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INTRODUCTION TO SPELEOGENESIS 

Caves, particularly large solution caves developed in 
limestone, dolomite, and gypsum have aroused curiosity 
since the dawn of history. From the beginnings of modern 
geology in the mid and late 17th century many explanations 
for the existence of caves were put forth. Attempts in the 
United States to explain the occurrence of caves peaked out 
with the classic papers of Davis, Swinnerton, Gardner, and 
Bretz in the 1930's and early 1940's. The problem was that 
these early studies mostly relegated caves to the role of 
geological trivia. They were interesting features of the land
scape and therefore must be provided with some manner of 
explanation but they had no obvious connection with other 
matters of interest in early to mid 20th century geology. 

The classic papers of the 1930's, and the massive writings 
of William Morris Davis and J. Harlan Bretz in particular, 
are characterized by three curious features. All caves are 
recognized to be the result of dissolution of soluble rock by 
moving water. However, the interpretation of cave origins is 
totally innocent of the chemistry of limestone solution and 
the physics of fluid flow (although A. C. Swinnerton is a 
notable exception). Second, very little attention was given to 
the geologic setting, e.g., the thickness of beds, geologic 
structure, and their mineralogic and lithologic character. It 
was somehow thought possible to write down a general 
theory of cave origin that would account for specific caves 
with no consideration of their geologic setting. Third, 
Davis, the grand master of early geomorphology, was con
vinced that caves are very old. He claimed that caves were 
dissolved by slow, randomly percolating waters beneath old 
peneplains which were later uplifted, dissected, the caves 
drained, and entrances formed to give access to human ex
ploration. As such, caves would be relicts, having no rela
tionship to contemporary drainage basins and the behavior 
of contemporary surface and ground water. These concep
tual difficulties brought the theorizing of the classic period 
into what was essentially an intellectual dead end (Watson 
and White, 1985). 

The early theorists were also preoccupied with the role of 
the water table and with the question of whether caves 
formed deep below, near, or above the water table. This pre
occupation with the water table caused many otherwise in
teresting studies to degenerate into a sterile debate about 
whether some specific cave was of vadose or phreatic origin. 
It may also have been responsible for the general loss of in- . 
terest in caves among the geological community at large who 
through the 1940's and 1950's had many other interesting 
things to occupy their attention. Caves were boring, as many 

contemporary cave researchers discovered when they sub
mitted manuscripts to the mainstreams geological journals 
and had them promptly rejected. The responsibility for wor
rying about caves was transferred, perhaps by diffusion or 
osmosis, from the professional geologists to the National 
Speleological Society during the hiatus between the classic 
period which ended in 1942 and the onset of modern cave re
search which dates from 1957. 

The Society's first major expression on the subject of cave 
origins was a symposium held in cooperation with the 
AAAS in December of 1959 and published in the NSS 
Bulletin in 1960. That symposium was, in a sense, a passage 
from the older way of looking at the cave origin problem to 
what we might consider to be the modern period of karst 
hydrogeological research of which cave origin theory is 
merely one of a number of interesting topics. 

Some aspects of current work were already apparent in 
the 1959 symposium. The modern research on the origin of 
caves has evolved along three lines. The first, and perhaps 
most obvious, was to supply the missing geology. Caves do 
not occur in isolation. They occur in specific geologic set
tings and the geology places important bounds on the 
pathways and mechanisms of groundwater flow and on the 
chemistry of bedrock dissolution. The beginnings of this 
trend, which follows most directly from the classic period, 
was represented in the 1959 symposium by William E. 
Davies who showed semi-quantitative relationships between 
the levels of cave passages and terrace levels in the upper 
Potomac River Basin, a theme that reappears in the present 
Bulletin in A. N. Palmer's paper. Detailed studies of the 
geologic setting of Breathing Cave, Virginia, Fulford Cave, 
Colorado, and a set of caves in central Pennsylvania are also 
indicative of this trend. The geologic interpretation of cave 
development is perhaps best exemplified by the present day 
work of Derek Ford and his colleagues, particularly what 
might be called the "Ford-Ewers Model" (Ford and Ewers, 
1978) which combines a careful interpretation of cave pat
terns in terms of recharge areas, flow paths, and fracture 
frequency in the bedrock. Indeed, the Ford-Ewers classifica
tion has gone a long way towards resolving the ancient water 
table controversy and answering most of the questions 
posed by the geologists of the classic period. 

The second approach has been to attempt to model the 
process of bedrock removal in terms of the chemistry of 
limestone dissolution, both equillibrium and kinetics, and 
the mechanics of fluid flow in conduits and in fractured 
media. This is a reductionist approach to cave origin prob-
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INTRODUCTION 

lems in which one attempts to simplify the problem suffi
ciently to be able to deal with the mathematics. This ap
proach is seen in W. Dreybrodt's contribution to the present 
Bulletin. 

The third direction is to take the patterns of cave lengths, 
number of entrances, and cave passage plans, and other 
descriptive parameters simply as data and then attempt to 
interpret these geometrical pieces of information with 
statistical or other mathematical models. The beginning of 
this was seen in the 1959 symposium in Rane Curl's paper on 
the distribution of cave lengths in relation to the number of 
cave entrances. This work has continued down to Curl's 
most recent contribution (Curl, 1986) in which populations 
of caves are shown to follow a fractal geometry and have a 
range of self-similarity found in many other seemingly 
stochastic phenomena. 

This issue of the NSS Bulletin is intended to bring 
together some examples of contemporary research dealing 
with the origins of caves. Some things have changed since 
the 1959 symposium. The data base is orders of magnitude 
larger and spans more diverse geologic settings. The scien
tific sophistication of the researchers is much greater. No 
longer is geology a refuge for those with no taste for physics, 
chemistry, or mathematics. Cave geology is more integrated 
with the larger body of earth sciences. No longer are caves 
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considered isolated objects of little interest to the serious 
geologist. New methods of age dating cave deposits and a 
new appreciation for the relationship of caves to late 
Tertiary and Pleistocene climatic changes and geomor.phic 
history makes cave data a valuable resource. After many 
years cave research has been reunited with mainstream 
geology. These papers are a celebration of that accomplish
ment. 

William B. White 
Department of Geosciences and Materials Research 

Labqratory 
The Pennsylvania State University 
University Park, PA 16802 
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THE KINETICS OF CALCITE DISSOLUTION 
AND ITS CONSEQUENCES TO 

KARST EVOLUTION FROM THE INITIAL 
TO THE MATURE STATE 

WOLFGANG DREYBRODT 

Fachbereich 1-Physik, Universitiit Bremen, D 2800 Bremen 33 
Federal Republic of Germany 

The dissolution rates of calcite in the system CaCO,-H,0-CO, are determined by three processes: a) sur
face controlled dissolution at the solid-liquid interface, b) diffusion of the molecular and ionic species, 
and c) slow conversion of CO, to H + and HCO;. We present a theory, which taking these processes into 
account, predicts dissolution rates of calcite for a) the case of a water-layer flowing on a plane calcite 
surface with the other surface in contact to a CO,-containing atmosphere (open system), and b) for a 
water layer flowing between two parallel planar calcite surfaces (closed system). Both laminar and tur
bulent flow conditions have been considered. In the case of turbulent flow, the dissolution rates are 
higher by a factor of ten compared to laminar flow. 

The theoretically calculated dissolution rates have been asserted by experiments, the results of which 
are in close agreement to the theory. 

From the theoretical results penetration lengths are calculated for given cross sectional dimensions of 
water leading conduits. The distribution of flow and hydraulic gradients in simple karst systems is 
simulated by an electric analogue resistor network. Combining these two concepts, karst development 
can be explained in its scales of length and time. 

INTRODUCTION 

The formation of karst landscapes in limestone areas is 
almost entirely determined by solutional removal of bed
rock. To address problems of karstification processes such 
as cave genesis from its initial state to mature conduit 
drainage systems, or surface denudation and development 
of morphologic features of karst landscapes a detailed 
knowledge of the dissolution kinetics of calcite is of utmost 
importance. It is not sufficient to consider only the 
equilibrium chemistry of karst waters, one has also to regard 
the solutional rates which determine the evolution of karst 
systems through time. 

These rates are determined by three independent contribu
tions: 

a) The kinetics of dissolution at the phase boundary be
tween the aqueous system and the limestone rock 
depends on the chemical composition of the solution at 
the phase boundary. Once this composition is known, 
rates can be derived by empirical rate equations 
published by Plummer et al. (1978, 1979). These PWP
equations are at present the most recent and most re
liable description on dissolution of calcite. 

Copyright © 1988 by the National Speleological Society 

b) The kinetics of conversion of COi. dissolved in the 
aqueous phase into HC03 + H +, which constitute the 
aggressive agents in the process of calcite-dissolution. 
This conversion is a slow process, depending on the pH 
of the solution and has been reviewed in detail by Kern 
(1960) and Usdowski (1982). This slow process can be 
rate determining, especially in cases where the ratio of 
the volume of solution to the surface area of the rock 
in contact with the solution is small, such as when ag
gressive water is flowing in narrow joints or partings. 

c) Mass transport by diffusion of the dissolved ionic 
species, i.e. Ca ++ , HC01, C03- and CO, and H ,COJ 
from and to the phase boundaries. This transport 
mechanism depends on the hydrodynamic flow condi
tions of the solution. In laminar flow transport is by 
molecular diffusion quantified by diffusion coefficient 
DM. In turbulent flow eddy diffusion is dominant and 
the related coefficient of diffusion is by at least three 
orders of magnitude larger than DM, (Tien, 1959; Bird 
et al., 1960; Skelland, 1974). Therefore hydrodynamic 
flow conditions are of great importance and have to be 
considered in any case. 
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KINETICS OF CALCITE DISSOLUTION 

A rigorous theory of calcite dissolution, taking into ac
count all three processes described above and its experimen
tal verification has recently been published by Buhmann and 
Dreybrodt (1985a, 1985b). It provides data, from which dis
solution rates of limestone can be derived easily for a variety 
of geological situations. 

In this paper we will discuss the consequences of these 
data to problems of cave genesis and surface denudation in 
karst areas. In the first part we will define the boundary and 
flow conditions relevant to karst situations and give a review 
of the theoretical work of Buhmann and Dreybrodt. Then 
we will discuss some important concepts in karstification. 
The first is the saturation length or penetration distance, 
which gives the travelling distance water can flow until it 
loses 63.20/o of its solutional power. Since this is related to 
the distribution of the hydraulic gradients in the flow net of 
the rock formation, we present simple flow net models for 
different hydrodynamic and geological settings. The pene
tration distance, which is determined as well by the dissolu
tion kinetics of limestone as by the hydrodynamics of water 
flow, actually combines these two, and determines the 
length scale of caves. It is therefore an important key to 
understand karstification processes. 

Finally we present a model for the evolution of karst and 
cave systems from its initial to the mature state. 

THE KINETICS OF CALCITE DISSOLUTION IN 

GEOLOGICALLY RELEVANT SITUATIONS 

Water flow in karst systems takes place either in the un
saturated zone (vadose) or in the saturated zone (phreatic). 
Vadose flow is either laminar or turbulent with one surface 
of the solution open to the C02-containing atmosphere and 
the other in contact with the dissolving rock. C02 exchange 
with the atmosphere is possible, thus defining an open 
system. In the saturated zone all the water is in contact to 
the dissolving rock and no exchange of C02 is possible 

atmosphere 

Pco2 

0 z----
Figure la. Geometric model of a water layer of thickness o 
for the open system. The fluxes of the different species are 
indicated by arrows. 
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H20/C02-SOLUTION 

-F F 

GEOMETRICAL DESIGN 
{CLOSED SYSTEM) 

Figure lb. Geometric model of a water layer of thickness 
28 enclosed by two calcite planes (closed system). The 

fluxes of the different species are indicated by arrows. 

(closed system). To obtain simple, mathematically treatable 
conditions, these situations are idealized in Figure 1. 

Calcite Dissolution in an Open System 

In vadose flow situations, as is the case in waters flowing 
on bare karst surfaces or in cave conduits, we assume a 
planar layer of water with thickness o flowing on a planar 
calcite surface (Fig. la). For a further simplification we 
assume plug flow, i.e. constant velocity uY, in flow direction. 
In this case the evolution of the dissolved calcite concentra
tion is depending only on the time t of contact of the solu
tion with the rock. In other words, the concentration of the 
solution in the flowing layer after travelling the distance y 
would be the same, as the concentration of a corresponding 
stagnant layer in contact with the rock surface for t = y I uY. 
This equivalence allows us to treat the simple case of a stag
nant layer in contact to the calcite surface, since the evolu
tion of its dissolved CaC01 concentration in time is simply 
related to the spatial evolution of concentration in a flowing 
layer. Furthermore, to verify the theory experimentally it is 
sufficient to measure the time dependence of the Ca2+ con
centration in stagnant layers. 

The boundary conditions for mass transport are shown in 
Figure la. At z = 0, the interface atmosphere-water, there is 
a flux Fco2 into the layer. Simultaneously dissolution of 
calcite produces a flux F of Ca++ ions, Fco;- of CO-i- ions 



and FHC03 of HC03 ions from the calcite surface into the 
bulk solution. For reasons of stochiometry of the chemical 
reaction CaC03 + HiO + C02 ;:= CaC03 + HiC03 ;:= 

Ca++ + 2HC03, the release of each Ca++ consumes one 
molecule of C02. Therefore Fco2 = F. The flux is deter-
mined by the Plummer-Wigley-Parkhurst equation (Plum-
mer et al., 1978, 1979). 

F = Xi (H+) + X2 • (H,COt) + X3 - X• • (Ca2+) • (HC03) 
(1) 

The round brackets represent activities at z = o, the solid
solution interface (H2C03*) = (H2COq) + (C02)aq· The rate 
constants, x1, Xh X• are only slightly dependent on 
temperature, whereas x2 changes by roughly a factor or two, 
for a change from 10° C to 20° C. Their values can be taken 
from the work of Plummer et al. The transport of all species 
is now given by a set of coupled differential transport equa
tions, Bird et al. (1980). 

- aCj + Dj a'Cj = ri (C,, c,, ... Cj, ... 'Cn) (2) 

at az' 

Ci is the concentration of species i, Di its coefficient of 
diffusion. ri describes the production rate of species i by 
chemical reaction with the other species. In our case only the 
reaction HiO + C02 ;:= HC0-3 + H + is slow. All other 
species participate in very fast reactions, which means that 
they are at equilibrium to each other and the corresponding 
ri are negligible. 

By using the reaction rates of HiO + C02 - H+ + HC0-3 
conversion as given by Kern (1960) the set of transport equa
tions for our system is given by 

DREYBRODT 

a[CO,] + Dco, a'[CO,] (k, + k, • [OW]) [CO ,] 
at az' - (k_

1 
• [H+] + k_2) [HCO:;] 

a[HCO:;) + D • a'[HCO~ I - (k , + k, • [OH-] • [CO,] + 
at az' (k_l [H +] + k_2) [HCO~ I 

a1co"" 1 + D • a11co-21 0 
at az' 

a1ca2+1 + D • a'[Ca2+] 0 
at az' (3) 

The square brackets denote concentrations. The terms on 
the right side of eqs. (3a, 3b) result from C02 conversion 
and are dependent on the pH of the solution. Since we 
assume all the other species to be in equilibrium, we can ob
tain two more equations for [H+] and [OH-]. 

-yOH -yH [H+] [OH-] = Kw; -yCO, 'YH [H+] [CQ~-J = 

K, • [HCO:;] • -yHCO, 

where kw and ki are equilibrium constants (4) 

The activity coefficients 'Y are calculated by the Debye
Huckel approximation. Eqs. (2), (3), and (4) constitute a 
coupled system which has to be solved for the appropriate 
boundary conditions (Fig. la). The details of this calcula
tions are published in detail elsewhere, Buhmann and Drey
brodt (1985a). Here we shall only give the results and discuss 
the underlying processes. 

The dissolution rates F calculated for an open system in 
equilibrium with an atmosphere of Pco2 = 5 • 10-3 atm for 
various thicknesses o of the water layer and temperatures are 
shown in Figure 2. 

As the most important result we state that all the curves 
can be reasonably well approximated by 

Table 1. Open system: Calculated values of a in 10-5 cm s-1 and [Ca++ leq in 10-4 mol/1 for various temperatures, layer thicknesses o in cm and P co, in atm. 
a) laminar flow, b) turbulent flow, c) [Ca+ +Ji:q· 

Pco, = 3•10-4 atm Pco, = 1•10-3 Pco, = 5•10-3 atm 
o[cm] 5°C 10°c 20°c 5°C 10°c 20°c 5°C 10°c 20°c 

(a) 
0.001 0.041 0.0714 0.232 0.0619 0.11 0.358 0.153 0.25 0.679 
0.002 0.076 0.135 0.407 0.134 0.233 0.75 0.294 0.467 1.36 
0.005 0.197 0.341 1.04 0.33 0.583 1.69 0.647 I.II 2.74 
0.01 0.37 0.635 1.84 0.619 1.08 2.76 1.00 1.54 3.13 
0.03 0.803 1.29 2.91 0.979 1.61 3.29 0.969 1.47 2.87 
0.05 0.915 1.29 2.57 0.907 1.40 2.64 0.926 1.35 2.63 
0.1 0.636 0.919 1.60 0.68 1.0 1.63 0.85 1.21 2.0 

(b) 
0.1 3.3 5.7 13.5 5.2 8.0 14.7 7.25 8.3 11.0 
0.2 5.9 9.5 20.0 8.4 11.5 17.5 7.9 8.8 12.0 
0.5 11.5 16.5 26.0 12.0 14.5 18.5 8.0 9.0 12.0 
1.0 16.0 20.6 28.5 13.5 15.0 19.0 8.0 9.0 12.0 
2.0 20.0 24.0 30.0 13.5 15.0 19.0 8.0 9.0 12.0 

(c) 
[Ca2+Jeq 6.75 6.3 5.6 10.0 9.3 8.3 17.0 16.2 14.3 
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OPEN SYSTEM 
p = 5·10-3 atm co, 

1~4 4 

CD 
I 
0 3 3 
x 

2 2 
Q) ...... 
0 
L.. 

c 
0 

...... 
:J 
0 0002 

Ul ~1 

00 5 10 15 0 5 
ca•• - concentration 

Figure 2: Open system: Theoretical dissolution rates at P co, 
= 5•10-3 atm for different temperatures and layer 
thicknesses. The number at the solid lines gives the thickness 
o in cm. The upmost curves have to be multiplied by a fac-

F = o:( [Ca ++ Jeq-[Ca ++ J) (5) 

The kinetic coefficient a depends on o, the temperature 
and on the coefficient of diffusion. Its numerical value is 
obtained from the theory. [Ca++ Jeq is the equilibrium con
centration. Values of a and [Ca ++ )eq are listed in Table 1 
for various values of Pco2, temperature T, and thickness o 
of the water layer. 

Three different regions can be distinguished in the rate 
curves (Fig. 2). 

a) At small o ~ 0.003 cm the dissolution rates for 
each value of [Ca++ ] are proportional to o and there is 
a significant increase of the rates with increasing 
temperature. In this region, C02 conversion is the 
slowest process and therefore rate determining. From 
the stoichiometric condition that for each Ca ++ 
dissolved one molecule of C02 is consumed we obtain 

d[Ca+ +] = S • F = V d[C02] 

dt dt 

F = o •d[C02] 

dt 
(3) 

S is the surface of the limestone rock and V the 
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4 © 
T = 5·c 

3 

2 

0.005 

0.002 

0.001 

10 15 0 5 10 15 
x 10-4 [ 1!l!!!Q!f l cm3 

tor of 2.5 as indicated in the figure. The arrows in figure (a) 
indicate the situation, for which the concentration profiles 
in Figure 3 are calculated. 

volume of solution covering it. Thus, the dissolution 
rate F is determined by o and the temperature depend
ence of CO, conversion. 

b) With the increasing thickness of the layer, o ~ 0.005 
cm the dissolution rates become almost independent of 
o. The rate curves converge towards a limit at o::::: 0.01 
cm. 

In this case chemically enhanced diffusion is the 
limiting process, which is controlled by the diffusion 
length }.. = . K is an effective CO,-conversion constant, 
determining the temperature dependence of the proc
ess. This interpretation is supported by inspection of 
the concentration profiles, which are calculated for the 
conditions marked in Figure 2a by arrows and are 
shown in Figure 3. At small o = 0.002 cm practically 
no concentration gradients build up, showing that dif
fusion plays only a minor role in the region where C02 
conversion is rate determining. At o = 0.05 cm there 
are large concentration gradients , especially for H + 
and C03 , showing that the conversion of C03- into 
HC03 by H + diffusing towards the calcite surface 
takes place only in the region of thickness >-., which is 
the distance C01- can travel by diffusion until it is con-



OPEN SYSTEM 
r = 2o·c p =5·10-3otm co, 

&•0.002 cm &•O.OScm 

2.0 x10·4 

co, 

~ x10· 3 
HCOj HCOj 

1.5 1.5 co, 

xt r 8 co;-
c H+ 
0 
ti 1.0 .... 1.0 

c x10·3 ea•• ca0 

a.> 
xlcr' co;-u 

c 
8 0.5 0.5 

H+ 

0 
0 0.001 0.002 0 0.025 0.05 

z [cm] 

Figure 3. Open system: Concentration profiles of CO, and 
the four most important ions at [Ca + +]0 = 8•10-4 
mmole across a water film of 0.002 cm and 0.05 cm 

cm3 

thickness respectively. The concentration scale for the in-
dividual species bas to be multiplied by the factor given at 
the corresponding line. 

verted to HC03. This determines the dissolution rate, 
which therefore becomes almost independent of o. 

The dissolution rates in the region a) and b) have 
been calculated for laminar flow using the coefficient 
of molecular diffusion. For values of o > 0.5 cm, in 
real karst systems, however, usually turbulent flow sets 
in. 

c) Therefore the upmost curves in Figure 2 have been 
calculated for turbulent flow conditions where eddy 
diffusivity controls diffusion. In this case the coeffi
cient of diffusion has been increased by a factor of 10•. 
The results show that the dissolution rates became 
practically independent of o. The process now is entire
ly controlled by the calcite surface reactions given by 
the PWP-equation, eq. (1). In turbulent flow diffusion 
is so fast that practically no concentration gradients 
build up and all species are in equilibrium with each 
other. CO, is also in equilibrium, since the volume is 
large and therefore sufficient supply of H ,COi is 
always available. Therefore the reaction rate at the 
calcite surface is controlled by the composition of the 
bulk solution. Calculating this composition by equil
librium theory, assuming only the Ca++ and C03- ions 
not to be in equilibrium with calcite, and inserting the 
activities into eq. (1) leads to exactly the same results. 

DREYBRODT 

In comparison to the regions a) and b) where the 
temperature dependence of the rates is given by the rate con
stants of CO; conversion, dissolution rates in turbulent flow 
for o > 0.5 cm show only a very weak dependence on 
temperature reflecting the properties of the rate constants x 
in the PWP-equation. 

Note that the upmost curves in Figure 2 are scaled down 
by a factor of 2.5. Compared to laminar flow the dissolution 
rates are higher by a factor of 10 under turbulent flow con
ditions. This proves for the first time the postulate of the 
"hydraulic jump" proposed by White and Longyear (1962) 
as an important feature in cave genesis . 

To provide further data we have calculated the dissolution 
rates for atmospheric Pco, = 3 • 10-4 atm. This situation 
controls dissolution of water flowing on bare karst surfaces 
and is therefore important for denudation rates. 
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Figure 4a. Open system: Theoretical dissolution rates for 
laminar flow at Pco, = 3•l<t-4 atm and T = 10° C for 
various layer thicknesses. The number at the solid curves 
gives the thickness o in cm. The upmost curve has to be 
multiplied by a factor of 10 or to be read by the right-hand 
scale. 
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layer thicknesses o . The number at the solid curves gives o 
in cm. The upmost curve indicates the limit of infinite 
thickness and is calculated for o = 10 cm. The points on 
this curve indicate the result of an equillibrium calculation, 
as described in the text. 

Figure 4a shows the results at T = 10° C for laminar and 
turbulent flow conditions. The upmost curve again repre
sents turbulent flow for o ~ 10 cm. In Figure 4b we show 
the results for turbulent flow conditions. Note the change of 
scale compared to Figure 4a. Comparison of these two 
figures shows that in turbulent flow, since diffusion is fast, 
no regime of chemically enhanced diffusion, where the rates 
become independent on o, exists . In turbulent flow only two 
rate limiting processes compete: C02-conversion and sur
face reactions. Therefore, with increasing o the rates in
crease until surface reaction control takes over. It should be 
noted here that the lower the value of Pco2, the larger is the 
value of o where the reaction is still controlled by C02-
conversion. This is so, since the product Pco • o controls 
the supply of C02. Thus, in the case of Pco2 = 3 • lo-4 atm 
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even at o = 2 cm the dissolution rates are still lower than the 
maximal rates, whereas for Pco2 = 10-3 atm the maximal 
rates are reached already at a value of o = 0.5 cm. 

As a final remark of this chapter it should be stated that 
the theory described here is also applicable to the case of 
supersaturated solutions. In this case precipitation rates can 
be calculated. Thus, a theoretical basis is also given for 
calcite deposition of speleothems. The predictions for this 
case have also been verified experimentally and are given in 
detail by Buhmann and Dreybrodt (1985a). 

Calcite Dissolution in Closed Systems 

Flow in the saturated zone takes place in narrow joints or 
partings in the initiation state of karst systems, or in larger 
conduits in the mature state. We idealize these situations in 
Figure lb. Here we assume that the water flows between two 
parallel planes with distance 20. The only difference from 
vadose flow is, that since there is no open surface to the at
mosphere, C02-exchange to the surroundings is prevented. 

The boundary conditions for flow in the saturated zone 
are shown by Figure lb. As in the case of the open system 
there is a flux of Ca++ , HC03 and C03- from the calcite sur
faces into the bulk solution. For the closed system we define 
an initial C02-pressure Pb ,. This is the pressure initially in 
equillibrium with water, which has not yet dissolved calcite, 
i.e. at [Ca ++ ] = 0. In the progress of dissolution the C02 
necessary for the dissolution of calcite is taken from the 
bulk solution itself, lowering its C02-concentration [C02]. 
For all geologically relevant situation, the stochiometric 
condition leads to the relation 

[CO,] = [CO,]j - [Ca ++ ] (7) 

[C02]i is the initial concentration, related to P~0, by the 
Henry constant KH 

Pto, = [CO,]j 

KH 

(8) 

[C02] is the concentration in the bulk solution, which is 
established when concentration of Ca++ has reached the 
value [Ca ++ ). 

In the closed system the transport equations (eqs. 3, 4) are 
valid. The boundary conditions, however, are 

a[CO,] = 0; V • a[CO,]aye = F • S (9) 

azlz=O at 

The first equation states the fact that, because of sym
metry, no mass transport is possible at z = 0. The second 
equation stands for the stoichiometric condition that each 
Ca++ released into the solution consumes one molecule of 
C02 dissolved in the bulk. With these new conditions the 
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Figure 5. Closed system: Calculated dissolution rates at P co, 
= 5•10-2 atm for various layer thicknesses 20 and 
temperatures. The number on the solid lines gives the value 

of o in cm. The upmost curves represent turbulent flow 
conditions and are calculated for o = 1 cm. 

Table 2. Closed system: Calculated values of°' and [Ca+ +Jeq for various temperatures, o and P~0, ; units as in Table 1. a) laminar flow, b) turbulent flow, c) 
[Ca++] 

Pco, = 1•10-2 atm 3•10-2 atm 5•10-2 atm l•J0-1 atm 
o[cm] 5°C 10°c 20°c 5°C 10°C 20°c 5°C 10°c 20°c 5°C 10°c 20°c 

(a) 
0.001 0.714 1.6 7.14 0.606 I. I 3.33 0.666 1.19 3.33 0.833 1.39 3.23 
0.002 1.3 2.8 13.3 1.18 2.1 6.25 1.25 2.25 5.26 1.05 1.73 3.33 
0.005 3.13 6.4 21.7 2.13 3.5 8.93 1.49 2.5 5.0 1.06 1.73 3.33 
0.01 5.26 9.6 21.7 2.04 3.5 8.7 1.49 2.47 4.76 1.06 1.73 3.23 
0.02 5.13 9.5 18.2 2.0 3.46 6.9 1.46 2.44 4.76 1.05 1.70 3.17 
0.05 4.76 8.4 16.J 2.0 3.3 6.5 1.43 2.43 4.67 1.04 1.68 3.07 
0.1 4.08 7.7 12.7 1.89 3.25 5.9 1.4 2.29 4.46 I.OJ 1.61 2.95 

(b) 
0.001 1.08 3.3 9.75 0.63 1.08 4.1 0.655 1.17 3.37 0.82 1.37 3.5 
0.003 2.9 7.3 22.0 1.8 3.3 9.5 1.97 3.32 8.14 2.28 3.5 6.0 
0.005 5.08 10.2 27.5 2.9 5.1 13.0 3.13 5.09 10.4 3.3 4.7 7.8 
0.01 8.6 15.1 34.0 5.4 8.75 17.0 5.2 7.3 13.0 4.54 6.05 9.0 
0.02 13.2 20.5 45.0 8.2 I 1.3 19.0 6.9 8.9 13.9 5.5 7.0 10.2 

c) 
[Ca2 +Jeq 6.4 5.5 4.1 16.6 14.4 11.0 24.3 21.4 16.9 38.8 35.1 28.0 
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Figure 6. Closed system: Calculated dissolution rates under 
turbulent flow conditions for various C02 pressures, and 

procedure of the rate calculations is similar as in the case of 
the open system (Buhmann and Dreybrodt, 1985b). 

Figure 5 shows dissolution rates for P~0, = 5 • 10-2 atm 
for various values of o, and for various temperatures for 
laminar flow. The upmost curves are for turbulent flow and 
o 2 0.1 cm. The situation is similar as in the open system 
represented by Figure 2. For values of o ~ 0.001 cm the 
rates are determined by slow COrconversion. For values 
0.002 ~ o ~ 0.5 cm chemically enhanced diffusion is rate 
limiting. In the turbulent case surface reaction determines 
the rates. Again an increase of the dissolution rates by a fac
tor of 10 is found on the transition from laminar to tur
bulent flow. 

For values of o ~ 0.1 cm the rates again can be 
represented by the linear relation of eq. (5). Values of a and 
[Ca++ ]eq for the closed system are listed in Table 2 for the 
case of laminar and turbulent flow. For values of o > 0.1 
cm in turbulent flow the situation is different. 
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25 30 35 

also various layer thicknesses 20 in the case of P co, = 
1•10-2 atm. The numbers on the solid lines give o in cm. 

Figure 6 represents dissolution rates for turbulent flow for 
various initial COi-pressures Pb,. The results show that in 
contrast to the open system the rates can be no longer ap
proximated by a simple linear relation as in eq. (5). Instead 
of this two linear regimes exist. 

Figure 7 shows the results for turbulent flow for P co, = 5 
• 10-2 atm at 10° C. Again as in the case of the open system 
no region due to chemically enhanced diffusion is observed. 

Calcite Dissolution in the Case of Mixing Corrosion 

A very important situation in karst systems is en
countered, when two calcite saturated solutions of differing 
chemical composition are mixing with each other under 
closed system conditions. In this case the mixture gains 
renewed aggressiveness and calcite can be dissolved. This 
concept was introduced by BOgli (1964) and its equillibrium 
chemistry is discussed in detail by Wigley and Plummer 
(1976). It is supposed that this effect plays a most important 
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Figure 7. Closed system: Calculated dissolution rates under 
turbulent flow conditions for various layer thicknesses 25 . 
The upmost curve indicates the limit of infinite film 
thickness. 

role in the evolution of karstification (B6gli, 1980; 
Dreybrodt, 1981a,b; Thrailkill, 1968). The dissolution rates 
can be calculated by applying the theory of closed system 
dissolution. The Ca ++ and CO, concentrations of the ag
gressive mixture immediately after mixing can easily be com
puted, if the volumes and the chemical compositions of the 
solutions before mixture are known. If the composition of 
this mixture is [Ca ++ 1m and [CO,Jm, its behaviour is identical 
to a solution which initially had the value Pb°b, and which has 
evolved to a Ca++ concentration [Ca++ Jm. and a CO,
concentration [CO,Jm. The value of P~l'l , is easily derived 
from eq (7) and eq. (8). To obtain the dissolution rates and 
the new equilibrium of the mixture one has to apply closed 
system theory for [Ca++ ] [Ca ++ 1m to a solution with in
itial Pbo, = P~l!J, . 

Figure 8 shows the results calculated for two solutions 
with initial values Pho, and Pto, and different volumes V, 
and V,, Buhmann (1984). Similar calculations, which are 
correct for turbulent flow are given by Dreybrodt (1981a). 
The lower curves in Figure 8 are calculated for laminar flow, 
the upmost ones are for 5 = 1 cm and for turbulent flow. 
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The situation in Figure 8 corresponds to water which have 
largely differing Ca ++ _saturation concentrations of 5.5•10-4 

mole I l and 2.14• 10-3 mole /I, respectively. This is an extrem~ 
situation for cave systems, BOgli (1980). 

In more realistic situations with waters differing only 
slightly in composition the dissolution rates tend to be lower 
by a factor of 10. This is shown in Figure 9. Even in the case 
where the ratio of the mixing water volumes is 1: 10, remark
able effects result (Dreybrodt, 1981a). 

Experimental Verification of the Theory 

To verify the theoretical predictions experimentally we in
vestigate the evolution in time of the Ca ++ concentration of 
a stagnant water layer in contact with a calcite surface under 
open or closed system conditions, respectively. For a water 
layer of thickness 5 we have 

d[Ca+ +] = F • S = ~•([Ca+ +Jeq - [Ca ++ ]) (10) 

l ON 
E E 
E u 
"'-'-' 

co 
'o 
~ 

x 

w 
~ a: 

5 

4 

3 

~ 2 
t--
3 
0 
(./) 
(./) 

0 1 

dt v 0 

Closed system 
mixing corrosion 
T = JOO[ 

1.0 ,, 
Pco

2 
= 0.01 atm 

12 
pco2 = 0.05atm 

1.0 

0 0.001 

tl 1.2 1.3 1.4 
~10-3 

1.5 
Ca2+CONCENTRATION [ mmole ] 

cm3 

Figure 8. Mixing corrosion in laminar flow: Dissolution 
v 

rates for two different ratios - ' of volume. The v, 
numbers on the curves give one half of the layer thickness, 
i.e., 5 • The upmost curve represents turbulent flow. The in
itial CO,-pressures are 0.01 atm and 0.05 atm. 
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Figure 9. Mixing corrosion in laminar flow: Dissolution 
rates for solution with initial COi-pressures of 0.04 and 0.05 
atm. 

From this the time dependence of the Ca+ + concentration 
is derived as 

[Ca++ J(t) = (1-exp(-t/r))•[Ca++ Jeq;r = olcx (lOa) 

Thus, saturation is reached exponentially and the time 
constant r is related to the value of a, which is calculated by 
the theory. By measuring the time dependence, r can be 
determined and compared to the theoretical value. 

The case of laminar flow is simulated by a stagnant water 
layer. We have used layers from 0.05 to 0.15 cm in 
thickness. Turbulent flow is simulated by stirring water 
layers of thickness between 0.5 to 2 cm with a propeller. The 
Ca++ concentration was measured by atomic absorption 
spectroscopy. Details of the experiments are described else
where, Buhmann and Dreybrodt (1985a, 1985b), Buhmann 
(1984). 

Figure IO shows results for the open system of different 
calcite samples for the laminar region. The solid curves are 
theoretically calculated values of r. We have used a large 
CaC01 single crystal, a sample of white Carrara marble and 
a pure natural limestone. The experimental results are in 
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Figure 10. Open system: Time constants of CaC01 solution 
measured under laminar flow conditions for various layer 
thicknesses at Pco, = 5•10-3 atm and T = 10° C and 20° C. 
For T = 20° C measurements on limestone and a pure 
calcite crystal are included. The solid lines are the theoretical 
curves. 

good agreement with the theory, showing that the dissolu
tion rates are independent of the nature of the samples. 
Similar results were obtained for Pco2 = 3•1Q-4 atm. 
Figure 11 shows the results for turbulent flow conditions. 
Again the agreement between experiment and theory is ex
cellent, proving the hydraulic jump for the first time ex
perimentally. We have also performed experiments under 
closed system conditions and again found excellent agree
ment with the theory for both laminar and turbulent condi
tions (Buhmann and Dreybrodt, 1985b). 

At this point the theory is only for the pure H 20-COi
CaC01 system. The question arises, to what extent dissolu
tion rates may be changed at natural limestone samples, due 
to differing lithology etc. In this case the surface controlled 
processes may be altered and much lower dissolution rates 
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Figure 11. Open system: Time constants of CaC03 solution 
measured under turbulent flow conditions for various film 
thicknesses and CO, pressures at T = 20° C. The speed of 
rotation of the glass stirrer is 200 rpm, which gives an effec
tive diffusion constant Derr = 1000 Dco,· 

seem possible. We therefore in the meantime have in
vestigated dissolution rates of pure limestone samples col
lected from various European karst areas. For turbulent 
flow conditions, as has been shown above, the dissolution 
rates are controlled exclusively by surface reactions. We 
have found only slightly differing dissolution rates in
dicating that the theory is also applicable to natural samples. 
This is also in agreement with the work of Rauch and White 
(1977), who observed dissolution rates on a large variety of 
limestone samples under turbulent flow conditions by using 
an experimental set-up much different from what we used. 
They also found no significant difference in dissolution 
rates for pure limestone samples with MgO weight percent
ages between 0.15 to 2.5% and for petrologically greatly dif
ferent samples. Furthermore, the rates they measured are in 
close agreement with our theoretical prediction. 

Since in karst systems most natural waters contain ions 
other than Ca ++ , HC03 as e.g. Na+, K +, Mg ++ , S04-, and 
CI- one may also question for the influence of these ions. 
Therefore, we have extended our theory by incorporating 
these ions. The results show an influence to the equilibrium 
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value of Ca++ due to ionic strength and common ion effects 
and ion pairs, c.f. Picknett et al. (1976). The a-values, 
however, remain practically unchanged. We have verified 
these results experimentally (Buhmann and Dreybrodt, to be 
published). 

From all these data we conclude that our theory has a 
sound basis and can well be used to predict dissolution rates 
even for natural situations in karst areas. All experiments 
described here have been performed at Ca++ concentrations 
with [Ca++ )~ 0.9 [Ca++ )eq· At Ca++ concentrations very 
close to equilibrium it might be possible that a different 
reaction path becomes dominant and rates may decrease 
sharply in comparison to our theoretical predictions. There 
is some experimental evidence, although not conclusive, that 
this might happen (Herman, 1982; Plummer and Wigley, 
1976). We regard our theory as reliable in all cases of under
saturated waters up to 0.9 [Ca ++ )eq· 

IMPORTANT CONCEPTS IN KARsTIFICATION 

As we have seen in the previous section calcite dissolution 
rates depend on the chemical reactions at the calcite surface 
and in the bulk volume. They also depend, however, on 
transport by diffusion. The last is determined by 
geometrical dimensions of the water film and also by flow 
conditions. It is this combination of solution chemistry and 
transport conditions, which lead to the dependence of the 
kinetic factor a, c.f. eq. (5), on chemical composition, 
geometric dimensions of the water film, and hydrodynamic 
flow conditions, and which determines dissolution rates in 
real karst systems. 

The Concept of Penetration Distance 

Since the length scale of caves is determined by the length 
of path that aggressive water can flow until it reaches 
equilibrium and no longer can dissolve calcite, this length 
also called penetration distance or saturation length is of up
most importance in understanding karstification (Weyl, 
1958; White, 1977; Dreybrodt, 198la, 198lb). 

Water flowing on a rock with velocity has travelled a 
distance x after time t = x I u. Inserting this into eq . (10) 
yields the Ca ++ -concentration as a function of x 

[Ca ++ ](x) = [Ca ++ Jeq•(l-exp(~)),Ls = v•r (11) 
Ls 

Thus, after travelling the penetration distance Ls, the 
solution has reached 63.2% of saturation, and correspon
dingly because of dissolution kinetics reflected by eq. 5, the 
dissolution rate has dropped to 36.8% of its inital value. In 
general r is given by 

i = v 
S•a 

(12) 
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where V is the volume of water and S the surface of calcite 
being in contact with this volume. Thus, for flow under 
closed system conditions in joints or partings of width d we 
obtain Tj = _d_ for flow in circular tubes of radius r, we 

2a 
have Tc =-r-. For flow of water films of thickness d 0 in 

2a 

contact with the atmosphere (open system) To = ~ . 
a 

To calculate the saturation length, we have to know the 
flow velocities. For laminar flow the velocity is given by the 
Hagen-Poiseuille law 

Vj = df_ ·~ = dfag hj, vc = r'ag •he (13) 

7211 Jj 1211 811 

vj is the velocity of flow between two parallel planes with 
distance dj, lj the length of the conduit, uc the flow velocity 
in a circular tube with radius r .a is the density of the flowing 
medium and 1/ its viscosity. g is the earth acceleration cons
tant, dp is the pressure head, and h the hydraulic gradient. 

For turbulent flow in circular tubes Dreybrodt (1981b) 
has derived the expression. 

(14) 

With these expressions we have calculated the saturation 
length Ls as a function of r for flow in circular tubes for a 
solution under closed system conditions with initial P~o, = 
5•10-2 atm, i.e. a = 2.5 x 10-5 ems. Figure 12 shows the 
results. 

The hydraulic gradients are listed on the curves. For flow 
in joints the saturation lengths are differing only by a 
geometrical factor in the order of 1 and therefore the results 
also hold for this case. 

For flow in narrow joints with d ~ 0.01 cm even at the ex
treme hydraulic gradient of h = 1 the lengths are below 1 m. 
At joint widths of d > 0.1 cm the saturation length increases 
to about 1 m for h = 10-3 and to 1 km for h = 1. At still 
higher joint widths turbulent flow sets in at a Reynold 
number of 2000. This reduces the saturation length by about 
a factor of 10, since onset of turbulence reduces the flow 
velocity and increases the dissolution rate. At channel 
widths larger than 1 cm the saturation lengths are all above 1 
km increasing steeply with channel widths. In a mature cave 
with channels of 1 m diameter at a low hydraulic gradient of 
10-3 the penetration distance amounts to 100 km. In this case 
of conduit flow the waters remain solutionally aggressive 
and they are still highly undersaturated at the outlets. In the 
case of diffuse flow through narrow joints, however, where 
the saturation lengths are small, the cave waters become 
saturated. This is in accordance to the observations of 
Shuster and White (1971), who observed highly under-

42 • THE NSS B ULLETIN , D ECEMBER 1987 

saturated water at wells fed by conduit systems, whereas dif
fuse flow SJ)rings exhibit waters very close to saturation. 
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Figure 12. Saturation lengths in the closed system in depend
ence on the radius r of the solutional channel for different 
hydraulic gradients. The transition from laminar to turbu
lent flow is indicated by the dotted line. The lower curve 
represents the characteristic dissolution rate W

0
, scaled into 

retreat of rockwall in cm/ a. It shows clearly the hydraulic 
jump on the onset of turbulence. 

In Figure 12 we have also represented a characteristic 
dissolution rate W 0 , scaled to the retreat of the rock wall by 
dissolution. This characteristic rate is given by 

W0 =a• [Ca+ +]eq • 1.174 • 106 Cf!!_ (15) 

a 

and corresponds to the extrapolation of eq (5) for waters 
with no Ca ++ already dissolved. The actual rate for waters 
with concentration [Ca++ ], can then be calculated by 

W=W0 •(1- [Ca++ ] (16) 

[Ca ++ Jeq 

At the onset of turbulent flow the hydraulic jump in-



creases the rate drastically. For waters with 
[Ca++ ] I [Ca ++ ]eq = 0.95 the value of W amounts to about 
2• 10-3 cm I a in the case of laminar flow and to 2• 10-2 cm I a 
for turbulent flow. These values determine the time scale of 
cave development from its initial state to the mature cave 
state. 

The Concept of a Simple Flow Net 

To obtain the values for saturation lengths, one has to 
know how the hydraulic gradients are distributed in the 
aquifer. We assume an idealized system, where the bedding 
planes are practically horizontal. They are fed by water 
through joints. The whole system is covered by a highly 
permeable caprock, acting as a water reservoir, feeding the 
joints by diffuse insurgence, Figure 13a. In the initial state 
of karstification we assume that the joint widths d, and the 
widths of the partings between the bedding planes, D, are all 
approximately equal. 

1 is the distance between the covering caprock and the 
bedding plane into which the final resurgence develops. We 
assume that all the beds above remain practically im
permeable. L is the average distance between joints, 
reaching down to the bedding plane. We also assume lower 
bedding planes to be practically impermeable. This is a very 
simple model of development of karstification in the 
shallow phreatic zone. Its assumptions are justified by the 
results of Beddinger (1966) who simulated comparable situa
tions on an analogous resistor network. His findings show 
that most of the waterflow develops in the shallow phreatic 
zone. 

The pressure head driving the flow of water is given by 

p = a•g•I (17) 

The flow densities in the joints and partings are q, and Q 
respectively. 

Qk = d' • .<lPk = d'ag • hk; Qk = D'a•g Hk (18) 
-- -- --

1217 I 1217 1217 

APk is the corresponding pressure head acting on the par
ticular joint, or on the parting between points K and K + 1, 
ref. Figure 13a. hk, Hk are the corresponding hydraulic gra
dients in the joints and bedding planes. They determine the 
flow velocities at point K. To calculate these numbers, and 
to ultimately obtain the saturation lengths Ls at point K in 
the joints and corresponding beddings, we transform the 
flow net into a resistor network represented by Figure 13b. 

In this case the currents Ik correspond to the flow density 
Qk in the corresponding section of the bedding plane. The 
flow density qk in the corresponding joint is related to the 
currents by 
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(19) 

The resistances of the resistors R and r are related to the 
flow resistances. 

(20) 

R corresponds to flow resistance in the bedding plane 
partings, and r to that in the joints. The voltage drops across 
the resistors are A Uk and A Uk 

(21) 

where U is the driving voltage and Uk is the voltage at point 
K. The voltage U is related to 1 by 

U =I (22) 

From the knowledge of the currents Ik, we have 

(23) 

The hydraulic heads in the flow system of Figure 13a are 
then given by 

Hk = .<l~;hk = .<l~ (24) 

L I 

where h refers to the joints and H to the bedding planes. 
From these numbers and the widths d, D respectively, one 
can obtain the corresponding saturation lengths by use of 
eqs. (11) to (13). Note that this only refers to the case of 
laminar flow, since turbulent flow is not related to the 
pressure head in a linear way. Thus, our simulation is only 
valid for the case of cave initiation, where widths of joints 
and partings are sufficiently small and only laminar flow 
results. 

The currents in the network of Figure 13b and 
correspondingly, Qk, qk, can be calculated by electric net
work theory. Here we only give the results. 

We define the numbers 

5 = R + 2r, E, 

r 
h_ ' E, = 12._ , 'Y = 

d 
f-+J~ -1 

(25) 

Then we find for the flow densities and the hydraulic gra
dients 

Qk = -y•Qk-1, Hk = -y•Hk-1, qk = Qk • (1-1/-y) (26) 

hk = Hk•El • (1 - l /-y) , hk = -y•hk-1 
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Figure 13. Electric network analogue (b) of the geological 
setting shown in (a). (c) gives the hydraulic gradients 
multiplied with a factor 1000 in the joints and the partings 
of the bedding planes. 

The flow Q, and the hydraulic gradient H, at the outlet 
have to be calculated numerically. It should be noted that 
the results are depending only on the ratios d ID and l / L. 
Thus, the values in Table 3 can be scaled into any scale. 

Table 3a and Figure 12 give the results for 1 = 1.000 cm 
and d = D for various values of L. Table 3b gives similar 
results for d = 2D. All have been calculated for networks 
with M = 20 joints. An increase in the number of joints does 
not change the results for the last 10 joints nearest to the 
resurgence. The most important result is that the currents 
and the hydraulic gradients decrease in a geometrical pro
gression, when going from the outlet into the interior of the 
networks. For s ~ 10 practically 90% of the flow is trans
ported through the joint nearest to the resurgence. In the 
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Table 3. Hydraulic gradients H, and h, for E2 = I (a) and E2 = Yi (b) and 
for I = 10' cm for various values of L. The values Hk and hK can be 
calculated for all K = 2, 3, ... from these numbers by use of eq. (26). The 
values QK and QK can be then obtained from eq. (18). 

3a) 1 = 1000 cm, E2 = 1 

L[cm] iJ H , h, 

10000 12 11.916 0.0916 0.0839 

5000 7 6.854 0.171 0.146 

2000 4 3.732 0.366 0.268 

1000 3 2.618 0.618 0.382 

500 2.5 2 1.000 0.500 

200 2.2 1.558 I. 791 0.642 

100 2.1 1.370 2.701 0.730 

50 2.05 1.25 4.000 0.8 

3b) 1 = 1000 cm, E2 = Yi 

L[cm) iJ H , h, 

10000 82 81.99 0.099 0.0122 

5000 42 41.98 0.195 0.0238 

2000 18 17.94 0.472 0.0557 

1000 10 9.9 0.899 0.101 

500 6 5.828 1.657 0.1716 

200 3.6 3.297 3.483 0.303 

100 2.8 2.38 5.798 0.420 

50 2.4 1.863 9.267 0.537 

case of s = 3 only the 4 joints nearest to the outlet carry 
99% of the flow. The flow in the fifth joint is only about 1 % 
of the total flow and there is practically no flow in joints 
with K ~ 5. This means that most of the solutional activity 
takes place near to the resurgence. Once these first joints 
and partings have become sufficiently large to represent 
only small resistances to flow, they may lose contact to the 
water supply in the caprock. The diffuse input will then 
mainly be transported by the next joints not yet enlarged. 
This just means that the electrical network has lost one mesh 
and the process repeats. Thus, the cave will grow into the in
terior of the mountain, in accordance to statements of Bed
dinger (1966) and Ewers (1978). 

ThesituationofDsds2Dand lOm~L~lOOm, 1=10 
m may well simulate a situation like that of Mammoth-Flint
Cave. Inspection of Table 3 shows that in all these cases the 
hydraulic gradients are well below 1 in the joints. This cor
responds to saturation lengths of less than 1 m, if one 
assumes d = 0.01 cm. Thus aggressive water, when reaching 
the bedding parting, has lost its solutional aggressiveness 
completely. It is difficult, therefore, to understand how cave 
initiation can result. 

It should be noted here that although this network simula
tion of flow in karst areas appears to be rather simplified, it 
should give at least the right order of magnitude of the 
hydraulic gradients. Its advantage lies in its mathematical 
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Figure 14.Electric network analogue (b) of the geological 
setting (a). (c) The hydraulic gradients are evenly distributed 
in the flow path. 

simplicity, in contrast to complicated networks, which have 
been simulated by Beddinger (1966). Its most important 
result is the finding that high hydraulic gradients are feasible 
in geological situations as described by Figure 13. 

There are different geological situations of course, which 
cannot be simulated by the network in Figure 13. If, for in
stance, insurgence is confluent and enters the system at an 
elevated point as is shown in Figure 14, the appropriate net
work is most simply simulated by a number of equal 
resistors in series. In this case the hydraulic gradients are 
evenly distributed along the resistors and will be 1 I (1 + L). 
Thus, hydraulic gradients of 0.1 seem feasible. The satura
tion lengths again can be read from Figure 12. Assuming an 
hydraulic gradient of 0.1 and D, the width of the bedding of 
0.01 cm one obtains Ls ""' 10 cm. Such a situation is en
countered in Onesquethaw Cave described by Palmer 
(1972). 
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KARsTIFICATION FROM ITS INITIATION TO MATURITY 

Cave Initiation 

If one assumes that in the initial state the widths of joints 
and partings are in the order of 5•10-3 cm (Davis, 1966), and 
the hydraulic gradients are between 0.1 to 1, the maximal 
penetration distances are in the order of 1 m (Fig. 12). Any 
solutional activity of the water entering thus would be con
fined to a distance of a few meters from the surface and no 
dissolution of the rock below that zone can occur. Karst ero
sion should start from the surface and no underground 
drainage system should evolve. 

One possible way out of this dilemma is White's (1977) 
suggestion, that close to equillibrium, at [Ca ++ ] I [Ca ++ Jeq 
> 0.95 dissolution becomes inhibited and a new surface 

controlled reaction regime sets in. This has been observed by 
Plummer and Wigley (1976) and by Hermann (1982) for 
open system conditions at Pco2 = 1 atm. In our laboratory 
we also have observed some evidence for this effect. We 
have conducted dissolution experiments under open system 
conditions in a turbently stirred solution on several natural 
marble and limestone samples by monitoring conductivity. 
In the first stage of dissolution we clearly observe an ex
ponential approach to equillibrium as predicted by the 
theory. Close to saturation, however, a small, approximate
ly linear increase in conductivity of the solution is observed 
for times up to t = 507. These findings show that a regime 
of low reaction rates close to saturation is existing with 
dissolution rates lower by a factor of 10-2 to 10-3 than our 
theory would predict. 

We therefore can simulate the situation of inhibited 
dissolution by assuming for [Ca++ ] I [Ca++ leq > 0.95, to be 
a factor of 1,000 lower. According to eq. (5) this also lowers 
the corresponding dissolution rates by a factor of 1000 to 
the order of 5•10-6 cm/a, scaled to annual retreat of bed
rock. The saturation lengths, however, increase by a factor 
of 1,000. Thus it takes about 10• years, to widen the joints 
and partings to 5•10-2 cm in a length of about 100 m and to 
produce significant permeability. 

Once this fissure permeability has been established, 
saturation lengths do not any longer represent a problem, 
since dissolution can now proceed in the uninhibited regime, 
and saturation lengths are in the order of 100 m. In this 
regime our theoretical results can be applied, and conclu
sions, drawn to karst development, have a sound theoretical 
and experimental basis. 

Intermediate State of Cave Evolution 

Once fissure permeability to joint widths of 5•10-2 cm has 
been established by inhibited solution, this type of dissolu
tion is no longer of importance, since saturation lengths are 
now sufficiently large to keep the solution in the uninhibited 
regime. This trigger effect, called kinetic trigger (White, 
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1977), determines the further evolution of karstification. 
The first pathways of water, having reached sufficient 

dimensions for the kinetic trigger to take place, will now ex
perience a highly increased dissolution rate in the order of 

lQ- 9 mmole , corresponding to retreat of bedrock of 10-3 

cm 2s 
cm/a. Thus, these pathways will develop quickly at the ex
pense of the others, enlarging to diameters in the order of 1 
cm in about 1000 years, determining the future structure of 
the cave. 

If insurgence is confluent entering a bedding plane parting 
at one or several points (c.f. Fig. 14), pathways will be ac
cidential, all being oriented more or less in the dip direction. 
Cave passages developing from these will show no signifi
cant joint control, as is the case in Onesquethaw Cave 
(Palmer, 1972). 

If insurgence, however, is mainly diffuse along joints, as 
is illustrated in Figure 13, joint controlled caves can 
originate where the majority of passages are aligned along 
joints. In this case a close relation in the directional distribu
tion of the joint pattern and the directional distribution of 
cave passages exists (Powell, 1977; Jakucs, 1977; and Deike, 
1969). 

Figure 15. Evolution of a solution channel by mixing cor
rosion at the crossing of two joints with widths d, and d, . 
The hydraulic gradients in the joints are h, and h,. 

Often dissolution takes place preferentially at intersec
tions of joints and bedding planes. An explanation of this 
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preference can be given by mix.mg-corrosion. Figure 15 
represents the situation. Two flat waterleading conduits of 
widths d , and d 2 are crossing. The corresponding hydraulic 
gradients are h , and h, . At the crossing the two solutions· 
mix and dissolution proceeds along the crossing line. If the 
undersaturation of the mixture exceeds the range of in
hibited dissolution our theory applies, and we can predict, 
how fast a tube along the line of intersection is growing. 
Figure 8 will be taken as an example. Here the mixed solu
tion has an undersaturation [Ca++ ]/ [Ca+ +Jeq = 0.92. Thus 
during the slow development of initial permeability tubes 
will develop relatively fast and will impose important struc
tural elements to the later flow pattern. 

This process is likely, since even in uniformly vegetated 
areas, there are large variations of the CO, content in the 
soil gas as well in time as in space. Jakucs (1977) reports on 
variations of CO, contents "by several orders of magnitude, 
not only as regards observation made simultaneously at dif
ferent points, but also when observations were made at the 
same point at different instants of time." Thus, variations 
from 1 OJo to 50/o are not unlikely and it is possible that waters 
with the chemical composition of Figure 8 are really present 
in the joints and partings. 

Dreybrodt (1981a) has calculated, by considering mass 
balance of Ca++ for the in- and out-flowing water, the time 
dependence of the channel radius s,_. We have repeated this 
calculation by using the solutional data of Figure 8. We 
assumed = 0.01 cm initially. From Figure 8 we realize that 
a depends only weakly on d and can be taken to be constant. 

In this case the relation between s" the radius of the tube, 
and time t is given by 

( ~ .( (Ca HJ~ - (Ca H Jm» ( " : <; + < (~;- <;)) (27) 

E = 1.174•106 is a factor converting the dissolution rates 
from mmole I cm 2s into annual retreat of bedrock in cm I a. Si 
is the initial radius of the tube at the crossing; (si = o/2) . Vf 
is the volume of water flowing per second across one cen
timeter length of the tube. [Ca ++ lm is the concentration im
mediately after mixing. 

Figure 16 shows the increase of radius st in time for a mix
ture represented in Figure 8. d , = d , = 10-1 cm. The 
hydraulic gradients h , = h, are listed on the curves. From 
this it becomes feasible, that in very short times tubes with 
diameters of several mm can develop. Although, at first 
these tubes remain unconnected with each other, they will be 
important structural elements for the flow of water, once 
the permeability of the fractures has developed to a suffi
cient amount. Then these tubes can be important "short cir
cuits" of water flow, and they determine the further flow 
pattern. 

Especially in caves developing in flat strata with dips of a 
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Figure 16. Radius st of the dissolution channel, evolving by 
mixing corrosion of solutions with initial P co, -pressures of 
0.01 and 0.05 atm, in dependence on time. 

few meters per kilometer this effect can become most domi
nant. 

Tubes will grow with preference along crossing between 
beds and strike-oriented joints, since in this case water flow 
perpendicular to the intersection is large. Intersections be
tween dip-oriented joints and beddings cannot so easily 
evolve into tubes, since it is necessary, that there is always a 
component of water flow perpendicular to the intersection. 
This is not so likely for flow oriented crudely along the dip. 

Anyway, once these tubes have developed, they can ac
cept water flowing along the bedding planes. Particularly 
the strike-oriented tubes can accept water, entering from the 
dip direction, and will develop into turbular cave passages. 
Since the permeability of fractures has simultaneously 
developed almost evenly in the region of low dissolution at 
the stage of initiation, these passages eventually will concen
trate the flow down dip and create dip-oriented passages. 
These later will be preferred paths of vadose flow, and dip
oriented canyons can result in a dentritic pattern. Once all 
these features have developed to cross sectional dimensions 
of about 1 cm, turbulent flow may occur and the first path
ways exhibiting turbulent flow conditions will enlarge by 
about a factor of ten faster than the others, evolving the 
cave into its mature state. This may explain the origin of 
caves such as Mammoth-Flint-Cave System, which is almost 
entirely structured by strike-oriented tubes and dip-oriented 
canyons, Palmer (1984, 1981a, 1977). 

In cases with diffuse insurgence and where also resurgence 
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is low due to porous, insoluble caprocks covering the re
surgence areas, in the initial state permeability of the frac
tures develops evenly over large areas. Furthermore, tur
bulent flow will not likely occur. Therefore, all the struc
tural elements will grow with equal rates and networks or 
maze caves will be the result, as is the case of Clark's Cave, 
Virginia (Palmer, 1975). 

Mature State of Caves 

Once waterleading pathways with cross sectional dimen
sions of a few mm have evolved turbulent flow sets in, and 
the dissolution rates increase by about a factor of twenty for 
two reasons; first from the increased dissolution rates due to 
the hydraulic jump, and secondly from the fact, that since 
penetration distances are now in the order cf 1 km the solu
tions remain largely undersaturated. Thus, dissolution rates 
of 10-2 cm/year result, in agreement with dissolution rates 
we have calculated for the chemical composition of under
saturated karst springs, as described by Shuster and White 
(1971). With dissolution rates that high, 10,000 years are 
needed to enlarge cave conduits to diameters of 2 m. 

In the case of vadose flow at CO,-pressures between 
3•10-4 to 5•10-3 atm the entrenchment rate of canyons, 
developing in that situation, are between 8• 10-3 to 2• 10-2 

cm/a (c.f. Fig. 2 and 4). 
Therefore, the time scale from the intermediate state to 

the mature state is in the order of 10• years. The time to 
create the first permeability in the initial state may be in the 
same order. 

The time scale of several 1 o• years is in accordance to 
observations at caves in the Helderberg Karst Plateau, New 
York, which have been initiated 10-15 thousand years ago 
(White, 1977) and to estimations of other authors 
(Bakalowicz, 1982). The length scale is related to the satura
tion lengths and also follows from our kinetic theory. For 
mature caves it is in the order of 100 km even at lowest 
hydraulic gradients of 10-3 (c.f. Fig. 12). 

Thus the kinetic theory explains well the dimension of 
karstification in time and length and can be used as a 
framework in the interpretation of karstification. 

It should be noted finally that the theory can also be ap
plied to other processes in karstification, as karst denuda
tion, the formation of dolines, and to all kinds of precipita
tion processes, i.e., the formation of speleothems and sinter. 

Only one application should be mentioned. In mature 
karst, where the vadose zone reaches deep into the rock 
formation, Jakucs (1977), has described an upper level of in
filtration restricted to about 10 m (b-zone) below the sur
face. In this zone most of surfacial karst erosion takes place. 
The depth of this zone can be well explained by our theory. 
Assuming an average width of the fissures of about 2•10-2 

cm and hydraulic gradients of 1, as are feasible in a joint in 
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the vadose zone, the saturation length predicted from Figure 
12 is about 10 m, which is the correct order of magnitude. 

PERSPECTIVES TO FUTURE RESEARCH 

Our theory presents a first comprehensive proposal, how 
to understand karstification from a chemical and hydro
logical basis, applied to different geological situations. It 
needs, however, to really understand the initiation phase of 
karstification, more reliable data of dissolution kinetics 
close to equillibrium are necessary. Very careful experiments 
have to be performed on pure calcite and natural limestones 
under experimental conditions as close to nature as possible. 

Application of our theoretical framework to real karst 
system needs both, knowledge of what is possible from the 
physics and chemical kinetics in such a system, and with 
equal importance knowledge on geological settings and 
knowledge on what is possible geologically. Therefore, in
terdisciplinary cooperation is required to a better under
standing of the complicated processes occurring in 
karstification. 
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CAVE LEVELS AND THEIR INTERPRETATION 
ARTHUR N. PALMER 

Department of Earth Sciences 
State University of New York 
College at Oneonta, NY 13820 

The concentration of passages at common levels in a solution cave can be used to interpret the evolution 
of the cave in relation to its regional setting. It is usually assumed that cave levels of this type are con
troll~d by fluvial base level, although stratigraphic influence must also be considered. High-precision 
vert1~al surveys that show past vadose/phreatic transition points (piezametric limits), rather than 
relative passage size alone, are needed for proper identification of levels. Stratigraphic perching can 
cause a false interpretation, but base-level control, where present, can be recognized even where the 
st:ata have a great influence. Although the largest passages in a cave owe their origin to increasing 
discharge rates, their ultimate size depends primarily on the length of time they have been active. 

Sharply defined cave levels with narrow vertical ranges, such as those in Mammoth Cave, Kentucky, 
appear to have_Jormed in response to intermittent episodes of rapid valley entrenchment, probably by 
headword erosion, followed by a lengthy period of virtually static base level. Piezometric limits are ad
j~sted to base-flow conditions and do not reflect short-term variation in river level or groundwater 
d1scharg~. M_ost cave levels are not so distinct, owing to erratic or slow lowering of base level, or to large 
fluctuations m groundwater flow. Some levels in caves formed by short-lived deep-seated processes may 
not represent static base levels. 

THE CONCEPT OF CAVE LEVELS 

Nearly every cave contains passages at a variety of eleva
tions, and even the casual visitor tends to group them men
tally into different "levels." Serious investigators usually 
restrict this term to large low-gradient passages that appear 
to represent distinct stages of cave development. This idea 
assumes that the cave-forming process has concentrated at a 
particular elevation because of favorable geologic or 
geomorphic conditions, and that elsewhere in the same cave, 
or in nearby caves, a similar concentration of passages 
should exist at the same elevation. 

Passage levels can be used to interpret the evolution of 
caves with relation to the surrounding landscape. This 
technique is used less frequently than might be expected, 
because of limited field data of sufficient accuracy, com
bined with uncertainty as to what constitutes a true cave 
level. The issue is confused further by the fact that there are 
several different types of levels, with many passages having 
a composite origin. The vertical position and relative size of 
cave passages are controlled by the following factors: 

(1) Base level: When entrenched rivers experience a long 
period of rather static base level, cave springs along the river 
banks tend to remain stable throughout that time without 
shifting elevation. Base-level passages remain active long 
enough for them to grow by solution to a relatively large 

Copyright © 1988 by Arthur N. Palmer. 
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size. On the other hand, rapid valley deepening causes fre
quent diversion of groundwater to lower elevations. Pas
sages at or near river level are quickly abandoned by their 
water or acquire entrenched canyons in their floors, so 
growth of the original water-filled sections is arrested. This 
is the standard interpretation of cave levels and the primary 
subject of this paper. 

(2) Stratigraphic control: Where water is perched above 
surface rivers by insoluble or impermeable beds, preferential 
enlargement of passages takes place at that zone. Selective 
enlargement of phreatic cave passages can also occur within 
relatively soluble or highly fractured beds, or at the base of a 
poorly soluble bed where groundwater is rising toward an 
outlet. 

(3) Sequential diversion of vadose water to lower levels: 
Vadose entrenchment of a canyon passage is often accom
panied by periodic diversion of water from the original 
path. A common example is where the passage direction is 
influenced by prominent bedding-plane partings that con
duct water in the down-dip direction. Each parting usually 
possesses a slightly different dip direction, especially in low
dip areas. As progressively lower bedding planes are en
countered, the vadose water may divert to a new direction. 
This is an example of stratigraphic control on a very fine 
scale. These "vadose levels" are not true levels in the 
geomorphic sense and have no regional significance. 

(4) Variations in discharge: The cross-sectional area of a 
passage is usually proportional to the discharge of the water 
that formed it. Whether passages with high discharge en-



large faster or simply represent a longer time of develop
ment is a topic discussed in a later section. 

(5) Chemical zonation: Cave development may concen
trate at the boundaries between groundwater zones of dif
ferent chemical character, where the solutional capacity of 
the mixture may be greater than that of either source. 

Several of these influences may combine to varied degrees 
in the same passage, and identifying a single dominant pro
cess is sometimes difficult. This paper offers suggestions for 
distinguishing base-level control of passage levels and for in
terpreting their vertical layout. 

PREVIOUS WORK 

Most European and American karst researchers early in 
this century recognized the control of valley deepening on 
the evolution of caves. The largely American controversy 
over the relationship of cave origin to the position of the 
water table during the 1930s was a distraction that probably 
set back the interpretation of cave levels several decades. At 
that time the ideas of Swinnerton (1932) most easily ex
plained cave levels, as he favored cave origin at or near the 
water table, and therefore at the level of entrenched rivers. 
Only after many more caves were mapped was the correla
tion between cave levels, base level, and fluvial terraces 
firmly established to nearly everyone's satisfaction. Perti
nent work includes that of Sweeting (1950), Davies (1957), 
White (1960), Ek (1961), Wolfe (1964), Ford (1965), Droppa 
(1966), BOgli (1968), Powell (1970), Miotke and Palmer 
(1972), White and White (1974), and Wilson (1985). 

The influence of geologic setting on cave levels has re
ceived less attention. Gardner (1935) attributed them to the 
establishment of down-dip water circulation through favor
able strata as they are exposed by erosional deepening of 
nearby valleys. Waltham (1970) showed that certain caves 
formerly thought to show base-level control were strati
graphically perched. Passages in certain Indiana caves have 
formed preferentially in highly fractured beds (Powell, 
1976) and in oolitic limestones (Wilson, 1985). 

PALMER 

FIELD DATA AND ANALYSIS 

The interpretation of cave levels requires precise vertical 
surveying. Ideally, continuous profiles are made showing 
the relationship of the cave to the surrounding geology. All 
passages should be included where feasible, to distinguish 
those that constitute levels from those that do not. For the 
purpose of geomorphic interpretation a horizontal error of 
several percent can be tolerated in a cave survey, but the ver
tical error must be much smaller. This is particularly true for 
caves in low-dip, low-relief areas, where passage inclina
tions, hydraulic gradients, and strata! dip are difficult to 
distinguish. Table 1 summarizes the types of equipment used 
for this study. Closure error differs widely among surveyors 
and also depends on proper instrument calibration, alterna
tion of foresights and backsights to help cancel residual 
miscalibration, repetition of readings to avoid blunders, and 
indifference to harsh conditions. 

This paper is based on about 60 km of geologic leveling 
surveys of caves in a variety of geologic settings: McFail's, 
Knox, Church, and Onesquethaw Caves, New York; Lud
ington Cave and part of Mcclung Cave, West Virginia; part 
of Clarks Cave, Virginia; Blue Spring Cave and parts of 
Popcorn Spring, Shiloh, and Sullivan Caves, Indiana; 
roughly 30 km in Mammoth, Long, and Great Onyx Caves, 
Kentucky; part of the Silvertip Cave System, Montana; 
parts of Wind and Jewel Caves, South Dakota; half of Big 
Brush Creek Cave, Utah; part of Groaning Cave, Colorado; 
Hicks Cave and part of Carlsbad Caverns, New Mexico; and 
most of the caves above sea level in Bermuda. All surveys 
were made with the help of Margaret V. Palmer. John E. 
Mylroie and J. Michael Queen assisted with several of them. 

The recommended technique for conducting a geologic 
survey is as follows. A standard compass-and-tape surve~ is 
first made to determine the layout of the cave. Vertlcal 
angles are used mainly to obtain a true horizontal projec
tion. Using this base map to mark locations, a detailed level 
survey is made using one or more of the techniques in Table 

Table 1. Vertical survey methods used in preparing geologic profiles. Mean loop errors are calculated from all leveling surveys cited in this paper. 

Survey Method 

Hand-held SUUNTO 
clinometer and tape 

Tripod-mounted Brunton 
compass and tape* 

Hand level and rods* 

Water tube** 

Tripod-mounted engineer's 
level and stadia rod 

*Alternate foresights and backsights. 

Mean Vertical Error 
in Loops 

0.30Jo 

0.080Jo 

0.0070Jo 

0.0030Jo 

0.001 OJo 

Best Suited For: 

High-gradient caves; rapid 
reconnaissance 

Simultaneous cave mapping and vertical 
measurements 

General use in geologic mapping 

Spacious, low-gradient caves 

Spacious, dry, low-gradient caves 

**15-m flexible vinyl tube nearly filled with water, held in a wide "U"; water level in both ends is equal. 

Limitations 

Unacceptable for structural 
analysis in low-dip areas 

Accuracy highly dependent on 
individual experience 

Difficult to use in breakdown or 
crawlways 

Delicate equipment; requires stable 
footing and elbow room 
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CAVE LEVELS 

1. By conducting the detailed vertical survey independently, 
one can more easily concentrate on the geologic setting 
without distraction. At each leveling station the elevation of 
the following is obtained: solutional ceiling and floor, 
strata! contacts, major bedding planes, sediment levels, 
bedrock benches (as in a keyhole passage), past and present 
water levels, and solutional zones such as anastomoses. 
Details of passage character and relationships, geologic 
structures, and flow patterns are recorded. 

Measurements should be spaced closely enough to dis
tinguish the geologic control over the passage. For instance, 
the control of sinuosity by bedding structure in a passage 
can be determined only if the measurements are spaced no 
farther apart than about one quarter of the crest-to-crest 
length of the bends. Ordinarily this means that measure
ments should be made within sight of each other, which un
fortunately denies use of the water tube's ability to measure 
around corners. 

Leveling information for this paper was plotted as con
tinuous passage profiles and composite cross sections. Con
trolling beds or bedding-plane partings (if any) were identi
fied, and in nearly flat-lying rocks the mean dip direction 
and inclination of each bed were calculated by planar regres
sion, from which broad relationships between passage 
trends and the mean dip of controlling beds could be deter
mined. Analysis of individual passage segments was made 
by comparing their gradients and trends to the local struc
ture (see, for example, A. N. Palmer, 1974, and M. V. 
Palmer, 1976). Most details of the structural analysis lie 
beyond the scope of this paper. 

N 

1000 ft 

800 ft 

I KM 

HYDROLOGIC CONTROL OF PASSAGE PROFILES 

The Piezometric Limit 

In distinguishing former base levels it is not sufficienf 
merely to cite the elevation of large tubular cave passages. 
Much of their development may have taken place below the 
contemporary base level, and such passages can also be 
formed above base level by vadose flow perched on resistant 
beds. 

When forming, a typical cave passage that is fed by 
recharge from the surface contains a vadose upstream sec
tion and a phreatic downstream section. The most foolproof 
method for determining past base levels is to determine the 
elevation of the former vadose-phreatic transition point, 
where gravitational flow changed to flow influenced by 
hydrostatic pressure. Several distinct changes take place 
there: (1) from a consistently downward profile to one that 
is either nearly horizontal or has undulations with sections 
that rise in the downstream direction; (2) from the steepest 
available path (for instance, directly down the dip of a 
bedding-plane parting) to a path that has no consistent rela
tionship to the dip of the guiding structure; and (3) in most 
cases, from passages with little or no upward solution of the 
ceiling (e.g., canyons and shafts) to passages with prominent 
upward solution, such as tubes. 

The point at which these changes take place has been 
called the "piezometric limit" by Palmer (1972), implying 
that it is the upstream limit for the effects of hydrostatic 
pressure on passage morphology. This term is applied to a 
single point (or, rather, a short zone) within a specific 

s 

300 m 

.__~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~--'200m 

Figure 1. Profile through McFail's Cave, NY, showing 
piezometric limit at a former base level. PL = piezometric 
limit, E = northern entrance, F = fissure passages, C = 
down-dip canyon, T = tubular passages, D = diversion 
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route, SP = spring, CC = Cobleskill Creek, G = glacial 
sediment, L = limestone (Coeymans and Manlius Forma
tions), SL = shaly limestone (Kalkberg Formation), R = 
Rondout Dolomite, ST = strike-oriented break in profile. 



passage, whether inactive or still forming, and does not im
ply the presence of a continuous piezometric surface. It is 
compatible with, but not equivalent to, the British term 
"rest level," which refers to the static level of an otherwise 
descending or fluctuating water table, usually deduced from 
cave levels. Knowing the piezometric limit eliminates the 
uncertainty of how "level" a passage must be to qualify as a 
true cave level. 

An example can be seen in McFail's Cave, New York, lo
cated in gently dipping limestones of the Devonian Helder
berg Group (Figs. 1 and 2). The main passage is a canyon 
that divides in places into two or three separate vadose 
levels, all trending relentlessly down the local dip, except for 
short sections controlled by prominent joints. All but the 
lowest level eventually terminate downstream in sediment 
fill. At one point the lowest level of the canyon becomes 
distinctly tubular, acquires a gentle gradient less than that of 
the dip, and eventually curves to a trend nearly parallel to 
the strike. The piezometric limit for that specific stage of 
cave development is located at the change from down-dip 
canyon to discordant tube. It is more common in other caves 
for the change in direction to occur right at the piezometric 

Mean d i p S21°W ot 1.2° 

'-------' 
500 m 

A 

100 m 

Seo le of cross sect ions 
exaggerated 

Piezometric limit 

--== ----· 1 - B 

- 12 

Figure 2. Map of McFail's Cave, showing structural con
tours in the vicinity of the piezometric limit (arbitrary struc
tural datum, contour interval 1.5 m). A = down-dip can
yon, B = dip-oriented tube with low gradient cutting up
ward across strata, C = tubes of mainly strike orientation, 
D = diversion route cutting downward across strata, E 
abandoned continuation of main passage. 
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limit. The strike-oriented section in McFail's Cave is nearly 
concordant with the bedding, but it migrates up and down 
the dip with considerable sinuosity superimposed on the 
roughly linear trend. From the piezometric limit, the solu
tional ceiling drops only half a meter over the 640 m distance 
to the junction with a major tributary tube. Most passages 
beyond are also tubes nearly parallel to the strike, implying 
a phreatic origin, although they still contain streams perched 
as much as 10 m above the water table. 

This example is pertinent to the interpretation of local 
pre-glacial history, because virtually all surface clues have 
been effaced by Wisconsinan glacial erosion and deposition. 
The cave is pre-Wisconsinan, as shown by till plugs and 
varved clays within it, as well as by a passage pattern ad
justed to pre-Wisconsinan topography (Palmer, 1976). The 
cave level described here lies 303 m above sea level, approx
imately 100 m above the bedrock floor of the nearby en
trenched valley and 50-80 m above the present river, which 
is now superimposed on glacial till and outwash. No inter
pretation is offered here on the basis of this single point; but 
it is obvious that cave levels can retain very precise evidence 
about erosional history that may be lacking or obscure at the 
surface. 

Elevation of the Piezometric Limit 

The piezometric limit of an actively forming passage must 
lie slightly higher than the spring outlet, because some head 
is required to drive the water through the phreatic section. 
Under ideal conditions this elevation difference can be 
estimated from the Darcy-Weisbach flow equation: 
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Figure 3. Relationship between head loss, discharge, and 
diameter within an idealized phreatic tube. 
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Figure 4. Flow duration graph for the Lost River basin, In
diana (1969-72). 

where ~h = head difference between two points in the flow 
(in this case, essentially the vertical distance between the 
piezometric limit and the spring outlet), Q = discharge, L 
= flow distance between the two points, d = passage 
diameter, g = gravitational field strength, and f = friction 
factor (about 0.05 for turbulent flow in a typical cave 
passage). A circular cross section is assumed here for 
simplicity; other geometries have the same functional rela
tionship, but the constant in the equation is slightly differ
ent. 

The height of the piezometric limit above the spring outlet 
is shown graphically in Figure 3 for a range of discharges 
and passage diameters. To obtain a rough idea of discharge 
in typical caves, a flow-duration graph was constructed for 
Lost River, Indiana, which has a basin area of 735 km', 
most of it having internal karst drainage through sinkholes 
and sinking streams. Daily records of the U.S. Geological 
Survey for 1969-72 were converted into unit discharge (Fig. 
4). Discharge exceeds 10 liters/sec/km 2 25% of the time and 
100 liters/sec/km2 only about 2% of the time. These values 
should be slightly greater in small basins or where soil is thin 
or absent. 

Applying the discharge data to Figure 3, it is clear that an 
active cave passage of traversable size has only a small head 
loss through its phreatic section. For example, according to 
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the Indiana data, a passage one meter in diameter draining a 
square kilometer would average a one-meter rise in water 
level per kilometer of passage length only about one day 
each year. Conditions are not so stable in passages fed by 
large sinking streams or partly blocked with debris. There 
are several other complications: the discharge increases in an 
unpredictable way as a cave passage grows; the stage of the 
controlling surface river fluctuates a great deal during the 
year; and the aggressiveness of cave water often increases 
with discharge when a greater proportion of direct, high
velocity infiltration routes are utilized during floods. With 
so many variables, no conclusions can be made about the 
height of the piezometric limit until field examples are con
sidered . 

Vadose Thresholds 

Structural basins or downward-tightening fractures may 
create perched phreatic zones where descending water is 
ponded and spills over a vadose threshold (Fig. 5). The level
ing data suggest that most of these zones are drained by 
solutional downcutting before false piezometric limits can 
affect the passage shape significantly, except where the 
threshold consists of resistant rock. Where a passage level 
appears to be rudimentary or does not correlate with others, 
evidence for a vadose threshold should be sought. For exam
ple, the upstream end of McFail's Cave is a perched sump IO 
m deep in a joint-controlled fissure. A lengthy threshold of 
massive, unfractured limestone maintains the water level, 
and erosion at a waterfall farther downstream appears to 
have made little headway in removing it. Solutional widen
ing of the fissure has occurred at and near the present water 
level. 

Downstream exploration of an active stream passage 
often ends or pauses at a sump. Is the passage beyond com
pletely flooded to the spring, or is there an air-filled section 
in between? Many "terminal" sumps are perched in the 
vadose zone and spill over at thresholds. This information is 
important not only in planning further exploration, but also 
in understanding the relationship between active caves and 
base level. According to Eq. 1, turbulent discharge through 
a filled conduit varies with the square root of the head dif
ference between the sump and the spring: 

Q=C'1fi (2) 

where C varies with passage cross section, friction, and 
length. C can be considered an expression of hydraulic effi
ciency. Internally consistent units (e.g., ft and cfs) are 
needed in Eq. 2 only if an evaluation of C is desired. If the 
discharge were to diminish to zero, the head difference 
would also be zero in a completely water-filled conduit (or in 
an air-filled passage floored with ponded water). At zero 
flow, a perched sump would stand above the spring at a 
height equal to that of the vadose threshold (z). The head 
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Figure 5. Comparison between a simple phreatic loop (a) 
and a perched phreatic loop with a vadose threshold (b). 
A h

0 
= apparent head loss, z = height of vadose threshold. 

difference between a perched sump and the outlet cannot be 
used in Eq. 1 and is labeled "apparent Ah" (Ah.) in Figure 
5. 

If the discharge and head difference between the sump 
and spring are carefully measured at a variety of flow rates, 
a graph of Q vs IL\llshould produce a straight line (Fig. 6). 
The slope of the line is the efficiency (C), either of a com
pletely phreatic section (CP) or a perched vadose sump (C. ). 
Extrapolation of this line to zero discharge should give zero 
head if there is no vadose threshold. An intercept greater 
than zero indicates the presence of a vadose threshold of 
height z above the spring. This approach was used to verify 
the presence of air-filled passages beyond the downstream 
sump in Sotano de San Augustin in Huautla, Mexico, prior 
to diving expeditions (see Stone, 1983). The answer is ob
vious in a passage that accepts large fluctuations in 
discharge with little change in head; but an inefficient 
debris-choked passage with high discharge may require the 
full analysis. 

Ef feet of Discharge on Passage Size 

In general, the largest discharges occur in the largest 
passages, those most likely to constitute levels in a cave. Is 
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Figure 6. Determination of the height of a vadose threshold 
(z). A line drawn through the data points will show the 
presence (intercept B) or absence (intercept A) of a vadose 
threshold. Height of threshold = 8 2 

• 

passage size controlled by the amount of flow, or does the 
flow adjust to the size of the passage? 

Discharge through a cave depends mainly on the amount 
of available recharge and on the catchment area that feeds 
it. However, the specific route followed by the water 
depends greatly on hydraulic efficiency. Early in the 
development of a limestone cave, when laminar flow begins 
to enlarge the pre-solutional openings, both the recharge 
rate and the efficiency are greatest in the widest fractures, 
provided they offer an uninterrupted network. At that 
stage, virtually all outflow emerges close to carbonate 
saturation, so the rate at which any route enlarges depends 
on the amount of flow rather than solution kinetics. 
Discharge patterns shift with time as differential enlarge
ment changes the efficiency of flow routes (Ewers, 1982). 

Regardless of the exact flow pattern, no passage can in
crease its enlargement rate unless it is able to increase its 
discharge, either by drawing water from its neighbors or by 
increasing its primary catchment area (Palmer, 1984). As 
discharge increases within a growing passage, water begins 
to emerge while still far from saturation. Solution kinetics 
begin to take control of enlargement rate. At the pH of 
water in a growing cave (typically 7 to 8), the solution rate 
depends on the reaction at the cave walls, but is almost in
dependent of turbulence (Plummer and Wigley, 1976; 
White, 1977). The reaction rate is determined by carbon 
dioxide content, temperature, and degree of saturation, all 
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of which approach constant values as the discharge rises. 
Therefore, passages reach the point (roughly a few cen
timeters in diameter) where further increase in discharge has 
little effect on their growth rate. From then on, the diameter 
of the passage depends primarily on the length of time since 
the passage first approached its maximum rate of enlarge
ment. Other factors influence the enlargement rate, such as 
sediment armoring, mechanical erosion, and incomplete ex
posure of the walls to solution in open-channel flow. How
ever, it can be stated with some confidence that a large 
tubular passage represents a long period of active solution at 
the same level. 

IDENTIFYING PASSAGE LEVELS: 

SOME EXAMPLES FROM MAMMOTH CA VE 

The best-documented cave levels in this country are those 
of Mammoth Cave, Kentucky, located in gently dipping 
Mississippian limestones. Passages are numerous enough 
that several can be identified at nearly every level. Four 
main levels at altitudes of 210, 180, 168, and 152 m, plus a 
few minor ones, have been described in detail elsewhere 
(Palmer, 1981). In brief, the upper two are mainly wide can
yons partly filled with detrital sediment, which are thought 
to correlate with slow valley deepening and aggradation dur-
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ing the late Tertiary Period. The lower levels are Quaternary 
tubes that apparently formed during relatively short inter
vals of base-level stability. 

Passage levels were defined early in the leveling project by 
relative passage widths, on the assumption that great width 
can be achieved only by lengthy exposure of the limestone to 
water (Miotke and Palmer, 1972). Piezometric limits were 
recognized only after continuous profiles were drawn, 
because the upstream vadose parts of the first passages 
surveyed were perched tubes whose vadose origins were not 
immediately apparent. 

A summary of altitudes for the major levels surveyed to 
date is given in Table 2, and their stratigraphic positions are 
shown in Figure 7. Only minimum estimates are available 
for the upper levels, because their piezometric limits are ob
scured by breakdown. However, the lower two levels have 
very consistent altitudes, with piezometric limits within one 
or two meters of each other throughout Flint Ridge and 
Mammoth Cave Ridge, including an area of 30 km 2

• In 
other words they lie at essentially identical altitudes, within 
the limits of survey error. The former outlet levels are not 
known, because each passage terminates at breakdown, but 
the uniformity of piezometric limits suggests that the outlet 
elevations were the same. 

Only a very static base level could account for such sharp-

200m 
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Granular, coarsely crystall ine li mes lone (spor ite} Incomp etent , sho ly li mestone 0 Passage at piezomet ri c li mit 
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---, . 

', -_,, Lowest pos it Ion of phreot ic sect ion 

Figure 7. Relative altitude and stratigraphic position of major levels in Mammoth Cave, KY. Interconnecting passages are 
omitted from map. 
56 • THE NSS BULLETIN, DECEMBER 1987 



PALMER 

Table 2. Characteristics of major passage levels surveyed to date in Mammoth Cave, Kentucky. Altitudes are subject to minor adjustment as calibration be
tween surveys is improved. 

Min. Altitude of Max. Ceiling Depth Discordance of Straight-Line Distance 
Alt. of Ceiling at Phreatic Solution Below Piezo. Limit Ceiling to From Piezo. Limit to. 

Passage Level Piezometric Limit (M) (M) 

Collins Ave. A 2.207.5 198.4 
Thomas Ave. Bl 2.187 181.7 
Gothic Ave. Bl 2.193 180 .±2 
Upper Salts B2 2.183 175 .±2 
Main Cave B2 186 .±2 obscured 
Waterfall Tr. c 168 .±.0.5 164 .±.0.5 
Cleaveland Ave. c 169 .±.0.5 166 .±.0.5 
Turner Ave. c 167 .±.I 165 .±.I 
Lost Passage D 152 .±.0.5 149 .±.0.5 
Swinnerton Ave. D 153 .±.! 147 .±.1 
Echo River D 153 .±.I 128 .±.1 

•Extrapolated along trend of phreatic section . 

ly defined ieveis. Neediess to say, this condition is rare. A 
simple slowing of entrenchment or a reversal from entrench
ment to aggradation would blur the piezometric limits. Most 
levels are not so clearly developed. By measuring present 
water chemistry and assuming that it is representative of 
past conditions, it is estimated that some of the largest 
passages on levels C and D required more than 50,000 years 
to grow to their present size once the maximum solution rate 
had been approximately reached (Palmer, 1984). Probably it 
took at least that long for the passage to evolve from the 
slow initial solution to the approximate maximum rate. 

Each passage within a given level is located in different 
beds, which encompass a great variety of rock types, so the 
levels are apparently not stratigraphically controlled. Some 
phreatic passages are located at the tops of relatively insol
uble beds: Collins Avenue, Waterfall Trail, Turner Avenue, 
and parts of the Echo River system. Although the vadose 
sections may have been perched on these beds, the phreatic 
sections only appear to be so. In the prominently bedded 
limestones of the region, passages tend to complete the 
vadose-phreatic transition without changing stratigraphic 
horizon. Downstream from their piezometric limits Collins 
Avenue and Echo River cut discordantly across the beds, 
showing that the phreatic sections are not perched. 

The major passages show little discordance to the bedding 
over their surveyed lengths (Table 2) . However, even those 
with less than a meter of discordance have slightly undulant 
profiles because their sinuosity contains up-dip and down
dip components along single stratigraphic horizons (e.g., 
Waterfall Trail) or because they follow irregularly dipping 
beds that originally conducted flow to varied depths below 
the water table (e.g., Gothic Avenue). Other passages show 
abrupt local jumps from one bed to another that interrupt 
long concordant sections. In Swinnerton Avenue the strati
graphic discordance is even greater than the vertical solu
tional relief, owing to stratal dip, a situation more clearly 
displayed in structurally deformed regions. 

(M) Strata (M) Valley (KM)* 

2.7.3 7 1 
2.1.5 1.5 3 
2.9 <I? 2.5 

obscured ? 
1-3 <I? 2 
2.7 <l 0.8 
<l <l 6.5 
1-2 <I 1.5 
0.6 <I 0.4 
4.0 6 3.2 

21 .±.I 19 2.1 

Echo River is a large active tube at present base level fed 
by tributaries from ·a variety of elevations. In the past this 
has been interpreted as evidence for a major late-Pleistocene 
cave level. However, when traced upstream it changes to a 
dip-oriented canyon at level D, 23 m higher. This is an ex
ample of how the lower parts of a phreatic loop can remain 
active long after its contemporary passages were aban
doned, and it serves as a reminder not to define levels simply 
from the elevation of large tubes. 

No evidence has been found in Mammoth Cave for base
level control at elevations between the levels described 
above. Although the wide Tertiary canyons appear to have 
kept pace with valley deepening, levels C and D represent 
the only times that downward cave development was able to 
overtake the more rapid entrenchment during the early and 
middle Pleistocene. Valley deepening during the Pleistocene 
probably took place by headward erosion, with rapids 
migrating upstream, so that at any fixed point the drops in 
river level were rather sudden from the standpoint of cave 
development. The few scattered levels observed below level 
D may indicate diminishing rates of entrenchment or more 
frequent fluctuations in river level. 

The clarity and narrow vertical range of levels C and D in 
Mammoth Cave are remarkable, especially in view of the 
great fluctuations now seen in the Green River. According 
to data of the U.S. Geological Survey the mean-annual 
flood level of the Green River is about 9 m. Surface runoff 
may be flashier today than during most of the geologic past 
because of deforestation and agriculture, but it is doubtful 
that the river ever maintained an elevation as uniform as the 
cave levels. The conclusion can only be that well-defined 
cave levels develop in adjustment with base-flow conditions. 

PASSAGE ORIENTATION AND DEPTH 

The change from dip orientation to a direction nearly 
parallel to the local strike at the piezometric limit has been 
documented so frequently (e.g., A. N. Palmer, 1972, 1981; 
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Kastning, 1975; M. V. Palmer, 1976; Mylroie, 1977) that it 
is sometimes erroneously considered a hard and fast rule. 
However, others offer evidence that phreatic passages, at 
least initially, favor the dip (e.g., Ford and Ewers, 1978). 
However, there is enough variety in passage profiles, even in 
the nearly undisturbed low-dip setting of Mammoth Cave, 
to dispel any thought that phreatic passages must have a 
consistent structural relationship. Nevertheless, certain pat
terns tend to dominate within certain geologic settings. 

It might seem that water in the phreatic zone should 
follow the steepest and most direct route to the nearest 
outlet. However, the true flow direction is determined much 
more by variations in passage width or diameter. In laminar 
flow, during the early stages of cave development, the 
discharge along a given fracture depends on the third power 
of the fracture width, but only the first power of the 
hydraulic gradient (Palmer, 1984). The paths of greatest 
flow are those with the widest effective fracture widths 
throughout their length. These are the ones that enlarge into 
caves. Phreatic flow can afford to sacrifice considerable 
directness to achieve even a slight gain in fracture width, 
which explains the seemingly devious routes of some 
phreatic passages. 

Fractures diminish in number and width downward, so it 
is usually more efficient for phreatic water in bedrock to 
follow shallow paths, rather than deep, looping ones. Deep 
passages occur mainly where faulting or folding disrupts the 
tendency for the shallow fractures to be widest, as shown by 
caves in the Sierra de El Abra of Mexico (Fish, 1978), or 
where water follows relatively soluble beds at depth (Ash, 
1984). These include the "bathyphreatic" caves of Ford and 
Ewers (1978). Ford (1971) considers the depth of phreatic 
loops to decrease with the frequency of fissures (i.e., frac
tures and partings), which correlates roughly with average 
fracture width. Fissure frequency and width should increase 
with time of exposure above base level; however, the depth 
of phreatic loops shown in Table 2 does not decrease sys
tematically with time. The relatively deep phreatic loops in 
the Echo River system may have been influenced by relative
ly rapid valley entrenchment, which would not allow much 
time for fracture widening. 

Where bedding is prominent or the limestone is parti
tioned by insoluble beds, water tends to follow the same 
stratigraphic horizon in the phreatic zone that it did 
immediately upstream in the vadose section. However, in 
most situations this horizon extends beneath the local river 
level in the down-dip direction and may not crop out in that 
direction for many tens of kilometers. Upward flow across 
the strata is not favored in such rocks, so the most efficient 
flow remains shallow, along the widest openings, emerging 
where the controlling horizon crops out more or less along 
the strike. Of the two possible strike directions available to 
the incoming vadose flow, groundwater normally follows 

58 •THE NSS BULLETIN, DECEMBER 1987 

the shorter distance to the entrenched river. Where the dip is 
away from the valley, as at Onesquethaw Cave, New York 
(Palmer, 1972), phreatic water is forced to follow a non-dip 
direction (usually along the strike) to the valley. 

The prominent bedding of the Mammoth Cave area is 
responsible for its many strike-oriented tubes. For example, 
the water in Cleaveland Avenue followed the strike for a 
straight-line distance of more than 6 km. By flowing upward 
across the strata it could have reached the river in little more 
than half that distance. However, some discordant passages 
follow a trend far from that of the strike, although not at all 
parallel to the dip. Even in such deformed areas as the Ap
palachian Mountains, prominent bedding and interbedded 
insoluble rocks cause strike passages to be very common 
(Davies, 1960). Deviation from the strike is greatest in 
massive, uniform, highly deformed rocks, as in many alpine 
karst areas. This is especially true where the limestones are 
better exposed in the dip direction than in either of the strike 
directions, as in the central Mendips of England (Ford, 
1965). 

REGIONAL CORRELATION 

Perhaps the ultimate goal in the study of cave levels is to 
correlate them on a regional scale (e.g., Powell, 1970; 
Miotke and Palmer, 1972; White and White, 1974; Wilson, 
1985). However, correlation of caves with the nearby land 
surface is usually not as rewarding as expected. Precise in
dicators of past base level at the surface are quickly 
destroyed by mass wasting and erosion, so usually only the 
most recent erosional benches and alluvial terraces are clear
ly defined. Bedrock benches tend to be irregular and in
fluenced by stratigraphy. 

Cave levels can usually provide a great deal of informa
tion about the local erosional and depositional history. 
However, a regional interpretation of that history can only 
be accomplished with the aid of surface data. On a 
topographic map or from an overland survey, breaks in 
slope can be identified in the walls of almost any large 
valley. Whether these represent terraces correlative with 
cave levels is usually debatable. More information is needed 
to verify the presence of a former floodplain, such as the 
distribution of sediment types (e.g., Miotke and Palmer, 
1972). 

The following example shows some of the goals as well as 
some of the problems of regional correlation of cave levels. 

Quaternary glaciation caused major changes in drainage 
patterns in the east-central United States. One of the 
greatest was the channeling of water from northern routes 
into the Ohio River, at least doubling its drainage area, leav
ing the northerly routes almost completely buried by glacial 



till (Thornbury, 1965). The rate of valley entrenchment of 
the Ohio and its tributaries increased markedly, accounting 
for the change in passage character between the upper and 
lower levels of Mammoth Cave described earlier. 

Every major passage above 180 min the Mammoth Cave 
area contains thick detrital sediment, except where it has 
subsided into lower passages or been removed by streams. In 
places the sediment fills passages to the ceiling. It consists 
mainly of interbedded sand and gravel up to 25 m thick 
capped with silt and clay. Cut-and-fill structures in the sedi
ment indicate that at least some of this material was 
deposited by open-channel flow (James Currens, Lexington, 
Kentucky, personal communication, 1982). The passages 
are canyons and tubes as much as 30 m wide and high, each 
of which is among the largest in the cave. Most of them 
(level B in Table 2 and Fig. 7) lie at essentially the same 
altitude as the rather flat Pennyroyal Plateau surface and 
apparently formed contemporaneously with it in the late 
Tertiary or early Quaternary. 

Levels A, Bl, an.d B2 show various stages of passage de
velopment alternating with sediment filling. The unusually 
great passage widths and the episodic nature of the sediment 
fill in the upper levels of Mammoth Cave indicate slow 
fluvial entrenchment alternating with aggradation, with 
base-level changes of 20-30 m. Climatic changes were prob
ably responsible, causing alternate entrenchment and ag
gradation either by variations in runoff or by worldwide sea
level changes. There is some evidence for the latter idea, 
because the widespread Quaternary glaciation was preceded 
by periodic glaciation at high latitudes as early as Miocene 
(about 30 million years B. P .), spanning the time in which 
the Pennyroyal surface and upper-level cave passages 
formed. 

A possible correlative of the cave sediment is an over
burden of more than 20 meters in parts of the Pennyroyal 
Plateau and its northern extension into Indiana, the Mitchell 
Plain. It has often been regarded as weathering residuum, 
but close inspection shows it to consist also of river, lake, 
and colluvial deposits (Powell, 1964). Although local areas 
of the Pennyroyal surface are influenced by differential 
resistance of strata (Howard, 1968; Quinlan, 1970; Wood
son, 1981), the uniformity and distinctive character of the 
upper levels of Mammoth Cave suggests that the overall 
control of the surface was a slowly fluctuating base level. 
This is an example of how cave information can give clues 
about regional history. 

These levels can be extrapolated to other areas. However, 
only a few caves in the region have detailed vertical surveys, 
and the caves are confined to such a narrow vertical range 
that correlating by elevations alone is troublesome. A tenta
tive correlation of Mammoth Cave with Wyandotte and 
Blue Spring Caves in Indiana is given here only to show the 
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potential and some of the problems of the regional ap
proach. 

The vertical layout of the caves is shown in Figure 8, 
along with pertinent surface data. The Wyandotte levels are 
those of Powell (1968). The low-relief Pennyroyal I Mitchell 
Plain surface provides a continuous geomorphic datum and 
is shown here at the contact between the Ste. Genevieve and 
St. Louis Limestones to minimize the effect of stratigraphic 
variation. Its surface elevation is lowest in the vicinity of 
major rivers, as expected, but higher at the Ohio River than 
at the Green River or East Fork of White River. The short, 
pre-glacial upstream reach of the Ohio was apparently 
higher and geomorphically less significant than some of its 
downstream tributaries. However, glacial diversion of 
northerly streams into the Ohio increased its rate of deepen
ing, and now its channel is lowest of any in the region. 

The contact between the top of the cavernous limestone 
and the overlying insoluble rocks is lower in Indiana than in 
Kentucky, so the prominent upper levels correlative with the 
Pennyroyal at Mammoth Cave are poorly developed in the 
northern caves. The largest passages in the Indiana caves are 
roughly contemporaneous with the two lowest levels in 
Mammoth, although it is not certain that their piezometric 
limits correlate exactly. The lowest in each cave matches the 
elevation of terraces in nearby valleys. Higher-level terraces 
must have existed at one time, but valley widening has left 
only ambiguous traces. The upper level of Wyandotte Cave 
is a large keyhole-shaped passage partly filled with thick 
sediment, similar in character to levels A or B in Mammoth, 
but it is lower than the nearby Mitchell Plain. The lower 
level of Wyandotte lies below any of the major levels in 
Mammoth or Blue Spring. Levels in Blue Spring are less 
clear than those in the other caves because it lies directly 
beneath the Mitchell Plain and is subject to intense flooding 
from overlying sinkholes and sinking streams. 

Solid conclusions cannot be drawn from such scanty data, 
so the following is offered only as a guide to future studies. 
The upper levels of the Indiana caves may correlate with 
level C in Mammoth, as all three lie at virtually identical 
altitudes. Those at Mammoth and Blue Spring lie about 
15-25 m below the Pennyroyal I Mitchell Plain surface, but 
the one at Wyandotte is about 30-40 m below it. Either the 
base level at Wyandotte had less relationship to that of the 
Mitchell Plain than at the other caves, or the Ohio and its 
nearby tributaries had already begun their rapid entrench
ment when this level formed. It is not clear why the sediment 
fill in this passage should resemble that of the higher (or 
older?) levels in Mammoth. 

By the time the lowest level formed, valley deepening had 
apparently progressed farther at Wyandotte than elsewhere. 
The Wyandotte level is not only 5-15 m lower than those of 
the other caves, but the vertical separation between it and 
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Figure 8. Tentative correlation of levels between Mammoth, 
Wyandotte, and Blue Spring Caves, and their relationship to 
surface features. The Pennyroyal I Mitchell Plain erosion 

the overlying level is greatest. Alluvial valley fill is thickest 
at Blue Spring, probably because of greater proximity to 
isostatic effects and outwash from continental glaciers, and 
the separation between levels is less. In this way, cave levels 
may indicate differential rates of valley deepening and 
therefore clarify the regional drainage history. 

It is humbling to see months of field work reduced to a 
few dots on a cross section, especially because such 
simplified data will always appear to correlate even if there 
is no true relationship. For more convincing results the caves 
should be closely spaced and their deposits dated, for exam
ple by paleontology (Droppa, 1966), radiometric methods 
(Harmon and others, 1975) and paleomagnetism (Schmidt, 
1982). 

PROCESSES THAT OBSCURE CAVE LEVELS 

Cave levels are indistinct where hydrologic conditions do 
not favor low-gradient passages or the preservation of 
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surface is drawn below at the Ste. Genevieve I St. Louis con
tact, with depth of Quaternary entrenchment and alluvia
tion shown. 

piezometric limits. The major disruptive factors are outlined 
below. 

Floodwater Recharge 

Figures 3 and 4 show that passages fed by large recharge 
areas can be subject to severe flooding to heights con
siderably above base level. They do not have the sharply 
defined transition from vadose to phreatic that is seen in 
passages with limited recharge, such as McFail's Cave and 
Mammoth Cave. For example, Holloch, in Switzerland, is 
fed by a large plateau of bare karst in which rain and 
snowmelt are transmitted underground so rapidly that water 
levels often rise more than 100 m. Even though several levels 
have been identified in the cave (Bogli, 1968), exact piezo
metric limits cannot be determined. It can also be difficult to 
interpret the origin of individual passages in caves fed by 
sinking streams, such as Friar's Hole Cave in West Virginia, 
where floodwater solution obscures many of the vadose 
features (Worthington, 1984). 



Paragenesis 

Downward phreatic loops tend to accumulate insoluble 
sediment transported by cave streams, especially during 
floods. Where the floor and lower walls of a passage are 
shielded by sediment, bedrock solution is concentrated up
ward in a process known as paragenesis (Renault, 1967). As 
the passage grows, more sediment is deposited, so the flow 
velocity is kept roughly at the threshold for sediment 
transport. In extreme cases a high canyon may be produced 
entirely in the phreatic zone, with upward solution terminat
ing only at the water table (Ford and Ewers, 1978). 

Paragenetic canyons can easily be mistaken for vadose 
canyons that have been filled by later aggradation. The up
per levels of Mammoth Cave provide a good case study, as 
they are canyons and tubes partly or completely filled with 
stratified sand and gravel as much as 25 m deep. If they are 
paragenetic, the idea that they formed during slow fluvial 
entrenchment alternating with periods of aggradation is en-
tirely wrong. . 

The following criteria were used to support vadose en
trenchment and aggradation in Mammoth Cave: (1) many 
passages are filled to the ceiling with sediment; (2) cut-and
fill structures and sinuous channels in the sediment suggest 
open-channel flow; (3) the ceilings of all but Collins Avenue 
are exactly concordant with the strata, implying a vadose 
origin; (4) breakdown blocks, identified stratigraphically, 
have been found in the sediment as much as 7 m below their 
point of origin, indicating rather large minimum passage 
heights at the time of breakdown; (5) some sediment-filled 
passages on level Bl are wide tubes rather than canyons. In 
some passages, particularly Collins Avenue, the evidence is 
inconclusive. A valid criterion for paragenesis is the upward 
propagation of meanders in the downstream direction, 
rather than downward as in an entrenching canyon (Ewers, 
1985), but exposures were not sufficient to make this distinc
tion. Finally, it seems unlikely that all passages on levels A 
and B should contain thick fill without some regional 
significance; and it is doubtful that each one should 
originate deep within the phreatic zone, which would require 
an amount of discordance to the strata that is rare in the 
nearly flat, well-bedded limestone. Similar criteria can be 
used in other caves to distinguish whether paragenesis has 
affected passage elevations. 

Deep-Seated Cave Origin 

Some caves are not formed by water descending from the 
nearby land surface, but by rising fluids or by local ag
gressiveness in zones of mixing between waters of different 
chemistry. Passage levels formed in this way represent con
ditions somewhat different from those described previously. 

Rising water often contains hydrogen sulfide, which 
usually forms sulfuric acid where it oxidizes at the water 
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table or comes in contact with water from a shallow source. 
Gaseous hydrogen sulfide can also rise on its own, even 
without upward water flow, producing a similar result. 
Levels in such caves can be fairly distinct if the oxidation·is 
concentrated at the water table. Caves of the Guadalupe 
Mountains are good examples (Egemeier, 1981; Davis, 1980; 
Hill, 1981), many of which contain distinct levels (Fig. 9). 
Identification of levels must rely mainly on clustering of 
large passages and rooms at similar elevations (e.g., Jag
now, 1979), as there are no vadose feeder passages to create 
piezometric limits. 
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Figure 9. Levels in Carlsbad Caverns, formed by local pro
duction of sulfuric acid at past positions of the water table 
(modified from Jagnow, 1979). 

The presence of rising water or gas is commonly episodic 
and short-lived by geologic standards. The resulting cave 
levels may not represent static base level, but only the con
temporary position of the water table during an episode of 
rising hydrogen sulfide. It is necessary to compare them with 
fluvial landforms to see whether they relate to tectonic or 
geomorphic events. 

Local aggressiveness can be produced by the mixing of 
two carbonate-saturated waters having different concentra
tions of carbon dioxide, hydrogen sulfide, or salinity. This 
process was first applied to cave development by Bogli 
(1964). Cave levels are known to form in porous limestones 
along the seacoast, such as Bermuda and the Yucatan Penin
sula, where saturated, high-CO,, low-salinity water mixes 
with brackish water of low C02 at sea level (Fig. 10). Ag
gressiveness increases with increasing C02 and decreasing 
salinity, which in turn correlates with infiltration rate 
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Figure JO. Shark Hole, Bermuda, formed in poorly con
solidated Quaternary limestone at the zone of mixing be
tween fresh and saline water. Scattered openings are located 

(Plummer, 1975; Palmer and others, 1977; Back and others, 
1984). Levels in such caves can be used to interpret past 
stands of sea level or of vertical tectonic movements. 

STRATI GRAPHIC PERCHING 

Tubular passages can form in the vadose zone where 
water is perched on relatively insoluble or resistant beds. 
They may resemble tubes formed in the phreatic zone, ex
cept for their consistent downward slope. The resistance of 
the underlying bed is also a clue to vadose perching, but, as 
seen earlier, this is common in phreatic tubes as well. Most 
perching is caused by chert, shale, shaly or sandy limestone 
beds, or dolomite. In any study of cave levels, the possibility 
of stratigraphic perching must be confronted. 

Waterfall Trail in Mammoth Cave is a particularly good 
example of perching of aggressive vadose water on rock that 
superficially seems to offer little resistance to solution or 
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at and near present sea level, with a concentration 5 m 
higher, representing a former sea-level stand, but most Ber
muda caves are formed by collapse into lower openings. 

erosion. This passage consists of a down-dip vadose tube 
that changes to a phreatic tube at 168 m altitude. Vadose en
trenchment and diversion have taken place throughout the 
phreatic section, leaving it dry (Fig. 11). However, most of 
the vadose section still contains the original stream (Fig. 12), 
which now lies 38 m above present base level. Paleomagnetic 
data from sediment in other passages at this level indicate an 
age of more than 700,000 years (Schmidt, 1982). Although 
the vadose tube has been active that entire time, it averages 
only a meter in height. Its stream is perched at the top of the 
Aux Vases Member of the Ste. Genevieve Limestone, which 
is dolomitic and is 15-300/o silt and clay. The bedrock 
weathers to a punky dolomitic mud with an insoluble con
tent as high as 750/o. It is highly resistant to solution but of
fers little resistance to erosion. The stream has a modest 
gradient of 9 m/km (about half a degree) and does not carry 
much sediment load, so mechanical erosion is limited. The 



Figure 11. Downstream section of Waterfall Trail, Mam
moth Cave, KY, a phreatic tube with later vadose entrench
ment. The top of the structurally incompetent but solu
tionally resistant Aux Vases Member (Ste. Genevieve Lime
stone), on which the upstream section is perched, lies at the 
person's right foot. 

stream is fed by recharge from a karst valley and runs 
through more than 2 km of passages before it cuts down
ward through the dolomite. Even at that point the water is 
highly aggressive year round, with mean saturation indices 
of -1.15 for calcite and -1.7 for dolomite, lower than in any 
other stream yet measured in the cave. 

The main passage of the Silvertip Cave System of Mon
tana is an example of a perched vadose tube modified by 
periodic flooding. The passage is located along the axis of a 
broad syncline having virtually no plunge. It is floored by 
insoluble shale of the Maywood Formation and emerges at a 
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Figure 12. Upstream section of Waterfall Trail, with water 
still perched on the shaly, dolomitic Aux Vases Member 
after several hundred thousand years. 
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Figure 13. Structural cross section showing the perched 
main passage of the Silvertip Cave System, Montana. SM = 
Silvertip Mt., ML = Mississippian limestone, TF = Devo
nian Three Forks Fm., J = Devonian Jefferson Ls., M = 
Devonian Maywood Fm. (mainly shale), C = Cambrian 
formations. 
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Figure 14. Although the main passage of the Silvertip Cave 
System appears to be a phreatic tube, it is actually perched 

perched breakdown-choked spring 200 m above the main 
valley floor (Fig. 13). This can be considered a vadose 
passage with no base-level control. However, its arched ceil
ing and water up to 2 m deep do not convey the impression 
of a vadose origin (Fig. 14). Without the structural data this 
tube could easily be interpreted as a phreatic level. 

A less common example of stratigraphic perching occurs 
where the downstream end of a cave is held above the fluvial 
base level by an insoluble bed dipping away from the valley. 
The water table may represent the top of the true phreatic 
zone and yet be held at an unusually high elevation by the 
low-permeability barrier. Cave levels adjusted to the water 
table can contain phreatic loops and well-defined piezo
metric limits but still have no relationship to base level. This 
is apparently the case in some karst areas along the 
Allegheny Escarpment. For example, cave streams flowing 
into the Clover lick Valley in West Virginia are graded 
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on shale. Upward enlargement has been caused by flood
waters ponded by breakdown. 

toward points where impure limestone beds crop out in the 
valley walls (Werner, 1973). 

CONCLUSIONS 

Even under the closest scrutiny the concept of base-level 
control of cave levels has passed every test so far devised. In 
the clearest examples, base level indeed seems to have re
mained static for long time periods interrupted by episodes 
of downcutting. A well-defined piezometric limit lies very 
close to the former outlet level, and measurement of one 
should give a close approximation of the other. Most levels 
appear to have developed under less favorable conditions, 
such as unstable river levels and floodwater recharge, but 
they do not invalidate the basic concept. Stratigraphic 
perching is easily accounted for by conducting precise ver
tical surveys that relate passage profiles and orientations to 
the local geologic structure. With no reason to test the hy-



pothesis of base-level control any further, future studies 
should concentrate on regional correlation and on inter
preting the history of base-level changes, past climates, ero
sion and deposition, and paleohydrology. 
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INTRODUCTION 

A critical factor in the study of speleogenesis is the 
amount of time required for solution conduits to develop. In 
most areas of the world, caves are developed in rocks many 
tens or hundreds of millions of years in age. In that case it is 
difficult to be certain that a cave system currently being 
studied did not have its origin far in the past under condi
tions vastly different from today. Even caves that are in ap
parent equilibrium with the present surficial environment 
may have begun their genesis long ago under another hydro
logic setting. 

Recent work by investigators such as A. N. Palmer (1984) 
and White (1978, 1985) has produced equations, developed 
mostly from laboratory experiments, that demonstrate that 
solution conduits of humanly passable dimensions (r ::::: 1 m) 
can develop in approximately 10,000 years (depending upon 
conditions). This work implies that currently active cave 
systems may have developed in concert with the existing 
landscape and hydrologic regime. A key assumption in ap
plying the theoretical work to current field observations of 
caves in Paleozoic or Mesozoic rocks is that all of the con
duit development has occurred in the immediate geologic 
past, and not earlier in the history of the host rock. White 
(1985) has discussed the importance of the time involved in 
the initial enlargement of the original fracture or opening in 
the host rock. Caves that are in apparent equilibrium with 
the surficial environment may have completed their 
macroscopic enlargement relatively recently, as their 
geomorphic setting suggests, but the initiation of their 
development could be more proportional to the age of the 
enclosing rock. 

To provide conclusive proof of the speleogenetic chronol
ogy proposed by A. N. Palmer (1984) and White (1978, 
1985), among others, has been an interesting challenge. 

'Copyright © 1988 by John E. Mylroie and James L. Carew. 

Cave systems, when explored, often give a subjective feeling 
of great antiquity. Caves most certainly can be very old, as 
paleontologic and radiometric data have amply shown. If it 
can be demonstrated that cave systems may form rapidly 
(::::: 10,000 years), then cave scientists will be in the pleasant 
situation of having, in the study of solution conduits, a data 
base that persists through time while being sensitive to local 
and transient changes of environmental conditions during 
that time span. Complex cave systems may well represent a 
long-duration, high-resolution indicator of past surficial 
conditions. 

GLACIAL FIELD DATA 

To provide a field demonstration of the laboratory and 
theoretical work, investigators have examined cave systems 
where the geomorphic setting makes it likely that the cave 
systems developed in the recent geologic past. One of the 
better sets of field examples comes from glaciated areas, 
where landscapes emerged from ice cover in the last 10,000 
to 15,000 years. Cave systems found in these localities often 
appear perfectly adjusted to the recently deranged surficial 
landscape and hydrologic regime. This strongly suggests 
that the caves developed in the post-glacial time frame. Ex
amples are common from around the world, and A. N. 
Palmer (1972), Mylroie (1977), Lauritzen (1981), and others 
have provided documented case histories. Figure 1 illus
trates a typical example of this evidence. Glaciation both 
scours and mantles the pre-existing landscape, and upon 
retreat a deranged drainage can occur. Drumlins break up 
valleys, swamps and ponds develop in depressions, and 
streams wander across planar till sheets. If a cave system 
consisting entirely of small, active passages can be found 
beneath such a landscape, with the cave's tributary passages 
arranged so as to collect water efficiently from the land-
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Figure I. The placement of small, active cave passages so 
that they efficiently collect surface water from a glacially 

scape, then the argument that the cave development is post
glacial is compelling. Despite this evidence, it can be argued 
that the initial fracture or flow path enlargement took place 
before or during glaciation. Data from the present (Ford 
et al., 1983) and the Late Pleistocene (Lauritzen, 1981) show 
that caves can be active beneath glaciers. Active caves 
beneath glaciers could control aspects of the ice I ground 
contact and help control the final nature of the surficial de
rangement after ice withdrawal. Circulation of water be
tween the sole of the glacier and the limestone bedrock 
beneath could influence the nature of sediment deposition. 
After ice withdrawal the resulting concordance of the solu
tion conduits and the overlying deranged landscape could 
then be seen as indicating the prior existence of conduits. 

BAHAMIAN FIELD DATA 

The data available in the Bahama Islands regarding the 
time necessary for speleogenesis are unique. The limestone is 
young, providing an upper limit on the age of any enclosed 
solution conduit. The host rock and deposits within the 
solution conduits can be dated quantitatively, thus provid
ing a time window during which the cave must have formed. 
The data presented here were collected from San Salvador 
Island, Bahamas, which lies approximately 600 km east
southeast of the Florida Peninsula (Fig. 2). The island con
sists almost entirely of Late Pleistocene and Holocene car
bonate rocks (Carew and Mylroie, 1985), and it has a well 
developed karst topography that has been in part controlled 
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deranged landscape suggests the cave passages are younger 
than the landscape. 

by the glacially induced eustatic sea level fluctuations of the 
Pleistocene. 

kilometers 

Figure 2. Location of San Salvador Island, Bahamas; map 
of the island; and location of major features discussed in the 
text. A, Cockburn Town fossil reef; B, Lighthouse Cave; C, 
Sandy Point Pits. 
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~ ACTIVE REEF 

~ FOSSIL REEF 

EOLIAN CALCARENITE 
WITH PALEOSOL HORIZONS 

~ CAVE PASSAGE 
~ WITH SPELEOTHEMS 

FOSSIL REEF DATED BY U/Th 
AND AMINO ACID TECHNIQUES 
TO ca. 125,000 years BP 

WALL ROCK OF CAVE DATED 
BY AMINO ACID TECHNIQUE 
TO ca. 85,00D years BP 

U/Th DATE OF STALAGMITE, BASE 
ca. 49,000 years BP, TOP AT 
ca. 37,0DO years BP, MARINE 
OVERGROWTH IN THE MIDDLE 

Figure 3. Diagramatic representation of the Late Pleistocene chronology of San Salvador Island. See text for discussion. 

The data are summarized in Figure 3, a diagrammatic rep
resentation of the key features used to date the development 
of Lighthouse Cave, a major cave on the island. The initial 
data are from a fossil reef in Cockburn Town, on the west 
side of San Salvador. The reef contains fossil corals in 
growth position, and extends up to 4 m above current sea 
level. Because the island, like the rest of the Bahamas 
(Mullins and Lynts, 1977), is considered to be tectonically 
stable, and is undergoing only slow isostatic subsidence, the 
fossil reef must represent an earlier, high stand of sea level. 
Corals dated at Lamont-Doherty Geological Observatory by 
Uranium/Thorium method yield an age of approximately 
125,000 years before present (Carew et al., 1984). Specimens 
of the bivalve Chione cancellata recovered from the reef 
matrix were dated at approximately that same age by John 
Wehmiller at the University of Delaware using amino acid 
racemization techniques. The 125,000 year age in conjunc
tion with the reef's + 4 m elevation, indicate that the reef 
developed during the Oxygen isotope substage 5 e high sea 
level (Broecker and VanDonk, 1970; Emiliani, 1972). The 
age determination also provided the basis for calibrating the 
amino acid racemization kinetics of the terrestrial gastropod 
Cerion found in interior eolian calcarenites (carbonate 

Figure 4. Speleogens produced by phreatic (water filled) 
conditions, Lighthouse Cave, San Salvador. The steeply 
dipping foreset beds of the eolian calcarenite can be seen, 
dipping from right to left. 
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dunes). In particular, the dates derived from Cerion in the 
eolian calcarenite wall rock of Lighthouse Cave were of im
portance. 

Lighthouse Cave is a large series of phreatic passages 
under Dixon Hill on the northeast side of the island (Fig. 4). 
The cave has over 800 m of passage and several large 
chambers (Mylroie, 1983). The age of the rock determined 
from Cerion analysis was approximately 85,000 years (see 
Carew et al., 1984). Therefore the cave must be less than 
85,000 years old. A stalagmite recovered at one meter below 
current sea level from within Lighthouse Cave was dated by 
Richard Lively and the Minnesota Geological Survey using 
Uranium/Thorium methods. The base of the stalagmite is 
49,000 years old (Carew et al., 1984), therefore, the cave 
must have been developed and drained by then. The stalag
mite also contains a record of a 12,000 year depositional 
hiatus at about the mid point of its length. Growth stopped 
at 49,000 years ago and resumed 37,000 years ago. At that 
position in the stalagmite is a 2-3 mm thick layer composed 
of serpulid worm tubes. These indicate that the cave was 
flooded by a rise in sea level to modern elevation at some 
time during the 12,000 years hiatus (Fig. 5). 

The observations depicted in Figure 3 are interpreted as 
being controlled by changes in sea level during the 
Pleistocene. Those interpretations are shown in Figure 6. 
Approximately 125,000 years ago sea level must have been 
in the vicinity of + 6 m, as shown by the Cockburn Town 
fossil reef data. At about 85,000 years ago, sea level was at 
least 2 m below present elevation, as the steeply dipping 
foreset beds of the eolian calcarenites that enclose Light
house Cave can be followed to at least that depth. However, 

+10 

+s t 

Figure 5. Sectioned stalagmite from Lighthouse Cave, San 
Salvador. Sampled portions of remaining half shown by 
black circles. Lower two samples date to 49,000 BP; upper 
two samples date to 37 ,000 BP. Scale in centimeters. The 
stalagmite, whole when collected, is broken along the 
horizon of the 2-3 mm serpulid worm overgrowth. For a full 
discussion of the stalagmite, see Carew et al. (1984). 

sea level must have been within 10 m of its present level as 
that is the minimum depth necessary to flood the San 
Salvador platform and thus produce the sediment source for 
the eolian calcarenites. This timing coincides with a high sea 
level proposed by Boardman et al. (1983). Sea level was 
below -1 m at 49,000 years ago, because the cave was dry 
and the stalagmite started growing at that position. Sea level 
returned to at least -1 m between 49,000 and 37,000 years 
ago, then again fell until its return to present levels about 
5,000 years ago. 

The above interpretation of the data leaves a time window 
of not more than 36,000 years for the cave to form (between 
85,000 and 49,000 years ago). This time window is already 
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Figure 6. High sea level positions for the Late Pleistocene, 
based on the data of Figure 3. Horizontal lines show posi
tion of sea level at various times: arrows pointing up in-
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dicate sea level at least that high, arrows pointing down in
dicate sea level somewhere below the elevation shown. Late 
Pleistocene low sea level elevations omitted. 



the proper order of magnitude to support the theoretical 
equations of A. N. Palmer (1984) and White (1985); how
ever, the time window can be further narrowed significantly. 
The cave extends, as currently explored, from -2 m to + 7 m 
with respect to present sea level. The cave has limited 
breakdown development, and all surfaces within the -2 m to 
+ 7 m range have well developed phreatic (water filled con
duit) solution features. Therefore, the cave developed in a 
brackish or freshwater phreatic zone that was solutionally 
aggressive and that extended to at least + 7 m above present 
sea level. Work by Back and others (1984), A. N. Palmer 
and others (1977) and R. Palmer (1985) have demonstrated 
that solution in coastal limestone environments such as San 
Salvador may preferentially occur at the halocline, the 
boundary between intruding sea water and the overlying 
non-marine water. Even if both the sea water and the overly
ing non-marine waters are saturated with respect to calcite, 
mixing at the halocline will provide renewed aggressivity. 
While the halocline can be near or below sea level, formed 
by a fresh or brackish water Ghyben-Herzberg lens floating 
on underlying, denser sea water, the halocline cannot be 
above sea level. The solution surfaces seen at + 7 m in 
numerous locations throughout Lighthouse Cave suggest 
that either sea level was high enough at some time after 
85,000 years ago to place the halocline at + 7 m, or that the 
cave developed somewhere in a freshwater lens above the 
halocline. The position of the freshwater lens on San 
Salvador is a function of rain fall, infiltration rate, 
permeability of the limestone, and the position of sea level. 
The data indicate that the island currently supports a 
Ghyben-Herzberg lens under portions of the island. The 
position of Lighthouse Cave in eolianites within a kilometer 
of the platform margin of San Salvador would support the 
argument that the elevation of the conduit is an approximate 
measure of sea level at the time of conduit formation (within 
5 m or so), as a Ghyben-Herzberg lens would thin and 
pinch-out at sea level at the platform margin. Lighthouse 
Cave could not develop with phreatic solution features at 
+ 7 m unless sea level were at least at or near its present 
elevation during development. The time window for the 
development of Lighthouse Cave is therefore limited to the 
duration of a high sea level at or near its present elevation 
between 85,000 and 49,000 years ago. 

There are four options that can be considered: 

1. The sea level rise of 85,000 years ago, that flooded the 
San Salvador platform and so produced the eolian 
calcarenite that contains Lighthouse Cave, could have 
continued to rise, allowing a freshwater lens to form in 
the newly developed eolian calcarenite and syn
genetically produce the cave. 

2. Sea level rose to the necessary elevation near present 
sea level, then dropped, as a separate event. This 
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separate event occurred after sea level had dropped 
below the level of the San Salvador platform following 
completion of the 85,000 year eolian calcarenite (dune) 
producing event, but well before stalagmite growth 
was initiated 49,000 years ago. 

3. The cave developed during a high sea level about 
50,000 to 55,000 years ago, and as sea level subse
quently dropped the stalagmite began to grow in the 
then dry cave. A minor fluctuation in the sea level fall 
could have emplaced the marine serpulid layer in the 
stalagmite. In this case the serpulid layer is closer to 
49,000 years old rather than 37,000 years old, and the 
bulk of the growth hiatus can perhaps be accounted 
for by changes in rainfall accompanying the climatic 
events surrounding the high sea level. 

4. Some combination of the above three options could 
have yielded a multiple genesis of the cave. 

Examination of the known sea level data (Boardman, 
1984) implies that option one, involving the dune producing 
event at 85,000 years ago, is the most likely scenario. In that 
case the cave was produced syngenetically as Jennings (1968) 
proposed for similar rocks in Australia. Assuming that the 
dating techniques used are at least moderately accurate, the 
San Salvador data suggest that the work of A. N. Palmer 
(1984), White (1985), and others, is essentially correct. Late 
Pleistocene eolian calcarenites are not exact analogues of 
Paleozoic or Mesozoic carbonates, but the data from the sea 
level curves would indicate that Lighthouse Cave, with its 
tubes, chambers, absence of breakdown, and sculptured 
walls, formed in only a few thousand years. 

Further evidence of the speed with which karst processes 
can work is provided by the current relationship between 
Lighthouse Cave and the surficial environment. The cave 
has no apparent relationship with current topography, as it 
is located in a lobe of Dixon Hill, with entry gained by more 
recent vadose shafts. There is no apparent significant catch
ment for the cave, either laterally or vertically. Similar 
phenomena can be seen elsewhere on the island (e.g., Sandy 
Point Pits described in Mylroie, 1983), where surficial 
denudation has breached phreatic tubes and left large 
vadose shafts with no source of recharge at the crest of hills. 
This evidence argues for a rapid denudation, and therefore 
evolution, of the surficial landscape as well. 

Cave development on San Salvador provides another 
useful piece of information bearing on the relationship of 
the "water table" to developing conduits. Because of the 
relationship of the water table or Ghyben-Herzberg lens, to 
sea level, caves such as Lighthouse Cave developed in the 
vicinity of sea level. As sea level is not known to have been 
more than a few meters above its present elevation during 
the last 85,000 years, the water table also must have been 
reasonably close to present ocean elevation (within + 7 m) as 
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the cave formed. Therefore, features seen in Lighthouse 
Cave such as sponge work, solution pillars, spans, pendants, 
and undulating tubes can develop under what are clearly 
shallow fresh or brackish water conditions, and a deep 
phreatic environment is not a prerequisite. 

CONCLUSIONS 

The data available strongly suggest that macroscopic solu
tion conduits (r ""' 1 m) can develop in limestones in the time 
span of about 10,000 years. The theoretical equations, the 
laboratory experiments, and the field evidence are consis
tent. The field evidence is particularly critical, as it is the 
real-world representation rather than a theoretical model. 
The data from glaciated areas although compelling, was not 
conclusive. The Bahamian data is conclusive with regard to 
the time needed for conduit development and has implica
tions about conduit relationship to the water table and 
overall karst denudation rates. 
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A THEORY FOR THE ORIGIN OF 
CARLSBAD CAVERNS 

STEPHEN J. EGEMEIER* 

(Deceased) 
34 Pine St., Tillson, NY 12486 

INTRODUCTION 

The origin of Carlsbad Caverns has long been an enigma. 
The caverns do not easily fit the general model for cavern 
development in humid karst areas. The 1973 National Park 
Service flyer for Carlsbad Caverns' visitors states this model 
quite succinctly. "Rainwater, converted to a weak carbonic 
acid by adsorption of carbon dioxide in the soil and decay
ing matter above, seeped into the cracks and worked its way 
down to the permanently saturated zone-water table. It 
then slowly dissolved the rock to create the immense 
galleries. '' 

Caves formed by carbonic acid are underground river 
systems in karst areas. Carlsbad does not resemble a river 
system, nor is the region karst. Also, the cave has substan
tial gypsum beds that are difficult to fit into a carbonate 
solution model. 

A different model is required. As the processes that 
formed Carlsbad are no longer operating, that model cannot 
be developed readily without looking at similar caves in 
another area that are still actively growing. Thus, it is 
necessary to discuss the development of some caves in the 
Big Horn Basin in Wyoming, as it appears these caves are a 
key to understanding Carlsbad. Only then can a general 
model for the origin of Carlsbad Caverns be developed that 
explains the origins and major features of the caverns. 

THE MooEL 

Figure 1 is a diagrammatic cross section of an actively 
growing Wyoming cave. The cave is Lower Kane Cave in 
Little Sheep Mountain in the Big Horn Basin. The diagram 
is explained by number below: 

1. Water enters the cave from below through a narrow 
slot (under a meter wide) dissolved in the cave floor. Be
cause the water is rising from considerable depths, in the 
Wyoming case the water is slightly thermal. 

•Stephen J. Egemcier wrote the following paper shortly before his death in 1985 after a long illness. 
He submitted it for use in a proposed geologic guidebook on the Guadalupe Mountains, but its sub· 
ject is appropriate for inclusion in this speleogenesis issue of the Bulletin. Dr. Egemeier was a pioneer 
in the subject of hydrogen sulfide speleogenesis, and despite the fact that his paper is somewhat 
dated, covering topics that have been carried further by other researchers, it is presented here virtual
ly unchanged in view of its historical value. 

Arthur N. Palmer 
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Drafted by K. Gronwald 

The entering spring water contains hydrogen sulfide. The 
hydrogen sulfide is formed apparently by bacteria using 
petroleum to reduce sulfate. The spring is found at the up
stream termination of the cave, or at a considerable enlarge
ment in the passage. Obviously, the spring is important in 
the cave-forming process. 

2. Most of the hydrogen sulfide quickly escapes into the 
cave air (over 90 percent escapes after stream flow distances 
of less than 70 m). At the same time, oxygen enters the 
water. 

3. Dissolved oxygen in the water oxidizes some hydrogen 
sulfide to sulfuric acid causing the stream to dissolve its bed. 
The amount of acid produced is small (stream pHs are near
ly neutral [6.8 - 7.25] ). 

As the rate of reaeration or oxygen absorption by a 
stream depends on turbulence (and hence slope), more 
hydrogen sulfide will be oxidized in steeper stream reaches, 
causing these reaches to flatten, reducing reaeration. As a 
result, the cave streams can develop fairly low equillibrium 
gradients (a percent or so being typical). Also as a result, the 
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caves end up developed in levels that correspond to river ter
races. 

4. Small amounts of precipitate and fine muds can be 
deposited in and around the springs. The muds may contain 
heavy metals in minute amounts, apparently carried into the 
cave dissolved in petroleum (metals detected include: Ag, 
Co, Cr, Ar, Mn, Mo, Ni, Pb, Ti, Va, Zn, Zr). In the caves 
studied, the major metal deposited was iron sulfide. There 
are, however, many caves with economic mineral deposits 
that may have formed in a similar manner. The iron-rich 
clays in these caves oxidize red to hematite if exposed to air. 
Most clays are about a meter thick, but given enough time, 
deposits could be much thicker. 

5. Some of the hydrogen sulfide that escaped from the 
spring in step 2 dissolves in the water on the wet walls of the 
cave. (In the Wyoming caves, air hydrogen sulfide content 
declines with distance from the springs.) On the walls, the 
hydrogen sulfide is oxidized by dissolved oxygen to sulfuric 
acid and sulfur. The sulfuric acid reacts with the limestone, 
producing gypsum. A coating of gypsum forms on the lime
stone, replacing it. 

6. This coating thickens gradually, and was up to 50 cm 
thick in places in the Wyoming caves. If partial oxidation of 
hydrogen sulfide occurs, sulfur crystals may grow on the 
gypsum crust. This is only common near the active springs. 
(In fact, the only other places sulfur was found was on dry 
limestone at the entrance to one small cave.) 

7. A block of gypsum is shown falling to the floor. Gyp
sum is less dense than limestone. As the crust forms, it ex
pands. Thus, it tends to wedge off the bedrock, making the 
crust fall. After a fall, limestone may again be exposed to at
tack by sulfuric acid. Thus, the cave ceiling enlarges up
ward. 

8. The fallen gypsum forms mounds on the cave floor, or 
piles up on the clays formed by the springs. Near the en
trance, the gypsum may fall on alluvium deposited in the 
cave by backflooding of the outside river. The mounds may 
be from a meter to many meters thick. Some sulfur could be 
buried in a mound, but generally is not. Limestone usually is 
fully replaced and not found in the mounds. 

9. The stream from the spring dissolves the gypsum and 
removes it from the cave. The process is quite rapid; blocks 
of gypsum placed in a stream dissolved in a week. Blocks of 
gypsum out of reach of the stream for one reason or another 
may be preserved. Those on silt or clay deposits would be 
most likely to be out of reach of the stream. 

In short, the cave-forming process operates as follows: 
hydrogen sulfide entering a cave at springs is oxidized on the 
walls of the cave, where the limestone is replaced by gyp
sum. The gypsum forms a crust that thickens as more lime
stone is replaced, until it is so thick that it falls onto the cave 
floor due to its weight. There it is dissolved and removed by 
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the cave stream. Thus, the process is called replacement
solution. 

The basic chemical reactions are as follows: 

1. 2H,S + O, ;::: 2S + 2H,O 
(Oxidation of hydrogen sulfide to sulfur.) 

2. 2H,O + 2S + 30, ~ 2HSO:; + 2H + 
(Oxidation of sulfur to ionized sulfuric acid.) 

3. H+ + HSO:; + CaCO, + H,S =; Caso •• 2H,O 
(Replacement of limestone by gypsum.) 

All reactions have negative free energy change as written, 
indicating they should proceed given enough time. Also, the 
reactions are known to proceed in laboratory experiments to 
the right in aqueous solution at conditions similar to those in 
caves. Detailed chemical studies verifying these processes 
are in Egemeier (1981) and not repeated here. 

Drafted by K. Gronwold 

After the springs dry up, much of what is seen in Figure 1 
is lost. Figure 2 shows a typical dead cave. The diagram is 
explained by number below. 

1. Some remnant gypsum crust remains where not re
moved by ceiling collapses or dissolved by seeping water. 
This crust is generally only a few millimeters thick. Because 
gypsum has a lower density than calcite (limestone), the 
crust expands when formed and is barely attached to the 
cave wall and it falls off easily. Remnants of the crust are 
often best preserved in breakdown at the edges of the main 
passage. 

2. The spring slot is less than a meter wide and a few 
meters long, and is buried and hidden. A spring slot has yet 
to be found by this author in a dead cave. 



3. The spring precipitates also cover a small area, but may 
be exposed as red clay beds in some cases. They also may be 
buried by gypsum or breakdown. Precipitates may be a 
meter or more in thickness. 

4. Breakdown (fallen ceiling bedrock) covers the floor and 
may cover gypsum mounds, the spring, and the precipitate. 
Careful searching may be required to find evidence of a 
cave's origin, especially if collapse has been extensive. 

5. Gypsum mounds, some buried and some exposed, may 
recrystallize depending on the moisture conditions in the 
cave. They may be like powder in dry caves, or solid blocks 
in caves with some moisture. In rare cases, sulfur may be 
preserved in the gypsum. The gypsum may be on the cave 
alluvium formed by backflooding near the cave mouth. The 
mounds can be quite large, covering extensive areas with 
gypsum several meters thick. 

6. A calcite stalactite has formed and is dripping on a gyp
sum mound. The dripping water has drilled a hole in the 
mound known as a drip tube. (Other calcite speleothems 
could also form but are not shown, as they are not signifi
cant to this discussion.) 

7. A drip tube dissolved in the gypsum block is shown, 
formed by dripping water from above. The presence of a 
drip tube shows that the ground water is undersaturated 
with respect to gypsum. 

The passage is shown as a dome with a flat floor perhaps 
IO to 30 m wide. This would be typical in flat-lying bedded 
limestone. If extensive, ceiling collapse could radically 
modify the appearance of the cave. (In dipping limestone, 
the original passages are enlarged down dip so the initial and 
final shapes would differ.) 

The active caves discharge into rivers at river level, hence 
backflooding can occur in the lower ends of the caves, leav
ing an alluvial flood plain silt deposit in the cave. In these 
areas, gypsum generally would be washed away by the flood 
waters. 

EVIDENCE OF REPLACEMENT-SOLUTION IN CARLSBAD CAVERNS 

The Big Room in Carlsbad Caverns has essentially all the 
features of a dead cave as shown in Figure 2. The room is 
fairly flat-floored, with an arched ceiling. On that flat floor 
red clays and gypsum are found. 

The so-called "gypsum beds" are an impressive feature of 
the Big Room (in fact, they are not bedded). Over 7 m thick 
in places, they cover sizable areas of the floor. The "beds" 
often overlie red silts and clay beds that may be spring 
deposits. Hill (1981) reports sulfur admixed in gypsum at the 
Jumping Off Place in the Big Room. Here the cave ceiling is 
extraordinarily high and the upper and lower caves connect, 
a very likely place for a spring, as the caves are usually 
largest near the springs. Also, sulfur is usually only 
deposited near the springs. Gypsum wall crusts are rare, but 
some are preserved near the Pump Room and the Men's and 
Ladies' lavatories. 

EGE MEIER 

The main alternative expianatlon for the gypsum is that it 
is a precipitate. There are a number of problems with this 
idea. First, calcite would precipitate from a cave water. 
However, calcite layers are not present in the gypsum. The 
gypsum should be bedded; it is not. What rare layering there 
is at all dips and is not horizontal, which would be expected. 
One would expect rockfalls into the water and hence lime
stone blocks in the gypsum. In fact, limestone blocks are ex
tremely rare in the gypsum. Sulfur in the gypsum is very dif
ficult to explain. The gypsum may contain fossils, which are 
evidence of their replacement origin. There are possible 
relict ooliths and algal structures. Recrystallization has 
destroyed the detail so positive identification is impossible. 
Such relics would indicate replacement and not precipitation 
of the gypsum in the cave. The gypsum is at many elevations 
in the cave, rather than confined to a water level, as one 
might expect. All this evidence points to an origin other than 
precipitation. Using the precipitation theory, it is difficult to 
explain why the precipitation would have occurred. 
Evaporation is usually given as the reason. Hem (1970) says 
Jumping Springs (a gypsum-saturated spring in the Castile 
Gypsum near Carlsbad) has a total dissolved solids content 
of 2410 ppm. The evaporation of this Jumping Springs 
water would yield only 0.24 percent precipitate. After cor
recting for the density of the gypsum, evaporating 1 m of 
water will yield only 1 mm of precipitate. One meter of 
evaporation annually is reasonable in the desert outside the 
cave, but inside the cave that much evaporation could take 
many, many years, there being no sunlight to power the 
process underground. If cave evaporation was one percent 
of that outside, that would be optimistic. Thus, 1 m of gyp
sum could take 100,000 years to precipitate. It seems very 
unlikely the cave water levels would stay stable that long. 
One might also wonder why the gypsum crystals are sand 
size if they had so much time to grow larger. Evaporation 
does not seem to be a likely source for the gypsum found in 
Carlsbad. 

Carlsbad Caverns is developed on several levels. The main 
ones are: the Bat Cave at 80 m, the Big Room at 230 m, and 
the Lower Cave at 260 m (m = meters below entrance). In
terestingly, speleologists often state that levels are caused by 
water tables that control streams. The geomorphology lit
erature states the reverse: that streams develop profiles of 
equillibrium and they control the water table. Because of the 
slope-sensitive nature of the reaeration, streams in replace
ment-solution caves form very gentle profiles, as are seen in 
Carlsbad. One lower level is reported to have silt banks 
along its sides which could be backflooded river silt from 
outside the cave. The cave, it seems, was graded to its 
various outlets, and therefore the passages are in levels. 

The general pattern of passages in Carlsbad suggests it is 
not a usual carbonate solution cave. The passages do not 
look like a river system. They interconnect in mazes and 
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have blind terminations. They have no stream flow features 
(vadose features) such as scallops or potholes. This is also 
true of replacement-solution caves. 

In fact, there are other caves similar to Carlsbad in the 
region. Among them, Cottonwood Cave is reported to have 
sulfur (Davis, 1973). In addition, this cave has many other 
features including gypsum deposits that suggest it too is 
replacement-solution in origin. (As this author has visited 
Cottonwood, but not the other caves in the area, I am 
unable to comment on the origin of the other caves.) 

CONCLUSIONS 

It is proposed that Carlsbad Caverns was formed by 
ascending hydrogen sulfide waters that outgassed hydrogen 
sulfide into the cave air. The hydrogen sulfide redissolved 
on the cave walls and ceiling and was oxidized. The 
limestone was replaced as gypsum. When the gypsum crust 
formed, it became heavy and fell to the floor, where most 
was dissolved and removed by the same waters that brought 
in the hydrogen sulfide. Some sulfur formed by partial oxi
dation of hydrogen sulfide was trapped in the gypsum. The 
springs also deposited silts which lie on the cave floor. The 
valley outside the cave was cut lower and the process re
peated at a new, lower elevation in the limestone, thus form
ing levels in the cave. 
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