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Abstract
Karst systems have a high degree of heterogeneity and anisotropy, which makes them behave very
differently from other aquifers. Slow seepage through the rock matrix and fast flow through
conduits and fractures result in a high variation in spring response to precipitation events.
Contaminant storage occurs in the rock matrix and epikarst, but contaminant transport occurs
mostly along preferential pathways that are typically inaccessible locations, which makes
modeling of karst systems challenging. Computer models for understanding and predicting
hydraulics and contaminant transport in aquifers make assumptions about the distribution and
hydraulic properties of geologic features that may not always apply to karst aquifers. This paper
reviews the basic concepts, mathematical descriptions, and modeling approaches for karst
systems. The North Coast Limestone aquifer system of Puerto Rico (USA) is introduced as a case
study to illustrate and discuss the application of groundwater models in karst aquifer systems to
evaluate aquifer contamination.
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1. INTRODUCTION
Karst aquifers provide drinkable water for hundreds of millions of people, accounting for
25% of the world and 40% of the US groundwater resources (Ford and Williams 2007;
Quinlan and Ewers 1989). Karst aquifers have complex characteristics that make them
different from other aquifers (Bakalowicz 2005). They form in soluble rocks, such as
dolomite and limestone, and the dissolution process creates complex networks of
preferential flow pathways that are difficult to locate. Flow within the aquifer ranges from
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Darcian to turbulent flow depending upon the relative contribution and interplay of matrix,
fracture and conduit permeability (Burdon and Papakis 1963; Schuster and White 1971;
Atkinson 1977).

The estimation of groundwater flow and solute transport is an essential component of
conservation, management and protection of aquifers against contamination. Mathematical
models are frequently used to characterize aquifer behavior and make predictions.
Numerical groundwater flow models have been applied since 1960s (Sauter et al. 2006). The
application of numerical models to karst aquifers is especially challenging. Karst aquifers
exhibit complex characteristics generated by the high heterogeneity of hydraulic aquifer
properties. Traditional numerical methods have strong limitations in modeling groundwater
flow in karst where Darcy's law is not applicable (e.g., Field 1997). In the last two decades,
however, mathematical models of groundwater flow have been developed that account for
the hydraulic characteristics of karst aquifers (Király 2003). This paper presents an overview
of groundwater flow and transport modeling in karst aquifers. Conceptual models of karst
aquifers are introduced, and different modeling approaches are described and their
applications are discussed. The North Coast Limestone aquifer system of Puerto Rico (USA)
is used as an example to illustrate the application of numerical groundwater models in karst
terrains.

2. CONCEPTUAL MODELS
Conceptual models are simplified representations of specific characteristics and processes
(e.g., recharge, permeability distributions, and geological structures) of the real aquifer
system, and can be presented as a picture, diagram, flowchart or in written form. There are
numerous conceptual models of karst aquifers illustrated in the literature (e.g., Mangin 1975;
White 1977; Quinlan 1978; Stringfield et al. 1979; Blavoux and Mudry 1983; Chen 1988;
Lee and Krothe 2001, Palmer et al. 1999, Ford and Williams 2007). In this section,
conceptual models for karst systems are introduced, followed by more specific conceptual
models that focus on the permeability, recharge, discharge conditions, and contaminant
transport in karst groundwater systems.

2.1. Karst Systems
A karst aquifer is typically characterized by sinkholes, caves, springs, conduits and
underground drainage systems (Figure 1) formed by dissolution, internal drainage, and
collapse processes. Proper quantitative assessment of flow and transport processes in these
aquifers requires knowledge on recharge characteristics and location of major conduits
systems. The manner in which infiltrating water is transmitted through the system also
controls system response to recharge. The karst conduit system occupies only a small
portion of the total aquifer porosity but may have a major impact on the hydraulic behavior
of the karst system.

White (2003) presented a comprehensive physical framework including essential
components for mathematical models in karst aquifers (Figure 2). This scheme illustrates
how the water and substances are added to, stored in, transmitted through, and discharged
from the groundwater system. The three fundamental attributes governing the behavior of
karst aquifers are recharge, storage, and transmission. Karstic areas often lacks surface water
because karst bedrocks are highly permeable and connected to the surface, so sinking
streams of karst basins often disappear from the surface. After overland storm runoff is
stored in surface depressions, internal runoff occurs through sinkhole drains. In addition,
precipitation water can be stored in the epikarst for a few weeks before infiltrating through
the rock matrix. Local perched aquifers that may exist above local less permeable beds are
elevated above the regional water table and can discharge into the regional karst aquifer
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through vadose shafts and fracture systems. The conduit system exchanges the collected
water with the surrounding fractures and matrix and transfers it towards springs.

2.2. Permeability
Permeability is the capacity of an aquifer for transmitting water and it represents the relative
ease with which the aquifer transmits groundwater. In karst aquifers, permeability may be
associated with three types of system porosity: matrix, fractures and conduits (Table 1).
Conduits are underground pipes formed by dissolution of carbonate rocks that carry water
from the recharge area to an outlet spring (Figure 1). Groundwater storage occurs mostly in
the matrix with inter particle primary porosity, and the matrix permeability determines the
leakage into and out of storage blocks between the elements of secondary porosity such as
fractures or conduits (Atkinson 1977). The significance of matrix permeability depends on
the nature of the matrix porosity, and tends to diminish when more fractures are present
(Matthäi and Belayneh 2004). Fracture permeability depends on fracture apertures, typically
ranging from 10 μm up to 10 mm (Table 1), the density and orientation of the fractures, and
their interconnectivity. Based on the relative permeability of the fractures and the matrix
blocks, fractured porous media can be classified as purely fractured media with impervious
blocks, double-porosity media with open fractures, and heterogeneous media where
fractures are filled with a porous material (Streltsova 1977).

Drogue (1974, 1980) simplified conduit system geometry with fracture patterns that have a
greater hydraulic conductivity than the matrix blocks that are between the fractures (Figure
3). The lower-permeability blocks also are dissected by low-permeability fractures to
represent diffuse flow. Under this concept, fractured aquifers have a double porosity nature
consisting of two parts, the low-permeability matrix and the high-permeability fractures.
Generally, upper aquifer layers are associated with a greater degree of fracturing due to
higher decomposition phenomena close to the ground surface and their greater capacity to
store and infiltrate precipitation.

Considering karst aquifers as being composed of these functionally different components
yields a concept referred to as the triple porosity concept for which the characteristics are
summarized in Table 1 (White 2007):

2.3. Recharge
Several conceptual models describe the recharge and infiltration processes in karst aquifers.
Water enters into the karst systems through concentrated allogenic and autogenic recharge in
sinking streams and sinkholes, and diffuse allogenic and autogenic recharge in low
permeability regions. Mangin (1975) and Williams (1983) introduced the concept of the
epikarst as a shallow, high permeability karstified zone below the soil zone. Infiltration into
an aquifer follows the sequence of soil and epikarst, vadose zone (vertical infiltration
through a network of fissures and conduits), and phreatic zone. Epikarst may delay recharge
and catch the rainfall water by draining, storing, infiltrating and channeling it into the karst
system through either vertical fractures or shafts or dispersed infiltration (Figure 1), which
may reduce the amount of time available for evaporation. According to White (1977), major
recharge sources are surface water injected by sinking streams, drainage from sinkholes and
depressions, and infiltration of precipitation through the soil into the epikarst and then
through the rock matrix or along fractures to the saturated zone.

2.4. Discharge
Most discharge from karst systems is via a limited number of springs (Ford and Williams
2007). Underflow springs discharge continuously, and overflow springs are those
discharging only at high-flow periods like storm or flooding conditions (Worthington 1991).
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The conduit system can act as source or sink for the matrix based on flow conditions. In a
karst aquifer with a well-developed conduit system, regional flow occurs primarily within
conduits during base flow conditions. Dispersed infiltration is transferred via laminar
Darcian flow in the matrix to a nearby conduit and then overall flow is conveyed (often
turbulently) through the conduit network to springs. In contrast, during flood conditions the
seepage is from pressurized conduits to the matrix, which is equivalent to bank storage in
surface streams (Field 1992–93).

2.5. Contaminant Transport
Contaminants may enter karst groundwater systems through infiltration of surface runoff
and waste leachate, industrial and wastewater discharges, and accidental spills. Often
surface runoff contains pathogens (bacteria and viruses), nutrients (e.g., phosphorus,
nitrogen), hydrocarbons, and other organic contaminants and metals species. The
heterogeneity of karst systems, which affects contaminant transport, storage, and reactivity,
leads to highly variable spatial input of these contaminants into the aquifer. Particulate
matter and sediment and attached organic contaminants, nutrients, or bacteria can be stored
and rapidly transported through karst aquifers as a result of rapid flow in the conduit
network (Thrailkill 1989, Mahler et al. 2003).

2.5.1. Solute Transport—Generally, just as in porous aquifers, solute transport in karst
aquifers is controlled by the processes of advection, dispersion and adsorption. However, the
high heterogeneity of karst systems and the interaction between the conduit and the matrix
system make solute transport in karst aquifers a complex process. Perrin (2003) developed a
conceptual model of solute transport for the Milandre test site in the Swiss tabular Jura to
show the physical and chemical processes affecting groundwater chemistry (Figure 4). The
chemistry of water in a karst conduit is changed by mixing with groundwater recharged
from different infiltration zones (e.g., soil, epikarst). The chemical load (major ions such as
sulfate, chloride, nitrate and potassium) of infiltrating rainwater is also affected by the land
use in the catchment (e.g. pasture, forest). In cultivated or urban areas fertilizers, sewage,
and salt for road works release large quantities of ions into the system. Physical, chemical,
and biochemical processes such as evapotranspiration, plant consumption, ion exchange,
oxidation-reduction, retardation, etc., occur in the soil and epikarst zone. An equilibrium line
can be used to indicate a surface below which the groundwater becomes chemically
equilibrated under different hydraulic conditions in the aquifer.

2.5.2. Behavior of NAPLs—A distinction must be made between solute transport and
non-aqueous phase liquid (NAPL) transport. NAPLs do not dissolve readily in water and are
of two types: less dense NAPLs (light non-aqueous phase liquids, LNAPLs) and NAPLs
denser than water (dense non-aqueous phase liquids, DNAPLs). Typical examples of
LNAPLs are petroleum hydrocarbons (gasoline, mineral oil, etc.). DNAPLs include, for
example, chlorinated solvents used in the metal fabricating industry as degreasers. In
contrast to dissolved contaminants, the transport of NAPLs in aquifers is strongly influenced
by buoyancy effects and surface tension properties. This makes the transport behavior of
NAPLs less directly related to groundwater flow and more difficult to predict. When
LNAPLs are released, they will migrate until reaching a physical barrier or the water table
and mostly continue along the direction of the maximum potentiometric gradient (Newell et
al. 1995). A large amount of LNAPLs may hydrostatically depress the water table, but
generally migrate laterally and undergo spreading, volatilization, and adsorption. Efficient
techniques for characterizing LNAPL transport in karstic settings are currently not available
(Newell and Ross 1992).
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Upon release of DNAPLs into the environment, they migrate downward due to gravity, and
partially are retained by capillary forces in the unsaturated zone (Wolfe et al. 1997).
DNAPLs will also initially float on and depress the groundwater surface until the organic
entry pressure is exceeded. Once the organic entry pressure is exceeded, the groundwater is
displaced and the DNAPL will begin to sink in long stringers until either the DNAPL source
is exhausted or an impermeable surface is reached. After reaching an impermeable surface,
the DNAPL will proceed to migrate down the dip of the surface regardless of the prevailing
groundwater flow direction. In karst aquifers, the DNAPL will always tend to concentrate in
open conduits. Wolfe et al. (1997) developed conceptual models for DNAPL transport with
emphasis on DNAPL accumulation in different subsurface regions, including regolith, top of
bedrock, diffuse-flow zones, conduits, and openings isolated from groundwater flow.
Determining the presence and migration of DNAPL plumes becomes more difficult with
increasing depth, distance from the source, and complexity of the flow system. The
complicated processes of DNAPL storage and transport in karst aquifers have been reviewed
by Loop and White (2001). Their transport conceptual model is given in Figure 5.

Although DNAPLs are easily injected into karst aquifers through sinkholes and sinking
streams, contaminant discharge through springs may be significantly delayed depending on
transport mechanisms, storm water recharge, and storage sites within the karst aquifer.
DNAPLs can be stored in the epikarst, dead volume regions within the geologic media,
pools and depressions within underground streams, incorporated within clastic sediments,
adsorbed onto organic materials, manganese oxides, iron oxides, and other substrates, and
migrated to deep zones within the fracture system.

3. MATHEMATICAL DESCRIPTIONS OF KARST SYSTEMS
Flow and transport in karst aquifer systems can be conceptualized and then mathematically
described. Because flow and transport behavior is different for the matrix, fracture, and
conduit system, different mathematical descriptions are necessary for these flow systems.
When describing the entire system, it is necessary to couple the matrix, fracture, and conduit
flow systems. Their coupling can be mathematically expressed by a linear exchange term
and the difference in the hydraulic potential in these systems (e.g., Liedl et al. 2003). Other
authors (e.g., Faulkner et al. 2009) used the Beavers-Joseph interface conditions (Beavers
and Joseph1967) to simulate exchange between the matrix and the conduit system.

3.1. Flow and Transport in Matrix
Groundwater flow through the porous rock matrix is intrinsically the same as groundwater
flow in porous media (White and White 2005), and can be described using the matrix flow
formulation of Darcy, which states that the discharge, Q, is proportional to the hydraulic
gradient and the cross-sectional area, with the hydraulic conductivity being the
proportionality factor:

(1)

where, A is the cross-sectional area [L2], K is the hydraulic conductivity [LT−1] and i is the
hydraulic gradient. The general form of the solute transport equation in the rock matrix is:

(2)

Where R is the retardation factor in the matrix, c is the matrix solute concentration [ML−3],
D is the matrix dispersion coefficient [L2T−1] defined as the sum of mechanical dispersion
and molecular diffusion, v is the groundwater velocity [LT−1], λ is the decay constant [T−1]
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(λ=ln2/t50 in which t50 is the solute half-life), n is the matrix porosity, and r is the chemical
reaction rate [ML−3T−1].

3.2. Flow and Transport in Fractures
The fracture flow formulation simplifies the fractures to have parallel walls and uniform
aperture b (Delleur 1999). Assuming impermeability for fracture walls, the steady state flow
rate is described by the cubic law derived from Navier-Stokes equation for a viscous and
incompressible fluid,

(3)

Where w is the fracture width [L], b is the aperture of the fracture [L], μ is the water
viscosity [ML−1T−1], ρ is the water density [ML−3], g the gravitational acceleration [LT−2],
and i the hydraulic gradient. The cubic law is valid for laminar flow in open or closed
fractures (Witherspoon et al. 1980).

The average flow velocity in the fractures expressed by a single parallel plate model is:

(4)

where v' is the mean channel velocity. Witherspoon et al. (1980) experimentally confirmed
the cubic law (Q ~ b3) valid for “ideal” parallel plates for samples of granite, basalt, and
marble. They summarized the constant parameters of equation (3) into a single constant C=
−wρg/(12μ); and then added an empirical friction factor, f, ranging from 1.04 to 1.65, in
order to account for differences between “ideal” parallel plates and parallel plates formed by
real rocks:

(5)

Solute transport in fractures is influenced by advection, dispersion, diffusion into the rock
matrix, decay, chemical reactions, and precipitation-dissolution, and/or adsorption-
desorption processes (Delleur 1999). Within fractures, transport occurs primarily by
advection while dispersion is a minor factor (Lapcevic et al. 1999; Witthüser et al. 2003).

Mutch et al. (1993) studied the solute exchange between matrix and fractures after a source
started to release the solute and detected three phases of solute diffusion from fracture to
clean matrix, diffusion from matrix to fractures and to matrix center after removing the
solute source, and lastly diffusion from matrix center to fractures. Tang et al. (1981) derived
the equation (6) to describe solute transport in a single fracture:

(6)

where the x-coordinate and z-coordinate indicate the direction of the fracture and
perpendicular direction to fracture axis, respectively. Also R is the retardation factor in the
fracture, c is the fracture solute concentration [ML−3], c' is the solute concentration in the
matrix [ML−3], D is hydrodynamic dispersion coefficient in the fracture [L2T−1], v is the
average fracture velocity [LT−1], λ is a first order decay constant, and r is the chemical
reaction rate in the fracture [ML−3T−1].The last term is the diffusive loss term and represents
diffusive mass flux crossing the fracture-matrix interface (at z=b/2).
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3.3. Flow and Transport in Conduits
The main characteristic that distinguishes karst aquifers from porous and fractured-rock
aquifers is the conduit network. Besides matrix blocks and fractures, karst aquifers include
conduits with high often rapid flow and low storativity. The conduit network can act as a
boundary condition for the matrix and fractured rock. Water may flow in conduits in a free
surface open-channel regime derived by gravitational gradients, or as pipe flow under
pressure. Both open-channel flow and pipe flow may occur in different reaches of a conduit.
Open channel steady flow is described by the Manning equation:

(7)

Where Manning's n is a roughness factor [T/L1/3], R is the channel hydraulic radius [L], and
S is the channel slope [L/L]. Water may flow in open channels in either laminar or turbulent
regimes. For turbulent pipe flow the Darcy-Weisbach equation is used to calculate steady
flow (Thrailkill 1968):

(8)

Where f is the empirical Darcy-Weisbach friction factor, g [LT−2] the gravitational
acceleration, r [L] is the radius, i is the hydraulic gradient, Ac is the conduit cross sectional
area [L2] and K'=2g0.5r0.5/f0.5is the turbulent flow effective hydraulic conductivity [LT−1],
typically ranging between 1 and 10 m/s (Sauter et al. 2006). Under turbulent flow
conditions, conduit flow is a function of the square root of the hydraulic gradient (in contrast
to laminar matrix and fracture flow, where flow is proportional to the gradient). A Froude
number (Fr, the ratio of inertial force to gravitational force) of less than one indicates a
subcritical regime (vs. supercritical regime) and a Reynolds number (Re, the ratio of inertial
force to viscous force) of less than 2000 indicates laminar flow (vs. turbulent flow) (De
Marsily 1986):

(9)

(10)

Where v is the groundwater velocity [LT−1], yh is the hydraulic depth [L], D is the hydraulic
diameter [L], and ϑ is the kinematic viscosity [L2T−1]. A summary and application of case
studies is provided by Jeannin and Maréchal (1995) and Jeannin (2001).

Li (2009) described the complicated conduit transport with a conceptual model in which
contaminant is released from the matrix into the conduit, mixes with uncontaminated flow
entering the conduit, and is transported along the conduit (x-axis). Using a relatively simple
one-dimensional equation (based on solute mass conservation), the solute transport equation
through a conduit is given by:

(11)

Where c is the solute concentration in the conduit [ML−3], α is the conduit radius [L], v' is
the mean velocity of conduit flow [LT−1], D is the dispersion coefficient in the conduit
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[L2T−1], q is the Darcian flow [LT−1] from matrix into conduits, c' is the solute
concentration in the matrix, and j is the specific flux of solute at the wall.

4. MODELING APPROACHES
The mathematical descriptions presented in the previous section form the basis for models
that are used to simulate whole karst systems. Early models were based on analytical
solutions to the equations and they necessitated making significant simplifying assumptions.
Modern models are generally based on numerical solutions and taking advantage of
significant advances in computing technology. Selecting the best approach and computer
code to solve the flow or transport equations is primarily based on available data, dominant
flow mechanism (matrix, fracture, conduit flow), and modeling objective (regional
groundwater budget calculation, drinking water management, groundwater flow or
contaminant transport modeling) (Teutsch and Sauter 1998).

Flow models may simulate hydraulic heads, groundwater fluxes and discharge at springs,
while transport models simulate the transport and distribution of substances in the aquifer
(Scanlon et al. 2003). The performance of typical transport models in karst aquifers,
especially at local scales, is poor due to the significant uncertainty in subsurface geometry.
For an accurate estimation of transport processes, a detailed description of conduits, caves
and fractures is required, which is not easily obtained.

Because of the high heterogeneity and anisotropy of hydraulic parameters in a karst system,
determination of their distribution over the system always deals with approximations in
conceptual and numerical models. The effect of such approximations must be addressed as
uncertainties in the results (e.g., Kovacs and Sauter 2007).There are two general modeling
approaches in karst systems, (1) spatially lumped and (2) spatially distributed models.

4.1. Spatially Lumped Models
Spatially lumped models (sometimes also called global models) simulate the global
hydraulic, physical or chemical response of the aquifer output at a spring (e.g., spring
discharge, concentrations in spring water) to the input into the aquifer system in the spring
catchment (e.g., groundwater recharge, infiltrating rainfall and solutes) (Sauter et al. 2006).
Spatial variations of flow patterns in the aquifer are not considered. Lumped-parameter
models involve a mathematical analysis of temporal variations in spring discharge
(hydrograph) or in spring chemical concentration (chemograph) to give an understanding of
the overall water balance in the karst system or an interpretation of groundwater quality, and
fundamental information on the hydraulic behavior of the entire system. Lumped-parameter
models are, however, limited in their ability to provide direct information about karst aquifer
hydraulic parameters, flow directions, and velocity. The main advantage of this approach is
its relatively low data demand because actual hydraulic parameters (e.g., hydraulic
conductivities) and the distribution of the hydraulic head do not have to be experimentally
determined.

Lumped-parameter models include only a few adjustable global parameters and ignore
heterogeneity, so their calibration is faster than that of more complex distributed models.
Lumped-parameter models are used to convert input (recharge) into output (discharge), and
since water flow and solute transfer within cells are not considered, the equations are
simpler (Scanlon et al. 2003), and only ordinary linear differential equations need to be
solved. Many modeling studies (e.g., Wanakule and Anaya 1993; Zhang et al. 1996; Barrett
and Charbeneau 1996; Scanlon et al. 2003; Jukić and Denić-Jukić 2009) take advantage of
the reduced data needs and simulation costs of lumped-parameter modeling approaches to
address important problems in karst areas, such as predicting flow rates and substance
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concentrations, water levels and spring discharge. In the following, two different lumped-
parameter modeling approaches, hydrograph-chemograph analyses and rainfall-discharge
models, are introduced.

4.1.1. Hydrograph-Chemograph Analyses—Hydrograph-Chemograph Analyses (or
Single Event methods) are based on the analysis of the hydrograph or chemograph to
evaluate the lumped hydraulic response of the karst aquifer to rainfall events. Such an
approach was first introduced by Mero (1963, 1969) and subsequently used by others (e.g.,
Guilbot 1975; Bezes 1976). Tallaksen (1995) and Dewandel et al. (2003) developed
empirical equations to describe spring hydrograph recessions. In contrast to empirical
equations, which are based only on measured data, physical equations are derived from flow
equations and have the ability to provide quantitative information of aquifer parameters such
as storage and permeability or solute transport parameters (Troch et al. 1993; Szilagyi et al.
1998; Field and Pinsky 2000).

Recession analysis uses methods that fit the recession curve with quadratic or exponential
formulas (Dewandel et al. 2003). The first approach attempts to describe the entire recession
curve by one mathematical formula (Drogue 1972) to express this curve with a recession
coefficient:

(12)

Where Q (t) and Q0 are the discharge [L3T−1] at time t and the initial discharge at an earlier
time, respectively, α is the recession coefficient [T−1] and m is a constant that ranges
between 0.5 to 5, used to calibrate the model. Hyperbolic models provide a very good fit of
modeled to measured recession curves. Kovacs (2003) found m=1.5 to be the most
appropriate value, agreeing with almost 60% of the cases he investigated.

The exponential reservoir model, first proposed by Maillet (1905), approximates the whole
karst system with one reservoir and assumes that the spring discharge is an exponential
function of water stored in the aquifer, with:

(13)

First developed by Forkasiewicz and Paloc (1967), and later also used by others (e.g.,
Torbarov 1976), multiple exponential reservoir models describe the spring recession curve
by fitting a series of exponential sub-curves to different hydrograph segments (Figure 6).
The different exponential terms may reflect different parallel aquifer reservoirs with
different permeability, such as the conduit network, fractures, and the porous matrix. This
interpretation, however, is not generally accepted, and some authors (Király and Morel
1976; Eisenlohr et al. 1997) claim that the different exponential components do not
necessarily reflect different aquifer reservoirs with different hydraulic conductivities.

The multiple exponential reservoir models are expressed as the sum of exponential terms:

(14)

where n is the total number of reservoirs.

Lee and Krothe (2001) established an isotopic mixing model, where the chemograph of
dissolved inorganic analyses is interpreted based on mixing of rain, soil, epikarst and
phreatic water. There are additional approaches of hydrograph-chemograph analysis,
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including cascade models (Mero 1963, 1969; Mero and Gilboa 1974; Guilbot 1975; Bezes
1976), and fractal approaches (Hergarten and Birk 2007).

4.1.2. Linear Storage (Box) Models—Linear Storage models (sometimes called box
models or Rainfall-Discharge models or Time Series Analyses) state a relationship between
the global hydraulic response of a karst system to recharge patterns caused by a succession
of rainfall events (input-output relationship) (Sauter et al. 2006). They can be used to
simulate the variation in discharge (hydrograph) and substance concentration (chemograph)
at a spring over a period of time that includes different hydrological conditions (several
rainfall events). Model input requires precipitation and evapotranspiration in the catchment
of the spring to simulate flow, and substance input to simulate concentration. Spring
discharge and chemical concentrations at the spring can be used to calibrate the models.
Different flow systems within the aquifer are represented by linear storages, which are
advectively connected. The outflow Qout [L3 T−1 of a storage is proportional to the storage's
volume Vs [L3]:

(15)

where β [T−1] is the outflow coefficient that represents a mean residence time in the storage.

The simplest representation of a karst system includes storages for different compartments
such as the recharge system (soil and epikarst), the diffuse flow (matrix) and conduit flow
systems. The storages represent these flow systems globally for the entire aquifer. Figure 7
schematically illustrates a possible model setup. Flow and substance concentrations are
numerically calculated, based on the principle of mass (or volume) conservation. For flow
calculation, the water volume of each storage is calculated by:

(16)

Where dVi/dt is the change in water volume over time in compartment i, Qin,i is inflow into
the storage of compartment i and Qout,i is the outflow from the storage of compartment i.
Qin,i is either the model input (e.g., precipitation, evapotranspiration) or it is given by the
outflow from a connected storage. Qout,i is given by the linear outflow from the storage as
defined in equation (15).

Butscher and Huggenberger (2008) used such a rainfall-discharge model to estimate the
sensitivity of a karst spring to contamination. Other applications include the work of Fleury
et al. (2007) to model the functioning of a karst aquifer in Southern France, and Geyer et al.
(2008) to quantify the temporal distribution of recharge in karst systems from spring
hydrographs.

The main advantage of rainfall-discharge models over distributed modeling approaches is
the relatively low data need. For example, the flow dynamics of a karst spring can be
modeled based on data provided by a weather station in the catchment and discharge
monitoring at the spring (e.g., Butscher and Huggenberger 2008). The modeling does not
require hydraulic head data or the knowledge of the geometry of the karst conduits. Such
information is often costly to obtain and may require borehole drillings and geophysical
investigations. In contrast to hydrograph-chemograph analysis, the approach allows the
assessment of the time-dependent response of the karst system under variable hydrological
conditions. However, the lumped modeling approach is very limited in assessing the spatial
distribution of hydrological processes (e.g, distribution of contaminants in the aquifer).
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4.1.3. Soft Computing Methods—Soft Computing methods such as fuzzy logic, genetic
algorithm, and Artificial Neural Networks (ANNs) are widely used in hydrological studies
and also to simulate flow discharges from heterogeneous aquifer systems. These methods
construct computationally intelligent systems capable of imitating the human reasoning and
learning process. Soft computing methods have been used in karst systems to represent the
transformation of rainfall into discharge in the aquifer system. In fuzzy systems,
relationships are represented explicitly in the form of if-then rules, while in Artificial Neural
Networks relationships are implicitly encoded within the networks (Kourtulus and Razack
2010). Fuzzy set theory could be developed to incorporate imprecise data into transient
groundwater flow simulation. Fuzzy numbers are used to represent imprecise parameters as
a measure of the uncertainty of input data (Dou et al. 1997a, Dou et al. 1997b).

An ANN works as an intelligent nonlinear input-output model, which gains knowledge from
experiences to solve new problems. It is defined as a network of connected neurons, where
each neuron receives an array of input signals, processes them and transforms it into a single
output signal. The neurons are arranged in different layers (an input layer, hidden layers and
an output layer). The measurable variables of daily rainfall data and discharge data are used
as model inputs. The input data are used for calibration (training and validation) and for a
prediction test of the ANN model. A training period is necessary to establish the connections
among the neurons during which the ANN learns more and more about the presented data
(input-output relationship). The validation phase is considered to stop the training early and
to prevent over-training of the network by probable noises in the data. Before using the
model for forecasting purposes, estimated outputs by the calibrated ANN must be compared
with known outputs (Kurtulus and Razack 2007).

ANN models were used to determine the influential parameters of aquifer outflow, and for
simulation and forecasting of spring discharge in karstic and fractured porous media
(Lallahem and Mania 2003, Hu et al. 2008, Sepúlveda 2008). Kurtulus and Razack (2007)
demonstrated the ability of ANNs to model the behavior of rainfall-discharge relationships
of the La Rochefoucauld karstic aquifer in France. They developed a multi-layer feed-
forward ANN model with Levenberg Marquart back-propagation training algorithms. The
ANN model used raw daily rainfall data (instead of effective rainfall) as input and resulted
in predicted daily discharges to observed discharges that were statistically well comparable.
Furthermore, the predicted hydrograph adequately followed the shape of the observed
hydrograph. ANN models also have deficiencies, e.g. their application struggles with less
accurate or ambiguous input data and a fuzzy system might then work better
(Moghaddamnia et al. 2009, Tabari et al. 2012). Kurtulus and Razack (2010) compared the
capability of fuzzy logic and Artificial Neural Networks for modeling non-linear
heterogeneous karst aquifers and developed neuro-fuzzy systems by combining the semantic
transparency of rule-based fuzzy systems with the learning capability of neural networks.

4.2. Distributed Models
Distributed models discretize the model domain into a grid of homogeneous sub-units. Each
sub-unit is assigned specific hydraulic properties (parameters), and specific conditions are
defined at the model boundaries. The model numerically solves the differential flow and
transport equations for the model domain. The boundary conditions and hydraulic
parameters can be spatially variable. Boundary conditions and certain hydraulic parameters
(e.g., recharge) can also be temporally variable. The need to define spatially distributed
hydraulic parameters and boundary conditions requires much more extensive investigations
compared to lumped models.

The challenge of distributed modeling approaches to represent karst groundwater systems is
to cope with the high spatial heterogeneity (matrix, fractures and conduits) of karst aquifers.
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Approaches focus on the fracture or conduit network or on treating the matrix as
impermeable blocks, or they only include aquifer porosity ignoring high permeability
features, or they consider both. Table 2 gives an overview of the different approaches and
the various names used in the literature.

Sauter et al. (2006) reviewed the different approaches and discussed their advantages and
disadvantages in terms of the investigation effort, practical applicability and capacity to
simulate heterogeneities; the approaches are discussed in following sections (Figure 8).

4.2.1. Equivalent Porous Medium (EPM)—The simplest distributed modeling
approach is the Equivalent Porous Medium (EPM) approach. It treats the fractured rock with
conduits as an equivalent porous medium, using bulk parameters instead of the properties of
the matrix and individual fractures and conduits (Lapcevic et al. 1999). In karst systems, the
transport of contaminant depends primarily on karst network architecture. Therefore, the
EPM approach is very limited in reproducing the complex processes of pollutant
propagation in karstic aquifers. EPM models have been successfully used to simulate
groundwater flow on a regional scale and nonpoint source contaminant transport in slightly
karstified aquifers (e.g., Barrett and Charbeneau 1996). EPM models have also been studied
and examined in the field by other authors (e.g., Ryder 1985; Greene 1992; Kuniansky 1993;
Teutsch 1993; Angelini and Dragoni 1997; Keeler and Zhang 1997; and Larocque et al.
1999). However, EPM models are limited in many applications by their reduced ability to
simulate point source contaminant transport, especially at intermediate or local scales
(Huntoon 1995). They do not account for strong heterogeneity of karst aquifers and do not
simulate the local direction and rate of groundwater flow, because major conduits are not
explicitly represented in the models and turbulent flow in conduits is not accounted for
(Thrailkill 1986; Kuniansky and Holligan 1994; Teutsch and Sauter 1998; Kuniansky et al.
2001; Scanlon et al. 2003). EPM models are therefore not suitable for highly karstified
aquifers (Teutsch 1993; Keeler and Zhang 1997; Scanlon et al. 2003).

EPMs solve the continuity equations (e.g., Darcy's law) valid for conditions when the
velocity of groundwater is slow (laminar flow regime). Such conditions are typically met
when pore sizes are small (diameter<10 mm). EPM models are applicable in karst systems
when the study area is large enough to be approximated by an equivalent porous medium
(Pankow et al. 1986; Neuman 1987; Scanlon et al. 2003). This is the case if the grid size is
equal to or smaller than a representative elementary volume (REV). A REV is the minimum
volume that is large enough to represent the aquifer by a constant hydraulic parameter (e.g.,
porosity), independent of the location within the REV (Singhal and Gupta 1999).

The data needs for an EPM model typically includes aquifer thicknesses, horizontal and
vertical hydraulic conductivities, effective porosity, dispersivity, initial and boundary
conditions, recharge conditions (rainfall infiltration), evapotranspiration, riverbed hydraulic
conductivity, groundwater withdrawals (pumping rates and locations), and chemical reaction
rates. Table 3 summarizes typical applications of common groundwater models, among
which MODFLOW is the most widely used for (equivalent) porous media, based on the
evaluation by Kumar (2006). In section 5, a case study from Puerto Rico is presented to
illustrate an application of the EPM approach to simulate groundwater flow and transport in
karst aquifers in more detail.

4.2.2. Double Porosity Model (DPM)—To better account for the dual flow
characteristic of karst aquifers, Double Porosity Models (DPM) can be employed. DPM uses
one continuum with relatively small hydraulic conductivity but high storativity (usually
matrix) and another overlapped continuum with high hydraulic conductivity but small
storativity. Each continuum has separate flow equations, and coupling of the two continua is
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performed with adding a source/sink term in both equations. The two continuums are linked
via flux exchange at the grid nodes (Teutsch and Sauter 1998; Lapcevic et al. 1999), which
depends on a linear exchange term and the difference in hydraulic potential (Sauter et al.
2006). The approach is applicable to moderately-to-highly karstified systems and can also be
used to simulate contaminant transport. For example, DPMs have been successfully used for
spring discharge and water table fluctuations simulation (Teutsch 1993) and tracer transport
simulation. DPM does not require knowledge of the geometry of conduits (Teutsch 1993;
Sauter 1993), and are therefore applicable if details of the aquifer geometry are not available
(Teutsch and Sauter 1998). While DPM are capable of reproducing the dynamics of karst
systems in terms of slow flow in the matrix and fast flow in the conduit network, they
cannot be used to locate them in the aquifer. Therefore, DPM may be used to simulate a
contaminant breakthrough at a spring or well, but they are limited in simulating the spatial
distribution of a contaminant in the aquifer.

4.2.3. Discrete Fracture Network (DFN) and Discrete Conduit Network (DCN)—
Discrete Fracture Network (DFN) models are used to simulate flow and transport in aquifers
within individual fractures or fracture sets (Berkowitz 2002; Cacas et al. 1990). Fractures
were simplified to one-dimensional elements in two dimensional matrix elements (Sudicky
and McLaren 1992), or also as two dimensional planes in three dimensional matrix blocks
(Therrien and Sudicky 1996; Graf and Therrien 2007a; Graf and Therrien 2007b;
Weatherhill et al. 2008). The DFN approach assumes negligible permeability for the rock
matrix and attributes flow and transport only to the fractures. The application of this
approach depends on availability of detailed information on fracture geometry (Sauter et al.
2006). Both laminar and turbulent flow conditions can be accounted for in fracture flow.

Long et al. (1985) developed a model for steady flow in 3D networks of fractures with disc
shape discontinuities that are set randomly in an impermeable matrix with any desired
distribution of aperture, radius orientation, and density. A mixed analytical-numerical
technique was used to calculate the steady flow in the model grid of nodes (intersections
between discs) as a function of the average head at each node, assuming that each node is a
source (or sink) of uniform strength. A set of mass balance equations was constructed to
calculate flux between adjacent nodes and was solved for the average head at each node.
Similarly, Andersson and Dverstorp (1987) investigated flow through a network of discrete
fractures using the DFN approach. They estimated the mean fracture radius, fracture
orientation parameters, and fracture density with observing real fractures on a wall. They
developed a numerical model to generate a fracture network of desired statistical properties.
Large fractures and high fracture density implies good network interconnectivity that affect
the variance in the flow. Dverstorp et al. (1992) used the DFN approach to simulate solute
transport through sparsely fractured rock and calibrated the model with a tracer test as a case
study in Sweden.

Similar to the DFN approach, the discrete Conduit Network (DCN) approach approximates
flow in a karst aquifer by flow in interconnected conduits situated in an impermeable matrix.
The conduits are typically represented by 1D or 2D elements in a 2D or 3D domain, but may
be attributed with properties that account for their 3D nature, such as the conduit diameter,
assuming a circular shape. Flow in the conduit system is typically turbulent. The approach
requires the network geometry to be determined by either direct observations or geometric
transformations from stochastic discrete conduit networks. Jeannin (2001) presented a DCN
model to simulate the hydraulics of a variably saturated large cave system in Switzerland.

4.2.4. Hybrid Models (HM)—Hybrid models (HM), or coupled continuum pipe flow
(CCPF) models, integrate discrete models (DCN, DFN) and equivalent porous media
models. HM were first developed by Király and Morel (1976), considering both conduit and
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matrix permeability in a karst system by using a finite difference method to simulate
conduits and fractures as 1-D or 2-D elements located in a low permeability 3-D matrix.
Further early applications include the work of Király (1985, 1988) and Király et al. (1995).
Embedding discrete high conductivity features within a low permeability matrix continuum
improves the pure continuum approach by introducing a spatially distributed high hydraulic
conductivity network for the whole model area. Teutsch and Sauter (1998) suggested that
the investigation efforts needed to use this modeling approach are between continuum
models and discrete models. Examples of HM include the coupled continuum-pipe flow and
reactive transport code CAVE (Carbonate Aquifer Void Evolution) (Liedl et al. 2003).
Hybrid models similar to CAVE were also developed or used by other authors, e.g. Annable
and Sudicky (1998), Kaufmann and Braun (2000), Bauer et al. (2000, 2003), Birk et al.
(2003), Király (1998) and Liedl et al. (2003).

Water mass exchange between the continuum (matrix rock) and the discrete conduit system
is modeled by a first order exchange rate method. The exchange rate is linearly proportional
to the head difference between the matrix rock and conduit system, and modeled flow is
highly sensitive to the chosen exchange parameter (Barenblatt and ZheltovIu 1960; Cao et
al. 1988; Sauter 1992; Teutsch 1989). The exchange parameter is difficult to determine and
is a lumped parameter that entails modeling uncertainties. Hu (2010) claimed that HM
usually overestimate flow and head in the matrix and underestimate solute transport in the
conduit system. HM are mostly used in synthetic situations to investigate processes related
to flow, transport and dissolution dynamics in karst aquifers. There are only a few studies
(Hill et al. 2008) so far that show the applicability of HM through field studies.

The conduit flow module implemented in CAVE has recently been further developed and is
released as the Conduit Flow Process (CFP) for the well-known US Geological Survey
(USGS) flow model MODFLOW-2005 (Shoemaker et al. 2008). CFP can be run in three
modes. In mode 1, CFP represents the conduit system with a discrete pipe network in which
the Darcy-Weisbach equation for turbulent flow and the Hagen-Poiseuille equation for
laminar flow are used to calculate flow within fully or partially water-filled pipes. Major
input parameters in mode 1 are the position, diameter, tortuosity, and roughness of the
conduits, and a conduit wall exchange parameter. Mode 2 simulates flow within preferential
flow layers. Also in this mode, CFP can switch between laminar and turbulent flow. Mode 3
is a combination of the first two modes and allows simultaneous simulation of flow through
a discrete pipe network and preferential flow layers. Reimann and Hill (2009) examined the
CFP code by performing benchmark tests for laminar and turbulent flow in a single conduit
surrounded by a matrix. They compared the performance of CFP mode 1 and a
corresponding EPM that considers the bulk properties of the matrix and conduit networks
using MODFLOW 2005, and concluded that considering turbulent flow in a discrete conduit
network model improves the performance of the model, especially during extreme
hydrological condition such as low recharge conditions. Presently, CFP cannot simulate
solute transport or chemical reactions.

5. CASE STUDY: North Coast Limestone aquifer system of Puerto Rico
This section briefly introduces the hydrogeology of the North Coast Limestone Aquifer in
Puerto Rico and various existing models to assess groundwater flow and transport in this
area (Figure 9). Focus is placed on the Vega Alta region to illustrate the application,
performance, and limitations of an EPM modeling approach to evaluate the release and
transport of volatile organic carbons (VOC). Puerto Rico has the highest rate of preterm
birth among the states and territories of the US (Mathews and MacDorman 2011) and, at the
same time, contains many sites contaminated by chlorinated solvents and phthalates (Hunter
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and Arbona 1995). These circumstances make this island an ideal test site for exploring the
threat posed by contaminant exposure in karst areas.

5.1. Geology and Hydrogeology of the North Coast Aquifer
The North Coast Aquifer System of Puerto Rico consists of a series of limestone formations
with interbedded siliciclastic units that have been deposited on a shallow platform during
Oligocene and Miocene, and emerged from the sea in Pliocene about 4 million years ago.
Structurally, the rocks form a gently North dipping wedge, abutting southward against a
volcanic mountain chain and thickening northward to about 1,400 m by the seashore (Giusti
1978). Four generalized hydrogeological units are distinguished that include the upper
water-table aquifer, the middle confining unit, a lower confined aquifer, and a basal
confining unit (Renken et al. 2002). The highly permeable Aymamón and Aguada
Limestone (Figure 10) make up the upper aquifer (Renken et al. 2002). These units range
from chalky beds on the bottom of the Aguada to pure limestone at the top of the Aymamon
Formation (Monroe 1980), and extend from the land surface to depths of up to 330 m below
land surface (Rodríguez 1995). They show highly variable porosity and permeability with
high permeability contrasts in short distances reflecting the variable distribution of conduit
porosity. The middle confining unit consists of clay and marl contained within the upper
Cibao Formation. The lower aquifer occurs within various members of the Cibao Formation
(Montebello, Quebrada Arenas, and Rio Indio Limestone Members), the Mucarabones Sand,
and the Lares Limestone (Figure 10). The lower confining unit consists of the siliciclastic
San Sebastian Formation. Groundwater enters the system through surface infiltration and
direct injection of runoff into karstic conduits via sinkholes. Groundwater in the upper and
lower aquifers generally flows northward toward the Atlantic Ocean. Rodríguez (1998)
characterized several springs of the aquifer system as conduit type springs that are
interconnected by an integrated conduit network.

Hydrological investigations (Giusti and Bennett 1976; Rodríguez 1995) suggest that water-
bearing conduits are present between Rio Camuy and the Aguadilla area (Figure 9),
although the importance of conduits for groundwater flow was not evaluated. Rodríguez and
Hartley (1994) verified the presence of caverns in test wells drilled in Hatillo and Isabela in
the north and northwest of Puerto Rico. Using aerial photographs and geophysical methods,
Rodríguez and Richards (2000) investigated the Rio Camuy to Aguadilla area to detect the
presence of conduits and probability of conduit controlled groundwater flow. The exact
location of highly transmissive features such as cavities, conduits and fractures in this area,
however, is uncertain.

5.2. Existing Models of the North Coast Aquifer
In the last two decades, various models were developed to simulate groundwater flow in
different regions across Puerto Rico (Figure 9). None of the models relied on any subsurface
hydrological tracer data, which represents a serious flaw in the models (in fact no systematic
groundwater tracing efforts have ever been undertaken along the north coast of Puerto Rico).
All of the models use an EPM modeling approach, neglecting the impact of conduit flow on
groundwater hydraulics. Measurements from well tests indicate a high variability of aquifer
transmissivity due to preferential flow through fractures and conduits. In view of this, using
an EPM approach implies a simplification that assumes “laminar flow everywhere and an
effective transmissivity that is uniform throughout each cell of the model” (Kuniansky and
Holligan 1994).

Torres-González et al. (1996) developed a MODFLOW (McDonald and Harbaugh 1988)
model in north-central Puerto Rico between the Río Grande de Manatí and Río Cibuco and
between the Río Cibuco and Río de la Plata (Figure 10). Torres-González (1985) simulated
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flow in an aquifer near Barceloneta also using the MODFLOW computer code. The goal of
this simulation was to study the effect of aquifer stress events such as precipitation, stream-
water infiltration, and groundwater withdrawal on the water balance of the limestone
aquifer. It was concluded that, if the model could account for localized highly transmissive
features (conduit network), more accurate hydraulic heads could be computed. Cherry
(2001) developed a MODFLOW model of the Manatí-Vega Baja aquifer. The model was
used to simulate historical changes in the potentiometric groundwater surface and to model
the water balance in order to estimate the impact of groundwater withdrawals and large-
scale dewatering on the water level in the aquifer.

5.3. The EPM Model for the Vega Alta Aquifer
The region of Vega Alta, with an area of about 80km2 and a population of 40,000
inhabitants, is located in the east of the North Coast Limestone aquifer system west of the
capital San Juan (see Figure 9). In March1983, USGS realized that water samples from
public water supply wells in the Vega Alta aquifer had been contaminated with VOCs,
among which trichloroethylene (TCE) had the highest concentration (Guzmán and Quiñones
1984). To evaluate the TCE contamination and potential remediation scenarios, various
hydrogeologic investigations (e.g., Gómez and Torres-Sierra 1988) were performed in the
Vega Alta area in the last two decades. The Vega Alta landfill and an industrial park have
been recognized as possible sources for TCE and other VOCs.

To evaluate the efficiency of remedies to reduce and control the TCE plume, Sepúlveda
(1999) developed a three dimensional groundwater flow and solute transport model using
the USGS computer code HST3D (Kipp 1987). The rectangular modeling area of about
13716 × 10668 m is bounded by the low permeability Cibao Formation in the South, the
Atlantic Ocean coast in the north, the river Rio de la Plata in the west and the river Rio Indio
in the east (Figure 11). The thickness of the karst aquifer increases from the south (southern
karst uplands) to the central model area (karst upland plateau), and subsequently decreases
to the coastal plane in the north. Based on similar hydraulic characteristics and TCE
concentrations, the Vega Alta aquifer was divided into six layers with different thicknesses.

The initial distribution of hydraulic heads and of TCE concentrations were specified using
well observation and water sample data. The eastern and western boundaries of the model
were set as no-flow boundary conditions (BC) because of the predominantly northward flow
in the groundwater system. A no-flow BC was also imposed along the southern boundary,
where the strata are bound by the low permeability Cibao Formation, and on the aquifer
bottom, which is underlain by the Cibao formation toward the south and by the saltwater
interface toward the northern area of the system. A constant head BC was applied to the
northern boundary along the coastline. Major streams were included as a transfer (leakage)
BC based on river stage measurements at two stream gage stations.

Horizontal hydraulic conductivities of the aquifer were determined by slug and specific-
capacity tests, ranging between 0.061 and 292.6 m/d. Generally, conductivities were higher
near the water table than in deeper zones of the aquifer. The transmissivity, estimated by
multiplying the thickness of different zones by its horizontal hydraulic conductivity,
exceeded 1858 m2/s in the karst upland plateau.

Among possible TCE sources, the northeastern area of an industrial park was considered as
the only TCE source. Based on water level and TCE concentration data, the Vega Alta
model was calibrated for flow (net recharge, hydraulic conductivity, riverbed vertical
conductivity, effective porosity) and transport parameters (dispersivity, dimensionless
distribution coefficient, TCE influx from the source).
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Four remediation scenarios were simulated to assess remedial alternatives designed to
reduce TCE contamination in the aquifer and to restore the aquifer for public-water supply.
The remedial alternatives consisted of different scenarios for the location and rate of
extraction wells. Comparison of their performance was based on the amount of TCE mass
removed from the aquifer at the end of a 30-year simulation period. Figure 12 shows the
extent of the TCE contaminant plume without remediation activities in March 2022, and
simulated heads are shown in Figure 13.

5.4. Strengths and Weaknesses of the EPM Approach for Modeling Flow and Transport in
the Vega Alta Aquifer

Using an EPM approach, the model by Sepúlveda (1999) assumes that the hydraulic
properties (e.g., hydraulic conductivity) are homogeneous within a limited number of
aquifer regions, and groundwater flow can be described using Darcy's law (laminar flow).
The North Coast Karst Aquifer is known to be highly karstified and having developed a
distinctive conduit network (Rodríguez 1998; Giusti and Bennett 1976; Rodríguez 1995;
Rodríguez and Hartley 1994; Rodríguez and Richards 2000). In addition, the contamination
in the Vega Alta region is a point source type pollution (e.g., Gómez and Torres-Sierra
1988). EPM models, which do not account for preferential flow in the conduit network, have
limited abilities to simulate point source contaminant transport in karst areas, especially at
local and intermediate scales (e.g., Huntoon 1995; Thrailkill 1986; Kuniansky and Holligan
1994; Teutsch and Sauter 1998; Kuniansky et al. 2001; Scanlon et al. 2003).

The simulations are well suited to address general groundwater flow towards observation
wells and contaminant concentrations in these wells under hydraulic conditions present
during observation. The existence of preferential flow paths in karst conduits with unknown
location and properties, however, leads to highly irregular spatial distribution of the
contaminant in the system that cannot be recognized and simulated using the EPM approach.
In addition, contaminant transport may be temporally highly variable under different flow
conditions (storm flow vs. base flow conditions) resulting in temporally highly variable
contaminant concentrations in the wells. Both the modeling approach (EPM) and the
temporal resolution of the transient model (5 periods within 2 years and 3 months) limit the
applicability of the model to quantify actual contaminant transport. Consequently, estimates
of contaminant release and of the amount (mass) of the contaminant present in and extracted
from the aquifer by pumping, remain uncertain.

A better assessment of the temporal variability of flow and transport conditions would be
supported using a DPM modeling approach, where matrix flow and transport is attributed to
one porous medium continuum, and conduit flow to a second porous medium continuum.
Such an approach would require aquifer recharge and hydraulic head and contaminant
concentration data with high temporal resolution (in karst areas typically on the order of one
measurement per day). The simulation of spatially highly heterogeneous groundwater flow
and contaminant transport in karst conduits would require a combination of a continuum
approach for the rock matrix with a discrete conduit network approach (hybrid approach,
coupled continuum pipe flow model; see section 4.2.5). However, the large challenge to
determine the location and properties of the conduit network remains a problem that, so far,
has not been satisfyingly resolved in karst hydrogeology for an actual field site.

6. CONCLUSIONS
Groundwater flow and contaminant transport models are a widely used tool in water
resources management, quality and risk assessment, and remediation. Modeling karst
groundwater systems is particularly challenging, because of their original and highly
heterogeneous characteristics, which is typically expressed in the presence of a conduit
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network. This review paper gives an overview of existing concepts, mathematical
descriptions and modeling approaches of karst groundwater systems. The often used
equivalent porous medium approach is presented in more detail, using an example from the
North Coast Aquifer in Puerto Rico. The goal of this review is to help researchers decide
which modeling approach is preferable for an actual project, based on available data and the
purpose of the study.

Spatially lumped models have the great advantage that the heterogeneous structure of the
karst aquifer does not need to be known. Hydraulic data requirements are also low compared
to spatially distributed models. Spatially lumped models can be used, for example, to make
predictions about spring water quality based on recharge and spring discharge data. They are
not capable, however, of assessing the spatial distribution of the water quality.

Spatially distributed models are preferable if groundwater quality parameters must be
assessed at (many) different locations within an aquifer. This may include, for example,
simulating the development of a contaminant distribution. The various existing approaches
account to a different degree for the presence of a conduit network. While continuum
approaches are limited in representing the processes occurring in the conduit system, they
are nevertheless often employed because of little information about the conduit system.
Hybrid models that combine a continuum approach to represent matrix flow with a discrete
network approach to represent conduit flow are best suited to simulate the actual physical
processes of interacting matrix and conduit flow. However, this approach is most demanding
with respect to both data requirements and modeling efforts, as well as computational costs.

Acknowledgments
Support of the work described is provided through Award Number P42ES017198 from the National Institute of
Environmental Health Sciences to the PROTECT research project. The content is solely the responsibility of the
authors and does not necessarily represent the official views or policies of the National Institute of Environmental
Health Sciences, the National Institutes of Health, or the US Environmental Protection Agency.

REFERENCES
Andersson J, Dverstorp B. Conditional simulations of fluid flow in three-dimensional networks of

discrete fractures. Water Resources Research. 1987; 23(10):1876–1886.

Angelini P, Dragoni W. The problem of modeling limestone springs: the case of Bagnara (North
Apennines, Italy). Ground Water. 1997; 35(4):612–618.

Annable WL, Sudicky EA. Simulation of karst genesis: hydrodynamic and geochemical rock-water
interactions in partially-filled conduits. Bull d'Hydrogéol. 1998; 16:211–221.

Atkinson TC. Diffuse flow and conduit flow in limestone terrain in the Mendip Hills, Somerset (Great
Britain). Journal of Hydrology. 1977; 35:93–110.

Bakalowicz M. Karst groundwater: a challenge for new resources. Hydrogeology Journal. 2005; 13(1):
148–160.

Barenblatt G, ZheltovIu KI. Basic concepts in the theory of seepage of homogeneous liquids in
fissured rocks. Journal of Applied Mathematics and Mechanics. 1960; 24(5):1286–1303.

Barrett ME, Charbeneau RJ. A parsimonious model for simulation of flow and transport in a karst
aquifer. Center for Research in Water Resources, Technical Report 269. 1996:149.

Bauer S, Liedl R, Sauter M. Modeling of karst development considering conduit-matrix exchange
flow, Calibration and reliability in groundwater modeling: coping with uncertainty. IAHS
Publications. 2000; 265:10–15.

Bauer S, Liedl R, Sauter M. Modeling of karst aquifer genesis: Influence of exchange flow. Water
Resour Res. 2003; 39:1285.

Beavers G, Joseph D. Boundary conditions at a naturally permeable wall. Journal of Fluid Mechanics.
1967; 30:197–207.

Ghasemizadeh et al. Page 18

Hydrogeol J. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Berkowitz B. Characterizing flow and transport in fractured geological media: A review. Advances in
Water Resources. 2002; 25:861–884.

Bezes, C. Contribution a la modélisation des systèmes aquifères karstiques (Contribution to the
modeling of karst aquifer systems). Thèse, Université des Sciences et Techniques du Languedoc;
Montpellier: 1976.

Birk S, Liedl R, Sauter M, Teutsch G. Hydraulic boundary conditions as a controlling factor in karst
genesis. Water Resources Research. 2003; 39(1):1004.

Blavoux B, Mudry J. Séparation des composantes de l'écoulement d'un exutoire karstique à l'aide des
méthodes physico-chimiques (Separation of components of a karst outlet flow using physico-
chemical methods). Hydrogéol. Géol. Ing., BRGM, Orléans. 1983; 4:269–278.

Burdon, DJ.; Papakis, N. Handbook of Karst Hydrogeology. United Nations Special Fund, Institute for
Geology and Subsurface Research; Athens, Greece: 1963.

Butscher C, Huggenberger P. Intrinsic vulnerability assessment in karst areas: A numerical modeling
approach. Water Resources Research. 2008; 44:W03408.

Cacas MC, Ledoux E, de Marsily G, Tilie B, Barbreau A, Durand E, Feuga B, Peaudecerf P. Modeling
fracture flow with a stochastic discrete fracture network model: calibration and validation, 1. the
flow model. Water Resources Research. 1990; 26:479–489.

Cao, Y.; Wang, H.; Xie, X. Dual-media flow models of karst areas and their application in north
China. In: Zhang, H., editor. Karst Hydrogeology and Karst Environment Protection; 21st
Congress of the International Association of Hydrogeologists, Guilin, China; 704, Oxfordshire:
IAHS publication; 1988.

Chen, M. Some experiences in compiling hydrogeological maps of karstic terrains in China [abs].
Karst Hydrogeology and Karst Environment Protection: Congress of the International Association
of Hydrogeologists; 21st, Guilin, China, 1988, Proceedings: International Association of
Hydrogeologists Congress; 1988. p. 1221-1228.

Cherry GS. Simulation of flow in the upper north coast limestone aquifer, Manatí-Vega Baja area,
Puerto Rico. US Geological Survey Water-Resources Investigations Report 00-4266. 2001:82.

De Marsily, G. Quantitative Hydrogeology-Groundwater Hydrology for Engineers. Academic Press;
Orlando, FL: 1986.

Delleur, JW. The handbook of groundwater engineering. CRC Press; 1999.

Dewandel B, Lachassagne P, Bakalowicz M, Weng PH, Al-Malki A. Evaluation of aquifer thickness
by analyzing recession hydrographs. Application to the Oman ophiolite hard-rock aquifer. Journal
of Hydrology. 2003; 274:248–269.

Dou C, Woldt W, Dahab M, Bogardi I. Transient groundwater flow simulation using a fuzzy set
approach. Ground Water. 1997a; 35(2):205–215.

Dou C, Woldt W, Bogardi I, Dahab M. Numerical solute transport simulation using fuzzy set
approach. Journal of Contaminant Hydrology. 1997b; 27(1–2):107–126.

Drogue C. Analyse Statistique des hydrogrammes de décrues des sources karstiques (Statistical
analysis of hydrograph recessions of karst springs). Journal of Hydrology. 1972; 15:49–68.

Drogue C. Structure de certains aquifères karstiques d'après les résultats de travaux de forage
(Structure of some karst aquifers based on the drilling results). Comptes Rendus Académie des
sciences, Paris D. 1974; 278:2621–2624.

Drogue C. Essai d'identification d'un type de structure de magasins carbonates fissures (Test for
identifying the type of structure of carbonates fissures' storages). Application à l'interprétation de
certains aspects du fonctionnement hydrogéologique. Mémoires hors série Société Géologique de
la France. 1980; 11:101–108.

Dverstorp B, Andersson J, Nordqvist W. Discrete fracture network interpretation of field tracer
migration in sparsely fractured rock. Water Resources Research. 1992; 28:2327–2343.

Eisenlohr L, Király L, Bouzelboudjen M, Rossier I. Numerical simulation as a tool for checking the
interpretation of karst springs hydrographs. Journal of Hydrology. 1997; 193:306–315.

Faulkner J, Hu BX, Kish S, Hua F. Laboratory analog and numerical study of groundwater flow and
solute transport in a karst aquifer with conduit and matrix domains. Journal of Contaminant
Hydrology. 2009; 110:34–44. [PubMed: 19767123]

Ghasemizadeh et al. Page 19

Hydrogeol J. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Field MS. Karst hydrology and chemical contamination. Journal of Environmental Systems. 1992–93;
22(1):1–26.

Field MS. Risk assessment methodology for karst aquifers: (2) Solute-transport modeling.
Environmental Modeling and Assessment. 1997; 47:23–37.

Field MS, Pinsky PF. A two-region nonequilibrium model for solute transport in solution conduits in
karstic aquifers. Journal Contaminant Hydrology. 2000; 44(3–4):329–351.

Fleury P, Plagnes V, Bakalowicz M. Modelling of the functioning of karst aquifers with a reservoir
model: application to Fontaine de Vaucluse (South of France). Journal of Hydrology. 2007;
345:38–49.

Ford, DC.; Williams, PW. Karst Hydrogeology and Geomorphology. Wiley; 2007. p. 576

Forkasiewicz J, Paloc H. Le régime de tarissement de la Foux-de-la-Vis. Etude préliminaire (First
study on the depletion curve of the Foux-de-la-Vis Spring). Chronique d'Hydrogéologie, BRGM.
1967; 3(10):61–73.

Geyer T, Birk S, Liedl R, Sauter M. Quantification of temporal distribution of recharge in karst
systems from spring hydrographs. Journal of Hydrology. 2008; 348:452–463.

Giusti EV. Hydrogeology of the karst of Puerto Rico: USGS Professional Paper. 1978; 1012:68.

Giusti, EV.; Bennett, GD. Water resources of the north coast limestone area, Puerto Rico: US
Geological Survey Water-Resources Investigations. 1976. p. 42-75.p. 42

Gómez, GF.; Torres-Sierra, H. Hydrology and effects of development on the water-table aquifer in the
Vega Alta quadrangle, Puerto Rico: US Geological Survey Water-Resources Investigations Report
87-4105. 1988. p. 53

Graf T, Therrien R. A method to discretize non-planar fractures for 3D subsurface flow and transport
simulations. International Journal for Numerical Methods in Fluids. 2007a; 56:2069–2090.

Graf T, Therrien R. Variable-density groundwater flow and solute transport in irregular 2D fracture
networks. Advances in Water Resources. 2007b; 30:455–468.

Greene EA. Hydrologic properties of the Madison aquifer system in the Western Rapid City area,
South Dakota. USGS Water Resources Investigation. 1992:93–4008. 56.

Guilbot, A. Modélisation des écoulement d'un aquifère karstique (liaisons pluie-debit), application aux
bassins de Saugras et du Lez (Modeling of flow in a karst aquifer (rainfall-discharge relations),
application to Saugras and Lez basins). Thèse, Université des Sciences et Techniques du
Languedoc; Montpellier: 1975.

Guzmán, RS.; Quiñones, MF. US Geological Survey Open-File Report 84-058. 1984. Ground-water
quality at selected sites throughout Puerto Rico, September 1982-July 1983.

Hergarten S, Birk S. A fractal approach to the recession of spring hydrographs. Geophysical Research
Letters. 2007; 34:L11401.

Hill, ME.; Martin, A.; Stewart, MT. Performance Evaluation of the Modflow-2005 Conduit Flow
Process Applied to a Karst Aquifer Underlying West-Central Florida. In: Kuniansky, EL., editor.
US Geological Survey Karst Interest Group Proceedings. Bowling Green, Kentucky: 2008. p.
93-98.May 27–29, 2008: US Geological Survey Scientific Investigations Report 2008-5023

Hunter JM, Arbona SI. Paradise lost: an introduction to the geography of water pollution in Puerto
Rico. Social Science and Medicine. 1995; 40:1331–1355. [PubMed: 7638643]

Huntoon, PW. Is it appropriate to apply porous media groundwater circulation models to karstic
aquifers?. In: El-Kadi, AI., editor. Groundwater models for resources analysis and management;
1994 Pacific Northwest/Oceania Conference; Honolulu, HI. 1995. p. 339-358.

Hu BX. Examining a coupled continuum pipe-flow model for groundwater flow and solute transport in
a karst aquifer. Acta carsologica. 2010; 39(2):347–359.

Hu CH, Hao YH, Yeh TCJ, Pang B, Wu ZN. Simulation of spring flows from a karst aquifer with an
artificial neural network. Hydrological Processes. 2008; 22:596–604.

Jeannin PY. Modeling flow in phreatic and epiphreatic karst conduits in the Hölloch Cave (Muotathal,
Switzerland). Water Resources Research. 2001; 37(2):191–200.

Jeannin PY, Maréchal JC. Lois de pertes de charge dans les conduits karstiques: base théorique et
observations (Law of pressure loss in karst conduits: theoretical basis and observations). Bulletin
d'Hydrogéolgie, Neuchatel. 1995; 14:149–176.

Ghasemizadeh et al. Page 20

Hydrogeol J. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Jukić D, Denić-Jukić V. Groundwater balance estimation in karst by using a conceptual rainfall-runoff
model. Journal of Hydrology. 2009; 373(3–4):302–315.

Kaufmann G, Braun J. Karst aquifer evolution in fractured, porous rocks. Water Resources Research.
2000; 36(6):1381–1391.

Keeler RR, Zhang YK. Modeling of groundwater flow in a fractured-karst aquifer in the Big Springs
Basin, Iowa. GSA Abs with Programs. 1997; 29(4):25.

Király L. FEM-301, A three dimensional model for groundwater flow simulation. NAGRA Technical
Report 84-49. 1985:96.

Király, L. Large-scale 3D groundwater flow modeling in highly heterogeneous geologic medium. In:
Custodio, editor. Groundwater flow and quality modeling. D Riedel Publishing Company; 1988. p.
761-776.

Király L. Modeling karst aquifers by the combined discrete channel and continuum approach, Bulletin
du Centre d'Hydrogeologie. Neuchatel. 1998; 16:77–98.

Király L. Karstification and groundwater flow. Speleogenesis and Evolution of Karst Aquifers. 2003;
1:1–26.

Király L, Morel G. Remarques sur hydrogramme des sources karstiques simulé par modèles
mathématiques (Remarks on karst springs hydrographs simulated with mathematical models).
Bulletin d'Hydrogéologie de l'Université de Neuchâtel. 1976; 1:37–60.

Király L, Perrochet P, Rossier Y. Effect of epikarst on the hydrograph of karst springs: a numerical
approach. Bulletin d'Hydrogéologie. 1995; 14:199–220.

Kipp, KL. HST3D: A computer code for simulation of heat and solute transport in three dimensional
groundwater flow systems: US Geological Survey Water-Resources Investigations Report
86-4095. 1987. p. 597

Kourtulus B, Razack M. Modeling daily discharge responses of a large karstic aquifer using soft
computing methods: Artificial neural network and neuro-fuzzy. Journal of Hydrology. 2010;
381:101–111.

Kovacs, A. Thèse de Doctorat, CHYN. Univ de Neuchâtel; 2003. Geometry and hydraulic parameters
of karst aquifers: A hydrodynamic modeling approach.

Kovacs, A.; Sauter, M. Modeling karst hydrodynamics. In: Goldscheider, N.; Drew, D., editors.
Methods in Karst Hydrogeology. Vol. 26. International Contribution to Hydrogeology, IAH
Master; 2007. p. 201-222.

Kuniansky, EL. Multilayer finite-element model of the Edwards and Trinity aquifers, Central Texas.
In: Dutton, AR., editor. Toxic Substances and the Hydrologic Sciences. 1993.

Kuniansky, EL.; Fahlquist, L.; Ardis, AF. Travel times along selected flow paths of the Edwards
aquifer, central Texas. In: Kuniansky, EL., editor. US Geological Survey Karst Interest Group
Proceedings. St. Petersburg, Florida: 2001. p. 69-77.February 13–16, 2001: US Geological Survey
Water-Resources Investigations Report 01-4011

Kuniansky, EL.; Holligan, KQ. west-central Texas: US Geological Survey Water-Resources
Investigations Report 93-4039. 1994. Simulations of flow in the Edwards-Trinity aquifer system
and contiguous hydraulically connected units; p. 40

Kumar, CP. Groundwater Flow Models: An Overview. In Groundwater Modelling and Management.
Ghosh, NC.; Sharma, KD., editors. Capital Publishing Company; New Delhi: 2006. p. 153-178.

Kurtulus B, Razack M. Evaluation of the ability of an artificial neural network model to simulate the
input-output responses of a large karstic aquifer: the La Rochefoucauld aquifer, Charente, France.
Hydrogeology Journal. 2007; 15:241–254.

Kurtulus B, Razack M. Modeling daily discharge responses of a large karstic aquifer using soft
computing methods: Artificial neural network and neuro-fuzzy. Journal of Hydrology. 2010;
381:101–111.

Lallahem S, Mania J. A nonlinear rainfall-runoff model using neural network technique: example in
fractured porous media. Mathematical and Computer Modeling. 2003; 37:1047–1061.

Larocque M, Banton O, Ackerer P, Razack M. Determining karst transmissivities with inverse
modeling and an equivalent porous media. Ground Water. 1999; 37:897–903.

Ghasemizadeh et al. Page 21

Hydrogeol J. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Lapcevic, PA.; Novakowski, KS.; Sudicky, EA. Groundwater flow and solute transport in fractured
media. In: Delleur, JW., editor. The Handbook of Groundwater Engineering. CRC Press; New
York: 1999.

Lee ES, Krothe NC. A four-component mixing model for water in a karst terrain in south-central
Indiana, USA using solute concentration and stable isotopes as tracers. Chemical Geology. 2001;
179:129–143.

Li G. Analytical Solution of Advective Mixing in a Conduit. Ground Water. 2009; 47(5):714–722.
[PubMed: 19735310]

Liedl R, Sauter M, Hückinghaus D, Clemens T, Teutsch G. Simulation of the development of karst
aquifers using a coupled continuum pipe flow model. Water Resources Research. 2003; 39(3):
1057.

Long JCS, Gilmour P, Witherspoon PA. A model for steady fluid flow in random three-dimensional
networks of disc shaped fractures. Water Resources Research. 1985; 21(8):1105–1115.

Loop CM, White WB. A conceptual model for DNAPL transport in karst ground water basins: Ground
Water. 2001; 39(1):119–127.

Mahler, BJ.; Personné, JC.; Lynch, FL.; Van Metre, PC. Sediment and sediment-associated
contaminant transport through karst. In: Sasowsky, ID.; Mylroie, JE., editors. Studies of Cave
Sediments. NY Studies of Cave Sediments; Kluwer Academic, New York: 2003. p. 23-46.

Maillet, E. Essais d'hydraulique souterraine & fluviale (Hydraulic tests in the subsurface and in rivers).
Hermann; Paris: 1905.

Mangin, A. Contribution à l'etude hydrodynamique des aquifères karstiques (Contribution to the
hydrodynamic study of karst aquifers). Thèse, Institut des Sciences de la Terre de l'Université de
Dijon; 1975.

Mathews TJ, MacDorman MF. Infant Mortality Statistics From the 2007 Period Linked Birth/Infant
Death Data Set. National Vital Statistics Reports. 2011; 59:6.

Matthäi SK, Belayneh M. Fluid flow partitioning between fractures and a permeable rock matrix.
Geophysical Research Letters. 2004; 31:1–5.

McDonald MG, Harbaugh AW. A modular three-dimensional finite-difference ground-water flow
model: US Geological Survey Techniques of Water-Resources Investigations. 1988; book 6(chap
A1):586.

Mero F. Application of the groundwater depletion curves in analyzing and forecasting spring
discharges influenced by well fields. Symposium on surface waters, General assembly of Berkeley
of IUGG, IAHS Publication. 1963; 63:107–117.

Mero, F. An approach to daily hydrometeorological water balance computations for surface and
groundwater basins. Proceedings ITC-UNESCO, Seminar for integrated river basin development;
1969.

Mero F, Gilboa Y. A methodology for the rapid evaluation of groundwater resources. Sao Paulo State,
Brazil. Bulletin des Sciences Hydrogéologiques. 1974; 19(3):347–358.

Moghaddamnia A, Ghafari Gousheh M, Piri J, Amin S, Han D. Evaporation estimation using artificial
neural networks and adaptive neuro-fuzzy inference system techniques. Advances in Water
Resources. 2009; 32:88–97.

Monroe, WH. Geology of the Middle Tertiary formations of Puerto Rico: US Geological Survey
Professional Paper. 1980. p. 953

Mutch RD, Scott JI, Wilson DJ. Cleanup of fractured rock aquifers: implications of matrix diffusion.
Environmental Monitoring and Assessment. 1993; 24(1):45–70.

Neuman, SP. Stochastic continuum representation of fractured rock permeability as an alternative to
the REV and fracture network concepts. In: Custodio, E.; Gurgui, A.; Lobo-Ferreira, JP., editors.
ReidelPubl, Dordrecht. 1987. p. 331-362.

Newell, CJ.; Ross, RR. US EPA Quick Reference Fact Sheet, US EPA, ORD. RS Kerr Environmental
Research Laboratory; Ada, OK: 1992. Estimating potential for occurrence of DNAPL at
Superfund sites.

Newell, CJ.; Acree, SD.; Ross, RR.; Scott, GH. [accessed March 30, 2012] Light Nonaqueous Phase
Liquids, EPA Technical Support Project Issue Papers. 1995. Available online at http://
www.epa.gov/tio/tsp/issue.htm

Ghasemizadeh et al. Page 22

Hydrogeol J. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.epa.gov/tio/tsp/issue.htm
http://www.epa.gov/tio/tsp/issue.htm


Palmer, AN.; Palmer, MV.; Sasowsky, ID. Karst Modeling: Special Publication 5. Karst Waters
Institute; Akron Ohio: 1999.

Pankow JF, Johnson RL, Hewetson JP, Cherry JA. An evaluation of contaminant migration patterns at
two waste disposal sites on fractured porous media in terms of the equivalent porous medium
(EPM) model. Journal of Contaminant Hydrology. 1986; 1:65–76.

Perrin, J. PhD thesis. University of Neuchâtel; 2003. A conceptual model of flow and transport in a
karst aquifer based on spatial and temporal variations of natural tracers; p. 227

Quinlan, J. PhD Thesis. Geology, University of Texas; Austin: 1978. Types of Karst, with Emphasis
on Cover Beds in Their Classification and Development.

Quinlan, JF.; Ewers, RO. Subsurface drainage in the Mammoth Cave area. In: White, WB.; White,
EL., editors. Karst hydrology: Concepts from the Mammoth Cave area. Van Nostrand Reinhold;
New York: 1989. p. 65-103.

Reimann T, Hill ME. MODFLOW-CFP: A New Conduit Flow Process for MODFLOW-2005. Ground
Water. 2009; 47:321–325.

Renken RA, Ward WC, Gill IP, Gómez GF, Rodríguez JM, et al. Geology and Hydrogeology of the
Caribbean Islands Aquifer System of the Commonwealth of Puerto Rico and the US Virgin
Islands. US Geological Survey Professional Paper. 2002; 1419:1–139.

Rodríguez JM. Hydrology of the North Coast Limestone Aquifer System in Puerto Rico. United States
Geological Survey Water Resources Report 94-4249. 1995:22.

Rodríguez, JM. Characterization of springflow in the north coast limestone of Puerto Rico using
physical, chemical, and stable isotopic methods. US Department of the Interior, US Geological
Survey; San Juan, PR: 1998.

Rodríguez, JM.; Hartley, JR. US Geological Survey Open-File Report 93-465. 1994. Geologic and
Hydrologic Data Collected at Test Holes NC-6 and NC-11, Hatillo and Isabela, Northwestern
Puerto Rico; p. 39

Rodríguez, JM.; Richards, RT. US Geological Survey Water-Resources Investigations Report
00-4147. 2000. Detection of conduit-controlled ground-water flow in northwestern Puerto Rico
using aerial photograph interpretation and geophysical methods; p. 45

Ryder, PD. US Geological Survey Professional Paper 1403-F. 1985. Hydrology of the Floridan aquifer
system in west-central Florida; p. 63

Sauter, M. PhD thesis. Univ of Tübingen; Germany: 1992. Quantification and forecasting of regional
groundwater flow and transport in a karst aquifer (Gallusquelle, Malm SW Germany); p.
150Tübinger Geowiss. Arb C13

Sauter M. Double porosity models in karstified limestone aquifers: Field validation and data provision.
Hydrogeological Process in Karst Terranes, International Association of Hydrological Sciences.
1993; 207:261–279.

Sauter M, Kovacs A, Geyer T, Teutsch G. Modellierung der Hydraulik von Karst Grundwasserleiter -
Eine Übersicht (Modeling of the hydraulics of karst aquifers - An Overview). Grundwasser.
2006; 11(3):143–156.

Scanlon BR, Mace RE, Barret ME, Smith B. Can we simulate regional groundwater flow in a karst
system using equivalent porous media models? Case study, Barton Springs Edwards aquifer,
USA. Journal of Hydrology. 2003; 276(1–4):137–158.

Schuster ET, White WB. Seasonal fluctuations in the chemistry of limestone springs-A possible means
for characterizing carbonate aquifers. Journal of Hydrology. 1971; 14:93–128.

Sepúlveda, N. US Geological Survey Water-Resources Investigations Report 97-4170. 1999. Ground-
water flow, solute transport, and simulation of remedial alternatives for the water-table aquifer in
Vega Alta, Puerto Rico; p. 96

Sepúlveda N. Analysis of Methods to Estimate Spring Flows in a Karst Aquifer. Ground Water. 2008;
47(3):337–349. [PubMed: 18800971]

Shoemaker WB, Kuniansky EL, Birk S, Bauer S, Swain ED. Documentation of a Conduit Flow
Process (CFP) for MODFLOW-2005. US Department of the Interior, US Geological Survey.
Techiques and Methods. 2008; Book 6(Chapter A24):50.

Singhal, BBS.; Gupta, RP. Kluwer Academic Publishers. Dordrecht; Netherlands: 1999. Applied
hydrogeology of fracture rocks; p. 166-167.

Ghasemizadeh et al. Page 23

Hydrogeol J. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Streltsova, TD. Storage properties of fractured formations, in Hydrologic Problems. In: Dilamarter,
RR.; Csallany, SC., editors. Karst Regions. Kentucky University; 1977. p. 188-92.

Stringfield, VT.; Rapp, JR.; Anders, RB. Effects of karst and geologic structure on the circulation of
water and permeability in carbonate aquifers. In: Back, W.; Stephenson, DA., editors.
Contemporary Hydrogeology-the George Burke Maxey Memorial Volume: Journal of
Hydrology. Vol. 43. 1979. p. 313-332.

Sudicky EA, McLaren RG. The Laplace transform Galerkin techniqe for large-scale simulation of
mass transport in discretely fractured porous formations. Water Resources Research. 1992; 28(2):
499–514.

Szilagyi JM, Parlange B, Albertson JD. Recession flow analysis for aquifer parameter determination.
Water Resources. 1998; 34:1851–1857.

Tabari, H.; Martinez, C.; Ezani, A.; Talaee, H. Irrigation Science. 2012. Applicability of support vector
machines and adaptive neurofuzzy inference system for modeling potato crop evapotranspiration;
p. 1-14.

Tallaksen LM. A review of baseflow recession analysis. Journal of Hydrology. 1995; 165:349–370.

Tang DH, Frind EO, Sudicky EA. Contaminant transport in fractured porous media: analytical
solutions for a single fracture. Water Resources Research. 1981; 17(3):555–564.

Teutsch, G. Groundwater models in karstified terraines-two practical examples from the Swabian Alb,
S Germany. 4th Conference on Solving Groundwater Problems with Models, 7th-9th February
1989; Indianapolis, USA. 929-953, Indianapolis, Indiana: International Ground Water Modeling
Center; 1989.

Teutsch G. An extended double-porosity concept as a practical modeling approach for a karstified
terrain. Hydrogeological Processes in Karst Terranes. 1993:281–292.

Teutsch G, Sauter M. Distributed parameter modeling approaches in karst hydrological investigations.
Bulletin d'Hydrogéologie. 1998; 16:99–109.

Therrien R, Sudicky EA. Three dimensional analysis of variably saturated flow and solute transport in
discretely fractured porous media. Journal of Contaminant Hydrology. 1996; 23:1–44.

Thrailkill JV. Chemical and hydrologic factor in the excavation of limestone caves. Geological Society
of America Bulletin. 1968; 79(1):19–46.

Thrailkill, JV. Models and methods for shallow conduit-flow aquifers. Proceedings of the
Environmental Problems in Karst Terraines and their Solutions Conference; Bowling Green, Ky.:
National Water Well Association; 1986. p. 17-31.

Thrailkill, JV. Shallow conduit-flow carbonate aquifers: Conceptual models and parameter evaluation.
In: Moore, JE.; Zaporozec, AA.; Csallany, SC.; Varney, TC., editors. Recent advances in ground-
water hydrology. American Institute of Hydrology; Minneapolis, MN: 1989. p. 153-159.

Torbarov, K. Estimation of permeability and effective porosity in karst on the basis of recession curve
analysis. Dubrovnik 1975. In: Yevjevich, V., editor. WRP. Vol. 1. 1976. p. 121-134.Proceedings

Torres-González, A. Simulation of ground-water flow in the water table aquifer near Barceloneta,
Puerto Rico, US Geological Survey Water-Resources Investigations Report 84-4113. 1985. p. 39

Torres-González, S.; Planert, M.; Rodríguez, MJ. Puerto Rico: US Geological Survey Water-
Resources Investigations Report 95-4286. 1996. Hydrogeology and simulation of ground-water
flow in the upper aquifer of the Río Camuy to Río Grande de Manatí area; p. 102

Troch PA, De Troch FP, Brutsaert W. Effective water table depth to describe initial conditions prior to
storm rainfall in humid regions. Water Resources. 1993; 29:427–434.

Wanakule, N.; Anaya, R. Texas Water Resources Institute, Technical Report 163. 1993. A lumped
parameter model for the Edwards aquifer; p. 84

Weatherhill D, Graf T, Simmons CT, Cook PG, Therrien R, Reynolds DA. Discretizing the fracture-
matrix interface to simulate solute transport. Ground Water. 2008; 46(4):606–615. [PubMed:
18266725]

White, WB. Conceptual models for carbonate aquifers: revisited. In: Dilamarter, RR.; Csallany, SC.,
editors. Hydrologic Problems in Karst Terrains. Western Kentucky University; Bowling Green,
KY: 1977. p. 176-187.

White, WB. The Virtual Scientific Journal. 2003. Conceptual models for karstic aquifers:
Speleogenesis, and Evolution of Karst Aquifers; p. 6

Ghasemizadeh et al. Page 24

Hydrogeol J. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



White, WB. Groundwater flow in karstic aquifers. In: JW, Delleur, editor. The Handbook of
Groundwater Engineering. Vol. 21. CRC Press, Taylor and Francis Group; 2007. p. 1-47.

White WB, White EL. Ground water flux distribution between matrix, fractures, and conduits:
Constraints on modeling. Speleogenesis and Evolution of Karst Aquifers. 2005; 3(2):1–6.

Williams WP. The role of the subcutaneous zone in karst hydrology. Journal of Hydrology. 1983;
61(1–3):45–67.

Witherspoon PA, Wang JSY, Iwai K, Gale JE. Validity of the cubic law for fluid flow in a deformable
rock fracture. Water Resources Research. 1980; 16:1016–1024.

Witthüser K, Reichert B, Hötzl H. Contaminant transport in fractured chalk: Laboratory and field
experiments. Ground Water. 2003; 41(6):806–815. [PubMed: 14649863]

Wolfe, WJ.; Haugh, CJ.; Webbers, A.; Diehl, TH. US Geological Survey Water Resources
Investigations Report 97-4097. 1997. Preliminary conceptual models of the occurrence, fate, and
transport of chlorinated solvents in karst regions of Tennessee; p. 80

Worthington, SRH. PhD thesis. McMaster University; Hamilton, Ontario: 1991. Karst hydrogeology
of the Canadian Rocky Mountains; p. 227

Zhang YK, Bai EW, Libra R, Rowden R, Liu H. Simulation of spring discharge from a limestone
aquifer in Iowa. Hydrogeology Journal. 1996; 4:41–54.

Ghasemizadeh et al. Page 25

Hydrogeol J. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 1.
Conceptual model for a karst aquifer
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Fig 2.
Conceptual scheme for a karst aquifer (White 2003)
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Fig 3.
Conceptual model of a karst aquifer with double-fissured porosity system: upper more
cracked epikarst (A), matrix blocks (B), and fractures with higher permeability (C) (Drogue
1980)
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Fig 4.
Conceptual model of solute transport at Milandre test site (Perrin 2003)
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Fig 5.
Conceptual model for DNAPL storage and transport in karst aquifers (Loop and White
2001)
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Fig 6.
Three reservoir recession curves: A, B and C (Forkasiewitz and Paloc1967)
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Fig 7.
Rainfall-discharge model of a karst aquifer with linear storages for the recharge (soil and
epikarst) system, the diffuse flow (matrix) system and the conduit flow system (from
Butscher C, Huggenberger 2008).
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Fig 8.
Distributed modeling approaches in karst aquifers

Ghasemizadeh et al. Page 33

Hydrogeol J. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 9.
Puerto Rico historical modeling areas (modified from Cherry 2001)
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Fig 10.
Geologic formations of the north coast limestone, Puerto Rico (modified from Giusti 1978)
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Fig 11.
Top element layer of the Vega Alta HST3D model, grid design and boundary conditions
(modified from Sepúlveda 1999)
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Fig 12.
Simulated TCE concentration contours (in μg/L) without remedial alternatives (no-action
scenario) in the Vega Alta aquifer in March 2022, Puerto Rico (modified from Sepúlveda
1999)
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Fig 13.
Simulated and measured heads contours (in feet) at the top layer of the Vega Alta model,
Puerto Rico, April 1992 (modified from Sepúlveda 1999). 1 foot = 0.3048 m
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Table 1

Flow characteristics of triple porosity components in karst aquifers

Permeability Dimension Travel Time Flow Mechanism Distribution

Matrix μm to mm Long Darcy law, laminar flow Continuous

Fracture 10 μm to 10 mm Intermediate Cube law, usually laminar flow Localized

Conduit > 10 mm Short Darcy-Weisbach, open channel and pipe flow, turbulent flow Localized
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Table 2

Differently named distributed modeling approaches in the literature

Modeling Approach Other Names Type

Equivalent Porous Medium Approach (EPM) Single Continuum Porous Equivalent Approach (SCPE)
Heterogeneous Continuum Approach
Distributed Parameter Approach
Smeared Conduit Approach
Single Continuum Approach

Distributed

Double Porosity Model (DPM) Double Continuum Approach (DC)
Double Continuum Porous Equivalent Approach (DCPE)

Distributed

Discrete Fracture Network Approach (DFN) Parallel Plate Model
Two types:
Discrete Singular Fracture Set Approach (DSFS)
Discrete Multiple Fracture Set Approach (DMFS)

Distributed

Discrete Channel Network Approach (DCN) Discrete Conduit Network Approach (DCN) Distributed

Hybrid Model (HM) Combined Discrete-Continuum Approach (CDC)
Combined Single Continuum - Discrete Fracture Set
Approach (SCPE-DSFS)

Distributed

Hydrograph-Chemograph Analyses Single Event Methods Lumped

Linear Storage Models Rainfall-Discharge Models
Time Series Analyses
Box Models

Lumped

Soft computing Methods Computationally Intelligence Methods Lumped
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Table 3

Common groundwater models for (equivalent) porous media

Model Dimensions Numerical Technique Modeling Capabilities Applications

MODFLOW 3-D Finite-Difference Groundwater Flow
Confined or unconfined aquifers, flow to wells,

areal recharge, evapotranspiration, flow to drains,
and flow through riverbeds

FEFLOW 2-D / 3-D Finite-Element Groundwater Flow, Soule and
Heat Transport

Complex geometric and parametric situation,
phreatic aquifers, perched water tables, moving
meshes, saturated-unsaturated zones, salinity

dependent and temperature dependent transport

HST3D 3-D Finite-Difference Groundwater Flow, Solute and
Heat Transport

Subsurface-waste injection, landfill leaching,
saltwater intrusion, freshwater recharge and
recovery, radioactive waste disposal, water
geothermal systems, and subsurface energy

storage

MT3D 3-D Finite-Difference Solute Transport

Advection in flow fields, anisotropic dispersion,
first-order decay and production reactions, and
linear and nonlinear sorption. It can also handle
bioplume-type reactions, monad reactions, and

daughter products

SEAWAT 3-D Finite-Difference Groundwater Flow, Solute and
Heat Transport

Variable-density groundwater flow, saltwater
intrusion in coastal aquifers

Chemflo 1-D Finite-Difference Groundwater Flow and Solute
Transport

Water and chemical movement in unsaturated
soils

AQUA3D 3-D Finite-Element Groundwater Flow, Solute and
Heat Transport

Inhomogeneous and anisotropic flow conditions,
transient transport of contaminants and heat with

convection, decay, adsorption and velocity-
dependent dispersion.

3DFEMFAT 3-D Finite-Element Groundwater Flow and Solute
Transport

Infiltration, wellhead protection, agricultural
pesticides, sanitary landfill, radionuclide disposal

sites, hazardous waste disposal sites, density-
induced flow and transport, saltwater intrusion
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