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Abstract

We discuss techniques to represent groundwater flow in carbonate aquifers using the three existing modeling
approaches: equivalent porous medium, conduit network, and discrete fracture network. Fractures in faulted
stratigraphic successions are characterized by dominant sets of sub-vertical joints. Grid rotation is recommended
using the equivalent porous medium to match higher hydraulic conductivity with the dominant orientation of
the joints. Modeling carbonate faults with throws greater than approximately 100 m is more challenging. Such
faults are characterized by combined conduit-barrier behavior. The barrier behavior can be modeled using the
Horizontal Flow Barrier Package with a low-permeability vertical barrier inserted to represent the impediment of
horizontal flow in faults characterized by sharp drops of the piezometric surface. Cavities can occur parallel to
the strike of normal faults generating channels for the groundwater. In this case, flow models need to account for
turbulence using a conduit network approach. Channels need to be embedded in an equivalent porous medium
due to cavities a few centimeters large, which are present in carbonate aquifers even in areas characterized by low
hydraulic gradients. Discrete fracture network modeling enables representation of individual rock discontinuities
in three dimensions. This approach is used in non-heavily karstified aquifers at industrial sites and was recently
combined with the equivalent porous medium to simulate diffusivity in the matrix. Following this review, we
recommend that the future research combines three practiced modeling approaches: equivalent porous medium,
discrete fracture network, and conduit network, in order to capture structural and flow aspects in the modeling of
groundwater in carbonate rocks.

Introduction

Fractured carbonate aquifers, which are subjected
to different degrees of karstification, underlie a land
area covering approximately 15% of the earth’s surface,
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and they supply drinking water to approximately 25%
of the world’s population (see Figure 1; Fligel 2013).
Approximately 45%, 40%, and 30% of the earth’s sur-
face are covered by carbonate rocks in China, northern
America, and Europe, respectively (Figure 1; Worthing-
ton and Ford 2009; Ford and Williams 2013; Hartmann
et al. 2014a, 2014b). In these areas, stress on groundwater
resources is much higher due to high population densities,
which necessitate intense industrial and agricultural activ-
ities. Thus, a range of pollutants such as nitrate, sulfate,
chloride, pathogens, toxic organic compounds released by
mineral fertilizers and pesticides can reach the saturated
parts of these aquifers in regions, which are devolved
to industry and agriculture (Bales et al. 1989; Goppert
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and Goldscheider 2008; Mahler and Garner 2009; Petitta
et al. 2009, 2018; Musgrove et al. 2014; Zhang et al. 2019;
Medici et al. 2020). Additionally, carbonate aquifers rep-
resent the principal source of water for major capital
cities such as Doha, Beijing, London, Rome, and Vienna
(Maloszewski et al. 2002; Worthington and Gunn 2009;
Ford and Williams 2013; Hartmann et al. 2014a, 2014b;
Worthington 2015). Hence, the exponential geo-modeling
advance of the last 30 years has presented new solutions
for the representation of groundwater flow in aquifers
of carbonate origin in response to the social and eco-
nomic importance of these geological media (Shoemaker
et al. 2008; Reimann and Hill 2009; Hill et al. 2010; Gal-
legos et al. 2013; Saller et al. 2013; Hartmann et al. 2014a;
Sullivan et al. 2019). However, new modeling advances
should be integrated with traditional techniques for rig-
orous representation of fluid flow in a three-dimensional
(3D) geological domain. Further, all modeling techniques
should honor the corresponding tectonic settings.

Within carbonate aquifers, fluid flow is primarily
controlled by bedding planes reactivated by the tec-
tonic stress (Tanner 1989; Ritzi and Andolsek 1992;
Bidaux and Drogue 1993; Odling et al. 1999; Bauer
et al. 2016; Medici et al. 2016, 2019a, 2019c¢). Groundwa-
ter flow is particularly rapid in areas of intense fracturing
such as damage zones of normal faults and thrusts and
intensely fractured fold hinges and limbs. In these set-
tings, karstification can be much more intense, where
conduits characterized by turbulent flow occur in the sub-
surface (Shoemaker et al. 2008; Goppert et al. 2011;
Amoruso et al. 2013; Chen and Goldscheider 2014;
Medici et al. 2019b). Such conduits have been detected by
televiewer logging and persist in carbonate aquifers at dif-
ferent depths (~10-200m) below the water table (Gold-
scheider and Drew 2014; Medici et al. 2019a). Hence, car-
bonate aquifers are characterized by a complex 3D pattern
of bedding planes, tectonic fractures, and karst conduits.
Currently, three different approaches are used to model
fluid flow in this structural complexity: equivalent porous
medium (EPM), conduit network (CN), and discrete frac-
ture network (DFN) (Selroos et al. 2002). The simplest
modeling approach is EPM. This method treats the frac-
tured rock with channels as an EPM, using bulk proper-
ties instead of the physical characteristics of the matrix,
individual fractures and conduits (Yager et al. 2009). By
contrast, the DFN and CN approaches represent ground-
water flow in individual fractures and channels, respec-
tively (Shoemaker et al. 2008; Parker et al. 2019). These
approaches are impaired, as they overlook the structural
features and their effects on the fluid flow in different tec-
tonic settings. As contaminants are transported at higher
rates in rock discontinuities of primary tectonic origin,
much more attention is needed on the structural geology
aspect of the conceptual model than merely the numer-
ical components of groundwater flow models in carbon-
ate aquifers (Odling et al. 1999; Aydin 2000; Lemieux
et al. 2006; Lacombe and Burton 2010; Wang et al. 2017).

To account for both recent advances in modeling
fluid flow in the subsurface and the brittle structural
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behavior of carbonate rocks, a first review that combines
the two aspects is here proposed. Fault geometry and
architectural studies by structural geologists concerning
the potential influence of faults on fluid flow are mostly
based on outcrop observations and geophysical data from
petroleum reservoirs (see Faulkner et al. 2010, and Solum
and Huisman 2016 for reviews). Bense et al. (2013)
reviewed all the experimental methods of hydraulic
investigation of fault zones. Fiorillo et al. (2015) studied
the recession of springs in karst aquifers worldwide
from a hydrological point of view. A number of review
papers focus on the hydraulic behavior of fractured and
karst aquifers in specific regions (e.g., Ghasemizadeh
et al. 2012; Guo et al. 2013).

Other recent reviews focus on the links between
paleoclimate and ecosystem and the hydrogeology of
carbonate aquifers (Goldscheider 2012; Hartmann and
Baker 2017). Applicability of karst aquifers to low and
medium enthalpy geothermal resources were revised by
Goldscheider et al. (2010), Hartmann et al. (2014a), and
Kalhor et al. (2019) that provide a review of the most
recent modeling approaches to karst hydrology. However,
these works do not relate modeling approaches to the
tectonic structures and exclusively discuss the use of EPM
and CN methodologies.

Similar to other authors, we consider fractured car-
bonate aquifers strongly anisotropic and heterogeneous
due to the coupling of pervasive fracturing and kars-
tification (Worthington 1991; West and Odling 2007;
Goldscheider and Drew 2014; Hartmann et al. 2014a;
Borovi¢ et al. 2019). However, the majority of ground-
water flow models only account for the vertical flow
anisotropy (K /K ), which is in a wide range (~102-10%)
in karst environments (Neymeyer et al. 2007; Odling
et al. 2013; Goldscheider and Drew 2014; Zuffiano et al.
2016).

Anticlines, synclines, and areas affected by vertical
lithosphere uplifts are characterized by dominant sets
of sub-vertical joints (Odling et al. 1999; Gillespie
et al. 2001; Billi 2005; Carminati et al. 2010; Tavani
et al. 2015). These structural patterns can induce hori-
zontal flow anisotropies that influence the direction and
rate of contaminant dispersal in the subsurface. Shape
and velocities of plumes are influenced by preferential
orientation of tectonic fractures in geological porous
media (Odling and Roden 1997; Berkowitz 2002). This
horizontal flow anisotropy (K,/K) also finds practical
application in the definition of the source protection areas
in karst aquifers. In fact, backwards particle tracking
from abstraction wells is influenced by the introduction
of horizontal flow anisotropies in 3D groundwater flow
models (Pollock 1994).

Extensional tectonic settings, fold and thrust belts,
and vertically uplifted areas are characterized by normal
faults that accommodate local or crustal scale extension
(Jolivet and Faccenna 2000; Billi 2005; Carminati
et al. 2009). Hence, conceptual and technical details on
modeling groundwater flow in normal faults are added in
this research.

NGWA.org



Il Carbonate rocks
[ INon-carbonate rocks

Figure 1. World map with outcrops of carbonate rocks (from Fliigel 2013).

In summary, utilizing the EPM and DFN methods,
this review links groundwater flow modeling to the
structural pattern in the saturated zone of carbonate aquifer
types. Specific research objectives are: (1) to provide
guidelines to model groundwater flow in the subsurface
in the presence of normal faults, folds, thrusts, and uplift-
generated joints; (2) to relate modeling strategy to the
existing flow modeling approaches in geological media;
and (3) to identify future research scenarios on numerical
modeling in carbonate aquifers.

Hydrogeology of Tectonic Structures

The 3D network of rock discontinuities and karst con-
duits in faulted and unfaulted areas are described based on
structural, geo-morphological surveys and speleological
observations. This description, coupled with experimen-
tal evidences of the impact of thrusts, folds, and normal
faults on fluid flow, represents a primary step before mov-
ing toward numerical modeling. Flow anisotropies are
the result of dominant sets of tectonic fractures in car-
bonates aquifers (Odling et al. 1999, 2013; Billi 2005;
Hartmann et al. 2007; Agosta et al. 2010; Korneva
et al. 2014). However, flow heterogeneities are repre-
sented by systems of caves and cavities that due to
relatively large aperture (~1072-10°m) are character-
ized by high-flow velocities and turbulent flow (Bauer
et al. 2003; Shoemaker et al. 2008; Gallegos et al. 2013;
Masciopinto and Palmiotta 2013; Saller et al. 2013; Sauro
et al. 2013; Medici et al. 2019a, 2019b). The following
section describes the relation between flow anisotropies,
heterogeneities, and tectonic structures.

Fold and Thrust Belts

Folds can form in association with detachments,
as well as propagating and bending faults (e.g., All-
mendinger 1998; Carminati et al. 2010). Thrust faults and
folds (anticlines and synclines) observed at a much finer
scale (~10°-10" m) appear heavily fractured and karsti-
fied in quarries and road cuts (Billi et al. 2007; Pepe and
Parise 2014; Tavani et al. 2015; Bauer et al. 2016; Medici
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Figure 2. Three-dimensional hydro-structural model of
thrusts (modified from Goldscheider and Drew 2014).

et al. 2019b; Smeraglia et al. 2020). Hence, understand-
ing preferential orientation of fractures as conduits is of
paramount importance to model groundwater flow in the
subsurface in mountain belts (Petitta and Tallini 2002;
Falcone et al. 2008; Goppert et al. 2011; Bakalowicz
2015).

Thrusts that displace carbonate sedimentary succes-
sions are typically characterized by an alignment of
springs (Figure 2). Troughs, where the springs are located,
are used to map thrusts in vegetated areas in a moun-
tain range. The alignments of springs arise from either
presence of relatively impermeable marly lithologies at
footwall blocks or development of low-permeability cores
in the thrust plane (Boni et al. 1986; Cosentino et al. 2010;
Giacopetti et al. 2017).

Springs are connected to a network of caves and cavi-
ties in the subsurface (Scozzafava and Tallini 2001; Sauro
et al. 2013; Goldscheider and Drew 2014; Giacopetti
et al. 2017). Such conduits are approximately 0.1-5m
large according to outcrop and speleological observations
and tend to be orthogonal to the thrust faults (Figure 2).
This orientation is attributed to the development of valleys
that perpendicularly cut the compressional front. Most of
these valleys are related to strike-slip tear faults that divide
sectors of thrusts characterized by different displacements
(Figure 2b; Boyer and Elliot 1982; Miccadei et al. 2011).
Here, relatively high groundwater flow velocities and tur-
bulence occurs. In fact, high turbidity of springs associ-
ated with major thrusts is due to turbulent currents that
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Figure 3. Hydrogeology versus folds: (a) hydro-structural model of anticlines and synclines (modified from Tavani et al. 2015);
(b) map of Italy with location of outcrops in (c¢) and (d); (c) sub-vertical fold-related fractures, Vivaro Romano (Latium, Central
Italy); (d) karstification of sub-vertical fold-related fractures, Vivaro Romano (Latium, Central Italy).

resuspend solid particles (Angelini and Dragoni 1997,
Amraoui et al. 2003).

Rock discontinuities in anticline and syncline struc-
tures in fold and thrust belts are dominated by open
fractures oriented perpendicular to bedding surfaces and
striking parallel and oblique to fold axis (see Figure 3a
and d). These high angle rock discontinuities are hydrauli-
cally conductive (Figure 3c and d). Minor faults (throw
< ~10m) also form in the fold hinge zone. Stylolites,
which represent typical fluid flow barriers, are perva-
sively oriented sub-parallel to fold hinge (Figure 3a; Tondi
et al. 2006; Carminati et al. 2010; Tavani et al. 2015). As
a consequence, hydraulic conductivity tends to be higher
parallel to the fold axis (Figure 3a). The orientation of
folds axis can be considered constant at the scale of
approximately 0.5-5 km according to geological maps in
folded areas (Santantonio et al. 2017; Mercuri et al. 2020).
At this spatial scale of a few kilometers, contaminant
plumes are constrained by geophysical monitoring at
industrial field sites (Chapman and Parker 2005; Parker
et al. 2008). Hence, the hydro-mechanical anisotropy of
anticlines and synclines may influence spatial extension
and dispersal rate of these plumes in the subsurface.

However, in mountain belts, anticlines and synclines
play a different hydrogeological role. Typically, anticlines
represent topographic highs that approximately coincide
with groundwater divides (Cosentino et al. 2010; Lauber
and Goldscheider 2014). Synclines more commonly
represent valleys, and therefore, hydraulic gradients and
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modulus of the groundwater flow vector are elevated due
to the steep topography (Goldscheider 2005; Worthington
and Ford 2009; Chen and Goldscheider 2014; Lauber
and Goldscheider 2014). Here, rapid groundwater flow
occurs and facilitates rock dissolution with vigorous
and continuous refreshment of groundwater, which is
less saturated in calcite, aragonite, and dolomite. Thus,
karstification occurs and tends to be sub-parallel to the
syncline axis (Worthington 1991; Goldscheider 2005). The
maximum hydraulic conductivity and flow vectors are
approximately sub-parallel to the preferential orientation
of open fractures according to hydro-mechanical models
(Figure 3a; Carminati et al. 2010; Evans and Fischer 2012;
Chen and Goldscheider 2014; Tavani et al. 2015). The
coupling between groundwater flow direction and its high
rate in the valleys explains the presence of karst conduits
parallel to the syncline axis.

Conduits have been detected parallel to the syncline
structures in the Canadian Rocky Mountains and the Aus-
trian and German Alps (Worthington 1991; Goldschei-
der 2005; Gremaud et al. 2009; Chen and Goldschei-
der 2014). Here, tracer tests indicate high-flow velocities
up to 200 m/h in valleys where synclines are mapped
(Worthington 1991; Goppert and Goldscheider 2008).

Unfaulted Uplifted Areas

Areas of the world characterized by sub-horizontal
layers (<5°) and absence of compressional tectonic struc-
tures are deformed by gentle flexuring of geological
strata due to vertical uplifts of the lithosphere (Carminati
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Figure 4. Hydrogeological behavior of uplift-generated joints: (a) hydro-structural model of stratabound and non-stratabound
joints (modified from Odling et al. 1999); (b) map of Ireland with location aerial photograph in (c); (¢) Google Earth aerial
photograph showing orientation principal set of joints in the Carboniferous Limestone of Burren at Black Head, western

Ireland (after Gillespie et al. 2001).

et al. 2009). This structural scenario is observed in Cre-
taceous limestones of Sicily and Apulia, Carboniferous
limestones of west Ireland and northern England, Creta-
ceous limestones of southern France, and Silurian dolo-
stone of Ontario (Allen et al. 1997; Gillespie et al. 2001;
Billi 2005; Odonne et al. 2007; Parker et al. 2019).
Here, the fracturing pattern away from fault zones is
characterized by sub-vertical and orthogonal joint sets
that occur either as stratabound or nonstratabound sys-
tems (Figure 4a). Such joints are in both cases character-
ized by a preferential orientation (Figure 4a—c). Outcrops
also show evident enlargement of these discontinuities
by groundwater dissolution (Odling et al. 1999; Gille-
spie et al. 2001; Billi 2005; Odonne et al. 2007; Mur-
phy and Everett 2013; Goldscheider and Drew 2014).
Fluid logs and dilution tests reveal how bedding plane
fractures represent the principal flow pathways. How-
ever, hydraulic connection between bedding plane discon-
tinuities is established by sub-vertical joints (Hartmann
et al. 2007; West and Odling 2007). Pumping tests carried
out with observation wells with anapproximately 10 m
spacing indicate an elliptical drawdown with major axis
elongated in the dominant orientation of sub-vertical joints
in the Carboniferous limestone of western Ireland and
Great Britain and the Cretaceous limestone of southern
France (Allen et al. 1997; Barrash and Dougherty 1997;
Wang et al. 2016). A 40years groundwater monitoring
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with high-resolution depth-discrete multi-level sampling
systems shows a clearly delineated bedrock plume. The
plume shape is influenced by orientation of bedding plane
fractures and sub-vertical joints in the Silurian Dolo-
stone of Ontario in the Guelph Municipality (Parker et al.
2019).

Thus, the presence of a principal set of sub-vertical
flowing joints induces horizontal flow anisotropies in frac-
tured rock masses. The horizontal hydraulic conductivity
tends to be higher parallel to the principal trend of joints
in unfaulted areas as illustrated in the hydro-mechanical
model in Figure 4a.

High Angle Faults

Normal and strike slip faults that develop in low-
porosity carbonates are characterized by fault cores
of cataclasites and clay smears and areas of intense
fracturing defined as damage zones (see conceptual
model Figure 5a). Low-displacement (throw < ~100m)
faults tend to primarily develop damage zones that
are dominated by highly conductive open fractures
(Figure 5; Caine et al. 1996; Bauer et al. 2016; Torabi
et al. 2019b). Indeed, the fault throw versus damage
zone width curve flattens for throw values greater than
approximately 100m in carbonate rocks. Fault cores
become progressively more important with the rising of
throw (Figures 5, and 6a—d; Agosta and Kirschner 2003;

G. Medici et al. Groundwater 5
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Figure 5. Hydro-structural conceptual models of normal
faults in limestone and dolostone: (a) dolomitization versus
throw versus hydraulic conductivity (modified from Caine
et al. 1996 and Bauer et al. 2016); (b) matrix porosity versus
hydraulic conductivity (after Tondi et al. 2006 and Torabi
et al. 2019b).

Torabi et al. 2019a, 2019b). Cataclastic fault cores
are characterized by low-porosity fine-grained matrix
generated by processes such as grain fracturing, chipping,
and further abrasion, which reduce the grain size of
the host rock. Mature fault zones show a core up to
several meters thick, which is typically cohesive due to
mechanical compaction and/or cementation (Figure 6d;
Faulkner et al. 2010). This structural feature is capable
to reduce the hydraulic conductivity of the fault, at
least in the direction perpendicular to the fault plane
(Figure 5; Aldrick 1978; Celico et al. 2006; Petrella
et al. 2009). The conceptual scheme in Figure 5a has
been developed by studying the architecture of normal and
transtesional faults in lithoid and low-porosity carbonate
rocks of Triassic age in the Austrian Alps (Bauer
et al. 2016).

Damage zone of faults are characterized by fractures,
veins, and deformation bands depending on the initial
porosity of the carbonate rock under deformation. Porous
carbonate rocks are less prone to fracturing and tend to
primary develop low-permeability cores with increasing
fault throw, while the damage zone is less fractured than
that of faults developed within low-porosity carbonates
(Antonellini et al. 2014; Torabi et al. 2019a, 2019b, 2020).
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Fault cores within porous carbonates are characterized
by deformation bands showing pore collapse and grain
compactions (Tondi et al. 2006). Thus for the same
value of throw, the core is more developed than the
damage zone in faults that displace porous carbonate rocks
with respect to the lithoid and low-porosity ones (see
conceptual scheme in Figure 5b; Tondi et al. 2006; Torabi
et al. 2019a).

Veins and deformation bands represent fluid flow
barriers (Figure 5b; Billi et al. 2003; Agosta and
Aydin 2006; Micarelli et al. 2006; Cilona et al. 2012;
Antonellini et al. 2014; Kaminskaite et al. 2019). Fractures
create high-permeability pathways within the damage
zone allowing the vertical and lateral fluid movements
along the fault zone (Caine et al. 1996). Notably,
large-displacement (throw > ~100m) normal faults in
limestones and dolostones are also characterized by up to
40° change of trend in geological maps. This structural
characteristic is related to the linkage of neighboring
and nonparallel normal faults that occur in carbonate
rocks at a variety of scales (Dawers and Anders 1995;
Merecuri et al. 2020). From a geomorphological point of
view, normal faults are frequently associated with cavities,
karsts, and dolines with principal axes sub-parallel to
the fault plane in carbonate rocks (Kresic 1995; Goppert
et al. 2011; Pepe and Parise 2014).

Cavities with rounded and angular shapes are rec-
ognized in outcrop in fractured limestone and dolo-
stone (Figure 7a—e). These structures typically represent
fault jogs (Figure 7c) and bedding plane discontinuities
(Figures 6e) enlarged by groundwater dissolution in fault
zones (Woodcock and Mort 2008; Sauro et al. 2013).
Intensively karstified jogs and bedding plane disconti-
nuities occur associated with undulation of the normal
fault plane parallel to the strike of the fault planes. Jogs
with cavities and caves are also localized in small-scale
(~1-10m in lengths) releasing band structures related to
change in the strike direction of transtensional faults (Mur-
phy and Burgess 2006; Billi et al. 2007; Sauro et al. 2013;
Bauer et al. 2016; Medici et al. 2019b).

Caves and cavities tend to be larger in limestone
compared to dolostones, which are less prone to disso-
lution (Murphy 2000; Farrant and Cooper 2008; Bauer
et al. 2016). Normal faults of similar throw in limestones
tend to be more permeable than those in dolostones (see
Figure 5a). However, alignment of springs is common
in normal faults in carbonate rocks, subjected to different
degrees of dolomitazation (Kresic 1995; Caine et al. 1996;
Agosta and Kirschner 2003; Falcone et al. 2008; Gre-
maud et al. 2009; Lauber and Goldscheider 2014; Pepe
and Parise 2014; Bauer et al. 2016).

Single-borehole pumping tests that intercept the dam-
age zone of normal and strike slip faults confirm all the
above described structural, geomorphological, and spele-
ological indicators. Such tectonic structures are character-
ized by permeabilities up to two order of magnitude higher
than the host rock in fractured carbonates (Aldrick 1978;
Allen et al. 1997; Medici et al. 2019b). However, evi-
dence of hydraulic barrier behavior across normal faults
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Figure 6. Normal faults: (a) map of Italy showing location of outcrops in (b) and (c); (b) fault in Mesozoic limestones showing
the fractured damage zone and the cataclastic fault core, Venere Fault (Central Apennines, Italy); (c) map of Spain showing
the location of the outcrop in (d); (d) the Basa Fault in southern Spain displacing carbonates of Miocene age; clay rich and
cataclastic core and karstic conduits in the hanging wall block (interpretation from Torabi et al. 2020).

is more common in relatively high-displacement (throw
> ~100m) faults due to presence of continuous, rela-
tively thick, and low permeable cataclastic and clay-rich
fault cores (Figures 5a and 6b; Caine et al. 1996; Billi
et al. 2003; Micarelli et al. 2006; Antonellini et al. 2008;
Faulkner et al. 2010; Smeraglia et al. 2016a, 2016b;
Ortiz et al. 2018; Torabi et al. 2019a, 2019b). Large-
displacement normal faults in southern France and central
Italy displacing Meso-Cenozoic limestones compartmen-
talize aquifers (Celico et al. 2006; Bucci et al. 2014).
In fact, moving from the hanging wall to the footwall
the piezometric surface rapidly drops. The well test-scale
hydraulic conductivity of these large-displacement nor-
mal faults is reduced in the case of screens intercept-
ing low-permeability cataclastic core (Figure 5b; Dausse
et al. 2019).

Applications of Modeling Approaches

Groundwater flow and solute contaminant trans-
port occur at much higher rates along bedding planes,
joints, and damage zone of low-porosity carbonates
(Berkowitz 2002; Guo et al. 2019). Hence, the modeling
strategy must be arranged accounting for the structural
setting, which controls the pattern of the rock discontinu-
ities. A range of practical solutions is proposed below to
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guide geo-modelers toward reliable representation of fluid
flow in the subsurface in limestone and dolostone aquifers.
Note that the proposed solutions refer to the three different
methods used to model fluid flow in fractured and karst
aquifers: (1) EPM, (2) CN, and (3) DFNs (see conceptual
scheme in Figure 8).

Equivalent Porous Medium

Tectonic fractures typically show a principal orien-
tation in the hinterland of fold and thrust belts (e.g.,
Figures 2 and 3) as well as in relatively undeformed areas
(e.g., Figure 4). The dominant orientation of open frac-
tures is sub-parallel to the axes of anticlines and synclines
in mountain ranges (Figure 3a; Carminati et al. 2010;
Evans and Fischer 2012; Tavani et al. 2015). Joints are
also characterized in unfaulted areas by orthogonal sets of
high (70°-90°) angle fractures with a more persistent set
(Figure 4a—c; Odling et al. 1999; Gillespie et al. 2001;
Billi 2005; Odonne et al. 2007). Rotation of grid (see
Figure 9a) axes allows assigning higher hydraulic conduc-
tivity values in the direction of preferential orientation of
open fractures in EPM flow models based on the Darcy’s
law. Note that, for details on coordinate transforms and
parameters relative to the Darcy’s equation that describes
laminar flow in anisotropic media, the reader is referred
to Harbaugh 2005.

G. Medici et al. Groundwater 7



Figure 7. Normal and strike-slip faults: (a) map of Great Britain with location of the outcrop in (b); (b) normal fault in the
Permian Dolomitic Limestone of Leeds, Yorkshire (from Medici et al. 2019b); (c) detail of karstic cavity related to the normal
fault in Leeds, Yorkshire; (d) map of Italy showing the location of studied outcrop in (e); (e) karstic cavities in the damage
zone of strike-slip faults in the Miocene deposits of the Majella Massif, Fara San Martino, Central Italy.

A previous study found better calibration of steady
state models in Permian dolomitic limestones of Great
Britain by introducing a hydraulic conductivity two times
higher in the direction of the dominant set of joints
(Medici et al. 2019b). Other authors support the latter
solution used in the Permian dolomitic limestones of
Great Britain in other carbonate aquifers arranged in either
stratabound or nonstratabound joint system with a set
of sub-vertical fractures that is dominant in the studied
outcrops (Odling et al. 1999; Lemieux et al. 2006). Note
that, matching horizontal grid axis with the direction of
maximum hydraulic conductivity brings a more detailed
representation of capture zones around abstraction wells
and plume dispersal when moving from groundwater flow
to transport modeling (Pollock 1994; Berkowitz 2002).

By contrast, rotation of grids to introduce horizontal
anisotropies is not adequate for normal faults (see
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conceptual model Figure 9a and b). The direction of
such tectonic structures is less spatially consistent than
fold axis in thrust belts at the scale of a few to up
to several kilometers. This structural pattern is related
to linkage of non-subparallel normal faults (Soliva and
Benedicto 2004; Mercuri et al. 2020). Similarly, normal
faults show variation of up to approximately 40° in their
trends in areas where uplift-generated joints are mapped
in fractured limestones (Gillespie et al. 2001). Hence,
rotation of grids (Figure 9) must be defined with reference
to folds and uplift-related joints in the co-presence of
normal faults.

Carbonate aquifers are primarily characterized by
high conductive flow pathways in both faulted and
unfaulted areas. In contrast, a range of high-angle
(60°-90°) centimeter to meter scale tectonic struc-
tures such as cataclasites, veins, and deformation bands
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Figure 8. Conceptual model of a carbonate aquifer and the
EPM, CN, and DFN approaches to flow modeling (modified
from Selroos et al. 2002).

Carbonate Aquifer

MODFLOW-CFP

occurs around faults (Billi et al. 2003; Agosta and
Aydin 2006; Micarelli et al. 2006; Cilona et al. 2012;
Antonellini et al. 2014; Smeraglia et al. 2018; Kamin-
skaite et al. 2019). This variety of flow barriers and
baffles reduces the field and regional-scale permeabil-
ity in several study cases. This permeability reduction
is related to the continuity of cataclastic fault cores in
large (throw > ~100m) scale normal faults in carbonate
aquifers (Figure 5; Aldrick 1978; Petrella et al. 2009). The
reduced hydraulic conductivity is related to the thick core
of normal and strike-slip faults that act as partial barriers
(Hsieh and Freckleton 1993; Caine et al. 1996).

To account for this, the USGS introduced the
MODFLOW-2005 Horizontal Flow Barrier (HFB) Pack-
age to insert in the cells of the EPM (see Figure 9b;
Hsieh and Freckleton 1993). A thin and vertical barrier
of defined low hydraulic conductivity is inserted to repre-
sent the impediment of horizontal groundwater flow. The
key assumption underlying the HFB Package is that the
width of the fault core is negligibly small compared to
the horizontal dimensions of the cells in the grid (Hsieh
and Freckleton 1993). To apply this numerical solution,
average thickness of the fault core must be extrapolated
from outcrop measurements. Furthermore, permeability
tests on plugs of cataclastic samples provide the hydraulic
conductivity of the fault core (Fisher and Knipe 2001; Al-
Hinai et al. 2008; Trippetta et al. 2017; Fisher et al. 2018;
Kaminskaite et al. 2019).

Some authors insert the HFB package in axes of
gentle anticlines in fractured aquifers (Ely et al. 2011,
2014). In fact, such fold structures are characterized
by sub-vertical axial planes. Bedding planes represent
the principal flow pathways in fractured geological
porous media (Tsang and Witherspoon 1983; Allen
et al. 1997; Paillet 1998; Odling et al. 1999, 2013;
Jourde et al. 2002, 2007; West and Odling 2007;
Medici et al. 2016, 2018, 2019a). Undulation of bedding
discontinuities causes reduction of groundwater flow
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perpendicular to the fold axis and compartmentalizes
aquifers as demonstrated by hydrochemical analyses
(Douglas et al. 2007). However, grid rotation also allows
increasing the hydraulic conductivity parallel to the fold
axes due to preferential orientation of fold-related joints
(Figure 3a). The latter solution seems to be a better
strategy, as it accounts for both (1) hydraulic conductivity
enhancement in the direction parallel to the fold axis
due to preferential orientation of joints, and (2) hydraulic
conductivity reduction perpendicular to the axis due to
folding of the bedding planes (Figure 9).

Conduit Network

Fractured limestones and dolostones are subjected to
karstification and hence enlargement of rock discontinu-
ities by dissolution of calcite, dolomite, and aragonite.
Dominance of turbulent flow is likely to occur in car-
bonate aquifers in areas subjected to elevated flow rates
(Shoemaker et al. 2008; Worthington and Ford 2009;
Reimann et al. 2011; Hartmann et al. 2014a; Assari and
Mohammadi 2017; Medici et al. 2019a, 2019b). Intense
groundwater flow occurs around normal and strike-slip
faults and thrusts due to the high density of the fracture
network. Here, the rapidity of flow enhances dissolution
of carbonate minerals (Maurice et al. 2006; Worthing-
ton and Ford 2009; Worthington and Gunn 2009). Syn-
clines are also exposed to intense karstification, that is,
formation of steep valleys that drive rapid groundwa-
ter flow in the subsurface (Goldscheider 2005; Goppert
et al. 2011; Chen and Goldscheider 2014). As a conse-
quence of this, caves and cavities tend to develop parallel
to the strike of normal and transcurrent faults and syncline
axis (Figure 7c—e; Torabi et al. 2019b). The coupling of
conduits and high hydraulic gradients in these three tec-
tonic structures causes local occurrence of turbulent flow.

Discrete karst conduits must be embedded in the EPM
that accounts for laminar flow in the fractured carbonate
rock (Figure 9c). The drainage network of the karstic
features must be defined by outcrop, speleological, and
tracer test observations to apply this strategy (Chen and
Goldscheider 2014; Medici et al. 2019b). Equations 1 and
2 derived from the Darcy-Weisbach formula are used in
specific cells to describe laminar (Q;) and turbulent (Q,)
flow, in cavities and caves of approximate pipe-shape,
respectively (Figure 8; see Shoemaker et al. 2008 for
mathematical details).

d*mgAh
—_278an I
Q= o8k Al 0
Ak || AR gdSn? 2.5k Al r
Q=1 i = T 371
Vi o

In the equations above, d (L) is the pipe diameter,
T (—) is the pipe tortuosity, r (L) is the average asperity
height of the pipe walls, k (L?/T) is the kinematic
viscosity, g (LT~?) is the gravitational acceleration
constant, Al (L) is pipe length, and Ak (L) is the
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CN approaches: (a) grid rotation for, (b) Horizontal Flow Barrier for EPM, (c¢) Darcy-Weisbach equation for CN inserted

into an EPM.

hydraulic head loss along the pipe. A number of authors
have applied Equations 1 and 2 to MODFLOW-2005,
who found the models are highly sensitive to the
diameter (d) of conduits (Shoemaker et al. 2008; Hill
et al. 2010; Gallegos et al. 2013; Saller et al. 2013; Medici
et al. 2019b).

In summary, Equations 1 and 2 describe laminar and
turbulent flow, respectively, in pipe conduits of a certain
diameter and surface roughness. Conduits elongated
parallel to the syncline axes have been described by
speleologists and geomorphologists as pipes of diameters
in the range approximately 0.5-5m (Murphy 2000; Ford
and Williams 2013). Springs have been found in karst
environments connected to pipe-shaped caves in the Alps
in France, Switzerland, Austria, and Germany, in the
Appennines in Italy and in the Woodville karst plain in
Florida (Figure 2a; Kirdly 1975; Falcone et al. 2008, 2012;
Shoemaker et al. 2008; Goldscheider and Drew 2014).
The Darcy-Weisbach equations have been incorporated
by the United States Geological Survey (USGS) in
the Conduit Flow Process Mode-1 (CFPM-1) Package
of MODFLOW-2005 to model flow in such pipe-
shape conduits and represent carbonate aquifers as dual
porosity media (Shoemaker et al. 2008; Hill et al.
2010).

10 G. Medici et al. Groundwater

The CFPM-1 modeling solution is used to account for
the preferential-flow pathway behavior of normal faults
at a range of scales in carbonate aquifers (Figure 9c;
Hsieh and Freckleton 1993; Caine et al. 1996; Shoemaker
et al. 2008; Faulkner et al. 2010; Hill et al. 2010;
Bense et al. 2013). More in detail, flow through pipes,
which is described by Equations 1 and 2, is inserted
in specific fault segments, which are characterized by
alignment of springs, dolines and caves. However, this
modeling solution must be coupled with the HFB Package
to also account for the barrier behavior of large (throw >
~100 m) scale normal faults.

The HFB Package is inserted in portions of the
model domain that are characterized by sharp drops of
the piezometric surface moving from the hanging wall to
the footwall blocks to account for the across-strike barrier
behavior of normal faults (Hsieh and Freckleton 1993;
Mohamed and Worden 2006; Chaussard et al. 2014;
Hanson et al. 2014). A valid and alternative method
proposed by the USGS to model turbulent flow is the
Conduit Flow Process Mode-2 (CFPM-2). This solution
consists of representing turbulence in a network of
large pores with a specific average diameter (Shoemaker
et al. 2008; Reimann and Hill 2009; Reimann et al. 2011;
Xu et al. 2015). In the latter method that is mathematically
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described in detail in Reimann et al. (2011), the flow
velocity under laminar and turbulent flow conditions is
described by the Equation 3.

Re
V_

= 3)

where Re is the Reynolds number, d (L) is the mean
void diameter, and k& (L*/T) is the kinematic viscosity
of water. Users only need to assign upper and lower
Re, the mean groundwater temperature for computing
viscosity, and mean void diameters. Hence, this numerical
methodology does not require a detailed geometrical
definition of the CNs and can be coupled with the CFPM-1
accounting for turbulence both in discrete conduits and in
the interbedded matrix. Consequently, CFPM-2 has been
used to describe turbulent flow in fractured limestones in
a number of numerical models. Despite this, we retain, in
agreement with the developers of the conduit flow process
(see Shoemaker et al. 2008), that this strategy is more
appropriate to represent turbulence in carbonate rocks with
paleobiogenic origin such as tufa and travertine. In these
kind of carbonate rocks, a network of large and connected
pores of sedimentary origin is effectively present (Love
and Chafetz 1988; Guo and Riding 1994). The CFPM-
2 is inserted in specific layers that are characterized by
large pores, where turbulent flow occurs. Other layers that
correspond to parts of the stratigraphic succession with
smaller voids are instead modeled using laminar/Darcian
flow in the EPM (Shoemaker et al. 2008; Reimann
et al. 2011). In the case of travertine or tufa and the
occurrence of a valley where intense groundwater flow
and karst conduits occur; the CFPM-1 and CFPM-2
approaches can be combined in the 3D domain to model
turbulence in pipe-shaped conduits and large pores of
sedimentary origin, respectively (Shoemaker et al. 2008).

Discrete Fracture Network

DFN modeling generates distributions of fractures
and bedding planes and compares these discontinuities
with observed data from outcrop scanline and/or borehole
acoustic televiewer logging to represent their position,
size, and mechanical aperture (Parker et al. 2019). These
DFN models can be generated either from a combination
of outcrop mapping, borehole data, and seismic data (e.g.,
Kattenhorn and Pollard 2001; Cvetkovic et al. 2004; Panza
et al. 2015; Zambrano et al. 2016; Giuffrida et al. 2020),
or from using a stochastic approach in case of limited
data availability (e.g., Voeckler and Allen 2012; Hyman
et al. 2015; Lei et al. 2017; Lepillier et al. 2020).
Mechanical stratigraphy plays an important role in the
fracture network geometry as well as in the resultant
groundwater flow (e.g., Cooke et al. 2006). Therefore,
capturing the heterogeneities and variations in mechanical
layering is of paramount importance when generating
DFN models. Combination of suitable algorithms and
availability of data will lead to a more realistic modeled
fracture distribution in carbonate aquifers. In fact, the
fracture data from outcrops, alone, cannot adequately
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represent the complexity of geological structures in the
subsurface. Lemieux et al. (2006) combined outcrop and
core data to generate a realistic DFN model at a small
scale (~10°m in lengths) in a dolostone of Silurian
age in Ontario. However, the use of seismic data can
lead to a larger scale (~10' m in lengths) and a deeper
(~10?-10% meters below the ground level) representation
of the DFN, as the 3D fracturing network can also be
geophysically generated by combining fracture data from
acoustic televiewer logging with seismic attributes. In this
approach, the scale gap between the dataset from wells is
bridged by the use of seismic data in sedimentary rocks
(Botter et al. 2017a, 2017b). Recently, seismic data of
the Cretaceous carbonates in the Danish North Sea has
been utilized to characterize the fracture network for flow
modeling applications (Aabg et al. 2020).

In contrary to EPM approach, DFN models are
supported by unstructured grids and do not require
rotating grids to represent the flow properties in the
presence of a dominant set of sub-vertical joints. The
generated fracture sets are then added into a flow model
(e.g., MAFIC, ConnectiveFlow, dfnWorks, DFNFlow,
HGS, CRAK, and SMOKER) to derive estimates of the
bedrock hydraulic conductivity (Neuman 2005; Rutqvist
et al. 2013; Hyman et al. 2015). Rock discontinuities
are assumed permeable as supported by well-testing data
and must be assigned a hydraulic aperture to provide
a fracture transmissivity in the carbonate rock mass
(Selroos et al. 2002; Parker et al. 2019). The use of
seismic data to map the fracture hydraulic properties
at depth (e.g., effective fracture porosity and hydraulic
conductivity) can also lower uncertainties associated with
the properties of rocks located away from the wells (e.g.,
Parra et al. 2006; Parra and Emery 2013). Recent advances
in DFN groundwater flow and transport modeling couple
advective flow through the fractures with diffusivity
in the matrix blocks (Parker et al. 2019). In their
workflow, Parker et al. (2019) couple DFN and EPM
approaches using the FRACTRAN numerical code leading
to match model outputs with information from wells on
the dispersal of monitored plumes at industrial field sites.
The latter approach contrasts a number of researches
(e.g., Benke and Painter 2003; Voeckler and Allen 2012;
Hyman et al. 2015) that neglect diffusion in the matrix
that increases the computational efforts.

Discussion

We presented the strategies for modeling groundwater
flow in the presence of different tectonic structures
with regards to the three approaches, EPM, CFPM-
1, 2, and DFN, used to model groundwater flow and
contaminant transport in carbonate aquifers (Figure 8;
Selroos et al. 2002; Shoemaker et al. 2008). The choice
of modeling approach primarily depends on interplays
between the observation scale, degree of karstification,
hydraulic behavior (barrier vs. conduit), and orientation
of the rock discontinuities. The easiest numerical solution
in terms of computational efforts is represented by the

G. Medici et al. Groundwater 1



exclusive Darcian flow in an EPM (Chapman et al. 2013).
This choice is considered reasonable when observations
at the outcrop scale match structural maps in terms of
orientation of the rock discontinuities (Odling et al. 1999;
Lemieux et al. 2006). In the latter case of consistent
orientation of fractures from outcrop up to groundwater
flow model scale, one horizontal grid axis can be
oriented parallel to the Fisher mean vector of high angle
fold-related fractures measured in outcrops. However, a
combination of two or three approaches is needed to
model fluid flow in a variety of case studies to represent
the complexity of carbonate aquifers.

Groundwater flow models at the scale of multi-
ple industrial plants (~0.5-10km) and single water-
sheds (~0.1-100km) use conduits embedded within an
EPM approach at relatively shallow (<~0.1km) depths
(Figure 9c; Gallegos et al. 2013; Chen and Goldschei-
der 2014; Saller et al. 2013; Medici et al. 2019b). How-
ever, groundwater flow models only account for a CN
approach in some case studies in fold and thrust belts. In
such cases, elevated hydraulic gradients are responsible
for a high degree of karstification and flow is largely dom-
inated by cavities that are a few meters wide. Turbulent
flow occurs in carbonate aquifers under such hydrogeo-
logical conditions (Hill et al. 2010).

DFN models are used to represent groundwater flow
at the scale of the industrial field site to predict the
dispersal of plumes in approximately 0.3—5km length
in less intensively karstified carbonate aquifers (Chapman
and Parker 2005; Parker et al. 2008; Cheong et al. 2017).
The availability of wells in a relatively small area coupled
with 1D scanline measurements allows the network of
bedding plane discontinuities and fractures to be defined
in three dimensions at high resolution. At the scale of
an industrial site (~0.3—5km), recent applications in the
fractured Silurian Dolostone of Ontario allow the coupling
of a DFN with an EPM approach to simulate advective
and diffusive flow in fractures and the matrix, respectively
(Parker et al. 2019). Here, karstic features were not
detected by acoustic and televiewer logging due to the
choice of neglecting the CN approach. The combination
of a DFN with an EPM approach applied to the Silurian
Dolostone of Ontario is called DFN-M. This approach
has been successful in matching experimental data on
the spatial distribution of a monitored groundwater plume
with a contaminant transport model.

However, a future research scenario could involve
combining the CN with a DFN approach to model fluid
flow in lithoid carbonate aquifers. Indeed, cavities of
diameters of a few centimeters are present in carbon-
ate aquifers even in areas characterized by relatively low
hydraulic gradients, flat topography, and sub-horizontal
beds where the stratigraphic succession is faulted (Mur-
phy 2000; Medici et al. 2019b). The coupling of a DFN
with a CN approach can also have an impact on model-
ing flow at much higher depths (~1-3km) in medium-
and high-enthalpy geothermal reservoirs. Paleokarst fea-
tures in bedding plane discontinuities and sub-vertical
joints were detected at these greater depths significantly
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influencing the recovery of production wells (Bauer and
Té6th 2017). A DFN must be coupled to a CN to rep-
resent fluid flow in marine carbonate rocks that have
been exposed to episodes of emersion and erosion, and
hence to the development of paleokarst cavities (Vecsei
and Sanders 1997; Brandano 2017). The combination of
a DFN and a CN approach can be beneficial to either the
chemical industry for managing the contaminant plume or
the geothermal energy sector.

However, maximum complexity in terms of computa-
tion efforts may be necessary to model fluid flow in deep
aquifers exploited to recover hot water mixed with vapor
in porous carbonates. In this case, the EPM approach
must be used, and the 3D domain should be divided by
hydrofacies to account for the significant flow component
occurring within the matrix. Residual fracture and channel
flow in paleokarst conduits occurs under pumping condi-
tions and hence the discrete fracture and CNs need to be
inserted to the 3D models (Bauer and T6th 2017; Medici
et al. 2018; Tomassetti et al. 2018).

Conclusions

Groundwater flow is challenging to model in car-
bonate aquifers due to interplays between brittle tectonic
structures and karstification. Fluid flow is controlled by
rock discontinuities, which are represented by bedding
plane and tectonic fractures in shallow carbonate aquifers
across the world. Consequently, modeling strategies must
be reviewed in relation to the pattern of rock discontinu-
ity as well as the degree of karstification using the three
different existing approaches (EPM, CN, and DFN) devel-
oped to model groundwater flow in porous and fractured
rocks. The findings of our review can be summarized in
four key points:

1. Rotating the grids using an EPM approach is recom-
mended for mountain belt settings to account for higher
hydraulic conductivity parallel to the fold axis from
the scale of a few up to tens of kilometers. The same
strategy is appropriate to model fluid flow in unfaulted
areas using an EPM approach in jointed and highly
horizontally anisotropic carbonate aquifers. In these
geological media, sub-vertical joints are characterized
by a dominant set according to discontinuity surveys
undertaken in quarries and cliffs across Europe and
northern America.

2. Rapid groundwater flow and karstification occurs in
synclines, normal faults, and thrusts in limestone and
dolostone aquifers. Systems of caves and cavities
occur and groundwater flow models need to be
locally modified to represent turbulence. Hence, a CN
approach is needed to insert channels characterized by
turbulent flow embedded in an EPM.

3. The DEN approach is supported by unstructured grids
enabling 3D representation of fractures contributing
to fluid flow. This approach is used at the scale of
the 0.3—5km in less heavily kartsified aquifers and
has been recently combined with an EPM approach to
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simulate contaminant transport in the low conductive
matrix.

4. Combining an EPM method with DFN and CN
methods represents a future research approach that
is not currently practiced in hydrogeology. The EPM
method is needed in porous carbonate rocks in deep
aquifers due to the significant component of matrix
flow. However, discrete fractures and conduits still
influence flow to pumped wells in medium and high
enthalpy geothermal reservoirs and need therefore to
be inserted in the 3D domain.

Overall, networks of fractures and karst conduits
highly control groundwater flow in carbonate aquifers
and major groundwater resources are here stored. Hence,
specific guidelines are needed in faulted and unfaulted
areas to better represent fluid flow in these geological
media combining the three existing methodologies: EPM,
CN, and DFN.
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