saw-
tooth sinter (£) and stalactite (S) of
the 1st type as well as sinter band

@€)

Sinter flags end either in the wall itself (wall sinter flags) or on a projection in which
case the lower end continues as a stalactite of the 1st type.

Flowstone frequently forms on projecting parts of walls. When an overhanging por-
tion follows, first sinter flags form which, however, draw to a head in stalactites already
after 10-20 cm and on the next projection there is another transition into flowstone.
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This can be endlessly repeated. A form is thereby created which is called medusa drip-
stone (Plates 12.2, 12.3). It is the most frequent combination of flowstone and dripstone
in warmer climates and is also found frequently in Central Europe.

C.2 Standing Dripstone, Stalagmites

The main type of standing dripstone is the stalagmite (Gr. stalagmos = dripped off), the
counterpart of the stalactite (Plates 11.2-11.3,12.4). In spite of the multiplicity of their
forms the upward striving column occurs again and again in the foreground. Curl (1972,
1973) and Franke (1961a, 1961b, 1963b, 1965b, 1968, 1975) especially have investi-
gated the laws which control the formation of stalagmites. Franke was the first to apply
physicochemical calculations to the formation of dripstone. He begins with the simple
case of a convex stalagmite tip when the drops have little height of fall and finds a lin-
ear dependence of the cross-section on the amount of water carried to it, and a linear
dependence of the staglamite’s height on the Ca®*-concentration. The applicability of
this formula to more complicated cases is controversial. Curl (1973) pursued the prob-
lem further and determined the minimal diameter of a stalagmite to be about 3 cm; this
agrees well with the actual facts. Franke (1975) did indeed find so-called subminimal
stalagmites with diameters of 1.5 cm when the distance the drops had to fall was a mat-
ter of millimeters.

Stalagmites are built of cap-shaped layers on top of one another. When the height of
the fall is slight the tip is convex, becoming flat as it increases, and is finally transform-
ed into a splash cup.

Fig. 13.19. Stalagmites’ longitudinal sec-
tions; from left to right with increasing
distance of fall of the water drops

Single-crystal stalagmites occur rarely, but more often than monocrystalline stalac-
tites; nevertheless they also show a convex arrangement; this proves that it is not the
crystal structure which causes this arrangement, but color differences in the impurities,
e.g., Grotta di Castellana in Apulia south of Bari. The base of stalagmites consists of
flowstone which sometimes extends only a few centimeters but which is also traceable
far in the direction of the inclination.

When the height of fall is great, splash stalagmites (Fr: pile d’assiettes), form, e.g.,
in the huge bell-shaped caves of France, Aven Armand and Aven d’Orgnac, where they
become about 30 m high. The falling drops are sprayed in every direction when they
splash down and thus the stalagmite grows toward the outside along the rim of the
splash-cup, forming a “plate™. If the sprayed water is caught because of the increasing
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diameter of the splash-cup so that it findsits way to the middle, the further development
of the plate is arrested. Limestone is now deposited in the splash-cup so that a new plate
can form when the base has been sufficiently raised. This explains the French term pile
d’assiettes = pile of plates.

In the case of palm-stem stalagmites (Fr. tronc de palmier), which occur under the
same conditions and in the same places, the “leaves” become much larger than the
“plates” of the other form because here water rising capillarily moves to the rim where
it evaporates (Géze, 1965).

If the waterdrops, rich in lime, fall on a permeable surface of silt or of fine sand,
the water seeps in and deposits the limestone in this substratum: negative stalagmite or
conulite (Chap. 13.1.5, Fig. 13.10). Often a normal stalagmite builds up on it.

Stalactites and stalagmites grow toward one another and can unite in a dripstone
column. These belong to the largest dripstone formations, thus in New Cave (NM, USA)
and in the Grotte des Demoiselles in southern France.

C.3 Growth and Age of Dripstones

There are no rules which reveal a relationship between age and length. There are periods
of rapid growth and others of slow growth, even periods of inactivity. Growth can be
measured in exceptional cases. In a cave in the city of Buxton (South Pennines, GB)
there is a stalagmite of a height of 10 cm sitting on a gas pipe which was installed 100
years ago. In the Grotte des Demoiselles (southern France) a stalactite reached the same
length in 20 years.

Table 13.6. Mean yearly growth of dripstone in mm according to the direct method

Cave Author Sinter tube Stalactites Stalagmites
Tunnel near Stuttgart FRG  Bauer, 1971 40 — -

Aven Armand F Martel, 1948 — — 0.1

Grotte de Han BE Trimmel, 1968 2 - -

Grotte C. Doria I Polli, 1962 — 0.1-0.55 -
Ingleborough Cave GB Dawkins, 1874 - 0.17 6.2

New Cave IRE Coleman, 1945 - 2.12 -

Grand Caverns VA USA Johnston, 1916 — - 1.02
Domica Cave CSSR Petranek, 1951 — — 0.02-0.005 2

2 periods of inactivity included

An incontestable method of determining their age is also possible with the aid of
radiocarbon '*C. Franke pointed this out already in 1951. He stated that CO, which
originated in the air was required for the limestone solution. Therefore when limestone
is deposited an average of 50% of the atmospheric CO, is transferred into the crystal
lattice and thereby also *C which is in the atmosphere in a relationship of 1:10'2. In
the case of dissolved limestone there is still an exchange of CO, with the cave’s atmos-
phere to reckon with, whereby the **C content of the water increase somewhat. The
recent standard of calcareous sinter lies at 85%. *C was accredited a half-life period of
5570 years. This value is still retainied today even though more recent investigations
quote 5730 40 years (Libby, 1969, p. 8).
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In Central Europe there is evidence of an older generation of dripstones; they can
be traced back to about 40,000 B.P., lasting until about 20,000 B.P. Still older finds
cannot be dated because they have too small a concentration of *C. There is a gap be-
tween 20,000 and 12,000 B.P. which corresponds to the Wiirm Ice Period. Measure-
ments of samples from the Mediterranean region show that there was a remarkable de-
crease in the formation of speleothems. The younger dripstone generation continues
immediately after this; its first phase lasted from 12,600-9500 and a second phase from
8000-3500 B.P. (Franke, 1966; Franke and Geyh, 1971).

With the help of the radiocarbon method the rates of growth can also be determined.

Table 13.7. Mean growth of dripstones in mm/y according to Broeker et al. (1959) and Franke
(1968) using the *C method

Growth/y Period of Growth (y)
Moaning Cave (CA, USA) 0.064 1400
Katerloch (Styria, Austria) 042 885
Béirenhéhlp (S. Germany) 0.087 4490
Prinzenhéhle (S. Germany) 0.26 1970

The values in the above table are smaller than in Table 13.6 since here, in the long
periods of time, interruptions occasionally occur in the deposition of calcareous sinter.

Up to now the uranium method has been applied much less often for age detection.
The prerequisites are sufficient uranium content, the possibility of determining the ori-
ginal concentrations, and the absence of subsequent disturbances (Thurber et al., 1965).
The following details are based mainly on Harmon et al. (1975). According to them the
20Th/®*U-method is the best. It covers the period of time from 2000 B.P. back to
350,000 B.P. Uranium occurs in cave water as a [UO,(CO3)3]* ~ complex; it decom-
poses when calcareous sinter is deposited as a result of the loss of CO, and UO?" is
formed. Uranium is free of thorium and is deposited together with the sinter. U con-
centrations are between 10 ppb and 100 ppm. 2*U in the uranium in solution is enrich-
ed and therefore it is also enriched in the sinter. It decomposes into 2*°Th, among other
things, which is used for age detection.

The oldest speleothems investigated up to now are from the caves of the South
Nahanna Region (Canada, N.W.T.); they are over 350,000 years old (Ford and Schwarcz,
1976). A stalagmite from Norman Bone Cave (WV, USA) has in its base sinter which is
199,000 * 8800 years old, in its tip sinter which is 163,000 + 6800 years old. A stalag-
mite from Sotano de Tinaja (Mex.) began to grow 48,900 *+ 800 years ago and its tip
(+ 96 cm) is 8200 * 400 years old, corresponding to a mean growth of 2.41 cm/10%y.

D. Speleothems Due to Capillarity

Capillarity is a widespread,important factor in the formation of speleothems. The main
groups are the eccentrics, the coral formations and the shields. Finally, the leaves of
the palm-stem stalagmites belong to this group.
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D.1 Eccentric Formations, Helictites

Eccentric formations belong to the speleothems most appreciated by speleologists (Plates
11.3, 11.4). Their name refers to their eccentric appearance which seems to contradict
the force of gravity; their eccentricity is not just a matter of appearance, it is also geo-
metrical. Helictites is a term introduced by Moore (1954) but it is usually used for for-
mations on dripstones and walls, while those eccentric formations which grow on the
floor upward are logically called heligmites. These terms are gradually being taken up
into the German language.

Eccentrics grow on rock as well as on flowstone and dripstone and especially on
stalactites, but more rarely on floor flowstone. They show a remarkable independence
of the earth’s force of gravity which indicates forces in their formation that are stronger.
They are small and their forms are very thin (from 1 to a few millimeters), twisted, and
often dendritic. They turn away from obstacles, also growing around other eccentric
formations and sinter tubes without touching them. A systematic description of their
forms will not be given here ; for more details refer to Géze (1957) and Trimmel (1965).

Fig. 13.20. Helictites and heligmites (ec-
centrics)

Eccentric formations have a fine, almost microscopic canal running through them
into which the water is sucked in capillarily. At the tip it evaporates again before a drop
can form. The emerging mass of water is so small that the force of gravitation is less
than the effect of the surface tension. This is the explanation accepted today. If the
amount of water emerging increases, e.g., as a result of an increase in pressure, so that
drops can form,a normal sinter tube begins to grow. Moore’s investigations (1954) show
that the axis of the crystals runs subparallel to the axis of the eccentric formation, thus
it does not coincide exactly with the direction of growth. Géze (1957) mentions mono-
crystalline eccentric formations, also.

For a long time the origin of these forms was a matter of dispute. Certainly Prinz
explained their formation by capillarity in 1909, however without recognizing the other
connections (evaporation for example). Lobeck (1929) and McGill (1933) found they
were the result of impurities in the water and Corbel (1947) showed that insoluble par-
ticles in the central canal encourage their creation on the surface of the sinter tube. Huff
(1940) and McGrain (1942) explain them by water oversaturated with lime out of which
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CaCOj5 crystallizes in the central canal of a sinter tube, thus hindering or obstructing the
water’s circulation. It was said that the water then emerged from the tube at a weak
spot and formed helictites. An old explanation refers to the wind and the evaporation
caused by .it. Glory (1936) was of the opinion that a slight wind made eccentrics grow
against the wind, while stronger winds on the other hand forced them to grow in the
opposite direction. There are indeed wind eccentrics, so-called anemolites, but they are
rare. Anemolites in Deméinovské jaskirie (CSSR) grow in fine, feather-like eccentric
formations against the wind, the same in La Clamouse (southern France). There are still
more theories, e.g., electrically charged water particles which have become so from be-
ing reduced to spray are said to cause eccentric formations; this may happen as an ex-
ception but by no means could it be generally true.

D.2 Coral Formations

Of the many names only coral is appropriate as the name of this type of formation
(Salzer, 1954). The surface can be cauliflower-like, or show small, connected balls of
calcite, sometimes arranged like a clump of grapes, single-stemmed fungoid formations,
or branched stems (coral-like formation). These forms are explained as deposits due to
the evaporation of water ascending capillarily. It is striking that coral formations are
frequently found on lofty ledges where evaporation reaches a maximum. Moore (1952)
also places evaporation in .the foreground, which implies the capillary rising of water.
In cave entrances and in deep semi-caves a soft coral formation is to be found; organ-
isms, especially algae, play a part in its creation.

D.3 Shields

Shields are semi-circular leaf formations which grow freely out into space; they have a
diameter of 1 dm up to 1 m and are 1-2 cm thick. There are no known places in Central
Europe where these formations can be found except in southern Slovakia (CSSR) and
in Jeskyiie Domica (Domitza Cave). They also occur in southern France, e.g., in Aven
d’Orgnac. Kundert (1952) describes them in Lehman Cave (NY, USA).

Shields consists of two layers of sinter which are separated by an interstice (Kuns-
ky, 1958). Water rises capillarily in this interstice according to Géze (1957) until it
reaches the edge where it evaporates, forming strips of growth. Kunsky also assumes
that there is a hydrostatic pressure because frequently stalactites form on the edge and
can scarcely be observed on earlier strips of growth.

The leaves of palm-stem stalagmites (see Chap. 13.3.1.3.Cb) are not shields, but
they grow, like them, obliquely upward. Their circumference is not continuously smooth
either, but rather lobed or even fringed. The surface is very rough and the water creeps
up capillarily in it, evaporating only when it reaches the tips and edges; the further the
lobes, the stronger evaporation is.

E. Cave Pearls

Cave pearls are small pieces of calcareous sinter which are usually completely round,
however, some are oval or irregularly rounded; but they are always loose and have a
smooth surface. Their diameter is about 1 cm, yet there are extreme exceptions up to
15 cm. In the cross-section there is a nucleus of foreign matter, usually rock or mineral
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particles; this is enclosed in concentric layers of calcite where the axis of the crystals is
radially oriented (Hahne et al., 1968). These spherulites have their origin in pools of
moving water rich in lime which causes the deposition of calcite. Constant motion is re-
quired so that the individual pearls do not stick together when sinter is deposited, if
they did they would lose their main characteristic, namely that of being rounded and
loose.

According to Hahne et al. (1968) the time necessary for the formation of cave
pearls varies greatly. In old mines on the Ruhr there were some which proved to be 3
months old but also some 30 years old. Other authors (see Bibliography in Hahne et al.,
1968 and Kirchmayer, 1964) state a period of between 25 and 170 years for their crea-
tion.

Dripstone particles, held in motion by water dripping into small pools, grind against
one another until they are similar to cave pearls and are therefore also classed as such.
A trivial name for these in German is Teufelskonfekt (devil’s sweets).

13.3.1.4 Moonmilk

Moonmilk is a white mixture of microscopic crystals of carbonates with 35%-70% wa-
ter. Ninety percent of the dry substances consist of calcite, frequently as lamellar, thom-
bohedric crystals, less frequently as lublinite, a thinly needled calcite (see also Kurdl,
1975). In dolomitic rocks moonmilk contains 0.05%-10% Mg-hydrocarbonates (Berna-
sconi, 1959, 1961; Trimmel 1962), among them hydromagnesite (Davies and Moore,
1957; Géze and Pobequin, 1962) and huntite (Géze and Pobequin, 1962). In addition
there are impurities, especially clay, which sits on the crystal lamellae in colloid parti-
cles (up to 2.5%) or which is embedded between the crystals (up to 8%; Bernasconi,
1961, 1975), and some organic stuffs (Caumartin and Renault, 1958). With over 35%
H,0 moonmilk is plastic and with over 70% it is oversaturated with water, which it then
loses. When it is dried, friable crusts and powdery residues are created.

Moonmilk is formed on one hand from deposits, on the other hand by the weather-
ing of sinter. The latter takes place according to Caumartin et al. (1958) with the aid
of biological processes. According to Mason (1959) bacteria play a part in its creation
through sedimentation, also; moreover clay minerals seem to stimulate the process. The
origin of moonmilk has by no means been explained yet; further intensive research is
necessary.

The name moonmilk was derived from a deposit in Monloch = Mondloch on Pilatus
Mountain (Switzerland). It appears for the first time in Gessner as lac lunae in 1455.

13.3.2 Cave Sulphates, Gypsum

Gypsum occurs as a new formation from oversaturated water containing gypsum. It is,
however, not deposited in the same way as calcareous sinter by the loss of a component,
but by a physical process:

Ca** +80,%~ + 2H, 0~ CaS0, * 2 H,0.
gypsum in solution solid gypsum
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Sedimentation takes place only as a result of evaporation, except for those rare cases
where a decrease in temperature is the cause. Gypsum deposits created by evaporation
in caves are small. The voluminous accumulations of gypsum in the Carlsbad Caverns
(NM, USA) are an exception, the manner in which they were created, also. There water
containing gypsum out of Permian gypsum deposits on the surface, which was very heat-
ed by the subtropical sun, penetrated into the earth’s depths. When it cooled off the
excess gypsum was deposited, forming several meters of gypsum (Bretz, 1949; Good,
1957). Palmer et al. (1977) arrive at another interpretation. They have found numerous
indications that the gypsum deposits in the caves of Carlsbad Caverns National Park
were created before the caves by metasomatosis in the limestone. The fact which gives
most support to this theory is that the textures of this gypsum correspond to those of
the adjoining limestones. The displacement of CO3~ by SO3% - took place in the zone
where formerly the body of groundwater, hypersaline and therefore rich in SO3 ~, mix-
ed with the freshwater flowing in. More precise details concerning the mechanics of this
metasomatosis are lacking. The caves were created in a later phase during which especial-
ly the region containing the gypsum and adjoining limestones was dissolved.

Whete there is no gypsum nearby within a wide radius, this material is a secondary
formation in caves. As Pohl and White (1965) show, pyrite, FeS,, is the initial material
in the Carboniferous limestone of the Paleozoic tableland in the USA. It is however, to be
assumed that the less stable markasite, the thombic modification of FeS,, is the origin
in many cases (personal information from Pohl). Dark limestones frequently show fine
grains of FeS, in thin sections; such is the case in the Carboniferous limestone of Mam-
moth Cave National Park and in the Lower Cretaceous Schrattenkalk of Hélloch. The
SO3 ~ which reacts with limestone to form gypsum is created from FeS, by oxidation.
This process of weathering takes place quickly under the influence of bacteria (thioba-
cillus thioxidans and th. ferrooxidans), but slowly without organisms.

4 FeS, +150, +14H,0 -4 Fe(OH); + 8 H,80,4
8 H,804 +8CaCO; + 8 H,0 -8 CaS0O,4 - 2H,0 + 8 CO,
8 CO, +8CaCO; +8H,0 —8Ca?+16HCO;"

4 FeS; +150, +30H,0 + L4 Fe(OH); + 8 CaSO,4+ 2 H,0 + 8 Ca?* +
16 CaCO, 16 HCO; ™.

Limonite, FeO(OH) [simplified Fe(OH)s)], and gypsum are left behind while dis-
solved limestone is carried away. Limonite often occurs in caves as pseudomorphoses
from pyrite and markasite lumps; gypsum is often found as two-dimensional radiating
aggregates on cave walls, so-called gypsum starbursts, as needle-like or worm-like, bent
monocrystals and gypsum cave flowers (oulopholites), as crusts, rarely as gypsum sta-
lactites, frequently as powdery efflorescences, as an exception also as snowballs (Flint
Ridge Cave). The crystals sit on the rock, growing from the base where the FeS, is lo-
cated. Gypsum is deposited independently of the rock in cave clay by shifting solutions,
usually as crystal arrows, rarely as complete forms.

1 mol of FeS, (120 g of pyrite) dissolves 4 mol of CaCO3 (400 g of pure lime-
stone). The former has an average density of 5.0 g/cm®, the latter of 2.75 g/cm®. Thus
1 cm?® of pyrite dissolves 6 cm® of limestone (Bogli, 1972).
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Gypsum created from pyrite has a volume 6.23 times greater than pyrite. This has
morphological consequences. If a layer rich in pyrite is covered by a layer low in pyrite,
gypsum forms in the interstices, putting pressure on the covering layer with its forces
of crystallization. The limestone, which is otherwise so brittle, slowly bends away with-
‘out cracking. This movement takes place along the cleavage planes of the calcite — in-
ner crystalline sliding. Measurements are being taken in Berome Moore Cave (MO, USA)
to determine the velocity of the process in a 30-cm-thick layer of limestone. In the caves
of Mammoth Cave National Park processes of detachment caused by gypsum are com-
mon; they are an important factor in the formation of the caves there (Bogli, 1972).

Cave gypsum is common in the Mediterranean zone where the high temperatures
considerably accelerate the process of its creation. The Grotte la Cigalére (Ariége, France)
is famous for its gypsum flowers. In the Grotta del Vento in the Province of Ancona
(Italy) gypsum was formed by the reaction of H,S with limestone. Occasionally fine se-
lenite needles (translucent gypsum) are found in artificial tunnels, also, where H,S em-
anates from sulphur water.

In dolomitic limestones and in dolomites epsomite forms in the presence of SO% -,
MgSO, - 7 H,0 (epsom salts). Since this mineral is very soluble in water, it is only found
in caves of arid and semi-arid, warm climatic regions, in the USA for example in New
Mexico, and as an exception in Wyandotte Cave (IN, USA; Blatchley, 1897).

Alkali sulphates are rare in caves. Thenardite, Na,SOy, is created by the reaction of
sulphates with the remaining content of Na* in marine sediments. In the USA this was
discovered in Mammoth Cave (Kentucky) and in Wind Cave (South Dakota). Mirabilite,
Na,SO, - 10 H,O is found in Flint Ridge Cave. It occurs in long, sinuous monocrystals
up to 0.5 m inlength, in hair-like cave flowers, in crystal slabs, rarely in stalactitic form.
The sphere of existence of mirabilite is very limited, for it liquifies at more than 80%
atmospheric humidity and at less than 60% it loses its crystal water and becomes then-
ardite.

13.3.3 Cave Minerals

Cave minerals have always been created after the formation of the cavities, thus they
are new formations. They are formed partly from the rock by means of dissolution and
recrystallization which is the way calcite and aragonite grow, partly out of cave sedi-
ments by means of weathering. If there are ore minerals in the rock or in the sediments
washed in, the result is a multiplicity of secondary minerals. The creation of phosphates
was already discussed in Chapter 13.2.3. Primary rock components and those of the
sediments carried unchanged into the cave do not belong to the cave minerals. Clay
minerals are usually referred to as cave minerals, which often hardly corresponds to the
definition. Monroe (1975) mentions autochthonous clays created by the reactions be-
tween sediments and substances dissolved in seeping water.

Hicks (1950) lists 76 different cave minerals, whereas 69 are named in Moore’s list
(1970). Hill (1976) mentions 75 minerals. The following list ist based on the authors
just referred to, on Klockmann (1923, 1978), Warwick (1962), Géze (1965), Urbani
(1969), Fischbeck and Miiller (1971), Strasser (1970), Diaconu (1973), Diaconu et al.
(1975) and Bertolani and Rossi (1975). For literature refer to Moore (1970) and Hill
(1976) who name Anglo-American authors especially.
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Table 13.8. Cave Minerals

Anglesite, PbSO,, Ahumada Mine Cave, Mexico

Apatite, also Fluorapatite, Hydroxylapatite, Carbonate apatite; Skelskoy Caves, Krim; Javotiko
Caves, CSSR (Pfeiferovd et al., 1975)

Aragonite, CaCO, widespread

Ardealite, CaHPO, - CaSO, - H,0 — also with 4H,0 —, Csoklovina Cave, Rumania

Attapulgite, Mg, (5i,0,,),(OH), - 8H,0, Carlsbad Caverns, NM, USA

Azurite, 2 CuCO; - Cu(OH),, Copper Queen Cave, AZ, USA

Barite, BaSO,,, Youlgrave Cave, GB

Beudantite, PbSO, - FeAsO, - 2Fe(OH),, Island Ford Cave, VA, USA

Biphosphammite, (NH,)H,PO,, in bat guano, W. Australian Caves

Birnessite, (Mg, Ca, K) Mn,0,, - 2H,0, Webers Cave, IA, USA

Bloedite, Na,SO, - MgSO, - 4H,0, Lee Cave, KY, USA

Brochantite, CuSO, - 3Cu(OH),, Blanchard Mines Cave, NM, USA

Brushite, CaHPO,, - 2H, 0, Birenfalle, Tennengebirge, Austria

Calcite, CaCO,, common in caves

Carbonate apatite, 3 Ca;(PO,), - CaCO, - H,O, El Capote Cave, Nueva Leon, Mexico

Cerussite, PbCO,, Herman Smith Cave, IL, USA

Christobalite, SiO,, Wind Cave, SD, USA

Cimolite, AL,(Si0,), - 3H,Si0, - 3H,0, Lookout Cave, WA, USA

Coelestine, St (SO,), Miller Cave, TX, USA

Crandaliite, 2 AIPO, - AI(OH), - Ca(OH), - H,O, Pajares Cave, Puerto Rico

Cyanotrichite, CuSO, - 3 Cu(OH), - 2A1(OH), - 2H,0, Blanchard Mines Cave, NM, USA

Diadochite, 4 FePO, -Fe,(SO,), - Fe(OH), - 24H,0, Feengrotten, Saalfeld, GDR

Dolomite, CaMg(CO,),, Lehman Caves, NV, USA

Elaterite, elastic bitumen, Matlock, GB

Endellite, A1(OH) (Si,0;) - AI(OH), - 2H,0, Carlsbad Caverns, NM, USA

Epsomite, Mg(SO,) - 7TH,0, Wyandotte Cave, IN, USA

Ferghanite, U,(VO,), - 6H,0, Tyuya Cave, USSR

Fluorapatite, 3Ca(PO,), - CaF,, Cueva el Indio, Venzuela

Fluorite, CaF,, Diirschrennen, Sintis, Switzerland

Francoanellite, K;Al,H,(PO,), - 12H,0, Castellana Grotte, Italy

Galenite, PbS, Herman Smith Cave, IL, USA

Giobertite, MgCO,-gel, dolomite caves, Southern France

Geothite, FeO(OH), Hélloch, Switzerland

Guanite, s. Struvite

Guanovulite, KNH,(S0,) - 2H, O, Piedras Cave, Honduras

Gypsum, CaSO, - 2 H,0, widespread, La Cigalére, Ariége, France

Halloysite, AI(OH)Si, O, - AI(OH); - x H, O, Grotte di Frasassi, Prov. Ancona, Italy (see endellite)

Halotrichite, FeAl,(SO,), - 22H,0, Diana Cave, Banat Mountains, Rumania

Hematite, Fe,0,, Wind Cave, SD, USA

Hemimorphite, Zn,Si, 0, - Zn(OH), - H,0, Broken Hill Cave, Rhodesia

Hexahydrite, MgSO,, - 6H,0, Lee Cave, KY, USA

Hibbenite, 2 Zn, (PO,), + Zn (OH), - 7H,0, Hudson Bay Cave, B.C. Canada

Hopeite, Zn, (PO,), - 4H,0, Broken Hill Cave, Rhodesia

Huntite, 3 MgCO, - CaCO,, frequent in moonmilk

Hydrocalcite, CaCO, - 6H,0, common in moonmilk under 5°C

Hydromagnesite, 4 MgCO; - Mg(OH), - 4 H,0, common in moonmilk in dolomite caves

Hydroxylapatite, 3 Ca,;(PO,), - Ca(OH),, Negra Cave, Puerto Rico

Hydrozincite, 2 ZnCO, - 3 Zn(OH),, Island Ford Cave, VA, USA

Ice, H,O0, ice caves, e.g., Eisriesenwelt, Salzburg, Austria

Jarosite, KFe, (S0,), (OH),, Tintic Cave, UT, USA

Lecontite, NaNH, (SO,) - 2H,0, Piedras Cave, Honduras

Limonite, FeO (OH), frequent in caves
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Table 13.8 (Continued)

Lithophorite, LiMn,;Al,0, - 3H,0, Cueva de los Cristales, Venezuela

Mgghesite, MgCO,, Titus Canyon Cave, CA, USA

Malachite, CuCO, - Cu(OH),, Lilburn’s Cave, CA, USA

Martinite, Ca,(PO,), - CaCO, - Ca (OH),, Negra Cave, Puerto Rico

Melanterite, FeSO, - 7H,0, Wilson Cave, NV, USA

Minervite, AIPO, - nH,O, Grotte de Minerve, Hérault, France

Mirabilite, Na,SO, - 10H,0, Flint Ridge Cave, KY, USA

Misenite, KHSO,, cave on Cape Miseno, Naples, Italy

Monetite, CaHPO,, Aggtelek, Hungary

Monohydrocalcite, CaCO, - H, O, in coral formations and moonmilk, rare; Franconian Switzerland,
Western Germany

Montmorillonite, (AL, Mg); (Si,0;) (OH),, - 12 H,0, Calif. Cave, USA

Nesquehonite, MgCO, - 3 H,0, Le Moulis, France

Newberyite, MgHPO,, - 3 H,0, Skipton Cave, Australia

Nitrammite, NH, (NO,), Nicajack Cave, TN, USA

Nitrocalcite, Ca(NO,), - H,0, Mammoth Cave, KY, USA

Nitromagnesite, Mg(NO,), - 6 H,0, Great Cave, KY, USA

Olivenite, Cu, (AsO,) (OH), Tintic Cave, UT, USA

Opal, SiO, - 2 H,0, Grotte des Grés, Sahara, S. Algeria

Palygorskite, (Mg,, Al,) Si,0,,(OH), - H,0, Cueva de los Ursulas, Venezuela

Parahopeite, Zn;(PO,), - H,0, Hudson Bay Cave, B.C., Canada

Pickeringite, MgAl1,(SO,), - 22H,0, Diana Cave, Banatgebirge, Rumania

Pigotite, Organic Mineral, Sea-Cave, Porthcurnow, Cornwall, GB

Psilomelane, MnO,-gel, Jasper Cave, WY, USA

Pyrite, FeS,, Dachstein-Mammut Cave, Austria

Pyrrhotine, FeS, Herman Smith Cave, IL, USA

Quartz, Si0,, Wind Cave, SD, USA

Salmoite, Hudson Bay Cave, B.C., Canada

Salt, NaCl, Welbeck Colliery, GB

Scholzite, Ca;(PO,), - Zn(OH), - H,O0, Island Ford Cave, VA, USA

Selenite, 5. Gypsum .

Sepiolite, meerschaum, 2 Mg,Si, O, - Mg(OH), - 4H,0, ZbraZow Cave, CSSR

Smithsonite, ZnCO,, Herman Smith Cave, II, USA

Soda niter, KNO,, Leonhardscave near Homberg, W. Germany

Spangolite, Cu;Al(SO,)CI(OH),, - 3 H,0, Blanchard Mines Cave, NM, USA

Spencerite, Zn,(PO,), - Zn(OH), - 3 H,0, Hudson Bay Cave, B.C., Canada

Sphalerite, ZnS, Herman Smith Cave, IL, USA

Struvite, MgNH, (PO,) - 6H,0, common in guano caves

Sulphur, S, Shor-Su-Cave, Usbekistan, USSR

Syngenite, K,Ca(S0,), - H,0, un-named cave in Western Australia

Taranakite, 6 AlI(PO,) - 2K (OH) - 18 H, 0, Pig Hole Cave, VA, USA

Tarbuttite, Zn,(PO,), - Zn(OH),, Broken Hill Cave, Rhodesia

Tenorite, CuO, Calumet Cave, AZ, USA

Thenardite, Na,SO,, Mammoth Cave, KY, USA

Tinticite, 2 FePO, - Fe(OH), - 3H,0, Tintic Cave, UT, USA

Trihydrocalcite, CaCO, - 3H,0, in moonmilk

Turanite, Cu,(VO,), - 2 Cu(OH),, Tyuya-Muyun-Cave, USSR

Tyuyamunite, Ca(UO,),(VO,), - nH,0, Tyuya-Muyun Cave, USSR

Vanadinite, 3 Pb,(VO,), - PbCl,, Havasu Canyon Cave, AZ, USA

Variscite, AIPO, - 2 H,0, Drachenhdhle, Mixnitz, Austria

Whitlockite, Ca;(PO,),, El Capote Cave, Nueva Leon, Mexico




14 Speleogenetics

Speleogenetics are defined as the totality of all processes which effect the creation and
development of natural underground cavities. These comprise corrosion, erosion, and
incasion as have already been discussed. They are influenced by lithology, tectonics, and
climate from which springs the morphological and karst-hydrological diversity of karst
regions. The result is that speleogenetic theories are heavily dependent on the region
studied by the author in question. Yet it can be generally stated that in karst interstices
and joints are widened to form caves by the dissolution of rocks. D.C. Ford (1970)
rightly questions the validity of this statement as a definition of speleogenetics, consid-
ering it to be much too general and to express too little. Other authors, mostly Ameri-
can, have also expressed negative opinions of general speleogenetic theories, such as
White and Longyear (1962) who observed: *. . . the multitudinous theories are neither
correct nor incorrect in the general case, they are irrelevant” (quoted by Ewers, 1972).
Howard (1963) said: “. . . an universally applicable origin of caves is impossible unless
one speaksin the vaguest and most inconsequential terms,” (p. 54). Halliday (1960) ex-
presses it a little more mildly: “Only in the broadest terms can it be said that all lime-
stone caves develop in the same way, and terminology which suggests that this is true
should be replaced by the description of individual speleogenetic sequences,” (p. 23,
Abstract).

Karst-hydrological and speleogenetic theories overlap in many cases so that, for ex-
ample, Thraikill’s paper on the elements of karst hydrology (1968) applies equally to
the formation of caves. Reference should be made to Chapters 6.3 and 7, but repeti-
tions cannot be avoided in the following.

14.1 The Role of Joints and Bedding Interstices in Speleogenetics

Interstices and open joints are the starting points for speleogenetic processes.

Bedding interstices (a) and joints (b) differ in several points which are of hydrolog-
ical importance:

1a) Bedding interstices are always subcapillary and of similar width. There are ex-
ceptions when the bedding plane has served as a plane of tectonic movement in folded
regions. In capillary interstices water moves only under pressure, that means only under
phreatic conditions.

b) Joints can occur as capillary interstices, yet as tension joints they can be open,
showing a width of up to a few decimeters. At the escarpments of a plateau the rock
pushes toward the space whereby capillary interstices become widened to open joints
or tension cracks are formed . Open joints have water flowing through them under vadose
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conditions, and are, moreover, prerequisite to the formation of purely vadose caves (see
Fig. 11.1).

2a) Bedding interstices stretch out in all directions (see Chap. 14.2). The distances
possible amount to many kilometers.

b) Joint interstices, especially tension joints, cannot as a rule be followed for far-
ther than a few hundred meters; faults can be followed for a few hundred meters up to
a few kilometers.

c) Overthrust planes of nappes are extensive but there is no effect on cave forma-
tion. At best caves in basal beds are cut into the overthrust plane by erosion. Even in
cases where limestone occurs on both sides of the overthrust plane there are hardly any
karst-hydrologically active connections, unless the surface was crossed by faults which
were created later. The cause might be that it was sealed off as a result of mylonitiza-
tion or by means of clayey rock material thrusted by the nappe.

3a) Bedding interstices extend far, especially in carbonate rocks, and touch large
portions of the ground surface which can supply a great quantity of water. Folds pro-
vide no obstacle to this as long as the impermeable rocks in the culmination of the fold
lie below the karst water level. If they project up above it, the result is a canalization
of the water in the syncline such as was the case in the second phase of development in
Butler Cave (VA, USA).

b) Joints usually stand at a steep angle or vertically, providing water passages which
are more or less straight and short. The areas they drain directly are small — apart from
their function as swallow-holes at the surface. Conditions for the drainage of large por-
tions of surface are considerably better in a network of joints.

The optimum is a combination of bedding and joint interstices as this not only cre-
ates favorable conditions for drainage but also promotes corrosion by mixing waters.

14.2 The Development from Interstice to Cave Passage Under Phreatic
Conditions

Interstices and open joints stand at the beginning of all underground karstification.
Open joints are hydrologically previous. In an experiment with a block of limestone
(90% CaCO3) 40 x 60 cm? in surface area and 30 cm thick no interstices could be
found with a magnifying-glass. A circle of 10 cm was cut into this block and a pres-
sure-box was set on it. The pressure of a 40-m water column was applied to the area
within the circle. After about 1 h a capillary interstice became visible as water seeped
out and large drops gradually formed. With a 50-m water column there was noticeable
dripping and new wet places were observed (Bogli, 1964b, 19694d).

This experiment proves the permeability of even subcapillary and capillary inter-
stices when the pressure gradient is sufficient. The interstice which responded first
showed a speed of seepage v, of 0.30 m/h. Differences in pressure of a 40-m water col-
umn are not rare in mountain karst. The pressure gradient h/l is, however, approx. 10%-
10* times smaller because of the much greater distances and the resulting v, equals 0.1-
001 x v, [see Chap. 5.5.6, Egs. (5.6) and (5.8)]. For the first active interstice there
would be a v, of 0.030 m/h if the distance of seepage was 30 m so that the length of
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time of seepage would be 1000 h or 41.7 d. In capillary interstices the water covers sev-
eral tens or hundreds of meters in a year. Therefore the initial phase of underground
Kkarstification lasts very long. This fact and the resultant widening during this period has
been the great speleological problem — and is in part still today.

Capillary interstices must be hydrologically pervious from the beginning of karsti-
fication, but they are at a disadvantage in comparison to open interstices. The question
therefore arises as to why the open joints of at least 2 mm width postulated as necessary
by O. Lehmann (1932) are so often not effective for the formation of caves. As shown
empirically water not infrequently follows narrow interstices although open joints are
there at its disposal.

Q e f{'
(4]
u
v very small g, T Fig. 14.1. Water passage
. in the system of open
T A joints (double line) and
[S S |*—  bedding planes up to the
TA spring Q. v velocity of
flow, see text

If water flowed out of the rock at A into the open joint which is a few centimeters
in width, at S it would seep into a bedding plane and it would reach the spring at Q. S
is the foot of the perpendicular out of Q to the open joint and thus SQ is the shortest
connection. There are now three resulting possibilities:

a) the open joint runs perpendicular to the pressure gradient A. The water follows
this gradient and seeps into the bedding plane directly opposite A; this is so because
every other point is farther away from Q and therefore has a smaller pressure gradient
(Fig. 14.1, left). The open joint does not become a karst water passage.

b) the open joint runs at the angle @ to AQ, which corresponds to the usual case.
Since the water does not experience any loss of pressure, moving at a minimal velocity
in the wide open joint, it seeps into the interstice at S, where the greatest pressure gra-
dient occurs. It thereby chooses the hydrologically shortest way from A to Q by way
of S (Fig. 14.1, middle). The open joint becomes a water passage for a short distance:

AS = AQ-:cosa
SQ AQ - sina

ASQ AQ (sin a + cos o).

c) If the open joint runs directly to the spring, the use of it as a water-passage is
obvious and is moreover also still the case under vadose conditions (Fig. 14.3, right).

The equation in (b) is the basic equation for each possible case, even where the di-
verting bedding plane does not run through a point opposite A.
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Several examples in Hélloch with a = 90° + 15° show that open joints are not ac-
cepted by water as water passages, for instance in the commercial part at the Kapelle
where the throw of the fault is 5 m, or in the Orgelwand-Seilwand-fault with a throw
of 60 m (see Fig. 5.16). The water passage running almost perpendicularly to this open
joints lies 60 m deeper than the overflow. Of the dozens of bedding planes cut open by
the Orgelwand only one has become karst-hydrologically active. During the phase of
folding it had served as a plane of movement and was consequently a little wider, yet
still decidedly capillary.

The distance SQ is presumably straight under the ideal conditions of an interstice
which is equally wide in all directions, whose walls are equally rough, when the compo-
sition of the rock is the same everywhere. In this straight line maximum velocities of
flow are found. On all other courses the velocities are the lower, the greater the distance
is from the straight line. The expression of this decrease in speed is the elliptical — more
precisely lenticular — cross-section of the passage (see Chap. 12.2.1).

In nature there are no ideal conditions. First in an open joint the movement of the
water is not a matter of one bedding plane but of many and of joint interstices as well.
They are not of equal value nor are they individually of equal width along their whole
length, nor homogenous in their material, as there are impurities, calcite veins, and fos-
sils. As a result the water moves in sinuous, criss-crossed courses in the interstices. SQ
is then at best the center line of all statistically possible water-courses. Yet the rule that
water follows the hydrologically shortest way is always valid. The heavier the flow, the
more the interstice widens there, and the more the discharge diminishes in the neighbor-
ing water-courses, partly until they are completely in disuse. If an initial network forms a
main passage early, a simple, hardly branched passage is created. When there are water-
courses of almost similar value, they all grow to become cave passages which are con-
nected with one another like a network: passage network. If the connections are local-
ly intensified, it is called a labyrinth.

The initial phase lasts relatively long. In this period the future passage network is
established; it will be reduced to a few or one single water-course as the other individ-
ual ones are left in disuse.

The descriptions up to now have presumed that the water-courses were laid on one
and the same bedding plane. Such is frequently the case when the direction to the local
base level runs almost parallel to its strike. Holloch partly represents this type. Less
frequently the local base level lies in a direction perpendicular to them. The water
then crosses the folds and can reach the surface in, for example, the rising flank of a
fold. That was originally the case in Butler and Breathing Cave in VA, USA (Deike,
1960). If necessary the water reaches the surface by means of open joints from the bed-
ding interstice. However, more frequently the strata dip down and it must search for a
way to the spring by means of a system of joints. D.C. Ford described such examples
(1965, 1968, 1970) in the central Mendips. This leads necessarily to a much longer
course of flow than corresponds to the distance between the point of seeping-in and the
spring.
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Fig. 14.2. From the initial network to the cave passage or network of passages. Q spring; S foot of
the perpendicular from Q to the open joint

14.3 The Development to a Cave Level

The further fate of the cave’s development depends on the behavior of the karst water
surface. If it is constant for a longer time, passage cross-sections grow until they reach
the breaking limit of the rock — beyond that point incasion dominates the shaping of
the cave. Such conditions are found in tectonically and morphologically quiet regions,
e.g., in the peneplains of North America;here Flint Mammoth Cave represents the pro-
totype. For this reason American speleogenetic theories assume a quasi-stationary karst
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water surface in flat-lying limestones. Over longer periods of time, however, there are
changes in the position of the local base level even in such regions and thus the develop-
ment of new underground karst water levels, so-called evolution levels according to Sa-
wicki (1909). They correlate to terrasses on the surface (Deike, 1967; Miotke and Pal-
mer, 1972). Since in general only slight high-water levels of a few meters occur in the
peneplains, the passages run almost horizontally. Therefore the different evolution lev-
els can be well distinguished although they are in part lying only 10-20 m above one an-
other.

In regions which suffer stronger tectonic movements developments take a some-
what different course (Davies, 1960). Deike (1960) describes Breathing Cave (VA, USA)
which developed in the deep phreatic zone. Its folded limestone strata lie embedded be-
tween quartz sandstones. The water followed the network of joints and thus a cave sys-
tem was created that was an extremely geometrical network with a difference in eleva-
tion of over 100 m. When later the local base level was laid deeper this cave with its orig-
inal drainage perpendicular to the strike was transformed into a cave with run-off par-
allel to it and it now follows the axial dip of the syncline, along with Butler Cave (Fig.
14.3).

Where valleys cut down quickly as in the Alps, the formation of evolution levels
occurs only during the phase in which there is a pause in this activity.

The still small diameter of the cave passages and the breakdown debris in them lead
to losses of pressure (see Chap. 5.5.7); these can only be compensated for by a great
head or by a strong high-water zone. The evolution levels fluctuate around a median
position with large amplitudes, in Holloch = 50 m. The water courses which were form-
ed in the first phase of development remain fixed on it and enlarge. As the deepening
of the valley recommences karst hydrology must adapt to the changing circumstances;
a deeper system of passages is established in the zone of the new local base level. The
upper system, which at first is still phreatic, constantly loses an increasing amount of
water to the lower one; the permanent karst water surface sinks. Gradually the upper
system comes under the conditions of the high-water zone. Further development is now
limited to periods of high water, when phreatic conditions dominate. In periods of nor-
mal water (vadose, air-filled) the feeders cut into the passage floor, creating channels
and canyons. If, in the course of on-going underground karstification, also the high-wa-
ter level sinks below the upper evolution level, the latter becomes inactive — the expan-
sion of the cavities is completed, but not their shaping by breakdown and the deposi-
tion of calcareous sinter.

If the pauses in the deepening of the valley do not last too long, the water leaves
the upper evolution level before it has reached maturity of form. The original forms,
from which the conditions of creation can still be easily recognized, remain preserved. If
these periods last a longer time, however, the cross-sections of the passages become so
large that there is general breakdown.

This is true of many cave systems in the eastern Alps, e.g., Tantal Cave, Eisriesen-
welt and the Dachstein Caves. The early forms are completely destroyed by breakdown
ot buried under debris from it (see Chap. 11).

For the clarification of cave genetics it is thoroughly relevant that in the case of
breakdown especially joint surfaces are laid open, which suggests that they are the ba-
sis of the origin of the passage. Thus by means of breakdown a bedding-plane passage
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Fig. 14.3. Deep phreatic network
of passages in Breathing Cave (Dei-
ke, 1960)

can be changed to have the appearance of a fictitious joint passage. Since in addition
joint surfaces become exposed which have just as little to do with karstification as with
cavity formation, serious false conclusions are unavoidable. For this reason most of the
longer alpine caves especially in the eastern Alps have been classed as joint-controlled
caves.

Signs of phreatic origin

a)
b)

©)
d)

e)
f)

Network caverns — key forms of the phreatic zone

Bedding-plane passages — key forms of the phreatic zone

Symmetrical elliptical (lenticular) cross-sections — key forms for phreatic condi-
tions (phreatic zone + high-water area of the vadose zone, larger siphons)

Inverse potholes from corrosion by mixing waters — key forms for phreatic condi-
tions

Descents and ascents alternating in a passage — phreatic zone

Hydrically formed passage ceilings — phreatic conditions
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Fig. 14.4. Cross-sections showing the development of an alpine cave of the Holloch type. I, IT, III:
evolution levels; I', IT', III': correlating valley floors or local base levels, respectively

14.4 Primary and Secondary Vadose Cave Formation

Water that flows in the underground under vadose conditions has an open water surface
and moves pressure-free in a gravitational channel. It behaves like water on the surface.
Therefore passages originating in the vadose zone descend continuously. The runway
must be able to accept the discharge; this presupposes a sufficiently wide connection
to the spring, a case of pronounced karst-hydrological activity. Only in the back-water
region (high-water zone) do temporary phreatic conditions occur.

Primary, vadose cave formation by water occurs without a previous phreatic phase.
Only open joints 1 mm in width and more come into question for this. It is a condition
which O. Lehmann (1932) assumed to be necessary for cave formation in general. This
type is, however, comparatively rare. It is characterized by a rather straight, little-branch-
ed course. There is no network. The gradient is uniform. The passages are narrow and
high, frequently steep or shaft-formed. They are the one-cycle caverns named by Davis
(1930); to these Pohl’s (1955) “vertical shafts” must also be counted.
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Fig. 14.5 a, b. Cross-sections in two-cycle caverns. a Cross-sections which were always inactive in the
vadose phase; only the phreatic phase is recognizable; b cross-sections in feeders; above the phreatic
portion, below it the part of vadose origin

Fig. 14.6. Canyon (broken lines) in Long Cave (KY, USA) according to Deike (1967, p. 91)
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Characteristics of primary vadose caves

a) The cave systems are either simple or branched, connections between them are rare
and purely accidental

b) The passages follow open joints

c) The passage’s form is high and narrow, with the shape of open joints and canyons

d) The gradient is uniform and without rocky ascents opposed to the general inclina-
tion

In the case of secondary vadose cave formation there is a preceding phreatic phase.
In the following vadose phase the deepest possible passage in a network is always taken
as the discharge conduit; the many other passages become dry, inactive, and remain
preserved as phreatic remnants. The feeders run less steeply than is the case in a primary
vadose system. Even though the gradient is essentially uniform, ascents remaining from
the phreatic phase are not rare, nor are the siphons which are thereby formed (see Chap.
5.4 with Fig. 5.7). The passage cross-sections have either the old, phreatic shape still, if
the passage became inactive right at the beginning of the vadose phase, or otherwise a
combination of shapes made up of remainders of the phreatic, lenticular cross-sections
lying above (shoulder of the canyon) and the vadose canyon cut into the floor of the
same. Davis (1930) called this type a two-cycle cavern.

When canyons are formed in passages with broad, flat floors and a slight incline,
meanders often occur (Figs. 12.3 and 14.6). Such forms were described by Deike (1967)
as found in caves in Mammoth Cave Plateau (K'Y, USA); together with White he also
pursued the problem mathematically (1969).

As the loops of the meanders move foreward simultaneously with the deepening
of the channel, the deeper parts are advanced, in comparison to the upper ones, in the
direction of the flow. This occurrence is to be found fairly frequently in deep canyons —
up to 10 m and more.

Fig. 14.7. Meandering canyon according to Ewers (1972,
Fig. 24)

14.5 Widening of Interstices

For capillary interstices to become passable for water phreatic conditions must domi-
nate. Problems of corrosion result from this which have already been pointed out sev-
eral times.
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In the laboratory Ewers (1972) investigated the development and widening of wa-
ter conduits in physically soluble rocks. He pressed a block of salt with a polished sur-
face on to a water-filled, transparent, plastic cushion. Between the two lay a capillary
interstice. At one end of the plane he introduced water into this interstice, at the other
he allowed for drainage. Between the two points an even pressure gradient developed.
After a few minutes a conduit began to form at the point of inflow which developed in
the direction of the point of outflow. At the same time thinner side branches formed.
When the conduit reached the outflow the first phase was completed (Fig. 14.8a). The
main canal continued to grow as the cross-section enlarged, while the side branches si-
multaneously reduced their growth and finally ceased it altogether.

Ewers’ experiments are based on physical processes of dissolution which take place
without the introduction of any substances. Therefore they cannot be directly applied
to the dissolution of carbonate rocks. They only resemble dissolution by aggressive wa-
ter, but its ability to dissolve is quickly exhausted. In the initial stage this type of dis-
solution cannot be reckoned with in limestone.

The main problem does indeed not lie in the determination of the direction of flow
of the water, but in corrosion itself. As opposed to Ewers’ experiment, moreover, the
water flows in previously determined courses which it only has to widen. This would
correspond to about phase two in Ewers’ experiments.

Fig. 14.8. a, b. Development of wa-
ter conduits acc. to Ewers (1972,
Fig. 6 and 12). a Development up
to the beginning of phase 2; b sec-
tions showing the further develop-
ment in phase 2

Since corrosion by mixing waters plays an important role especially in the initial
phase, foreign water must be introduced on the bedding plane. This takes place by means
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of joints. Wherever they cut the bedding plane a mixture results and hence corrosion
by mixing waters and an expansion of the interstice in the direction of the outflow. If
the joints run almost parallel to the pressure gradient, the bedding-plane passage will
continue to-develop in the direction of the joint but on the bedding plane. The result-
ing conduit is bedding-plane and joint-controlled. If, however, they run obliquely to the
pressure gradient, widening continues away from the joint plane, which can have no
further influence on the direction; the conduits are only bedding-plane-controlled.

Fig. 14.9. Bedding-plane passages (spirals inverse potholes due to mixing corrosion). Left only bed-
ding-plane-controlled; right bedding-plane and joint-controlled

It becomes clear that statistically the probability of corrosion by mixing waters is
greatest near the surface of the karst water-body. The shallow phreatic zone thereby
becomes favored for the formation of cave passages. However, it must be emphasized
that water passages through the deep phreatic zone are thoroughly possible, especially
when interstices and open joints are scarce. The smaller the possibility of the meeting
of two waters, the deeper in the phreatic zone the meeting will take place, according
to statistics.

14.6 Phases in the Development of Cavities

In the following, terms are used which are common in the Davis theory of cycles, but
which show no relationship to it, neither to a development cycle of caves nor to a karst
cycle. Rather they mean phasesin development. These do not depend only on the time
which has passed but also on the state of the rock and on other factors. In a cave pas-
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sage where the parts are of the same age, various stages of development can be observ-
ed. In thick-layered limestone such a passage can show the early stage of maturity with-
out incasion, while in rock that has been under heavy tectonic stress old age may al-
ready have begun with the destruction of early forms by breakdown.

The schematic organization of cave development should be functionally divided
into a speleogenetic and a karst-hydrological phase. The speleogenetic one for a two-
cycle cavern comprises:

a) previous phase: the rock persists in the given state; its cavities are water-filled,
and nothing changes.

b) initial phase: the local base level has reached such a position that a pressure gra-
dient is created in the rock’s interstices. The water moves so that the widening of the
interstices begins. Predominant corrosion by mixing waters, phreatic zone

c) youth: the water flows faster, erosion joins corrosion (Plate 8.3). Underground
cavities develop to the size of caves in the sense of the definition of a cave. Bumps oc-
cur but other forms of breakdown are lacking mostly phreatic

d) maturity: cross-sections continue to increase until the first signs of incasion with
occasional ceiling breakdown. Phreatic and/or vadose (high-water zone, feeders, perhaps
inactive)

e) old age: incasion, especially ceiling breakdown occurs generally. Covering and
destruction of the forms of maturity. Physiognomically joints appear in the foreground
(fictitious joint passages). Usually vadose and generally inactive, rarely phreatic

f) senility: the cave becomes destroyed

The karst-hydrological phase runs parallel to the development of the cave. The two
are closely linked

a) previous phase: all interstices and open joints are filled with water. There is no
pressure gradient, thus also no flow

b) initial phase: a pressure gradient is created because the local base level has been
laid deeper. The water at first moves slowly ,however with increasing velocity. The karst
water surface forms. Deep phreatic

¢) phase of karstification: when karst-hydrological activity has been started this
phase begins. The permanent karst water level sinks until close to the local base level.
Karst-hydrological activity advances into the deep phreatic zone

d) phase of cessation of sinking of the karst water level. Underground karstification
reaches its maximum, karst-hydrological development its zenith. A renewed deepening
of the local base level leads to a revival of the phase of karstification

In conclusion it should be pointed out that each cave presents an individuality to
which speleogenetic theories cannot always do justice. Single phases may have been
omitted, special circumstances may have led to an unexpected development or even to
a unique situation. In semi-arid and arid regions cave development takes a different
course — or perhaps it unexpectedly follows theory precisely as if water were present
in vast amounts as in humid climates; this could, by the way, be explained by the Pluvial
Period. In short, the systems of development presented cannot claim to be of complete
general validity.
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Fig. 14.10. Schema of the development of passages (acc. to Bogli, 1956a, 1976a)



15 Speleometeorology - Speleoclimatology

Speleometeorology is concerned with instantaneous processes in the atmosphere of
caves, speleoclimatology with their average states. However, with the exception of wind,
variations in the parameters are so small that there is only a slight difference between
instantaneous and average values. Therefore speleometeorology and speleoclimatology
are usually used with the same meaning, apart from their differing points of view. The
former is preferred in English and in German usuage (Kyrle, 1923; Myers, 1962; Wigley
and Brown, 1976), the latter in French (Géze, 1965). In Germany and Austria mining
terms such as Hohlenwetter, Bewetterung and Wetterwechsel (change in wind direction)
are frequently used, thus in Kyrle who defines Héhlenwetter as “the total contents of
the cave in gas-form”. He supports the use of these expressions with the argument that
““cave meteorology is very similar to that in mines” (p. 203).

Cave meteorology is essentially different from conditions on the earth’s surface.
The behavior of a cave’s atmosphere is the result of pronounced local causes;local should
be understood here to mean interconnected cavities and their openings to the surface.
The absolute lack of any sunshine is the most important difference. On the other hand
the earth’s warmth is of some importance although its effects are usually overestimated.
Moreover a cave’s atmosphere lacks a free expanse of space, thus the air can move only
linearly. In large cavities convection currents occur in addition. Then there are static
states which are permanent in caves whereas their equivalent on the surface occurs on-
ly occasionally for a short time, for example constantly high air humidity near 100%,
minimal variations in temperature, slight or no movement of air locally.

15.1 Movement of Air in Caves

The air in underground cavities is set in motion by differences in pressure on the one
hand, and by flowing water on the other (Cigna, 1967, 1968). Trombe (1947, 1952) as-
sumes that the effect of flowing water on the air is limited to waterfalls and is therefore
only local: “Aucun mouvement d’air ne se produit en général dans ’ensemble du réseau
par l'effet d’'une chute d’eau” (1947, p. 99). On the other hand Myers understands it
as an important motive force for the movement of subterranean air (cave wind): “In
an active cave the most obvious agent promoting the circulation of the air is the freely
running stream” (1962, p. 226). The varying conditions in the caves investigated are re-
flected in the different hypotheses. There is a wide span of possibilities for the velocity
of the wind. Although it is so small in large caverns that it is unnoticeable, it occasion-
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ally rises in narrow passages to the strength of a storm. In a narrow opening (0.6 m?)
of Pinargozii Cave (Turkey) even a velocity of 46.2 m/s (166.3 km/h) was measured
(Bakalowicz, 1972).

Differences in air pressure are partly of exogenous origin, i.e., the result of exterior
causes which are therefore foreign to the cave, partly of endogenous origin, and partly
due to.the contrast between the open atmosphere and the cave’s air.

To what degree the differences in pressure express themselves as cave wind is a
question of the form of the subterranean cave system. One must on principle distinguish
between cave systems with several openings to the exterior and those with only one. In
the first case exogenous forces can set the air within the earth into motion. This type
of cave is called dynamic. Cave systems with only one opening to the outside scarcely
react to exogenous factors, apart from the weak disturbances caused by variations in
density: static caves. Where there is a change in type, in statodynamic caves, the main
entrance counts for the larger part of static conditions while smaller openings either be-
come active or inactive depending on the meteorological circumstances, e.g., DobSinska
ladova jaskyha (Dobsinsk Ice Cave) in Slovakia (CSSR).

Bock (1913) was the first to attempt to express the circulation of cave air in equa-
tions, but their application failed because of the large number of parameters which can
hardly be determined.

15.1.1 Exogenous Factors of Pressure Differences

An underground cave system with various openings is exposed to a wind on the surface
(Fig. 15.1). In general under these circumstances the following is valid for the outside
openings:

Pr P2 ¥ P3s F ...

In this way pressure gradients are created which cause an air draught from the place of
higher to the place of lower pressure. In through-caves the windward side has the higher,
the lee-side the lower pressure.

Fig. 15.1. Cave wind in a through-
cave (see text)
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In wide cave passages the pressure decrease is slight. It is concentrated on the nar-
row passes, e.g., between p; and p, in Fig. 15.1. In this stretch there is also the strongest
draught. If a side passage took off at this point, air would be sucked up it according to
the Bernoulli equation (Chap. 5.5.3).

A difference in pressure in the open atmosphere works in a similar way but it is on-
ly slight even when the distances between the openings are kilometers long. The cave
winds caused by this are weak and are usually overlaid by winds of other origins and
thus unrecognizable.

Even differences in temperature outside the openings can cause differences in baro-
metric pressure. If one entrance liesin a cool wood or on the shaded side of a mountain,
the other on a warm, sunny slope, the pressure on the cool side is higher than on the
sunny. Generally this can be proved only when the openings are approximately at the
same height.

15.1.2 Endogenous Causes of Pressure Differences

Pressure differences within underground cavities can only be caused by different den-
sities of the atmosphere which are the result of varying temperature, humidity or CO,
content. Air movements which have this origin are convection currents:

1293 p

liter weight (pond) = W 7_6—0-

0.001293 p

air density T 1+000367 -t 760

These formulas are valid for dry air and can give useful approximate values for moist
air, when the value for the given moisture content is set in place of 1.293 at 0°C or
0.001293 respectively. p is the actual air pressure.

Table 15.1. Liter weight of the atmosphere at 760 mm Hg dependent on the temperature t and the
humidity H (according to Trombe, 1947). The liter weight x 10~ corresponds numerically to the
density

t(°C) H (%)
50 60 70 80 90 100

-10 1.341 1.341 1.341 1.341 1.341 1.341
-5 1.316 1.316 1.316 1.315 1.315 1.315
0 1.291 1.291 1.291 1.291 1.290 1.290
5 1.268 1.267 1.267 1.266 1.266 1.266
10 1.244 1.244 1.243 1.243 1.242 1.242
15 1.222 1.221 1.220 1.219 1.219 1.218
20 1.199 1.198 1.197 1.196 1.195 1.194
25 1.177 1.176 1.175 1.173 1.172 1.170

30 1.156 1.154 1.152 1.150 1.149 1.147
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According to this a column of air 1 cm? in area at its base and 10 m in height has
a weight of 1.291 pond or a pressure of 1.291 pond/cm? at 0°C and 70% humidity ; at
100% it is 1.290 pond/cm?, still referring to 760 mm Hg. This difference in humidity
results in a pressure difference of 0.001 pond/cm? or a water-column (h) of 0.001 cm.

e A | ———> = Al

1a

Fig. 15.2. see text r

If the cross-section A of the connecting tube is small in comparison to A; of the
air-columns, the pressure gradient concentrates on the narrow passes so that Torricelli’s
theory can be applied here:

v=+2gh".

h'is the height of the air column which can be calculated from the water column:

h =

h
lpl”

In the above example h would equal 0.001 x 1072 m and

0,001 - 1072

V= V2875001201

= 0,39 m/s.

An air movement of 0.39 m/s is scarcely perceptible to our senses. According to Table
15.1 differences in temperature of 5°C, e.g., from 10° to 15°C, result in a difference in
pressure of 0.024 pond/cm? at 100% humidity, 24 times the value resulting from a 30%
difference in humidity. That corresponds to an air velocity of 1.90 m/s. But a difference
in temperature of 5°C is very rare in connected shafts with no outside opening. Normal-
ly the difference ranges around 1°C so that air movements caused thereby are far less
than 1 m/s.

In conclusion it can be said that air movements caused by endogenous differences
in temperature and humidity are close to the limits of perceptibility. Their importance
lies in the fact that they intermix cave air, balancing differences as well as transporting
humidity in the parts of the cave closed to the exterior: convection currents. The hu-
midity can precipitate as condensed water and thus participate in the widening of the
cavities by corrosion.
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15.1.3 Cave Winds as a Result of Temperature Contrast Between Open Atmosphere
and Underground Cavities

When an underground cave system possesses two or more outside openings at different
heights, cave winds of varying strength occur when there is a difference in temperature
between the cave and the open atmosphere. Apart from a few deviations, e.g., in the
case of ice caves, the temperatures inside the mountain correspond approximately to the
annual average temperature on the surface or are slightly lower as a result of the water
from melting snow in early summer (high Alps). This constancy of temperature stands
in contrast to the variations of the open atmosphere where the Central European ex-
tremes lie at —30° and +38°C, the Irish at —7° and 28°C. The differences between the
medians of January and July decreases from 22°C on the western border of the USSR
to 9°Cin Ireland. This results in differences in temperature of up to 20°C and more be-
tween the endokarst and the outside atmosphere. In the north of the USA the differ-
ence between the extreme temperatures of January and July varies from 50°C on the
Atlantic Coast to 70°C near St. Paul to 36°C on the Pacific Coast. In the south it is
40°C on'the Atlantic Coast (southern Georgia), 50°C in Arkansas, and 24°C on the Pa-
cific Coast.

With the aid of Table 15.1 the masses of the air columns can be calculated if t, H,
the height of the air column H; and the air pressure p are known. Since approximate
values are sufficient, the average p at a given height can be determined from Table 15.2.

Table 15.2. Average value of the air pressure dependent on the altitude. a) according to Kohlrausch
(1930). t = 0°C, ¢ = 50°N; b) according to Thommen (?), gliding temperature according to CINA,
9 =45°N

H (m above a) Pressure Conversion b) Pressure Conversion
sea level) (mm Hg) factor (mm Hg) factor
0 762.0 760.0
200 743.2 0.975 742.1 0.976
400 724.9 0.951 724.6 0.953
600 707.1 0.928 707.5 0.931
800 689.7 0.905 690.6 0.909
1000 672.7 0.883 674.1 0.887
1200 656.2 0.861 657.9 0.866
1400 640.0 0.840 642.0 0.845
1600 624.2 0.819 626.4 0.824
1800 608.8 0.799 611.2 0.804
2000 593.7 0.779 596.2 0.784
2200 579.1 0.760 581.7 0.765
2400 564.8 0.741 567.2 0.746
2600 551.0 0.723 553.2 0.728
2800 537.5 0.705 539.3 0.710
3000 524.2 0.688 525.8 0.692

Example: the lower opening of a cave lies 730 m above sea level, the upper one
500 m higher — such are the conditions of the western section of the Holloch system.
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The temperatures in the cave at 980 m above sea level, the center of the air column, are
between 4 1/2° and 5°C. The arrival of water from melted snow was taken into account
so the temperatures are converted to the monthly average. The exterior temperatures
were taken from neighboring stations.

Fig. 15.3. Temperature curves
of the monthly average for Hol-
loch and the surface at 1000 m
above sea level

From Table 15.1 the liter weight or the density (liter weight x 10~) is determined
for the air pressure at 1000 m above sea level with the aid of the conversion factor.

Table 15.3. t°C (1), liter weight: pond/1 (2), G of the 500-m-high air column (area of cross-section
1 cm?) in pond (3), Diff. between the G of the two corresponding air columns in the atmosphere
Gy and in the cave Gy (4). H: humidity of the atmosphere

Month Open atmosphere (H: 80%) Hoélloch (H: 100%) Gg - GH
(@) ) 3) 1 @) 3) “)
1 —2.4 1.156 57.80 5.0 1.123 56.15 1.65
2 -1.5 1.151 57.55 5.0 1.123 56.15 1.40
3 2.0 1.136 56.81 5.0 1.123 56.15 0.66
4 5.5 1.121 56.05 4.8 1.124 56.19 -0.14
5 10.0 1.103 55.12 4.5 1.125 56.25 —1.13
6 12.8 1.091 54.53 4.5 1.125 56.25 -1.72
7 14.5 1.083 54.17 45 1.125 56.25 -2.08
8 13.8 1.086 54.32 4.6 1.125 56.21 -1.91
9 10.7 1.100 54.98 4.7 1.124 56.21 -1.23
10 6.0 1.119 55.95 4.8 1.124 56.19 -0.24
11 1.5 1.138 56.92 49 1.123 56.17 0.75
12 -1.5 1.151 57.55 5.0 1.123 56.15 1.40
Extreme values
25 1.040 52.02 4.5 1.125 56.25 —4.23
20 1.061 53.04 4.5 1.125 56.25 -3.21
-10 1.189 59.47 5.0 1.123 56.15 3.32
-20 1.236 61.79 5.0 1.123 56.15 5.64

=25 1.261 63.04 5.0 1.123 56.15 6.89
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(G¢ — Gy ) canbe tested with an altimeter as the difference in height or in pressure,
respectively. In Holloch differences in pressure of a 1.14 cm water column (10 m dif-
ference in height according to the Thommen altimeter) were measured at temperatures
slightly under 0°C in front of and behind the Wettertiire in the commercial part of the

cave. These differences in pressure can be converted into wind velocities according to
Chapter 15.1.2.

v[m/s] = V2¢g pi 10~ 2, hin cm of water column
L

Table 15.4. The monthly average wind-velocity v (4) dependent on (Gf-Gyg) (3), t°C (1) and liter
weight (2) and p resp. (Lg - 107%) at the Wettertiire in Holloch; calculated

Month (1) (2) 3) “) Month (1) 2) 3) “)

1 6.0 1.119 1.65 17.01 7 5.5 1.121 -2.08 -19.08
2 6.0 1.119 1.40 15.67 8 5.6 1.120 -191 -18.29
3 6.0 1.119 0.66 10.76 9 5.7 1.120 -1.23 -14.68
4 5.8 1.120 -0.14 - 478 10 5.8 1.120 -0.24 - 6.48
5 5.5 1121 -1.13  -13.54 11 59 1.119 0.75 11.47
6 5.5 1121 -1.72 -17.35 12 6.0 1.119 1.40 15.67

Fig. 15.4. Directions of ventilation at the entrance to Hdlloch during the passage of warm and cold
air respectively. (K, W corresponding extent of temperature). Line of dots and dashes the annual

periodicity of the temperature on the surface (1000 m above sea level). Heavy line temperature of
the cave at 1000 m above sea levél, 4.8°C
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Negative values for (3) and (4) mean that the colder cave air is flowing out of
the entrance, positive mean the cave wind is blowing inward. According to Table 15.3
there is calm (equilibrium) in the cave when the outside temperature is approx. 4.8°C
at 1000 m above sea level and the weather is calm. With a west wind it sinks to 3°C. A
change of wind direction in winter from inward to outward means warm air in the at-
mosphere and with it rain, commencement of snow-melting and danger of high water.

The measurements taken at the Wettertiire show that the wind’s velocity measured
at 9 m/slies 5 m/s under the velocity calculated. That was to be expected as there must
be other connections which pursue paths still unknown. But it is true here, too, that
physically, natural cavities and cave systems can hardly be apprehended precisely, how-
ever the values calculated do offer approximations or hints of conditions which have
not yet been recognized.

Besides the annual periodicity of the average velocities of the wind, daily periodic-
ity occursalso. In addition there are aperiodic variations of temperature during the pas-
sage of warm and cold air-masses with corresponding behavior of the cave winds.

Only in midsummer is there uninterrupted ventilation outward at the entrance. In
the other seasons changes in the direction of the air current are normal, even though in
winter the air moves predominantly inward. Concerning calculations on ventilation see
McElroy (1966) who bases his work on mining conditions.

Fig. 15.5. Daily periodicity of wind’s velocity v and the outside temperature ¢ in the cave of Pinar-
g6zii according to Bakalowicz (1972). v as function of t (11th Aug. 1970, 06:00 to 12th Aug., 1970,
06:00)
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15.1.4 Air Movements Caused by Flowing Water

As a result of friction with flowing water, air is moved forward. If the water course has
narrow passes or siphons inserted in it, local air circulation takes place in front of them
(a), the air skimming back along the ceiling to the point of departure. Rapidly flowing
water sweeps air along with it at the transition to a pressure flow (b), or sucks it into
the center of the whirl (c; Fig. 15.6).

Fig. 15.6. Explanation see text. L air in motion; LB transport of air bubbles

Because of its buoyancy the air swept along is carried under the ceiling. The steeper
the passage, the higher the velocity of flow necessary to be able to move the air down-
ward against its buoyancy (see Chap. 12.2.2, ceiling channel passage).

Air carried in this way in narrow passages under phreatic conditions effects an air
movement by means of suction before the swallowing point; when the water re-emerges
air movement is caused by an increase in pressure. Even this air movement is too slow
as a rule for it to be perceived by the senses but evidence can easily be found by the
movement of swaths of smoke.

Waterfalls are especially effective, above all those in narrow shafts where the water
touches the walls. In this case the effect of a water-jet air pump occurs with suction at
the upper end and a considerable increase in pressure in the air at the lower end (see
Fig. 15.7 a-d).

a) waterfall in a wide shaft which is closed at the bottom: closed circulation of air

b) waterfall in a wide shaft which is open at the bottom: partly closed circulation
of air, partly cave wind in the direction of the water flowing away

c) waterfall in a narrow shaft: closed circulation of air prevented, cave wind in side
passage below
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Fig. 15.7 a-d. Movement of air in waterfalls (see text). Arrows direction of wind’s movement

d) waterfall in narrow shaft with side passage: air is sucked in through the water-
fall’s shaft but also through the side passage and is blown away below as a strong cave
wind. Closed circulation of air prevented.

15.2 Cave Temperatures

On one hand cave temperatures are determined essentially by the climatic mean values,
on the other by the water flowing in the underground, which usually has a cooling ef-
fect. The cold waters of melting snow are of great importance in the mountains because
of their long duration — in the Alps, March to July.

The thermal relationships between water, air, and rock are determined by their
specific heat capacity and their density.

Table 15.5. Specific heat capacity and p (density) of water, rock and air (1 cal = 4.1868 J)

Spec. h.c. o

(cal/g) (g/cm?®) (cal/cm?®) (cm?/cal)
Water 1 1 1 1
Limestone 0.210 2.7 0.567 1.76
Air 0.241 0.001293 0.0003116 3209

Since the heat content of a volume of air is 3200 times lower than that of the same
volume of water and 1820 times lower than that of limestone, the temperature of the
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air quickly adapts to that of the water or limestone — provided there is intensive con-
tact between the media. They warm up and cool off respectively so slightly per day
that they can generally be neglected. Longer periods of one-sided temperature divergence
from the mean value are, however, clearly recognizable, especially in ice caves (see Chap.
16).

Wagner (1960) names a depth of 20 m for the zone of neutral temperature in Cen-
tral Europe. That does not apply to karst because air and water can circulate almost
freely as opposed to the case in an underground of a different nature. Hauser and Oedl
(1926, pp 91/92) report concerning Eisriesenwelt (Austria): “In winter, on the other
hand, we still found ice formations at the first connecting side tunnel, a sure sign that
the zero-isotherm has advanced 1 km further into the mountain.” That is approx. 1 1/2
km distant from the entrance and does not yet lie in the neutral-temperature zone. In
Holloch a decline in temperature of 5°C was noticed over 1000 m inside the cave in
February 1956; moreover the place lies approx. 500 m vertically below the surface. In
active caves the cold water from melting snow cools off the air and the rock until well
into summer. As a consequence the zone of neutral temperature must lie beneath the
karst region which has a through-flow of water; for Holloch this means about 1000 m
beneath the surface.

In dynamic caves the circulation of air creates a temperature equilibrium. In the
Dachstein Ice Cave (Austria) Saar (1954) noticed that the temperature sank with in-
creasing altitude at a ratio of 1°C/200 m; this value is approximately the same in Hol-
loch. The decrease in temperature with increasing altitude corresponds approximately
to that in the open atmosphere.

In active endokarst the geothermal gradient is of no noticeable importance as the
heat supplied from the earth is carried away by water. Holloch can again serve as an ex-
ample. The passages of this system lie between 50 and 900 m beneath the earth’s sur-
face. At least 2000 1 of water seep in through every square meter of the earth’s surface
annually. The flow of heat from the interior of the earth amounts to 400 kcal/m?/y
(Toperczer, 1960). If the water flowing through the cave is warmed by 0.2°C, it is suf-
ficient to transport the total amount of this heat away or to prevent the karstified zone
above from being geothermally heated up. During the Ice Age precipitation in the cold
periods was carried away out into the foreland as glacial ice and only a small portion
found its way into the endokarst. With 20% of today’s drainage, i.e., 400 1/m? - y, an
increase in temperature of 1°C would suffice to carry away the geothermal heat, with
200 1/m? an increase of 2°C. This leads to the paradox that during glaciation Holloch,
and with it surely all deep alpine caves, was warmer than today. This also explains why
the worm, Octolasium transpadanum Rosa, which today is found only south of the
Alps, found refuge north of the alpine barrier in Holloch, where it is frequently found
in the high-water zone. It is a relict from a Pleistocene warm period which cannot be
more closely identified — the cold periods caused its death on the earth’s surface and
in caves situated at slight depth (Bogli, 1973a).

Ford (1975) and Ford et al. (1976) describe temperature developments in 9-km-
long Castleguard Cave under Columbia Icefield (Canada, B.C./Alberta) which at present
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shows neither a through-flow of water nor a movement of air which is of dynamic ori-
gin. Glacial water flows by unknown paths on a deeper level through limestone, carry-
ing away part of the geothermal heat (Castleguard Springs: 2.2°C). The flow of heat to
the overlaying glacier is between 10% and 40% of the expected value. The geothermal
gradient amounts to 45 m/°C and more in the region of the cave so that 3.6°C is found
in the center of the cave, 0°C at the upper end under the glacier, and — 3.8°C at the
lower end, 320 m deeper.

Fig. 15.8. Geoisotherms in Castleguard Cave at Columbia Icefield (Canada) according to Ford et al.,
(1976)

In static caves the atmosphere is stratified depending on its temperature or on its
density. Rising, static caves are traps for warm air and are relatively warm, descending
caves are traps for cold air so with increasing depth the temperature sinks, occasionally
as low as to form perennial ice (see Chap. 16).

Fig. 15.9 a, b. Static caves; @ summer; b winter. W warm-air pocket; K cold-air pocket; arrow air
movement
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Table 15.6. Temperatures in static caves

Abisso Enrico Revel Grotta Gigante (Triestine karst)
(Apuanic Alps) (Polli, 1953, 1958)
Depth (m) t (°C) Depth (m) tC0)
0 18.7 0 12.5

25 8.0 24 10.4

50 5.6 100 9.5

85 3.4
182 2.2
304 1.3

15.3 Humidity of the Air

The relative humidity is generally high, between 90% and 100% (Géze, 1965) and varia-
tions are slight, apart from the entrance region when the cave wind blows inward. In the
Grotta di Padriciano (Triestine karst) degrees of humidity between 34% and 97% were
measured on the surface during 10 d in July, but already 30 m within the cave it was
constant at 98% and 330 m from the entrance at 100% (Tommasini and Candotti,
1968).

A wind blowing upward in cave passages rapidly reaches the saturation limit. Con-
densation takes place on the walls, normally as drops of condensed water, in ice caves
as hoar-frost and ice-flowers. If there are sufficient condensation nuclei, fog forms. If
there are not, the air can be oversaturated and as soon as such a passage is entered there
is a spontaneous formation of fog.

The air aspirated in winter warms up, the relative humidity sinks, occasionally even
as far as below 70%. The cave dries and the walls become light. The front of dry walls
advances gradually into the cave and in Holloch can reach a distance from the entrance
of almost 2 km by the end of winter.

In arid and semi-arid climates the humidity in the caves often sinks under 80%
again; sodium or potassium minerals serve as indicators of this (see Chap. 13.3.2).
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According to definition ice caves are caves with permanent ice, even when the ice re-
maining in autumn is not larger than a felt hat. Caves in ice are called glacier caves. Al-
though it may seem inconsistent, the distinction is made in this way. The primary fac-
tor is the formation of ice within the cave yet only its preservation is decisive in mak-
ing an ice cave out of an ordinary cave. For the former cold winters are required, for
the latter, however, cool summers in humid climates. That limits their occurrence in
Central and Western Europe to the high mountains and highlands over 700 m above
sea level.

Three theories have been found to explain the existence of permanent ice. One as-
sumes that the ice is a relic from the Pleistocene Period (Dawkins, 1876). Providing ev-
idence against this theory are the facts that the ice forms anew even today and that pe-
riods when the ice decreases, even thaws completely, alternate with periods when it in-
creases. The oldest ice found up to the present (3000 years old) is in the Romanian ice
cave Ghetarul de la Scarisvara. It looks as if European ice caves were completely free
of ice in the post-glacial climate optimum (Trimmel, 1968).

The summer-ice theory is considerably older. Fugger (1891-1893) refers to places
in literature from the 17th and 18th centuries. At that time the opinion held was that
the nature of the cave “is so fantastic that when winter freezes most intensively outside
it has mild air inside, but cold, yes, even ice-cold when the sun shines most warmly”
(quoted by Kyrle, 1923, p. 110). These subjective findings did not stand up to meas-
urement. Yet the summer-ice theory found support until far into the 19th century.

The third, the winter-ice theory, is the oldest but was only recognized generally at
the end of the 19th century. Prévost found concerning the Glaciére near Besancon in
1792 that the static ice cave preserved winter’s cold even in summer, which was why
the ice remained preserved. Thury (1861) observed that the formation of ice is favored
to take place in spring and autumn when water and cold temperatures coincide in the
underground. Moreover he also already distinguished between static and dynamic ice
caves. Browne (1865) used this division to classify the ice caves he described. Fugger
(1891-1893), who investigated the various theories, especially with his series of temper-
ature measurements, subsequently substantiated the winter theory and helped it to be-
come accepted. However, he did deal especially with static ice caves. Primarily Austrian
scientists have been participating in the investigation of ice caves since, for indeed the
largest in the world are in Austria, for example Eisriesenwelt in Salzach Valley and Dach-
stein-RieseneishShlen (Dachstein Giant Ice Caves) in the Salzkammergut. (Bock, 1913b;
Hauser and Oedl, 1926; Saar, 1954).
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The formation of ice by evaporation was also observed in caves with seeping water
and a strong air-draught with temperatures little above 0°C, e.g., in Geldloch in Oetscher
(Kyrle, 1923). However, only fine ice coverings are created in this way.

In static ice caves cold winter air becomes caught in descending pocket caves. They
frequently begin on the bottom of dolines; these work like funnels to capture the air.
In the course of the winter the cold air fills the cavities (Fig. 16.1: hatched), cooling off
the rock to under 0°C. When in spring the snow begins to melt the water penetrating
the cave freezes to form considerable masses of ice (cross-hatched). If the cave entrance
is not too wide and sufficiently shaded (shady side of a valley or mountain, trees), and
the cave deep enough, the cold air warms up in its upper portion — part of the ice melts.
In late autumn and early winter the cave is again filled with cold air. The summer’s wa-
ter seeping out of the rock, which is still warmer than the air, freezes: the second period
of ice formation begins. When the influx of water ceases in mid-winter the formation
of ice stagnates until spring — only snow blown in increases the mass of ice formed by
water. Static ice caves occur in deeper situations, e.g., the Glaciére near Belfort (France)
at 700 m above sea level and Grotte de la Glaciére at 630 m a.s.l. (Sweeting, 1972).

Fig. 16.1 a, b. Static ice caves (see text). a late autumn; b early summer

In high mountains there are static ice caves which can hardly be called genuine ice
caves for the ice found in them is névé, firn, i.e., created from snow blown in. A better
name would be firn cave. Kyrle, however, counts them among the ice caves since they
usually also have genuine cave ice in them.

Dynamic ice caves have several outside openings at various heights. As a rule they
belong to extensive underground cave systems. Air movements of exogenous-endoge-
nous origin cause the formation of ice and also preserve it. In the winter half-year tem-
peratures inside the cave are higher than outside; they are between 0.5° and 3°C. As in
a chimney the air rises up to the upper openings. Cold air far below 0°C is drawn in
from outside through the lower openings. This cools the rock off, creating undercooled
regions around the lower entrances. Because of the air’s low capacity for heat the 0°C-
front moves into the cave only slowly, depending on conditions, a few hundred meters
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during the winter, as an exception also as far as 1500 m (Eisriesenwelt, Hauser et al.,
1926).

In summer the cave air is considerably colder than the outside air. It sinks down-
ward. The replacement comes in from the high outside openings; upon entrance it is ad-
ditionally cooled by the remainders of snow in dolines, shafts, and open joints. There-
fore it reaches the frost zone around the lower entrances with temperatures only slight-
ly above 0°C. Usually it continues to cool off to frost temperatures. Only in August and
September, occasionally earlier, does the air become a little warmer than 0°C. This is
the period of melting ice. Already in October the outside temperature at the outside
openings sinks to below 0°C and the air current changes back to that of the winter half-
year.

In dynamic caves, too, there are two phases for the formation of ice, and one of
melting plus one of stagnation. In late autumn summer’s water, still seeping through the
rock, freezes upon reaching the cavity with the cooled air. As the cold season advances,
the flow of water ceases and the period of stagnation begins, even if temperatures con-
tinue to fall. Evaporation can even cause a slight decrease in the ice. In spring and early
summer water from melting snow reaches the cave and freezes in the frost zone around
the lower outside openings: the amount of ice reaches its maximum. When the direction
of the air current changes, the temperature gradually rises above 0°C: the period of
melting begins.

Saar’s investigations (1954) in Dachstein-Rieseneishohle offer good insight into the
course temperatures and air-current direction take during a year. For several years this
was considered to be the largest ice cave in the world (1910-1919) until Eisriesenwelt
in Salzachquertal surpassed it (Czoernig-Czernhausen, 1920, 1926; Hauser et al., 1926).

Table 16.1. Average temperatures 1920-1924 in Dachstein Riesenhdhle according to Saar (1954).
M: month; A: entrance 1458 m above sea level; B: Tristandom, 100 m from entrance; C: Artusdom,
400 m from entrance; W: direction of air current, e: inward, a: outward

M: 1 2 3 4 5 6 7 8 9 10 11 12
A: -14.7 -8.7 -0.5 0.7 10.5 12.8 10.8 8.6 109 59 -26 -1.8
B: - 88 -6.1 -24 -14 -10 -0.1 04 2.1 1.2 13 -30 -23
C: 0.9 0.9 1.2 14 1.7 1.9 2.3 2.6 23 16 12 1.2
W: e e e e ela e/a a a a ale e e

For the higher ice-free portion (upper Artusdom, point of measurement) there
is a corresponding glaciated portion lying deeper (lower Artusdom, Tristandom, point
of measurement; Bock et al., 1913).

Eisriesenwelt in Salzachtal is situated 200 m higher and shows an ice area of 20,000
m?. The ice is 12 m thick in places and stretches from the entrance 650 m into the
mountain without interruption; a further 650 m show even larger permanent ice form-
ations. Here too investigations of temperature were made with numerous series of meas-
urements. Two examples of these are presented in Table 16.2.
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Table 16.2. Temperatures in Eisriesenwelt on 31.3. and 3.4.1921 (Hauser and Oedl, 1926)

Place Altitude  31.3.1921 34.1921 Wind’s
(m above Wind inward Wind outward strength
sealevel) Time t(°C) Time tCC) (m/s)

In front of cave 1641 9.30 +0.5 11.35 +9.5

Entrance gate 1660 9.45 -0.8 11.45 -0.4 6.37

Hymir 1755 11.30 -1.0

Sturmsee 1769 12.30 -14 12.45 -1.3 5.74

Morkdom 1762 12.50 -0.3

Eispalast 1759 12.55 -0.5

End of floor ice 1755 13.00 -0.4

U-tunnel, P. 23 1731 14.00 -1.0 13.25 0.0

Midgard, P. 26 1770 15.30 -1.0 13.45 +1.0

Midgard, P. 33 1781 16.20 -0.2 15.50 +0.3

Dripstone wood 1740 18.00 +0.8

Straight joint 1720 19.00 +1.0

Statodynamic ice caves have a mixture of both types. One of the most significant
of this kind is Dobginsk4 ladova jaskyha (Dobginskd Ice Cave) in Slovakia (CSSR; Stei-
ner, 1922; Droppa, 1960, 1967). It consists of a static part which cannot cool down
sufficiently, and a dynamic part between the main entrance and a doline; an exchange
of air takes place with the main entrance through the incasion debris of the doline.

Table 16.3. Temperatures t(°C) in DobSinsk4 Ice Cave (acc. to Droppa, 1960) in the years 1950
and 1951

Place 28.9.50 23.1.51 6.5.51
t t t

Rim of the doline, 971 m above sea level 9.8 —6.4 8.4
Entrance, 964 m above sea level 1.2 —-5.6 1.2
Mala sien, 956 m above sea level, 35 m from entrance 0.4 -5.0 -3.2
Organ, 929 m above sea level, 105 m from entrance 0.5 -3.8 0.1
Dno Pekla, 900 m above sea level, 180 m from entrance,

ice-free, static part 1.2 1.2 1.2

The world of ice formations is very rich, although not as rich as that of calcareous
sinter. They resemble one another in many ways, especially where the forms are the
direct result of flowing water. However, where conditions of formation and removal
differ from one another, there are no mutually corresponding formations. In the case
ofice there are no forms which correspond to straw stalactites, eccentrics, or other cap-
illary, sinter forms. However, there is the bizarre form of the dentritic ice which at the
beginning of the warm period forms on ice walls from melted ice-water running down.
In the vicinity of zero degrees the ice recrystallizes easily. Therefore during the melting
period there is recrystallization during which large ice-crystals are formed. The thin,
fine crystals lying in the spaces between them melt faster forming a network of engrav-
ed lines looking like a honey-comb (Kyrle, 1923).
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The classification of underground cavities can be made on one hand according to their
genesis or according to their size, or on the other hand according to striking character-
istics, which is, however, quite arbitrary.

17.1 Definition of Cave

Not all underground cavities are called caves, for according to the ISU (International
Speleological Union) the term cave is defined as a “natural, underground cavity, large
enough to be entered by man,” which can be partially or entirely filled with sediments,
water, or ice (Fink, 1973, p. 34). The term cave thus presupposes a size large enough
to allow a human being, even if only a child, to crawl inside. Accordingly the human is
the measure of all caves. This definition is, however, not absolute as small passages and
rooms which are connected to caves are included with them and so are called caves,
too. The scientist is free to depart from the definition and name smaller cavities caves
also if it seems necessary to him. In the same way animal constructions from the bad-
ger’s hole to the mousehole are termed caves by biologists, the smaller ones microcaves.

As asynonym for cave grotto is also used. This word is derived from Italian — grot-
ta — or French — grotte —, which can generally be translated as cave. A grotto is a small
to medium-sized, natural or artificial cave, generally richly decorated with speleothems
(Fink, 1973, p. 37). But in German this term should be used only for artificial cavities
imitating caves.

Caves which are of more complicated construction, i.e., branched and criss-crossed
caves, maze caves, or a combination of shafts and horizontal passages are termed cave
systems.

17.2 Genetic Classification

If underground cavities are divided up according to the manner in which they were
created, the result is two principal groups: primary caves and secondary caves.
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17.2.1 Primary Caves

All underground cavities which are created simultaneously with the rock are called pri-
mary caves. Genetically they have nothing to do with underground drainage. These are
caves in igneous rocks and sedimentary primary caves. To the former belong vesicles and
lava tunnels, to the latter overcovering caves, reef caves, and tufa caves.

Primary Caves in Igneous Rocks

Vesicles are magmatic gas bubbles which are retained when volcanites harden. They rare-
ly reach a diameter of a few decimeters and seldom ever the size demanded by the cave
definition.

Lava tunnels form in the less viscous pahoehoe-lava of basalt’s chemistry. They are
created under the hardened lava-covering when the liquid rock beneath flows away. A
tunnel remains behind; on its walls lava drops run down and harden. On the side walls
lava ledges give evidence of former stages of filling. Lumps of lava accumulate on the
floor. In Lavabeds National Monument (Northern California) 296 such tunnels have
been counted, some of them miles long. In adjacent Oregon and in the State of Wash-
ington there are innumerable others, winding their way under the endless forests. On
Lanzarote they reach a total length of almost 16 km; among them the Cueva de los
Verdes is 6.1 km long according to Trimmel (1968). In Iceland the Raufarholshellir
stretches 3.2 km in a lava stream from the turn of the last millenium. Hawaii and Japan
also have lava tunnels.

Primary Caves in Sediments

Cavities of a larger size are not possible in sediments which have a loose stage previous
to their diagenesis, unless the components had a corresponding size. In landslide debris
small, irregularly formed caves occur between huge boulders, so-called overcovering
caves. Kyrle (1923) even classes them as secondary caves but landslide debris should be
understood as a new deposit, as one gigantic mass of debris; during its creation cavities
were enclosed in it.

If sediments are deposited in a solid state the formation of sedimentary primary
caves is quite possible. In coral and sponge reefs the animal colonies, proliferating
abundantly in the warm water which is rich in nourishment, enclose cavities: reef caves.
They can be found in every size. However, as a rule they do not last long as they fill
with coral or reef sand respectively.

Tufa caves belong in the same category. They form where calcareous tufa grows
over rock and tufa walls. They are found in the tufa barriers of Yugoslavia’s rivers, thus
near Jaice where the Pliva flows into the Vrbas. Hollgrotte near Baar (Ct. Zug, Switzer-
land) was created in tufa deposits below the rock wall of Lorze Gorge; it has been com-
mercialized because of its attractive dripstone formations. It allows an especially good
study of the conditions of tufa cave formation (see Fig. 13.15).
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17.2.2 Secondary Caves

Secondary caves are created after diagenesis. They can be formed by forces working
from the exterior; exogenous caves, or by forces within the mountain itself: endogenous
caves.

Exogenous Caves

Weathering and erosion from the exterior work on the rock. Generally the result is a
rock-shelter or a shelter cave; the former is a shallow cave with a more or less flat bot-
tom under an overhanging rock ledge, the latter shows a maximum horizontal exten-
sion without the depth exceeding the width of the mouth.

Wind caves are created by the action of the wind which in a storm tears away com-
ponents of rock loosened by weathering or which grinds down the rock with the sand
it carries. Wind caves are characteristic of arid regions.

River-bank caves are hollowed out by the moving water of rivers and streams. In
the initial stage they are potholes. However, they can develop into genuine caves. Let-
tenmayer Cave near Kremsmiinster (Austria) is approx. 25 m deep (Schadler, 1920).

Surf or wave-cut caves are usually shelter caves. Open joints can be widened up to
the size of caves by the pressure of the breaking waves and by the currents caused by
them. If corrosion plays a larger part in the process of widening, such caves should be
classed as karst caves, e.g., Grotta Smeralda close to Amalfi or the Blue Grotto on Capri.

Endogenous Caves

Endogenous caves are created by agents active inside the rock. Tectonic processes and
corrosion are the initiators of the creation of a cavity; when the size is sufficient, ero-
sion and incasion set in also.

Endogenous caves are divided into tectonic caves, open joint caves, and karst caves.

In tectonic caves the cavities were created by tectonic processes; the subsequent
changes they have undergone by corrosion and erosion are only negligible; occasionally
changes by incasion have been of a larger dimension. Alpine tension joints in crystalline
rocks represent this type. Not infrequently they show a rich content of minerals created
hydrothermally, particularly in the case of rock-crystal. Tension joints created later, es-
pecially in sediments, are rich in calcite. Tension joints frequently form in folded rock;
they occur on the outside of the folds where tractive forces are at work (Fig. 11.1b).

Alpine tectonics cause open joints to be torn open by the sliding away of sections
of nappes or of sedimentary complexes.

Open joint caves have been counted among tectonic caves up to now. However,
they form a category of their own as their cavity is created not by tectonic but by mor-
phological processes, such as by mass movements,e.g., by the slipping away of limestone
layers on a more or less plastic base, e.g., marl, toward the adjacent valley (see Fig.
11.1c). Nothing is changed by the fact that the cracks may have been tectonically pre-
scribed for the cavity created has not been formed tectonically. Frequently they are
open above.

Karst caves (corrosion caves), one of the two main themes of this book, occur much
more frequently than all the other types of cave together; they are also much larger and
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are created by subterranean water. Karst caves are classified according to the manner
of flow: vertical cave is the term used when the water flows downward to the karst wa-
ter body or to an impermeable base, horizontal cave when it flows sideways to the local
base level. This classification is meaningful hydrologically but vertical caves often run
in every direction but vertically, and horizontal caves in mountains are by no means
horizontal. Morphographically the two names apply approximately only in cave systems
in tablelands and under peneplains.

Karst caves can be divided into:

bedding caves — which run between two layers of similar, soluble rock,

contact caves — which run between two different kinds of rock of which the under-
lying one is insoluble, and

joint caves — which are created along joints and faults.

17.3 Geological-Petrographical Classification

A classification of caves according to the type of rock suggests itself but the number of
rocks with endogenous caves is relatively small — and such a classification would refer
only to these. The lithological criteria are solubility, geomorphological hardness and
resistance to weathering.

Chalk caves — in general rare because of their geomorphological softness; an excep-
tion is the Parisian Basin.

Limestone and dolomite caves (carbonate rock caves) are the caves common in car-
bonate karst; corrosion caves. Because of the high degree of geomorphological hardness
of the rock there are also karst caves which already began to form in the Mesozoic Pe-
riod.

Gypsum caves — widespread in gypsum karst but because of the softness of the
rock they originated in the Quaternary.

Sandstone caves — created by the dissolution of the matrix and subsequent wash-
ing away of the sand (erosion), but also by the dissolution of lime sandstones. The pro-
portion of erosion is high. Quartzite caves are included in this group for the present.

Conglomerate caves are created by the dissolution of the pure limestone compo-
nents and/or the matrix as well as by erosion.

Granite caves are formed by tectonic or mass movements. Examples have become
known in Sweden.

Glacier caves in glacier ice or in ice in general.

17.4 Classification According to Size

The size of a cave is of scientific consequence because every meter wider, longer, or
deeper can be confirmation of an existent thesis — or else evidence for its repudiation;
it may also be the source of new knowledge whether it be only of local speleogenetic
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or of more general importance. The objective of cave surveying is on the one hand to
prepare a cave map, which is indispensable as a basis for scientific work, and on the
other hand to understand the entire network of underground cavities as far as they are
accessible to humans. Therefore the extent of a cave largely depends on the stage of ex-
ploration. The result is the disadvantage that caves slip from one category into the next
higher as the stage of their exploration advances.

The following categories are distinguished according to the length measured:

small caves up to 50 m
medium caves 50-500 m
large caves 500-5000 m

giant caves/caverns over 5000 m

In the last ten years the exploration of caves has been accelerated; this has been
due in part to a sense of competition. In 1965 there were still only five caves more than
25 km in length, among them Hoélloch (Switzerland) the longest with 81 km. Early in
1980 there were already 33; Holloch had slipped to third place with 140 km after Flint
Mammoth Cave (341 km) and Optimistideskaja Peschtschera (142.5 km).

Also the difference in altitude within the mountain is of significance; it gives a karst
profile with speleogenetic and speleomorphological insights from the surface down to
the deepest point of a cave system, frequently in the karst water surface.

This manner of classifying caves (Tables 17.1 and 17.2) could be extended by a
list of the largest verticals in the caves;according to Courbon (1973) they measure 337 m
in Puits du Pot IT (France), 333 m in Sotano de las Golondrinas (Mexico), 328 m in the
Gouffre d’Aphanié (France), and 320 m in Puits Lépineux. But the largest cavities are
also worthy of mention. The largest is to be found in La Torca del Carlista (Spain) with
500 - 230 - 125 m® (L - W - H). The Salle de la Verna (France) attains 230 - 180 - 150
m?, the Grotta Gigante near Triest (Italy) 240 - 180 - 138 m> and the Sotano de las Go-
londrinas (Mexico) 305 - 125 - 333 m®. Beside them the Schwarze Dom in Hélloch
seems rather small with its approx. 400,000 m? volume.

Table 17.1. Caves with a measured length of over 26 km according to Courbon et al. (1975), Chabert
(1977), British Caver (vol. 77) concerning Russian Caverns, and personal communications, as of
1979/80

1. Flint Mammoth Cave System (KY, USA) 341.2 km
2. *) OptimistiCeskaja Peschtschera (Podolia, Ukraine, USSR) 142.5 km
3. Holloch (Muota Valley, Switzerland) 139.8 km
4. *) Ozernaja Peschtschera (Podolia, Ukraine, USSR) 104 km
5. Jewel Cave (SD, USA) 100 km
6. Ojo Guareiia (Burgos, Spain) 61 km
7. Réseau Felix Trombe [ Réseau de la Coume-di-Quarnéde (Hte-Garonne, France) 60 km
8. Greenbrier Caverns / Organ Cave (WV, USA) 58.2 km
9. Friar Hole (WV, USA) 50.4 km
10. Wind Cave (SD, USA) 49.2 km
11. Easgiil Caverns (Lanc., U.K.) 454 km
12. Cumberland Caverns (TN, USA) 43.8 km
13. Crevace Cave (MO, USA) 43.4 km
14. Eisriesenwelt (Salzburg, Austria) 42 km

15. Zolu%ka Peschtschera (Ukraine, USSR) 40 km
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Table 17.1. Continued

16. Ogof Ffynnon Ddu (S. Wales, U.K.) 38.5 km
17. Réseau de la Pierre St. Martin (Pyr.-Atl., France) 38.4 km
18. Sloans Valley Cave System (XY, USA) 36.7 km
19. Réseau de la Dent de Crolles (Isére, France) 36.3 km
20. The Hole (WV, USA) 35.8 km
21. Dachstein Mammoth Cave (Oberdsterreich, Austria) 35 km
22. Siebenhengste Cave System (BE, Switzerland) ca. 35 km
23. Binkley’s Cave System (IN, USA) 34.2 km
24. Carlsbad Caverns (NM, USA) 33.2km
25. Blue Spring Cave (IN, USA) 31.5 km
26. Tantal Cave (Salzburg, Austria) 30.5 km
27. Butler Sinking Creek Cave System (V, USA) 28.8 km
28. Ogof Agen Allwed (S. Wales, U.K.) 27.7 km
29. Culverson Creek Cave System (WV, USA) 27 km
30. Systema Cavernario de los perdidos (Cuba) 26 km

*) In 1979 the connection of the two Russian Gypsum Caves was erroneously reported, but they
“have not been connected” (British Caver, vol. 77, p. 26).

Table 17.2. Caves with a difference in altitude of more than 840 m a.s.l. (Authors as in Table 17.1)
as of 1979/80

1. Gouffre Jean Bernard (Hte-Savoye, France) 1358 m
2. Gouffre de la Pierre St. Martin (Pyr.-Atl., France) 1350 m
3. Avenc B.15 (Huesca, Spain) 1150 m
4. Gouffre Berger (Vercors, Isére, France) 1141 m
5. Schneeloch (Tennengebirge, Salzburg, Austria) 1111 m
6. Hoyos de Pilar / Cima G.E.S.M. (Malaga, Spain) 1098 m
7. Lamprechtsofen (Salzburg, Austria) 1028 m
8. Réseau Felix Trombe / Réseau de la Coume-di-Quarnéde (Hte-Garonne, France) 1018 m
9. SneZnaja (Caucasus, USSR) ca. 1000 m
10. Réseau des Aiguilles (Dévoluy, Hts-Alpes, France) 980 m
11. Garma Ciega / Cellagua (Santander, Spain) 970 m
12. Gouffre Touya de Liet (Pyr.-Atl., France) 966 m
13. Kievskaja ou Kilsi (Pamir-Alai) 964 m
14. Antro di Corchia (Toscana, Italy) 950 m
15. Gouffre du Cambou de Liard (Pyr.-Atl., France) 926 m
16. Grotta di Monte Cucco (Umbria, Italy) 922 m
17. Abisso Michele Gortani (Friuli, Italy) 920 m
18. Feuertal Cave System (Totes Gebirge, Austria) 913 m
19. Berger-Plattenecksystem (Tennengebirge, Salzburg, Austria) 900 m
20. Hochleckengrosshohle (Hollengebirge, Austria) 896 m
21. Sistema Purificacion (Mexico) 893 m
22. Goulffre de la Fromagére [ Cialet d’Engins (Isére, France) 870 m
23. Sotano de San Augustin (Mexico) 861 m
24. Trunkenboldschacht (Totes Gebirge) 859 m
25. Holloch (Muota Valley, Switzerland) 856 m
26. Gruberhornhdhle (Salzburg, Austria) 854 m

27. Siebenhengste Cave System (BE, Switzerland) ca. 840m
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17.5 Classification According to Prominent Characteristics

To be precise it is not a case of classification but of accentuating one or the other
group from the totality. This is neither scientific nor systematic, but it can be very use-
ful for certain purposes. For instance water flows through active cave sections and cave
visitors must heed the danger of high water, whereas inactive caves have no threat of
water, yet frequently have attractive dripstone formations. The differentiation between
wet and dry cavesis unclear since it can indicate inactive caves with much or little mois-
ture as well as active and inactive caves.

Swelling caves (see Chap. 1.2.1), dripstone caves, aragonite caves, and phosphate
caves are self-explanatory, breakdown caves also. Gypsum caves are formed in gypsum
but ice caves are not formed in ice — they contain permanent ice.

This short list could be extended practically at will, but its purpose is only to illus-
trate how random such a classification is.
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Conventional Cave Signs

Even today karsthydrologic, speleomorphologic, and speleogenetic research, as far as it
can be pursued by cavers, still consists of the surveying of caves, the recording of hy-
drological and geological data and all other facts of the cave, and of the production of
cave maps in which the accumulated facts are entered. Signs are required which allow
the simplest possible recording of data but with a multiplicity of details sometimes
makes the process difficult. The idea of complete consistency in the signs was abandoned
and allowance made for the fact that an author must create his own sign for unusual
forms.

The UIS (Union Internationale de Spéléologie) decided concerning the selection
of signs in the Committee for the Standardization of Cave Signs to set up three groups
of signs:

a) cave signs for the earth’s surface (Fig. A.1)

b) signs for large cave systems with plans on a small scale (Table A.1 and Fig. A.2)

c) signs for smaller caves with large-scale plans (Table A.1).

Fig. A.1. Signs for cave entrances according to B.R.G.M. (Trimmel et al., 1966). I cutting into an
underground water course; 2 perennial underground water course; 3 temporary underground wa-
ter course; 4 vauclusian spring, entrance possible with diving equipment
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a) Cave signs for the earth’s surface were taken over from the B.R.GM. (Bureau
des Recherches Géologiques et Miniéres, Paris), which set up a system concerning the
objects of karst hydrology on the surface and at cave entrances for its karst-hydrologi-
cal maps. The list of sings for the forms of surface karst which was drawn up by the
“Commission des Phénomeénes karstiques™ of the “Comité national de Géographie de
France” under P. Fénelon was thereby completed. The signs set up by the B.R.G.M.
have been tested many times, especially in France, but also in numerous other countries
in general usage.

Fig. A.2. Use of cave signs according to Bogli (1970)
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b) Maps for large cave systems demand other signs than plans for small caves. When
the scale is small, 1:500, 1:1000 and smaller, there is very often very little or no space
remaining between the boundaries of cavities for the sighting lines of the surveyor.
Adapted to this difficulty, the sings have been created so that they can be drawn in
outside the boundary lines. These signs were created by Bogli in 1952 for the maps of
Holloch and have been tested by the AGH (Arbeitsgemeinschaft Hollochforschung);
they have been in use since then (Bogli, 1956¢, 1970, 1976a).

c¢) The large scales, 1:100, 1:200, which are usual for smaller caves, provide the
possibility of placing the signs for objects in their right position on the map. The pro-
posal was submitted to the International Congress for Speleology in Ljubljana in 1965
by M.H. Fink as commissioned by the “Kommission fiir die Vereinheitlichung der Hoh-
lensignaturen” of the UIS (Union Internationale de Spéléologie).

In the post-war years when speleology received fresh impetus, not only as a sport
but especiaily as a science, individual groups of cave explorers created their own lists
of signs. They were different from group to group. At the first International Congress
for Speleology in Paris (1953) the attempt was made to standardize them. At the third
congress in Vienna-Salzburg in 1961 A. Bgli’s proposal for group (b) was accepted; it
was confirmed in Ljubljana in 1965 and at the same time that of the B.R.G.M. and of
Fink was accepted for group (c) (Trimmel and Audetat, 1966).

In the table the signs for group (b) have been up-dated by the author. The possibil-
ity exists of supplementing the signs of one group by those of the others.

Itisin the interest of speleology as a science, of speleologists, and of cave explorers
that the legibility of cave maps be increased by the use of the standardized lists and
that their meaning be completely comprehensible even in the case of texts in foreign
languages.

Table A.1. Cave signs for the groups (b) and (c)

Bogli Fink
1. Surveying and Relief Groupb) Group c)
1.1.1. Survey point 1st order PAN AN
1.1.2. Survey point 2nd order 0 O =
1.1.3. Altitude _(:)_620
1.1.4. Height in reference to entrance *4 25
1.2 Line of sighting N D
1.3. Isohypses, direction of inclination /7[; 600

1.4. Slope 30—~
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Table A.1. Continued

1.5. Passage with the position of a cross-section,
unexplored branch, passage height

nl@\ A
\_

ll -

1.6. Crossing passages

1.7. Step with meter data

1.8.1. Abyss

1.8.2. Chimney, dome

1.8.3. Domepit

2. Geological details
2.1. Fracture, open joint — e

2.2.  Fault with dip separation and direction of the separation, it
height of a step caused by fault Lo, s

~,

2.3.1. Strike and dip, in general

S
2.3.2 horizontal I ¥+
2.3.3. slightly inclined ~eo
2.3.4. strongly inclined /f-g._.
2.3.5. vertical

C—— 7
3. Hydrological details
3.1.1. Underground water course == =

P —

3.1.2. Cave river —

3.1.3. Cave river, temporary
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Table A.1. Continued

3.2.1.

3.2.2.

3.6.1.

3.6.2.

3.7.

3.8.

3.9.

3.10.

4.1.

4.2.

4.3.

S.

5.1.

5.1.1.

5.1.2.

5.1.3.

. Swallow-hole in the passage floor

. Swallow-hole on the side

Spring on passage floor

Spring on the side

Seepage through sand and gravel s femise
. Sound of water in the rock or out of open joints +
. Sound of water not always audible @
Siphon = —
End siphon

Waterfall, cascade

Underground lake partly touching ceiling

Oozing into the cave

Snow, ice with date

Forms due to erosion and corrosion

Erosional pothole (passage floor) 6
Solution pockets, ceiling pockets @
Scallops <
Clastic Deposits

Cave clay

» dry

” moist

with gypsum crystals
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Table A.1. Continued

5.1.4.

5.2,

5.3.1.

5.3.2.

5.4.

6.1.

6.2.

6.3.

6.4.

6.5.

6.6.

6.7.

6.8.

6.9.

6.10.

6.11.

7.1.

7.2.

L7 20 cm thick

. Rock with clay covering

” with worm heaps

Al

Sand o i

Gravel, angular ,&

Gravel, rounded

Boulders

Chemical deposits

AN

Calcareous sinter in general, flowstone

—<
)

Stalactites

Stalagmites ,L ]

Dripstone-column I ®

Flowstone ANAN /
AAN

Rimstone pools —~ZZ
Moonmilk

Crystals ¥ 3

Eccentrics, helictites, heligmites )
Calcite crystals K

Gypsum crystals G

Speleometeorology
Direction of wind with date, hour

Frequently changing winds oAt
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Plates 1.1-1.4

1 Normal corrosion in a drainage channel on the
floor of Rabengang. The water has flowed under
phreatic conditions for approx. 1 km to the point of
emergence without dissolving any more limestone. In
contact with the cave’s atmosphere (0.035%-0.12%
COy,) it absorbs CO, and corrodes the rock. Hélloch
(Switzerland), 800 m below the surface

2 Corrosion notch of a former cave lake 400 m below
the earth’s surface. Here, too, the water arrived after
passing through phreatic conditions and therefore with-
out having dissolved limestone (closed system Me-
CO,-H,0). CO, is absorbed from the cave’s atmo-
sphere through the water’s surface, so that the top lay-
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ers of water have the highest concentration of CO,
and therefore the strongest corrosion. Holloch, 1001
Nacht

3 Bedding-plane passage dropping with a dip of 15%
in the direction shown. Corrosion on the ceiling, also,
thus without air and hence not normal corrosion. The
passage is explicable only by mixing corrosion. Hol-
loch, SAC-passage 700 m beneath the earth’s surface

4 Inverse solution pockets (ceiling pockets) are
created by mixing corrosion on joins where joint
water rich in lime emerges into passage water with
a lower lime content. Hoélloch, Titanengang, 600 m
below the surface
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Plates 2.1-2.4

1 Rillenkarren or solution flutes with solution levels
at the lower end (Muota Valley, Ct. Schwyz, Switzer-
land), 2000 m above sea level, Schrattenkalk (Urgo-
nian)

2 On the edge where no used water flows over the
limestone surface from above: solution flutes; under
them 5-10 times wider solution flutes of the second
order, gathering together several of the smaller ones.
Belonging to the second morphogenic type of corro-
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sive effect. Mallorca near Lluc, Early Tertiary lime-
stone

3 Heelprint karren with solution level. Glattalp in the
hindmost catchment area of the Muota (Ct. Schwyz,
Switzerland), 1850 m above sea level, Schrattenkalk
(Urgonian)

4 Meandering karren, created by run-off water with-
out area-wide sprinkling. Twirenen (Muota Valley,
Ct. Schwyz, Switzerland), 1900 m above sea level,
Schrattenkalk (Urgonian)
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Plates 3.1-34

1 Wall karren, caused by run-off water with or with-
out area-wide sprinkling. Bodmerenwald (Muotatal,
Ct. Schwyz, Switzerland), 1600 m above sea level,
Schrattenkalk (Urgonian)

2 Solution pan (Kamenica) in Quintnerkalk (Upper
Malm) of Glattalp (hindmost Muotatal, Ct. Schwyz,
Switzerland), 1800 m above sea level

Plates

3 Undercut karren characterized by overhanging
flanks, caused by humus in the ground with a high
content of biogenic CO, in the soil’s air. Glattalp
(hindmost Muota Valley, Ct. Schwyz, Switzerland),
1850 m above sea level, Malm limestone (Quintner-
kalk)

4 Root karren, root marks on marble slabs created by
corrosion, in the Tempel region of Paestum south of
Salerno, (Italy)
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Plates 4.1-4.4 (see pp. 276)

1 Round karren form from solution grooves under a
covering of soils as well as in other ways — in the pic-
ture they are combined with undercut karren, Bodmer-
wald (Muota Valley, Ct. Schwyz, Switzerland),
1650 m above sea level, Seewerkalk (Upper Cretace-
ous)

2 Pinnacles created by the cutting away of the side
walls by adjacent solution grooves and grikes. They
are rare in the limestone Alps, on the other hand fre-
quently found in Pleistocene karst regions which have
not known glaciers. Up to 2 and more m high. Kaiser-
stockkette (Misthaufen, 2230 m above sea level) in the
vicinity of the peak. Schrattenkalk (Urgonian)

3 Clints, the base of pinnacles which have been bro-
ken off by glaciers. Subsequently various small karren
such as solution flutes and heelprint karren among
others have been superimposed on them. Schratten-
fluh (Ct. Lucerne, Switzerland). 1800 m above sea le-
vel

4 Network of grikes in the Quintnerkalk (Upper
Malm) of the Mdrenberge (2200 m above sea level)
north of the Klausen Pass (Ct. Uri, Switzerland)
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Plates 5.1-5.4 (see pp. 277)

1 Stepped pavement karst with large joint which has
been opened by corrosion. In thickly layered Quintner-
kalk (Malm) narrow shaft dolines (karren dolines), in
thinly layered, easily weathered limestone, funnel-shaped
dolines. Miarenberge, 2250 m above sea level, north
of Klausen Pass (Ct. Uri, Switzerland)

2 Karren tables in the cuesta-like karst of the Méren-
berge (see Plate 5.1)

3 Funnel-shaped dolines in the alluvials overlying the
Quintnerkalk of the Charetalp (Muota Valley,
Ct. Schwyz, Switzerland), 1850 m above sea level

4 Stepped pavement karst develops in =+ horizontally
layered limestone. Quintnerkalk (Upper Malm) of Glat-
ten Mountain to the north of Klausen Pass (Ct. Uri,
Switzerland), approx. 2200 m above sea level
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Plates 4.1-4.4 (Captions see p. 275)



Plates 277

Plates 5.1-5.4 (Captions see p. 275)
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Plates 6.1-6.4

1 Incasion. The layers of the ceiling break under their
own weight; the first phase develops as tension cracks.
Place of measurement in Berom Moore Cave, on the
edge of the Mississippi Valley, carboniferous lime-
stone, Missouri, USA

2 Junction effect; breakdown of the ceiling at the
intersection of large passages in horizontal limestones
until a dome-like form of equilibrium is reached. In
the middle a ceiling crack as preliminary stage of a

Plates

new process of incasion. Large hall in the Historic
Trip of Mammoth Cave, Kentucky, USA

3 Under the pressure of the overlying rock, pressure
plates are created, which break off independently of
the position of the bedding, or are forced away as
bumps. Bump slab in the Schrattenkalk of Hélloch
(commercial part). 400 m of overlying rock which cor-
responds to a pressure of 1000 t/m?

4 The rock layers on the right are remainders of pres-
sure slabs which have fallen down; proof of previous
incasion. Hélloch, Rabengang, 800 m below surface



Plates

Plates 7.1-7.4

1 The formation of pressure slabs and bumps does
not hinder retention of the elliptical form of the pas-
sage’s cross-section, but the upper half is more arched
than the lower. Occasionally there is breakdown de-
bris lying on the floor. Hélloch (Switzerland), Lehm-
schollengang, approx. 700 m below surface

2 If the ceiling caves in under its own weight (roof-
fall), the original elliptical cross-section is destroyed. In
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addition, breakdown debris covers the floor’s primary
forms. Holloch, SAC-passage, approx. 600 m below
surface

3 Joint passage formed under phreatic conditions:
steep elliptical cross-section. Holloch, close to Otter-
kamin, lower level

4 Joint, widened under vadose conditions to a joint
passage. Holloch
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Plates 8.1-8.4

1 Two-cycle passage’s cross-section. In a later vadose
phase a stream cut into the floor of a bedding passage
with a phreatic elliptical cross-section. Such a cut can
be many meters deep if the cave stream has been ac-
tive for a long time (canyon). Holloch (Switzerland),
SAC-Passage

2 Ceiling half-tube passage. Superimposed on the
phreatic ellipse is a semi-circular ceiling half-tube,
created by corrosion resulting from compression of air

Plates

bubbles carried in the water. The ceiling half-tube
passage in the picture is extremely strongly developed.
Hoélloch, passage branching off at the Geréllschlo8

3 Joint passage with elliptical cross-section of phreatic
origin. The water carried sand and gravel and widen-
ed the lower parts of the cross-section with them by
erosion. Gotischer Gang in Tantal Cave, Hagengebir-
ge, Land Salzburg, Austria

4 Pendants on the roof in the Schrattenkalk near the
Sphinx, Hélloch



Plates

Plates 9.1-9.4

1 Erosion pothole cut open, with central axis, which
can only form under phreatic conditions — no aspira-
tion of air. Holloch (Switzerland), commercial part

2 The Wasserdom in Holloch fills up during high wa-
ter as high as the dark horizontal line in the back-
ground. The waterfall plunging down onto the water’s
surface from a height of more than 20 m creates a
whirlpool with a horizontal axis. With the aid of sand
and gravel the foot of the wall has been hollowed out
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3 Scallops. They are formed by erosion as well as by
corrosion. The steep side (shaded) of the scallop points
in the direction the water flows away, thus from left to
right; they are therefore an aid in determining the di-
rection in which water formerly flowed. Oasis in Hol-
loch

4 Shrinkage cracks in cave clay, which loses water
through evaporation even when the air’s humidity is
over 95%. Holloch, rear SAC-passage
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Plates 10.1-10.4

1 Banded clay, partly clayey silt (dark), partly silty
clay (light). Every pair of layers indicates a high-water
phase. Holloch (Switzerland), Papageienkammer

2 Deposits of silty cave clay on a boulder. The flutes
were created during sedimentation by the circulation
of the water resulting from differences in density (va-
rying amounts of material in suspension). Hoélloch,
high system, rear east passage

Plates

3 Mud stalagmites, created by dripping water from
the ceiling of the passage, which splashes outward the
mud deposited even in the splash-cup by every high-
water phase. Holloch, rear SAC passage

4 Ripple marks with superimposed worm heaps. The
mud deposited during the high water is consumed by
lumbricides (Octolasium transpadanum ROSA) and
the indigestible parts are excreted as worm heaps.
Holloch, Schlundgang section



Plates

Plates 11.1-11.4

1 In motionless cave ponds with water rich in lime
clusters of calcite (calcite roses) can form with larger
scalenohedral crystals, if CO, is given off into the ca-
ve’s atmosphere. Holloch (Switzerland)

2 Ideally formed pair of dripstones; above the stalac-
tite of the second type, below the stalagmite of the
candle type (constant cross-section from top to bot-
tom). Riibli, the carrot, Hélloch, Himmelsgang,
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3 Lefi sinter tubes with few eccentrics; middle sinter
tubes overgrown with eccentrics; right a stalactite of
the second type which developed around a sinter tube.
Holloch, Einsamkeit

4 Eccentrics. Water is carried to the end by a capillary
canal and thus in such a small amount that evapora-
tion can keep pace with it. No drops form so that the
forces of the capillary and of crystallization outweigh
the weight of the water. When drops form, sinter
tubes are created which grow downward vertically.
Holloch, Rollgang
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Plates 12.1-12.4

1 Stalagmite of the first type (no central sinter tube)
with draperies and sinter band. Ostgang in the high
system of Holloch (Switzerland)

2 The combination of sinter deposits under stalactitic
and stalagmitic conditions results in, among others,

Plates

especially frequent forms of the meduse-sinter type.
Meduse dripstones occur especially frequently in war-
mer climates. France, Causses, Grotte de Dargilan

3 Combination of Meduse dripstones with flowstone
on a wall. Grotte de Dargilan, Causses, France

4 Dripstone room in the Grotta de Castellana south
of Bari, Apulia
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