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Preface 

Hard rock hydrology, especially in areas where climatic conditions are severe, 
has been well studied over the past 15 years in our efforts to find more efficient 
ways to prospect, exploit and manage surface and groundwater resources. Two 
observations need to be made: the first is that the lines of research have not all 
been equally successful, and the second is that many of the studies have been 
empirical. It is now time to achieve a better integration of experimental results 
with analytical interpretation, and to determine the essential trends for future 
research. 

Present fault and fracture prospecting techniques have been derived largely 
from economical methods developed in geophysics, remote sensing, natural 
tracing and mixed techniques for the rapid location of productive sites. The 
practical and theoretical analysis of connectivity, however, is still a difficult task, 
with few available field indications that could help predict a steady productivity 
over many years. Connections and water flux exchanges between the elementary 
parts of the hydrosystem, such as between atmosphere and soil (recharge and 
évapotranspiration), surface drainage and aquifers, the weathered 
unsaturated/saturated zone and fresh rock, etc., still need to be much better 
qualified. 

The time has also come to synthesize the many attempts at managing water 
resources through artificial methods (dams, underground barriers, soil 
management for increased infiltration rates, artificial fracturing, etc.) so that we 
can move away from the field of empirical studies into that of deterministic 
studies. The first steps taken towards creating artificial aquifer structures in 
fractured rocks, i.e. local artificial fracturing for better conductivity, and 
artificially increasing infiltration potential for storage, were aimed at improving 
the hydrodynamic characteristics and resource potential of this medium. Surely 
imagination in this field is sufficient to be able to arrive at a situation where we 
need no longer be concerned with difficult ground conditions and no longer rely 
on creaming off the best parts of natural structures. 

Groundwater will remain safe as drinking water provided that its quality can 
be managed. This can possibly be approached through a transfer, with suitable 
adaptations, of research results obtained from large sedimentary basins so as to be 
able to build up combined methods for quantity /quality management. 

We must nevertheless bear in mind that hard rock hydrology concerns weak 
to medium production yields and that expected financial subsidies are 
proportional to economic benefits. Thus it is clear that an imaginative approach is 
required for hard rock hydrogeology, making the maximum use of inexpensive 
methods to try to determine field indications of potential productivity and storage 
capacity. 

The Rabat Symposium on Hard Rock Hydrosystems attempted to highlight 
the theoretical and methodological benefits of recent applied research and to point 
out the need and orientations for future development. Of paramount importance 
in this field is improved scientific cooperation between research teams. 

Thierry Pointet 
BRGM, Orléans-la Source, Orléans, France 
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Modelling the genesis of karst aquifer systems 
using a coupled reactive network model 

TORSTEN CLEMENS, DIRK HUCKINGHAUS, 
MARTIN SAUTER, RUDOLF LIEDL & GEORG TEUTSCH 
Applied Geology, Geological Institute, University of Tubingen, Sigwartstrasse 10, 
D-72076 Tubingen, Germany 

Abstract IT order to understand the evolution of a carbonate aquifer from its 
initial stage to a mature karst aquifer a numerical model has been developed. 
The model consists of three modules: (a) a 2-D porous continuum flow 
module, which represents the fissured-system ("diffuse" flow system) i.e. 
the less conductive high storage interconduit blocks within the karst, (b) a 
discrete pipe network for modelling flow and transport in the conduits, 
where laminar and turbulent flow may occur, and (c) a carbonate dissolution 
module. The results of the simulations with a conduit and fissured system 
show that it is possible to simulate the complex evolution of karst 
groundwater catchments, with different mechanisms of groundwater 
recharge. The simulation demonstrates that the evolution of karst systems is 
initiated at the spring and progresses in an upgradient direction as postulated 
by several authors based on field observations, solution experiments and 
electrical analogue studies. Further, the effect of some parameters on the 
karstification process is examined. For the development of mature karst 
systems, the equilibrium concentration of calcium was found to be a very 
sensitive parameter. 

INTRODUCTION 

The flow in karst aquifers changes from a flow system resembling a fractured aquifer 
to the extremely heterogeneous mature karst system with high flow velocities in the 
conduits and low flow velocities in the fissured system. Karst aquifers are important 
aquifers for the groundwater supply worldwide and approximately 25 % of the global 
population is supplied by karst waters (Ford & Williams, 1989). However due to the 
high flow velocities in the conduits, this important resource is highly vulnerable. We 
believe that an understanding of the genesis of karst systems can provide important 
information on the hydraulic parameter distribution within karst aquifer and can 
therefore help in the prediction of contaminant transport. 

The development of karst systems has been examined scientifically since the late 
nineteenth century. At the beginning, conceptual models were developed to describe 
the karstification process. Weyl (1958) coupled the laminar groundwater flow 
through a single fracture with a diffusion-limited rate law for calcite dissolution. He 
assumed that dissolution was entirely determined by diffusion and calculated a 
"penetration length" for water entering a fracture. This length represents the distance 
water can flow before reaching saturation. For small fractures this distance is in the 
order of a few centimetres. Therefore, it requires another process to explain 
karstification at a catchment scale. 
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Further work on the chemical kinetics of calcite dissolution has shown the 
complexity of the dissolution process (Berner & Morse, 1974; Plummer & Wigley, 
1976, Sjôrberg & Rickard, 1984). In particular the dissolution kinetics of CaC03 

close to equilibrium where the dissolution rate drops significantly (Svensson & 
Dreybrodt, 1992) has important implications for the evolution of conduits in karst 
areas. 

Based on the data of Plummer & Wigley (1976), White (1977) developed the 
kinetic trigger concept. He concluded that new recharge water reaches a so called 
critical undersaturation, a level of saturation, beyond which the dissolution rate drops 
in very short travel distances in the initial fissures. Due to the slow dissolution rate 
close to the equilibrium, water can reach the spring without becoming fully 
saturated. This leads to an enlargement of a fissure also far from the recharge 
location. Dreybrodt (1990), using the experimental data of Plummer & Wigley 
(1976), determined a fourth-order rate law close to the equilibrium and a first order 
rate law far from equilibrium. He developed a model for the simulation of the 
enlargement of a single fissure. As the fracture enlarges, the discharge increases and 
the penetration length of the fast dissolution kinetics far from equilibrium increases 
accordingly. Finally, after the "breakthrough time" (Dreybrodt, 1990), the fast 
dissolution is active along the entire fissure and the aperture is increased rapidly at a 
more or less constant rate. Dreybrodt (1990) used his model to evaluate the influence 
of chemical parameters on karstification processes. Another one-dimensional flow 
model was used by Palmer (1991) to simulate the enlargement of a single cave 
passage and by Groves & Howard (1994) to predict minimum conditions for the 
development of caves. 

In contrast to the above mentioned models which are able to simulate the 
evolution of individual flowpaths, Clemens et al. (1996) presented a model called 
CAVE (Carbonate Aquifer Void Evolution), which couples the flow in a karst 
system with a reaction module, simulating the dissolutional enlargement of the 
conduits. The model also takes into account the flow within the fissured system 
which is responsible for the storage in the aquifer (Atkinson, 1977). In this paper it 
is shown how CAVE can be used to study the influence of various parameters 
determining the dissolution kinetics of calcite, on the enlargement of a conduit. 

MODELLING APPROACH 

The conceptual model of our system is outlined in Fig. 1. The karst aquifer is 
represented by two components, a fissured system modelled by a continuum 
approach and a conduit network, simulated by flow through a discrete pipe network. 
Both components are coupled hydraulically by a linear exchange term. The widening 
of the conduits is calculated by taking into account the kinetics of the carbonate 
dissolution process. In the fissured system two dimensional flow is assumed, 
described mathematically by the following groundwater flow equation (Huyakorn et 
al, 1983) 

_£_( £!h) JL{ £^L1_ ^K 
âx\ âx) dy\ dy) dt 
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where hc is the hydraulic head in the continuum, T and S are the transmissivity and 
storage coefficient respectively, y is the volumetric rate of fluid transfer from the 
fissured system to the pipe network per unit area, and r is the groundwater recharge 
per unit area. For the calculation of the flow in the tube network Kirchhoff s rule is 
applied, which says that the sum of inflow and outflow at any node i of the network 
is zero (2): 

o=Zeff+£fiff+^+r(. (2) 
./=i 

and n'"rb the with Ri the direct recharge at node / into the pipe network and n1"'" 
numbers of the tubes with laminar and turbulent flow connected to node i. Qtj is the 
flow through the tubes connecting nodes / and j and can be either laminar or 
turbulent. For laminar flow the Hagen-Poiseuille formula is applied whereas 
turbulent flow is calculated using the Colebrook-White equation. The exchange flow 
rate T, between the fissured system and the tube network at node / is calculated by 

Ti = CCex.i (hc,i - Ki) (3) 

where axi is the exchange coefficient, hti is the hydraulic head in the tube network at 
the node i and hci is the hydraulic head in the continuum at the node i. The 
dissolution of CaC03 by a H20-C02 solution under closed-system conditions with 
respect to C02 has been investigated by Buhmann & Dreybrodt (1985). For Ca2+-
concentrations c < 0.9 ceq they calculated a dissolution rate Fusing 

F(c) = a(x) {ce, - c) (4) 

fissured system karst conduits 

continuum tube network 
^r = ae x(hc-ht)^ ' 

Fig. 1 General model approach illustrating the fissured system simulated as a 
continuum and the karst conduits simulated as a tube network. 


