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ABSTRACT:

DREYBRODT, W. & GaBROVSEK, E. 2002. Climate and early karstification: What can be learned by models?
Acta Geologica Polonica, 52 (1), 1-11. Warszawa.

First an overview is given on the present state of modelling of karst aquifers and karst conduits. Emphasis is placed to
early karstification in rock massives with low fissure density as suggested for states 1 and 2 in Ford’s four-state-model. In
this case early karstification proceeds under the condition of a constant hydraulic head. The evolution of a single isolat-
ed karst conduit, as well as evolution of karst conduits in two-dimensional networks of fractures are discussed. From these
models the parameters determining early karstification can be identified. These are the initial aperture widths of the frac-
tures, their lengths, the hydraulic head, and the viscosity of water, as well as the parameters of the non-linear dissolution
kinetics of limestone, and the equilibrium concentration of calcium with respect to calcite. Early karstification under con-
stant head conditions is characterized by a feedback-mechanism which couples flow rates through the conduits to the dis-
solutional widening of the fracture. After an initially slow increase in flow and in aperture width of the fracture a dra-
matical increase of flow rates and fracture widening occurs at breakthrough. The breakthrough time, when this event
happens can be quantified from the parameters defined above. This time can be considered as a measure of intensity of
karstification. Large scale climatic parameters, especially temperature exert influence to breakthrough time. Under oth-
erwise identical geological conditions breakthrough times in tropic and moderate climates are about 5 times shorter than
in arctic/alpine climate. Micro-climatic conditions, however, are of similar importance. If the vegetation on a karst
plateau exhibits regions with different CO, partial pressure in the soil, waters from these differing regions may mix at
fracture-confluences in the karst massive. Mixing corrosion causes renewed solutional power at these confluences.
Therefore breakthrough times can be reduced significantly. We present details of this mechanism and its influence to
breakthrough times. Already moderate differences in in differently vegetated areas are sufficient to reduce breakthrough
times by a factor of four. Although macro- and micro-climatic variables exert a significant influence to karstification it is
not possible to draw conclusions on climatic conditions from the structure of a karst aquifer in retrospective.
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INTRODUCTION descriptive point of view. In 1932 SWINNERTON intro-
duced a water table model of speleogenesis, with a sta-

To understand the genesis of caves and karst tionary water table. Cave evolution in this model propa-
aquifers has been an object of research from the begin- gates along the pathway with the least hydraulic resis-
ning of the last century. Many apparently conflicting tance from the input to the output, creating a cave

theories have been discussed, which were based on a evolving towards the spring. A different view was taken
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in by RHOADES & SINANCOURI (1941). They no longer
regarded the watertable as fixed, but they recognized
that the water table could decline steadily due to
enlargement of fissures close to it by the dissolving
action of the water. In their model the watertable is pro-
gressively lowered to base level and a cave propagates
headwards. For an overview of the early speleogenetic
models see FORD (1999). FOrD (1971), FORD & EWERS
(1978) and ForD & WILLIAMS (1989) in iterative steps
suggested a four-state model. In this model the perme-
ability of the karstifying rock determines the routes of
the entering water. If only few but deep reaching frac-
tures are present the water table will be high and caves
evolve under constant head conditions as suggested by
SWINNERTON. As a result deep bathyphreatic caves orig-
inate. On the other extreme, a highly fissured rock mas-
sive with low permeability will exhibit a low, ideal water
table close to base level and a water table cave origi-
nates. Thus the four-state model comprises different
boundary conditions of karst aquifers evolution and
implicitly reconciles the former conflicting views.

With increasing knowledge on the equilibrium
chemistry of the system H,0-CO,-CaCO; and its disso-
lution kinetics [for an overview see DREYBRODT (1988)
or DREYBRODT (2000), and DREYBRODT & EISENLOHR
(2000)] first computer models of cave origin were pro-
vided by DREYBRODT (1988, 1990, 1996) and PALMER
(1991). These first models described the evolution of
karst conduits along one-dimensional channels,
through which calcite aggressive water is driven by a
constant head acting between input and output.

An essential ingredient to these models is the reali-
sation that the dissolution kinetics of limestone in a
H,0-CO, solution switches to a nonlinear rate law at
concentrations of Ca above 70-90% of its equilibrium
concentration with respect to calcite. This provides a
feed back mechanism by which increasing flow rates
cause increasing dissolution along the conduit and par-
ticularly at its exit and vice-versa (DREYBRODT 1996,
DREYBRODT & GABROVSEK 2000a, GABROVSEK 2000).
As a consequence flow rates through the initial conduit
and its enlargement first proceed slowly, but then are
accelerated until a breakthrough event occurs with a
dramatic increase of widening and flow. From then on
the constant head conditions break down and further
evolution of the conduit is determined by the amount of
water available at the input, or in other words constant
recharge conditions. It should be noted at that point that
the basic ingredient, that is the nonlinearity of the dis-
solution rates as a function of undersaturation, was first
recognized qualitatively by WHITE (1977) and PALMER
(1984). They realized that a sufficient amount of conduit
widening at the exit of the initially narrow fracture with

an aperture width of about 0.1 mm can only be provid-
ed by non-linear kinetics of limestone dissolution. As a
major advance these first digital models provided first
realistic numbers of scales in time and length of cave
evolution, relying only on experimental data of lime-
stone dissolution and on well defined physical parame-
ters, such as the initial aperture width of the fracture,
the hydraulic head acting, and the length of the fracture.

The evolution of one-dimensional conduits is a
basic element of karst modelling. All later two-dimen-
sional models contain one-dimensional fractures with
known head differences, and Ca-concentrations of the
water entering them. The second ingredient to such
models is to calculate the flow rates in each of its frac-
tures under laminar or turbulent flow conditions. Two-
dimensional models of aquifer evolution under con-
stant head conditions have been reported by GROVES &
HOWARD (1994) and HOWARD & GROVES (1995). These
models have been refined on larger 2-D percolation
networks by SIEMERS & DREYBRODT (1998),
GABROVSEK & DREYBRODT (2000a), GABROVSEK
(2000), and KAUFMANN & BRAUN (1999).

Text-fig. 1 presents an overview of the different
modelling approaches. (1) shows a single isolated con-
duit evolving under constant head conditions with
water input from a river at the plateau at head h, and
the spring at head h_, in the valley. (2) depicts a two-

Fig. 1. The elements of a karst aquifer discussed in this work. 1 - A single
fracture under constant head conditions. 2 — 2D fracture network under
constant head conditions. 3 — Vertical section of an unconfined aquifer
with a constant recharge and constant head conditions applied to it. As
shown, a dense network of fine fractures and a coarse network of promi-
nent fractures are superimposed to simulate the multiple porosity charac-
ter of karst aquifers. The thick dashed line WT represents the position
of the water-table. The hydraulic heads at the inputs and outputs are
denoted ash, , h, * and h_
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dimensional network of fractures (light lines) in a
plane. From the many competing pathways only a few
are selected. The fat line shows one of them. Under
constant head conditions the water table WT remains
fixed until breakthrough. The light lines in the figure
are prominent fractures with aperture widths of several
tenths of a millimetre. They are widely spaced and
embedded into a dense net of fine fractures (3) with
aperture widths below 0.1 mm. More realistic models
have to take into account that water can be exchanged
between the net of prominent fractures and the dense
network of fine fractures. Such models have been
recently published by CLEMENS & al. (1997),
KAUFMANN & BRAUN (2000), and GABROVSEK &
DRrEYBRODT (2001). In the models of CLEMENS & al.
and KAUFMANN & BRAUN the hydraulic conductivity of
the dense network is taken in the order of 10 ms™, and
constant recharge conditions of about 450 mm/year are
assumed. Dissolution is taken to be active in the promi-
nent fractures solely. When these become enlarged
they drain the dense fracture part of the aquifer, thus
providing a feedback, concentrating flow to the evolv-
ing conduits. Therefore these models simulate karstifi-
cation of initially highly permeable rock close to state 4
of Ford’s model.

In this work we restrict to the evolution of caves in
state 1 or 2 of Ford’s four-state model, where flow is
mainly along prominent fractures and constant head
conditions prevail. In other words we neglect the dense
fracture net and regard the early state of karstification
until breakthrough. Under these assumptions the para-
meters determining karstification are limited and it is
possible to discuss the influence of climatic parameters
on the early stage of karst genesis. It should be stressed
again that the conclusions drawn are restricted to the
evolution of state 1 and 2 aquifers where constant head
conditions are present. After presenting the results for
one-dimensional conduits and two-dimensional nets,
we will discuss the influence of climate to karstification
in such geological settings.

EVOLUTION OF ONE-DIMENSIONAL CONDUITS

Text-fig. 2 depicts an alternative representation of
case (1) in Text-fig. 1. It schematically illustrates an
uplifted limestone block, which is dissected by various
primary fractures such as joints and bedding planes at
the onset of karstification. Some of these comprise per-
colating pathways from the upper surface to a valley.
Through these, the surface water present at some input
points at the top is driven down to the valley. The solu-
tional attack of this CO,-containing water widens these

Water input .~~~
TP

Water table

Fig. 2. Schematic drawing of a karst aquifer in its initial state. The full
lines represent a net of percolating pathways consisting of narrow initial

fractures which transmit water from the input to the outputs

fractures by chemical dissolution of the bedrock and
underground drainage networks may result
(DReEYBRODT 1988, FORD & WILLIAMS 1989, WHITE
1988). To understand the evolution of karstification on
its scales in space and time one has to specify by which
parameters these processes are determined. To this end
first models have been put forward during the last
decade (DREYBRODT 1988, 1990, 1996; DREYBRODT &
GABROVSEK 2000; GABROVSEK 2000; PALMER 1991,
2000), which investigate the evolution of the aperture
widths of a one-dimensional fracture with initial even
spacing. They all replace the complicated natural frac-
tures by a plane parallel fracture of length L, initial
aperture width a; of a few tenths of a millimeter, and
width b in the order of meters. The hydraulic head A
acting at the entrance drives CO,-containing, calcite
aggressive water through this fracture, thus widening its
aperture by dissolution. The rates at which this happens
are governed by the dissolution kinetics of limestone,
which are given by

F(c)=k(1-¢c/c,) for c<c, (1a)
and
F(c):kn(1—c/ceq)" for ¢=c, (1b)

k, and K, are rate constants in mole/cm?s, Cis the con-
centration of ions and Coq their equilibrium concen-
tration with respect to calcite in mole/cm?. At the con-
centration C,, the rates switch from a linear rate law to
higher order kinetics with exponent n. Depending on
the lithology of the specific limestone n varies between
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3 and 11 (SVENSSON & DREYBRODT 1992). The switch
concentration Cg is about 0.7¢,, to 0.9C, . This rate law
has first been suggested by PALMER (1984), and later
experimentally proven to be valid for dissolution of
limestone under the conditions of a closed system with
respect to CO,, as it occurs in a completely water filled
fracture (SVENSSON & DREYBRODT 1992; EISENLOHR &
al. 1999). It must be stressed at this point that this non-
linear rate law is essential to the evolution of karst.
Under the action of solely a linear rate law, karstifica-
tion cannot proceed in geological time scales
(DREYBRODT & GABROVSEK 2000).

Text-fig. 3 shows the evolution of a one-dimensional
karst conduit with an initial aperture width of a,= 0.02
cm, by=100cm, L = 10° cm, and a hydraulic gradient i
= h/L= 0.05. The equilibrium concentrationis ¢, =2 -
10-° mole/cm? as it commonly occurs in karst waters. The
inflowing solution has a concentration ¢ = 0. The rate
constants k;, = 4 - 10! mole/cm?, and k = 4 - 103
mole/cm?s are typical values obtained from laboratory
experiments under the conditions of a closed system at
10°C (DREYBRODT & EISENLOHR, 2000, EISENLOHR & al.
1999). We refer to this as the standard later on.

Text-fig. 3a in a logarithmic plot depicts the flow
rates through the fracture as a function of time. Initially
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there is a slow increase which is enhanced in time until
the flow rates are drastically accelerated to such an
amount that they exceed the water available at the sur-
face (cf. Text-fig. 2). At this breakthrough time T} the
hydraulic head breaks down and the initial phase of
laminar flow through the fracture is terminated.
Text-fig. 3b represents the evolution of the aperture
widths along the fracture for various times. During the
first 90% of Ty, widening of the fracture is restricted to
its entrance, and only a slow increase of its aperture
width is observed at the exit, until close to break-
through a dramatically widening occurs. This behavior
is mirrored by Text-fig. 3c, which shows the concentra-
tion of Ca* along the fracture (note the logarithmic
scale). During most of the time it rises quickly at the
entrance until ¢ is achieved after a short distance com-
pared to the length. From thereon higher order disso-
lution kinetics, active along almost the entire length of
the fracture, determines the evolution of its aperture
width. Then, at breakthrough, the concentration drops
to a value close to zero. Further dissolution is then gov-
erned by the first order kinetics and widening is uni-
form along the entire fracture. Text-fig. 3d depicts the
dissolution rates along the fracture. In the region of lin-
ear kinetics (cf. eqn. 1a) close to the entrance the rates

10° . . . :
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x[10* cm]
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Fig. 3. Evolution of a single fracture in time and space: numerical results. a — Evolution of the flow rate in time. Open circles denote the times when pro-

files in figures b, ¢ and d were recorded. b — Evolution of aperture widths. Note the logarithmic scale for a. ¢ — Evolution of concentration. d — Evolution

of dissolution rates. Note the logarithmic scale for x in figures b and c. Profiles are recorded each time the flow rate doubles
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drop exponentially, as long as first order kinetics is
active. Beyond the point cq where the rates are nonlin-
ear (cf. eqn. 1b), they drop much slower with a hyper-
bolic law, such that a small but still significant dissolu-
tional widening exists at the exit. The rates at the exit
increase with time due to increasing flow, and the
region of first order dissolution slowly penetrates into
the fracture with accelerated speed, until breakthrough
occurs. Details of this dynamic behavior are given in the
literature (DREYBRODT 1996, 1998; DREYBRODT &
GABROVSEK 2000a).

It should be noted at this point that this behavior is
not affected as long as the inflowing solution has a
finite concentration c,=<c, since during 90% of the
time needed for breakthrough the higher order kinetics
is active along almost entire length of the fracture
(DREYBRODT & GABROVSEK 20002, DREYBRODT 1996).
The time to achieve breakthrough is governed by a pos-
itive feedback mechanism. Widening at the exit
increases flow rates due to the Hagen-Poisseuille law of
laminar flow with approximately a’(L,t), where a(L,t) is
the aperture width at the exit. This increased rate
enhances the dissolution rate at the exit thus causing
further acceleration of flow rates until breakthrough
occurs. A thorough mathematical analysis gives an
upper limit approximation for the breakthrough time as

(-1,
~(2n +1) 2yCF(L,0)

\ )

y = 1.1710° cm’s year mol! converts the dissolution
rate F(L,0) at the exit of the fracture at t = 0 from
mol/cm?s to removal of bedrock in cm/year. Ty, is given
in years. Thus breakthrough occurs, when the aperture
width at the exit has increased to several times of its ini-
tial value (DREYBRODT 1996, DREYBRODT &
GABROVSEK 2000a).

The initial dissolution rates F(x,0) along the uni-
form initial fracture have been given by DREYBRODT
(1996), and also GABROVSEK (2000). Here for under-
standing of the importance of nonlinear kinetics we
shortly discuss the results. Due to dissolution of lime-
stone along the fracture a concentration profile c(x)
develops (see Figure 3c, curve 1), where x is the coordi-
nate along the fracture. From this profile the dissolu-
tion rates result as

F(x,0)=F(0) exp(-x/A) for x<x,

(n=1) (x-x,) =

F(x,0)=F(c,) [1+ ® 1" forx>x. (3)
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Fig. 4. Dissolution rates along the uniform “standard” fracture for various

order n of the rate equation as denoted in the figure

X, is the distance from the entrance where the rate law
switches to nonlinear kinetics. The profile F(x,0) of dis-
solution rates along our uniform initial standard frac-
ture is depicted by Text-fig. 4. Note the logarithmic
scales. If the dissolution rates were entirely linear up to
equilibrium the full line (n=1) would result. The rates
drop steeply by ten orders of magnitude after a short
distance of only 4 m and widening of the fracture is
restricted to its entrance. Only surface denudation
would result. If the rates, however, switch to a nonlin-
ear rate law the decrease in rates switches at x_ from an
exponential to a much smoother hyperbolic decline,
depicted by the dotted lines for various values of n.
Then the rates at the exit are still sufficiently high to
obtain breakthrough. This stresses the importance of
nonlinear rate laws to large scale karstification.
Introducing F(L,0) into eqn. 2 one obtains the break-
through time T as

2n+1 n
1 n-1 01 [FTR4nL m-DFET, L
T, =~ n _(n ) &) @
2y 2n+1 o pgic,,

n is the viscosity of the water, p its density, and g earth’s
gravitational acceleration. Using units in [g], [cm], [s],
[mole/cm?] one obtains T, in years.

This equation specifies breakthrough time as a
function of the parameters determining the evolution
of karst. Breakthrough time can be regarded as a mea-
sure of the degree of karstification in the sense that
more highly karstified regions are expected, if break-
through occurs in shorter times. The consequences of
eqn. 4 to the understanding of karstification have been
discussed in detail elsewhere (DREYBRODT 1996,
DREYBRODT & GABROVSEK 2000, DREYBRODT &
SIEMERS 2000). It should be noted here that complete-
ly smooth even spaced fractures are an idealization and
do not occur in nature. It has been shown, however,
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that even considerable natural roughness of the frac-
tures has no significant influence to the general pattern
of early karst evolution, and only little influence to the
value of the breakthrough time. (DREYBRODT &
GABROVSEK, 2000b)

BREAKTHROUGH ON TWO-DIMENSIONAL
NETWORKS

Real karst systems are three-dimensional or at least
two-dimensional as envisaged by case 2 in Text-fig. 1. To
model a two-dimensional net of fractures, we use an
empty square lattice and introduce fractures with aper-
ture widths a;, by a statistical method (SIEMERS &

DREYBRODT, 1998). The resulting network is shown by
Text-fig. 5. The net consists of fractures 1 m wide with
initial aperture widths of 0.03 cm. The length of each
single fracture is 10 m and the total length of the karst
aquifer amounts to 3 km. The left hand side contains a
variety of input points at a hydraulic head of 150 m, the
right hand side exhibits several outputs at a head of
zero. The upper and the lower boundaries are imper-
meable. All other constants are those of the one-
dimensional standard fracture discussed in the pro-
ceeding chapter.

To model the evolution of karst conduits in such a
net one has to couple flow equations and the dissolu-
tion programme along the one-dimensional elements
of the net (SIEMERS & DREYBRODT 1998).
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Fig. 5. Evolution of a karst aquifer with p=0.7 at 9660 years (a), 13657 years (b), 17362 years (c) and 17762 years (d). The upper and lower boundaries are

impervious. The left side boundary is at constant head #=150 m, whereas the head at the right side boundary is #=0 m. The thickness of the lines represents

the average aperture widths of the fractures, with the code: -< 0.1 cm; =< 1 cm; < 10 cm; > 10 cm. Parameters a,=0.03 cm, b,=100 cm, #=15000 cm,
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Fig. 6. Evolution of penetration length , flowrate and concentration. At
the exit of the winning patway. O and a,, are the values reached at the
breakthrough. Q=518 cm’!, a, =4.86 cm. At breakthrough the

concentration switches to values close to zero

Text-fig. 5 gives an example of the breakthrough
behaviour typical for all simulations. The network simu-
lates the initial hydrogeological setting. Figure 5a shows
the average widths of the fractures after 9960 years.
These average widths are those which a uniform conduit
with even spacing @ would exhibit, if it had the same resis-
tance as the real conduit with a profile a(x). Figure 5b-5¢
illustrate the further evolution as the conduits penetrate
into the system. Finally after 17762 years the first channel
has reached an exit point. The distance of penetration
L (1) can now be defined by the largest distance from the
input, where channels have been widened to 0.lcm.
Breakthrough at time 7}, is achieved when L (T}) = L.

Text-fig. 6 shows as a function of time: Lp /L, the
width a(t)/a(T), the water flow Q(t)/Q(T}), and the con-
centration c(t)/ceq of the solution at the breakthrough
exit point. All these quantities show a typical break-
through behaviour. We define the breakthrough time by
the time at which the concentration of the water leaving
the major exit point drops below 10'3ceq. In all cases flow
was laminar, as checked by calculating the Reynolds
number to be below 1000.

NUMERICAL SENSITIVITY ANALYSIS OF
BREAKTHROUGH TIME ON
TWO-DIMENSIONAL NETS

Using such a network but changing only one of its
parameters at a time we have calculated the dependence
of the breakthrough time as a function of these parame-
ters. The result is summarised by the following expression

T, Gl [@h—ﬁw” 1 nEo 5
= " n-1
B (aO) Cﬁq n (p,S) ( )

The constant ¢(p,s) is dependent only on the prop-
erties of the initial fracture system. It depends on the
occupation probability p of the square lattice by frac-
tures and the geological setting s. This equation resem-
bles closely that of the one-dimensional case (eqn. 4)
provided the length / of the conduit is replaced by the
spatial dimension L of the fracture system.
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Fig. 7. Double logarithmic plot of breakthrough time as a function of a,
(L?/h), Coy and k, for n=4, p=0.7, as obtained from computer runs on the

grid of Text-fig. 5
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Text-fig. 7 represents a verification of eqn 5. Here
we have plotted the breakthrough times calculated for
various a,, L%h, Coy and k, in a double logarithmic plot
as functions of the corresponding variables, whereby we
have used results from the fracture system shown in
Text-fig. 5. The straight lines plotted through the calcu-
lated point show the validity of the power law, and the
exponent can be calculated from its slope. The expo-
nents obtained are within % those predicted from eqn.
5. We have also calculated the breakthrough times in
their dependence on the various parameters as defined
above for a variety of different values of n betweenn =
3 up ton =11 and have found eqn. 5 to be valid in this
range. Furthermore we have performed such calcula-
tions on a variety of different initial fracture systems
with identical boundary conditions and different occu-
pation probabilities. These also have verified the pre-
dictions of eqn. 5 (SIEMERS & DREYBRODT 1998).

THE INFLUENCE OF CLIMATE ON BREAK-
THROUGH TIMES

As noted already breakthrough times can be regard-
ed as a measure for the intensity of karstification. In any
case breakthrough is the indispensable condition for the
further evolution to mature karst under conditions of
constant recharge. The shorter breakthrough times are
the more occasions for further karstification exist.

The two main climatic variables determining break-
through are temperature and annual precipitation.
Precipitation must be sufficient to provide constant head
conditions, e.g. lakes or rivers on karst plateaus, to feed
water to the inputs. Breakthrough times are dependent
on temperature because the viscosity of water depends
on temperature, and c, q is also related to the mean annu-
al temperature. The relation between c, q and tempera-
ture is complex, because c, q depends also on the carbon
dioxide partial pressure in the soil on the karst plateau.
The CO,-pressure, however, is also a complex function
of temperature and precipitation (FOrRD 1989).
Therefore we use empirical data on Ceq for various cli-
mates, as they have been reported by SMITH & ATKINSON
(1976) from a large number of water samples in karst
regions. Average values of c, q for arctic/alpine climate
with average temperature of about 5°C are 0.83 = 0.35
mmol/l. In temperate climates Ceq is high at 2.11+ 0.8
mmol/ at about 10°C. Tropical climate exhibits c, . =L74
+ 0.24 mmol/l at about 25°C. Viscosity of water is
reduced by a factor of two, when going from 5°C to 25°C.

By use of these numbers we are able to compare
breakthrough times on an otherwise identical geologi-
cal setting. If such a setting exhibits breakthrough time

T for arctic climate, solely due to the empirical temper-
ature dependence of ¢, and viscosity it would show a
breakthrough time 0.25 T for temperature climate, and
T = 0.17 T for tropic climate, respectively. There is also
a weak influence owing to the temperature dependence
of k,. But within the accuracy of our estimation this can
be safely neglected (see Text-fig. 7).

Our model gives an explanation on the influence of
crude climatic variables to karstification. This, however,
must not be overestimated since many local variables
also take a strong influence to breakthrough times.

THE INFLUENCE OF VEGETATION TO THE
EVOLUTION OF KARST CONDUITS

Waters mixing at the confluences of single fractures in
a two dimensional karst aquifer can have quite different
chemical composition, when the p, in the soil on top of
the aquifer shows local variations. If, for example the karst
plateau above consists of regions of bare rock and also
vegetated areas, waters coming from these distinctly dif-
ferent regions can mix at confluences of various fractures.
In this case both waters will be close to equilibrium, but
will have different values of ¢, - The mixture of such
waters shows renewed aggressiveness due to mixing corro-
sion (BOGLI 1980, DREYBRODT 1988). GABROVSEK &
DREYBRODT (2000) have investigated the consequences to
breakthrough times. The most important results are given
here, to demonstrate the large impact to karstification.

Text-fig. 8 shows a symmetric confluence of two
fractures. Fracture 1 is at hydraulic head h,, carries flow
Q, with water of initial p., =p,. Accordingly fracture 2
has head h,, flow rate Q,, and Pco, =Pa The waters mix
in the confluence of the two input fractures at position
kL, and due to the effect of mixing corrosion the disso-
lution rates increase drastically. As a consequence also
the dissolution rates at the exit must increase and there-
fore breakthrough times are reduced.

pz!h ;\Qz
P, sh Q\l Ia—

Fig. 8. Symmetric confluence of two fractures. Conceptual model for the most
simple scenario where mixing corrosion is active. p, and p, denote the p, of

solutions at the entrances of the fractures which join at the position kL.
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Fig. 9. Breakthrough time as a function of k. p;=0.05 atm, value of p, are

denoted on the curves

Text-fig. 9 shows the breakthrough times for a sym-
metrical confluence (h, = h,) in dependence to k.
The upper curve results when both inputs have equal
Pco, = 0.05 atm and therefore mixing corrosion is
absent. For k = 0 the confluence is at the entrance and
therefore we deal with one single conduit. The break-
through time is therefore single conduit breakthrough
time. For k = 1 we have two identical separated con-
duits joining at their exit. Again the breakthrough time
is that of a single conduit. For k # 0 the breakthrough
times are higher. The lower curves show breakthrough
times, when p., at input 1 is 0.05 atm and at input 2 it
is given by the number on the corresponding curve.
Mixing corrosion becomes active and consequently the
breakthrough times drop. Even small differences in the
input p., are sufficient to reduce breakthrough times
by a factor of two. At larger differences of p., , e.g. 0.05
and 0.02 atm. respectively, breakthrough times are
reduced from 60 ky to 15 ky for k = 0.5. This example
shows that individual geochemical settings have a strong
influence to the intensity of karstification.

As a further example Text-fig. 10 shows the effect of
mixing corrosion to karst evolution on a two-dimension-
al net. Text-fig. 10a illustrates the evolution of the net at
breakthrough time of 16.8 ky. The two inputs at the left
hand side both are fed by water with a p., = 0.05 atm
and mixing corrosion is absent. In Text-fig. 10b the
upper input is at p,, = 0.05 atm, but the lower one at
0.03 atm. Mixing corrosion occurs at point A, where
widened isolated conduits have been created.
Confluence of waters from both inputs occurs also at
point B. Therefore enhanced dissolution is active from
there to the exit. This causes a reduction of break-
through time to 8.8 ky. In Text-fig. 10c the lower input is
changed to atm, which corresponds to a bare rock sur-
face. Due to the low the evolution of the karst channel
from this input is inhibited, but at the points A and B of
the confluence mixing corrosion becomes more pro-
nounced. From point A a large conduit has propagated,
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Fig. 10. Aperture widths at breakthrough on a percolation net with
P=0.7. All other parameters as in Text-fig. 1. at the upper input is 0.05
atm. a — at lower input 0.05 atm, no MC active, T;=16.8 ky. b — at lower
input is 0.03 atm, T;=8.8 ky, ¢ — at lower input is 0.003 atm, T,=5 ky.
The fracture aperture widths are represented by the thicknesses of the

lines in a geometrical progression as indicated
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creating an entrance-less cave. Breakthrough time is
now reduced to 5 ky. This example shows that micro-cli-
matic conditions exert influence to karstification similar
to that of large scale climate.

CONCLUSION

We have presented models of early karstification
under conditions of constant heads at the input and at
the output of evolving karst conduits. From both
one-dimensional and two-dimensional models the
parameters are derived, which determine break-
through time. At that time the conduits have widened
to such an amount, that constant head conditions are
no longer sustained and the aquifer switches to condi-
tions of constant recharge.

The parameters determining breakthrough time are
those of the hydrologic setting, i.e. the aperture widths
of the initial fractures, their length, and the hydraulic
head acting along them, and the viscosity of water,
which depends on temperature. A second set of para-
meters is related to the dissolution kinetics. These
parameters are the rate constants, and the equilibrium
concentration of Ca with respect to calcite. The latter
value is influenced significantly by climatic conditions.
Breakthrough times can be regarded as a measure of
intensity of karstification. They are under otherwise
identical geological settings largest for arctic/alpine cli-
mate and are lower by about a factor of four to five for
temperate and tropical climate, respectively. Micro-cli-
matic conditions which determine the vegetation on
karst plateaus exert similar influence. Differences in
Pco, of the waters entering the aquifer cause renewed
aggressiveness of the water by mixing corrosion, when
such chemically different waters mix. This impact can
reduce breakthrough time significantly in comparison
to uniform p., at the karst plateau. In conclusion
although climatic conditions play an important role in
karstification, it seems not to be possible to draw con-
clusions about climate during early karstification in
retrospective.
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