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Key points: 21 

1. The bedding plane-to-joints aperture ratio dominates the degree of flow 22 

heterogeneity along the bedding planes in karstified rock 23 

2. Three distinct flow regimes are identified in these systems that correspond to 24 

different aperture ratios 25 

3. A method for predicting the type and preferential location of incipient karst is 26 

proposed   27 



Abstract 28 

We use numerical models to investigate fluid flow in layered fractured carbonate 29 

rocks, and specifically to investigate the effects of the structural and hydraulic 30 

properties of both joints and bedding planes on flow localization. Synthetic fracture 31 

networks made up of two jointed layers separated by a horizontal bedding plane are 32 

generated to represent the typical layered fracture systems often formed in carbonate 33 

rocks. A uniform aperture field is assumed for each joint set and for the bedding plane, 34 

but different joint sets and the bedding plane can have non-identical values. The 35 

aperture ratio of the joint sets to the bedding plane is found to dominate the behaviour 36 

of flow heterogeneity on the bedding plane. Three distinct flow regimes, i.e. joint-37 

dominated, transitional and bedding plane-dominated, are recognized. The magnitude 38 

of the aperture ratio controls which flow regime develops. We further suggest that the 39 

different flow regimes may be responsible for the initiation of different types of 40 

incipient karst morphologies observed in nature: pipe karst, stripe karst and sheet karst.   41 



Keywords: karst aquifers; carbonate rocks; fracture flow; multilayer joint networks; 42 

hydraulic aperture; flow localization; fractal dimension  43 



1. Introduction 44 

Fractured and karstified carbonates often form major aquifers and hydrocarbon 45 

reservoirs. However, because of the complexity of these systems, significant 46 

uncertainties remain in predicting their hydrodynamic behaviour. Previous studies of 47 

limestones (e.g. Narr et al., 2004; Leckenby et al., 2005; Casabianca et al., 2007; 48 

Leckenby et al., 2007; Rogers et al., 2007; Kurz et al., 2008; Micarelli and Benedicto, 49 

2008; Geiger and Matthäi, 2012; Lei et al., 2014; Lei and Wang, 2016; Lei et al., 2017) 50 

have focused on evaluating the effects of individual faults and/or interconnected 51 

fracture networks on the bulk hydrological or geomechanical properties of geological 52 

formations, whereas the effect of these properties on the development of karstic features 53 

and the relationship between structural and diagenetic heterogeneities have seldom 54 

been addressed (Rauch and White, 1970; Filipponi et al., 2009). In the early stage of 55 

the karstification process, open fractures form the main porosity of the system, and 56 

particularly so when the matrix of the carbonate rock has a very low permeability. It 57 

follows that the connected fracture network may then serve as major pathway for the 58 

migration of karstifying solution fluids. It is therefore important to have a better 59 

understanding of the effect of pre-existing fractures on the incipient formation of karst, 60 

which is the focus of this research. 61 

Limestones are commonly stratified into beds and layered limestones very 62 

frequently have strata-bound, bed-normal joint sets, separated by bedding planes (e.g. 63 

McQuillan, 1973; Wu and Pollard, 1995; Odling et al., 1999; Belayneh and Cosgrove, 64 

2004; Hooker et al., 2013 amongst many others). Often, the change of lithology along 65 

a bedding plane interface or the effect of unloading as layered rocks are uplifted means 66 

that bedding planes can also have apertures, and therefore can be modelled as a set of 67 



horizontal fractures. In limestone layers, the formation of joints is strongly influenced 68 

by mechanical interactions between individual joints (Pollard and Aydin, 1988). One 69 

important consequence is the widely observed proportional relation between joint 70 

spacing and layer thickness (Rive et al., 1992; Wu and Pollard, 1995). This spatial 71 

relation can be explained by the stress-shadow theory (Lachenbruch, 1961; Renshaw 72 

and Pollard, 1994; Bai et al., 2000). The distribution of the joint population embedded 73 

in the layers controls the overall network connectivity, and thus such effect needs to be 74 

appropriately mimicked in numerical simulation in order to yield reliable assessment 75 

on the role of fluid flow in incipient karst development in layered limestones. In this 76 

work, a genetic code for discrete fracture network (DFN) generation (Jourde 1999; 77 

Josnin et al., 2002) has been employed and further developed, which can capture 78 

realistic spatial distribution of multiple joint sets in layered systems.   79 

Extensive studies have been done to investigate fluid flow though such a complex 80 

discontinuity system in the bed-parallel direction (Figure 1a; e.g. Taylor et al. 1999; 81 

Bai et al., 2000a; Matthäi and Belayneh, 2004; Belayneh et al., 2006; Jourde et al., 82 

2007). However, only a few studies have considered fluid flow in the bed-normal 83 

direction of the layered system (Figure 1b; Morin et al., 2007; Jourde et al., 2007). 84 

Doolin and Mauldon (2001) developed an analytical solution for 2D, multilayer, 85 

fracture systems and demonstrated that the bed-normal permeability depends on the 86 

spacing and aperture of both joints and bedding planes. Jourde et al. (2007) conducted 87 

numerical simulations of fluid flow in 3D fractured layers and concluded that the 88 

spacing and vertical persistence of bed-normal joints play an important role in 89 

controlling the fluid flow through the layers.  90 

A recent field study by Jacquemyn et al. (2012) investigated the relationship 91 

between natural fractures and karstification in a layered carbonate rock in southern Italy. 92 



They suggested that in layered rocks containing strata-bound joint networks, intensive 93 

karstification tends to occur selectively along the bedding boundaries between 94 

mechanical units which show a contrast in fracture intensity (Figure 2). This clustering 95 

behaviour of karst cavities on the major mechanical boundaries has also been found in 96 

other studies (e.g. Palmer, 1974 and 1975; Lowe, 1992 and 2000; Filipponi et al., 2009; 97 

Castagna et al., 2011; Bodin et al., 2012; Wang et al., 2016). These mechanical 98 

boundaries are thus referred to as the inception horizons for karstification. In addition, 99 

it is widely recognized that on a mechanical boundary with intensive karstification, the 100 

distribution of the karst cavities is not pervasively distributed nor continuously 101 

developed over the entire bedding plane (Rauch and White, 1970; Palmer, 1989; Ford 102 

and William, 1989). Instead, karst tends to be localized and forms pipe-like features at 103 

some intersections between the bed-normal joints and bedding planes (Ford and 104 

Cullingford, 1976; Knez, 1998; Jacquemyn et al., 2012). Interestingly, karst also seems 105 

to preferentially develop along the joints in beds that have a lower fracture intensity 106 

(Figure 2). This suggests that at the early stage of karst generation, the discharge 107 

magnitude of the solution fluids may not be evenly distributed, but is highly 108 

heterogeneous. Such heterogeneous fluid flow behaviour may be related to the 109 

structural complexity of the layered geological systems, which in turn will lead to 110 

intricate karst development.  111 

Here, we aim to provide an explanation for why the occurrence of the karst is 112 

highly localized in layered jointed systems, and also to identify the important factors 113 

controlling the generation of different types of karst. The multifractal analysis method 114 

is employed to characterize the heterogeneous flow field on the bedding plane 115 

simulated using a finite element solver. We will focus on the influence of the aperture 116 

contrast between the different types of discontinuity (i.e. joints and bedding plane) on 117 



the fluid flow through fractured multilayers under a bed-normal, constant pressure 118 

gradient. The rest of the paper is organized as follows: Firstly, we describe the 119 

numerical solution in 3D of single phase flow within a discrete fracture network and 120 

matrix (DFM) model, where the fractures have been generated under a realistic stress 121 

shadow-zone criterion. We then describe the setup of numerical experiments and the 122 

results of numerical simulations. Finally, the influence of the aperture ratio between 123 

joints and the bedding plane on the heterogeneous fluid flow along the bedding plane 124 

is discussed together with its implications for the generation of different types of karst 125 

during early diagenesis. 126 

2. Numerical methods 127 

2.1 Discrete fracture network modelling 128 

The intensity of fracturing in a rock is generally determined by the fracture length 129 

and spacing distributions. In sedimentary rocks, many outcrop studies have shown that 130 

the lengths of a joint set often exhibit a lognormal distribution (Hudson and Priest, 1983; 131 

Einstein and Baecher, 1983). Thus, in this work, a lognormal distribution is adopted to 132 

describe the lengths of each joint set. Laboratory experiments (Rive et al., 1992; Wu 133 

and Pollard, 1995) and field observations (Renshaw and Park, 1997) have shown that 134 

the evolution of joint spacing is governed by the mechanical interaction between the 135 

joints. To simulate the interaction of fractures statistically, the concept of a stress 136 

shadow (or relaxation) zone around pre-existing joints, as observed in laboratory and 137 

numerical experiments (Rives et al., 1992; Renshaw and Pollard, 1994; Wu and Pollard. 138 

1995; Bai et al., 2000b), is implemented in our discrete fracture network (DFN) model 139 

(Jourde, 1999; Josnin et al., 2002).  140 



The continued propagation and/or initiation of new fractures are inhibited within 141 

the shadow zone defined in the simulation. Under the stress shielding effect, as the 142 

fracture intensity increases, the spacing distribution of a joint set tends to evolve from 143 

a negative exponential distribution, through a log-normal distribution, and finally to a 144 

normal-like distribution (Rives et al. 1992). A normal distribution indicates that the 145 

development of a joint set has reached a ‘saturated’ state. The actual stress shadow zone 146 

may have complex shapes (Ackermann and Schlische, 1997), depending on the rock 147 

properties and lithological layering conditions (McQuillan, 1973; Bai and Pollard, 1999; 148 

Bai et al., 2000b; Bai and Pollard, 2001). Here, for simplicity, we assume a shadow 149 

zone around a joint which comes to a point head at the fracture tip and is parallel to the 150 

fracture along its length as shown in Figure 3a (Jourde, 1999; Josnin et al., 2002).  151 

By integrating the shadow zone model into the random fracture network 152 

generation process, the self-organized geometries and topologies of natural joint 153 

systems can be more realistically represented. A 2D DFN model with a single joint set 154 

can be created by the following steps: (1) Randomly choose a point as the mid-point of 155 

a new fracture. If the seed is located within a shadow zone of an existing fracture, 156 

remove it and generate a new one (Figure 3b). (2) Assign a random length value drawn 157 

from the lognormal distribution for the new fracture, while the orientation of the new 158 

fracture is determined according to the pre-defined set orientation. If the fracture enters 159 

into the shadow zone of any existing fractures, it is truncated (Figure 3c). (3) A new 160 

stress shadow zone is assigned to the most recently generated fracture. The procedure 161 

is iterated until the fracture network reaches the target intensity. The joint spacing is 162 

not constrained by any pre-defined statistical distribution, but the minimal possible 163 

spacing between two joints is defined by the half width (𝑤𝑒) of the fracture shadow 164 

zone (Figure 3a). In fracture networks with two orthogonal joint sets, the fracture 165 



shadow zones of the early set will not affect the growth of fractures in the late joint set. 166 

An example of the 2D joint patterns is shown generated by the numerical model in 167 

Figure 4a. The lognormal spacing distribution of this synthetic fracture network 168 

indicates that this is a well-developed joint set (Figure 4b). A 3D single layer can be 169 

built by extruding a 2D geometry, and a two-layer system with strata-bound joints can 170 

be further constructed by combining two different single layer realizations with a 171 

horizontal bedding plane separating the two layers (Figure 4c).  172 

2.2 Fluid flow modelling based on the finite element-finite volume method (FEFVM) 173 

The two-layer jointed rock models are discretized using an unstructured mesh 174 

that allows important local 3D topological features (e.g. truncation, intersection and 175 

termination) of the complex discontinuity system to be modelled (Paluszny et al., 2007). 176 

Tetrahedral elements are used to represent the 3D rock matrix domain, while the 177 

discontinuities (i.e. joints and the bedding plane) are represented by 2D surfaces (i.e. 178 

lower-dimensional representation) associated with prescribed apertures for laminar 179 

flow calculation based on the cubic law (Witherspoon et al., 1980).  180 

Single-phase, steady-state flow of incompressible fluids in the absence of sources 181 

and sinks is governed by a Laplace equation, which is derived by combing the mass 182 

conservation equation and Darcy’s law, as given by: 183 

0 ）（ pk ,                                                          (1) 184 

where k is the isotropic, intrinsic permeability of the porous media allowing local 185 

variability, and p is the fluid pressure at the nodes of unstructured finite element grids 186 

based on the standard Galerkin method. Once the solution of the pressure field is 187 

obtained, the element-wise constant velocities at the element barycentre can be 188 

calculated using Darcy’s law: 189 
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where ue is the vector field of element piecewise constant velocities, ke represents the 191 

local element permeability for either fractures or matrix, pe is the local element pressure 192 

fields and μ  is the constant fluid viscosity.  193 

The vertical equivalent permeability of a layered system is derived from the 194 

flow simulation under a macroscopic pressure differential between the top and bottom 195 

boundaries of the model domain while no-flow conditions are imposed for the 196 

remaining ones. The components of the symmetric, second-order, equivalent 197 

permeability are calculated by element volume weighted averaging of pressure 198 

gradients and fluxes (Durlofsky, 1991):  199 
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,                                                              (3) 200 

where e

ju  represents the j-direction component of the velocity at the barycentre of the 201 

element, e; i

e xp   is the local pressure gradient along xi; 𝜇 is the fluid viscosity; the 202 

subscripts i, j represent 3D coordinates x, y, z in a Cartesian system. Because the 203 

fractures are modelled using lower dimension elements, the hydraulic aperture of the 204 

fractures is thus used as a local thickness attribute in the volume integration. To 205 

eliminate boundary effects, the averaging is applied only to the elements within a 206 

restricted sub-volume Ve away from the borders (Lang et al., 2014). 207 

3. Numerical model set-up 208 



3.1 Layer configurations  209 

A series of two-layer models are constructed: 1) with single joint set or 2) two 210 

orthogonal sets constrained in each discrete layer (top or bottom). All the models have 211 

a fixed domain of 20 m (length) × 20 m (width) × 2 m (height), which may represent a 212 

typical grid block in reservoir simulations. The top and bottom layers are assumed to 213 

have the same thickness, i.e. T = 1 m. In the single joint set scenario, the effect of 214 

fracture intensity contrast between the top and bottom layers is analysed by simulating 215 

a range of contrasts from 1:1 to 4:1 (Figure 4c). In the study of two orthogonal joint 216 

sets, the fracture intensity values of the two layers are defined to be identical. 217 

3.2 Aperture distribution 218 

In addition to the geometry of the layered system, the transmissivity of individual 219 

fractures governed by their hydraulic apertures also greatly controls the flow 220 

heterogeneity in fractured rock (Doolin and Mauldon, 2001; de Dreuzy et al., 2001, 221 

Zhang and Sanderson, 2001; Leckenby et al., 2005). Likewise, we know that the 222 

aperture distribution in a 3D fracture system will be variable as a function of fracture 223 

wall roughness and heterogeneous stress fields (de Dreuzy et al., 2012; Lei et al., 224 

2015b). However, for simplification, we assume that each discontinuity (joint or 225 

bedding plane) has a uniform aperture field. Joints of the same set have an identical 226 

aperture value, while the aperture of the bedding plane is defined separately.  In general, 227 

under overburden stresses, bedding planes at depth tend to have smaller apertures than 228 

those of the joints. However, bedding plane aperture may exceed the joint aperture in 229 

some shallow formations where the maximum horizontal stress is larger than the 230 

vertical stress. We fix the joint aperture ajoint in our model while varying the bedding 231 



plane aperture abed to explore a range of aperture contrast ratios of the bedding plane to 232 

joint sets, i.e. abed/ajoint, from 0.01 to 10. 233 

For the second scenario with two orthogonal joint sets (Figure 4d), we also 234 

consider different aperture contrast ratios between the two sets in addition to the 235 

aperture contrast between the joints and the bedding plane. It is assumed that joint set 236 

that trends E-W (Set 1) has a larger aperture than that of the N-S trending joints (Set 2), 237 

and the aperture ratio ranges from 1 to 10 between the two sets (Figure 4e). 238 

3.3 Model discretization 239 

An unstructured finite element mesh was created using a commercial meshing 240 

software (i.e. ANSYS ICEM) to discretize each geometrical model (20 m × 20 m × 2 241 

m). An edge length <10 cm was chosen for tetrahedral elements located on the joints 242 

and bedding plane. A local mesh refinement scheme, with an edge length of 1 cm, was 243 

applied at the intersections between joints and the bedding plane. This allows the 244 

important local flow transfer around fracture intersections and along the bedding plane 245 

to be more accurately captured. The tetrahedral elements in the rock matrix have an 246 

edge length not exceeding 18 cm. A smooth gradation is applied such that the element 247 

size progressively reduces from the matrix interior towards the discontinuity planes. 248 

The total number of finite elements to discretize the geometries ranges from 800,000 to 249 

over 1 million, depending on the number and lengths of joints included in the models. 250 

A sensitivity analysis indicates that further enhancement of mesh resolution may not be 251 

necessary because only a small variation of O(10-3) in the vertical equivalent 252 

permeability was observed with further refinement. 253 

3.4 Flow simulation 254 



A macroscopic fluid pressure gradient (i.e. 10 kPa) is applied from the top to the 255 

bottom boundaries of the modelling domain while no-flow conditions are imposed on 256 

the four remaining ones (Figure 5a). The resolved fluid pressure field of a two-layer 257 

model is presented in Figure 5b. The applied boundary conditions may mimic the 258 

infiltration process of meteoric water through fractured multilayer systems in nature 259 

(Figures 5c & d), but it should be noted that in the case of fluid expulsion due to 260 

overburden effects, the largest pressure will be at the bottom. Since the rock matrix is 261 

assumed to be almost impervious (matrix permeability km = 8.33×10-20 m2) compared 262 

to the joints or the bedding plane (kjoint or kbed varies between 8.33×10-14 m2 to 8.33×10-263 

8 m2), the migration of meteoric water that causes dissolution in the carbonate rocks is 264 

mainly restricted to the discontinuities. Water first passes through the vertical joints of 265 

the top layer before reaching the horizontal bedding plane, where flow redistribution 266 

occurs, and the fluid is then transferred to the bottom layer joints. Depending on the 267 

relative spatial locations of the joints of the two adjacent layers and the transmissivity 268 

of the bedding plane, flow on the bedding plane may exhibit a homogeneous or 269 

heterogeneous velocity field that might potentially lead to different karst development.  270 

4. Results 271 

4.1 Single fracture set model 272 

The fracture intensity contrast between the two joint layers and the aperture ratio 273 

between the joints and the bedding plane are likely to have an important influence on 274 

the bed-normal fluid flow. To quantify the effects of the two parameters, the distribution 275 

of horizontal flow along the bedding plane and the bed-normal equivalent permeability 276 

are computed. Four different models are considered each with a different fracture 277 

intensity contrast (1:1, 2:1, 3:1 and 4:1). Each model is examined for a variety of 278 



bedding plane-to-joints aperture ratios abed/ajoint (0.01 to 10). The models having the 279 

same fracture intensity contrast but different abed/ajoint values are compared.  280 

4.1.1 Flow localization on the bedding plane 281 

The heterogeneity of horizontal fluid flow on the bedding plane is characterized 282 

by a metric of local flow transfer intensity calculated as follows: We first discretize the 283 

bedding plane using a 12 × 12 grid. For each sub-box of the grid, the fluxes of all the 284 

finite element nodes that are located within each sub-box are summed regardless of the 285 

flow direction. This gives a scalar measurement of the intensity of local fluid transfer 286 

on the bedding plane, which is potentially related to the dissolution process in carbonate 287 

rocks. Flow histograms are plotted to visualize the heterogeneity of fluid flow on the 288 

bedding plane. Normalization is applied for all the presented plots, and hence it means 289 

that the flow histograms can be used only to compare the degree of flow heterogeneity 290 

but not the absolute magnitude of flow rate. The flow histograms of four models with 291 

different bedding plane-to-joints aperture ratios, but with the same fracture intensity 292 

contrast of 4:1 are shown in Figure 6. It is very clear that when the bedding aperture is 293 

small (e.g. a low aperture ratio abed/ajoint = 1:100), the distribution of the horizontal flow 294 

transfer rate on the bedding plane is highly variable, and a very localized flow pattern 295 

forms (Figure 6a). However, as abed/ajoint increases, the flow transfer rate distribution 296 

becomes progressively less localized and more uniform (Figure 6b~d). These different 297 

models are further quantitatively compared in Figure 7. Figure 7a presents a log-log 298 

plot of the cumulative frequency of flow rates of all the bedding plane elements. Curves 299 

A~D correspond to the four flow histograms in Figure 6 (from left to right), respectively. 300 

Curve A for the model with the lowest abed/ajoint ratio exhibits a power-law-like form, 301 

implying a large variation in the flow transfer rate distribution and that high velocities 302 

are only concentrated in a few local areas, giving high heterogeneity and localization 303 



of fluid flow. As abed/ajoint increases, the distribution curves B~D shift towards the right-304 

hand side of the graph, indicating an increase of the total flow and an attenuation of the 305 

flow heterogeneity. More interestingly, if abed/ajoint further increases, the trend of the 306 

flow curves is reversed after abed/ajoint is larger than a critical value (i.e. 0.1 for this 307 

study case). The reason for this reversal behaviour is that the flow transfer metric is 308 

dependent not only on the aperture of the bedding plane but also on the local hydraulic 309 

gradient (Figure A.1). As the bedding plane aperture abed increases, so does its hydraulic 310 

conductivity. However, in contrast, the magnitude of local hydraulic gradient decreases 311 

(e.g. from point A to point B on Figure A.1). Due to the competing effect of the two 312 

processes, the resulting hydraulic response of the horizontal flow transfer rate along the 313 

bedding plane exhibits a non-linear behaviour (Figure A.2; see Appendix for a detailed 314 

discussion of this issue).  315 

The localization of fluid flow can be further quantified by applying multifractal 316 

techniques (Hentschel and Proccacia, 1983; Cowie et al., 1995; Bonnet et al., 2001; 317 

Giaquint et al., 1999; Sanderson and Zhang, 1999, 2004). The q-th order, generalized 318 

fractal dimension, Dq, is defined as (Cowie et al., 1995; Sanderson and Zhang, 1999): 319 
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 ,                                                      (4) 320 

where Pi is the proportion of the total horizontal flow contained in the i-th square box 321 

of size r; N the number of square boxes in the grid (N = 144 in this study). Theoretically, 322 

the power exponent q can take any real positive or negative values; the capacity 323 

dimension (D0), the information dimension (D1), and the correlation dimension (D2), 324 

corresponding to q = 0, 1, 2, are the dimensions widely used in practice (Bonnet et al., 325 

2001). These multifractal measures reveal the spatial distribution of physical quantities 326 



on a geometric support (Hentschel and Proccacia, 1983). For a multifractal system, they 327 

follow a relation of D0  > D1 > D2, while D0  = D1  = D2 corresponds to a monofractal 328 

field. Note that the capacity dimension (D0 = 2.0 in our models) does not depend on the 329 

relative amount of flow in each box, because Pi is always larger than zero given the 330 

non-zero permeability of the matrix. However, the information and correlation 331 

dimensions (i.e. D1 and D2, respectively) are both related to the degree of flow 332 

heterogeneity distributed in the grid. As q increases, the sub-boxes with localized flow 333 

will have more exaggerated contributions to the sum in Equation (4). Figure 7b shows 334 

a plot of Dq versus q for the flow distributions presented in Figure 6. When q = 0, the 335 

capacity dimension D0 is equal to 2, confirming that the bedding plane is completely 336 

wet. As q increases, the evolution of Dq becomes to be more controlled by the sub-337 

regions with high flow transfer rate; consequently, Dq decreases with increasing q 338 

(Figure 7b). When the bedding plane has a small aperture such as between 1×10-6 m 339 

and 1×10-5 m (corresponding to a range of abed/ajoint from 1:100 to 1:10), a rapid 340 

decrease of Dq is predicted. However, with the increase of the bedding plane aperture 341 

ab, the rate of the reduction becomes much smaller. For instance, in Figure 7b at q = 2, 342 

a value of D2 = 1.21 for the model with a bedding plane aperture of 1×10-6 m (abed/ajoint 343 

= 1:100), suggesting a highly heterogeneous flow field. In contrast, a value of D2 = 1.97 344 

is obtained for the model with a bedding plane aperture of 1×10-4 m (abed/ajoint = 1:1), 345 

implying a more homogeneous flow pattern. In addition, as the bedding plane aperture 346 

ab increases, the curves of Dq against q appear to converge towards an asymptote given 347 

by the curve obtained for larger apertures (Figure 7b).  348 

The above analysis was conducted for the system having a fracture intensity 349 

contrast of 4:1 between the two joint layers. Similar results have also been obtained for 350 

other systems with various fracture intensity contrasts (Figure 8a). It can be seen from 351 



the results that when the bedding plane-to-joints aperture ratio abed/ajoint is small 352 

(abed/ajoint < 0.1), the system exhibits a localized flow regime characterized by smaller 353 

D2. In contrast, at higher abed/ajoint values, D2 is very close to D1 and D0, indicating that 354 

the fluid flow becomes evenly distributed on the bedding plane. The threshold value of 355 

abed/ajoint for the transition of flow regimes seems to occur at 0.1 for the two-layer 356 

models studied. 357 

4.1.2 Equivalent bed-normal permeability 358 

The vertical component of the equivalent permeability tensor for the two-layer 359 

models was calculated using the method described in section 2.2 (Figure 8b). In all 360 

cases, the aperture of the joints is kept the same at 1×10-4 m, whereas scenarios with 361 

different bedding plane aperture and fracture intensity contrasts were considered. As 362 

shown in Figure 8b, as the fracture intensity contrast increases, a systematic decrease 363 

of bed-normal permeabilities, Keff_z, occurs. This is consistent with the results reported 364 

by Jourde et al. (2007); an increase of the fracture set spacing or a decrease of the 365 

fracture intensity leads to a reduction of the bed-normal permeability. It can also be 366 

seen that when the bedding plane aperture is small (ab < 1×10-5 m), Keff_z seems to be 367 

independent of the value of ab. Keff_z also tends to approach a plateau when the bedding 368 

plane aperture is prescribed with high values (ab > 1×10-4 m). However, between these 369 

values, a rapid change of Keff_z can be seen. This marked trend is applicable for all the 370 

layered cases having different fracture intensity contrasts (i.e. 1:1, 2:1, 3:1 and 4:1; 371 

Figure 8b). This result corresponds to the earlier discussion of the transition of flow 372 

regimes for various abed/ajoint values (section 4.1.1). When the bedding plane aperture 373 

is small, the fluid flow seems to be controlled by the joints. Due to the small bedding 374 

plane aperture, the magnitude of hydraulic connection between the joints is low, and 375 

hence the system as a whole shows a small Keff_z, because the equivalent permeability 376 



of a system is controlled by the least conductive features within the system (Doolin and 377 

Mauldon, 2001).   378 

4.2 Two orthogonal fracture sets models 379 

For the two fracture sets scenario, the interaction between the two joint sets as 380 

well as the bedding plane may have significant impacts on the heterogeneity and 381 

anisotropy of the fluid flow field. For simplicity, only fracture networks with two 382 

orthogonal fracture sets are considered here, although we know that non-orthogonal 383 

fracture sets also commonly exist in nature. To focus on the joint effects, the fracture 384 

intensity of the top and bottom layers is assumed to be identical.  385 

4.2.1 Flow localization on bedding plane 386 

Figure 9a displays a log-log plot of the cumulative frequency distribution of the 387 

flow transfer rates (based on a 12×12 square grid) on the bedding plane. In this model, 388 

the joint aperture of both joint sets is set identical (i.e. 1×10-4 m). A significant reversal 389 

trend of the flow rate curves, similar to that of the singe joint set models is observed: 390 

as the bedding plane aperture ab increases, the flow rate curve shifts to the right; 391 

however, after abed/ajoint exceeds a critical value, the trend is reversed. By comparing 392 

Figure 9a with Figure 7a, it can be noted that the shape change of the cumulative curves 393 

is less significant in the two fracture sets models, implying a lower degree of variation 394 

in flow heterogeneity. This is potentially attributed to the enhanced connectivity of the 395 

joint network as the result of introducing a second set. However, the critical aperture 396 

value that defines the transition of flow regimes seems to have a similar value of abed 397 

=1×10-5 m (corresponding to abed/ajoint = 0.1) in the two cases, which can be seen from 398 

the evolution of D1 and D2 in Figure 9b. 399 

4.2.2 Joint aperture contrast 400 



We further study the effect of the aperture contrast between the two joint sets on 401 

the fluid flow distribution along the bedding plane. Figure 9c shows the evolution of 402 

correlation dimension (D2) with respect to the variation of aperture ratio of the joint sets 403 

(aset1/aset2) under different bedding-plane-to-joint aperture ratios. Here, the aperture for 404 

joint set 1, aset1, is fixed to be 1×10-4 m and the aperture for joint set 2 aset2 is varied to 405 

produce three ratios of 1:1, 1:5, and 1:10. As shown in Figure 9c, when the two sets 406 

have the same aperture value, the correlation dimensions D2 of different abed/ajoint cases 407 

are all high (quite close to 2), implying that the distribution of flow transfer rate on the 408 

bedding plane is quite uniform. As the joint set aperture contrast aset1/aset2 increases, D2 409 

of the model with abed = 1×10-3 m or 1×10-4 m only exhibits a slight variation, whereas 410 

D2 of the model with abed = 1×10-5 m decreases dramatically. This phenomenon 411 

indicates that when the bedding plane is less conductive, the aperture contrast of the 412 

joint sets tends to dominate the flow heterogeneity on the bedding plane. However, 413 

when the bedding plane has a larger aperture, the dominance of the joints is diminished, 414 

and thus the influence of the joint aperture ratio aset1/aset2 on the bedding plane flow 415 

heterogeneity is attenuated (D2 remains close to 2, regardless of the variation of 416 

aset1/aset2). 417 

5. Discussion 418 

5.1 Transition of flow regimes 419 

Based on the results from the numerical simulations, we found that the bedding 420 

plane-to-joint aperture ratio, abed/ajoint, dominates the behaviour of fluid flow on the 421 

bedding plane. However, the fracture intensity contrast between the two layers appears 422 

to have only a second order effect. The flow regime along the bedding plane changes 423 

at a critical state which is characterized by the bedding plane to joint aperture ratio, 424 



abed/ajoint = 0.1 (Figures 8 and 9b): (1) when abed/ajoint is smaller than 0.1, a joint-425 

dominated flow regime with a small correlation dimension forms; (2) when abed/ajoint is 426 

larger than 0.1, a bedding plane-dominated flow regime with a high correlation 427 

dimension occurs. This empirical rule of flow regime characterization is widely 428 

applicable to the two classes of layered fracture networks studied in this paper: one joint 429 

set in each layer (Figure 4c) and two orthogonal joint sets in each layer (Figure 4d). In 430 

addition, it is found that the intersection between the two joint sets reduces the threshold 431 

separating the bedding-dominated and joint-dominated flow regimes: the degree of 432 

flow localization achieved by a single joint set model with a value of abed/ajoint = 0.01 433 

can be exceeded by a two joint sets model with a joint aperture ratio of 1:5 at abed/ajoint 434 

= 0.1 (Figures 8a & 9c).  435 

The flow heterogeneity characterization based on the multifractal technique 436 

presented above may be used to guide the interpretation of well-test data in layered 437 

fracture systems, particularly in the case where detailed mapping of variation in flow 438 

properties of the fractured systems is not available (Flodin et al., 2004; Leckenby et al., 439 

2007). This approach may also be used as a relevant conceptual model to assist the 440 

assessment of the successive flow dimensions during the transient flow phase related 441 

to pumping. The flow regimes characterized by various degree of flow localization may 442 

be potentially linked to distinct non-integer flow dimensions that occur in fractured 443 

media (Barker, 1988; Jourde et al., 2002).  444 

5.2 Implications for the generation of incipient karst in meteoric systems 445 

Here, we consider that in the early stage of karst development, the dissolution 446 

processes are mainly related to infiltration of meteoric water with a dominant constant 447 

vertical pressure gradient (Dreybrodt, 1990). The dissolution phenomena in limestone 448 



fractures depend strongly on the fluid transport and mineral dissolution rates (Fredd 449 

and Fogler, 1998; Szymczak and Ladd, 2009). The relative magnitude of mean flow 450 

rate, �̅�, and surface reaction rate, kr, can be quantified by the dimensionless Damköhler 451 

number: 452 

vkDa r .                                                                   (5) 453 

The Damköhler number was calculated for simulations with different bedding 454 

plane to joint aperture ratios, abed/ajoint, on the 12 × 12 grid. The results corresponding 455 

to simulations of Figure 6 are shown in Figure 10. A typical value of kr = 5 × 10-7 m/s 456 

for the dissolution rate for limestone was used in the calculation (Palmer, 1991; 457 

Dreybrodt, 1996). Overall, the calculated Damköhler numbers are in the range of 10-3 458 

˂ Da ˂ 1, which in agreement with the typical Damköhler number range for limestone 459 

fractures reported in Szymczak and Ladd (2011). Because the mean flow velocity first 460 

increase and then decrease with increasing abed/ajoint (see Figures 7a and A.2), the 461 

evolution of the mean Damköhler number exhibits an opposite trend (Figure 10).   462 

For the models with small abed/ajoint, the most Damköhler numbers are within the 463 

range of 10-2 ˂ Da ˂ 1 (Figures 10a and 10b). Under this condition, numerical 464 

simulations have shown that the reactive infiltration instability mechanism (see e.g. 465 

Orteleva et al., 1987a & b; Hanna and Rajaram, 1998) plays a decisive role in the 466 

dissolution process (Szymczak and Ladd, 2009). Faster dissolution preferentially takes 467 

place in channels carrying enhanced flow caused by structural and/or hydraulic 468 

heterogeneity, triggering accelerated enlargement in these channels. Accordingly, the 469 

permeability of the channels become higher and, by Darcy’s law, so will the discharge 470 

of dissolutional water through these channels. This faster flow will in turn promote 471 

further channel dissolutional enlargements, completing a positive reactive infiltration 472 



feedback loop. The reactive infiltration feedback mechanism implies that the regions 473 

where initial high discharge of dissolution fluid occurs tend to evolve into sites of 474 

enhanced karstification. For the models with large abed/ajoint (i.e. Figures 10c and 10d), 475 

the surface reaction rate is sufficiently slow relative to the flow velocity (Da < 10-2; 476 

Szymczak and Ladd, 2009). In this case, unsaturated dissolution fluid can penetrate 477 

deeper and distribute more evenly along the bedding plane. Hence, the dissolving 478 

potential at different locations in the bedding plane tend to be equal.  479 

Consequently, the simulation results of this work suggest that there might be an 480 

inherent relationship between abed/ajoint and the inception pattern of karst development 481 

in layered fractured limestones (Figures 11 & 12). Indeed, the key findings from this 482 

study is that different aperture contrasts between the horizontal bedding planes and the 483 

bed-normal joints, abed/ajoint, result in different degrees of localization of fluid flow on 484 

the bedding plane.  485 

Figure 11 shows the distributions of nodal flow velocity for three single-joint-set 486 

models with different abed/ajoint values but the same fracture intensity contrast of 4:1 487 

between the top and bottom layers. The flow velocity distributions on the bedding 488 

planes (the top row) and in the joints of the lower layer (the bottom row) are shown 489 

separately. It is noted that due to the fracture intensity contrast, in all the simulations, 490 

the maximum flow velocities in joints of the upper layer are observed to be over four 491 

orders of magnitude smaller than that on the bedding plane and that in the lower layer. 492 

This implies the potential for karst development in the joints of the upper layer (higher 493 

fracture intensity) tends to be quite low compared to that in the bedding planes or in the 494 

joints of the lower layers (lower fracture intensity).  495 



When abed/ajoint is less than 0.1, the Damköhler numbers fall in the range (10-2 ˂ 496 

Da ˂ 1) where the nonlinear feedback controls the dissolution (Figures 10a & b).  The 497 

flow on the bedding plane is controlled by the joints and is highly heterogeneous, with 498 

high flow velocities localized around some intersections between the bedding plane and 499 

joints (Figures 6a, 6b and 11a). These positions tend to be the preferential site for 500 

generating karsts that exhibit ‘pipe-shaped’ features (see Figure 11a and left column in 501 

Figure 12). As abed/ajoint  increases, the flow transfer rate along the bedding planes 502 

becomes more distributed, but not yet homogeneous (i.e. in the transition zone), which 503 

favors a more diffusive pattern of karst development. In this case, more ‘sheet-like’ 504 

karst (a stripe rather than a pipe) is likely to form on the bedding plane (see Figure 11b 505 

and middle column in Figure 12). When abed/ajoint is larger than 1, a homogeneous 506 

distribution of flow along the bedding planes tends to occur (Figures 6c, 6d and 11c). 507 

Because the calcite-water surface reaction rate (kr = 5 × 10-7 m/s) is sufficiently smaller 508 

than the mean flow velocity (i.e. Da < 10-2), unsaturated reactive fluids tend to 509 

uniformly distribute over the entire bedding plane. Consequently, the probability for 510 

karst development at any location on the bedding planes is approximately equal, i.e. the 511 

development of sheet karst pervasively over the entire surface of the bedding planes 512 

would occur (Figure 11c; right column in Figure 12). In addition to controlling the 513 

dissolution pattern on the bedding plane, abed/ajoint also influences the development of 514 

karst in the layer with lower fracture density. It can be seen from the bottom row of 515 

Figure 11 that when abed/ajoint is small (Figure 11d), flow is constrained in only a few 516 

joints. For a specific joint that carries enhanced flow, the flow is localized rather than 517 

evenly distributed over the entire joint plane. This would result in a localized 518 

dissolution pattern. When abed/ajoint has an intermediate value (Figure 11e), the flow is 519 

more distributed in the joints and the magnitude of flow velocity increases. This implies 520 



the potential for karst initiation is enhanced and is more equally probable along all the 521 

joints. When the value of abed/ajoint is large (Figure 11f), the flow is more evenly 522 

distributed in all the joints, implying the probability of developing karst within each 523 

individual joint located in the layer with a lower fracture density tends to be equal. 524 

Because of the increase of the magnitude of flow discharge, the potential for karst 525 

development in the joint layer with lower fracture intensity may also be increased.  526 

Our simple predictive model for incipient karst type and preferential location is 527 

based on heterogeneous flow fields calculated from steady-state, single-phase flow 528 

simulations whereas reactive transport is not simulated. The predicted and actual 529 

incipient karst geometries are only qualitatively similar. Because the Damköhler 530 

number characterizing the flow and reaction rates is varying throughout the course of 531 

dissolution, the proposed predictions only valid for the state where the distribution of 532 

Damköhler numbers was calculated (Daccord et al., 1993). In addition, our 533 

investigation is based on an assumption of a laminar regime which occurs in the 534 

initiation phase of meteoric karst system development. However, to achieve a 535 

quantitative characterization of the extent to which heterogeneity influences the 536 

evolution of karst conduits, e.g. determining breakthrough time (time before turbulent 537 

flow first occurs in the system), under both meteoric and hypogene environments, more 538 

advanced numerical models based on coupled process simulations (e.g. Sanford and 539 

Konikow, 1989; Dreybrodt, 1990; Groves and Howard, 1994a & b; Dreybrodt, 1996; 540 

Kaufmann and Braun, 1999 & 2000; Gabrovšek and Dreybrodt, 2000; Andre and 541 

Rajaram, 2005; Szymczak and Ladd, 2006; Detwiler and Rajaram, 2007; Detwiler, 542 

2008) and more sophisticated transport-reaction relationships (e.g. Neuman and Orr, 543 

1993; Chaudhuri et al., 2009; Rajaram et al., 2009) are required. These are, however, 544 

out of the scope of current investigation.     545 



We have assumed uniform apertures for the bedding planes and joints to explore 546 

the fundamental mechanism that leads to heterogeneous fluid fields without too much 547 

complexities involved. In nature, however, variation in aperture exists in fracture sets 548 

and in individual fractures, depending on the intrinsic morphological roughness (Brown, 549 

1989; Renshaw, 1995; Tsang and Neretnieks, 1998) and the stress condition 550 

(Witherspoon et al., 1980; Barton et al., 1995; Zhang and Sanderson, 1997; Lei et al., 551 

2014, 2015a & b). Theoretical analysis (Tsang and Tsang, 1987; Tsang et al., 1988; 552 

Wang et al., 1988), experimental studies (Iwai et al., 1976; Tsang 1984; Hakami and 553 

Larsson, 1996), and numerical investigations (Thompson and Brown, 1991; de Dreuzy 554 

et al., 2012) have shown that flow through rough-walled fractures may not be fully 555 

represented by the simplified parallel plate model with an identical aperture. The 556 

difference between the parallel plate flow rate and the rough wall flow rate becomes 557 

increasingly significant when the fracture is more closed (Barton et al. 1985) 558 

Furthermore, the effects of anisotropic surface roughness (Thompson and Brown, 1991) 559 

and impact of normal/shear stresses (Lei et al., 2016) can also have a strong impact on 560 

the difference. A recent numerical study has reported a reduction in equivalent fracture 561 

transmissivity by a factor of 6 in a flow model that accounts for spatial aperture 562 

variation at the fracture scale compared to a model assuming a uniform fracture aperture 563 

(de Dreuzy et al., 2012). Considering the potential effect of fracture-scale heterogeneity, 564 

we would expect that various types of karst may develop and co-exist in complex 565 

natural systems, as has already been observed by many field studies (Ford and William, 566 

1989; Palmer, 1989; Knez, 1998; Filipponi et al., 2009). However, the karst 567 

mechanisms derived on the basis of our simplified model may still be applicable for 568 

analysing sub-regions of large scale bedding planes, where specific configuration of 569 

abed/ajoint might dominate locally.  570 



The relationship between abed/ajoint and different types of incipient karst is derived 571 

based on simplified geometrical models of fractures. These simple models may differ 572 

considerably from real fracture networks due to the complexity of natural systems. For 573 

instance, bedding planes in nature commonly dip and are not horizontal; and fracture 574 

networks with two non-orthogonal joint sets are also common (Leckenby et al., 2007; 575 

Zhou et al., 2012). Insights into the effect of more complicated fracture geometries on 576 

the onset of incipient karstic features remain to be explored. 577 

6. Conclusions 578 

Fluid flow in fractured layered rock masses that are subjected to a bed-normal 579 

potential gradient has been studied using a 3D discrete fracture network conditioned by 580 

a stress shadow zone criterion. The influence of the aperture contrast 1) between the 581 

horizontal bedding planes and joints, and 2) between two orthogonal joint sets, on the 582 

localization of horizontal flow along the bedding planes and on bed-normal equivalent 583 

permeabilities has been investigated. The synthetic networks used in this work are made 584 

up of two jointed layers separated by a horizontal bedding plane. They are generated 585 

using a pseudo-genetic DFN code that takes into account the concept of mechanical 586 

interaction between the bed-normal joints during their propagation. The aperture 587 

contrast between joints and bedding planes was found to be the most important factor 588 

in controlling the behaviour of fluid flow on the bedding planes. Depending on the 589 

significance of the aperture contrast, three different flow regimes may occur, i.e. the 590 

joint-dominated flow (pipe flow), transition flow (stripe flow) and bedding-plane-591 

dominated flow (sheet flow). These flow regimes may govern the initiation of three 592 

different types of karst morphologies i.e. pipe karst, stripe karst and sheet karst, on the 593 

bedding surfaces in layered, fractured carbonate rocks.  594 



Appendix 595 

In the case of fluid flow through a two-layer joint system under a constant bulk 596 

pressure gradient (Figure 5), the local fluid transfer rate along the bedding plane 597 

depends not only on the bedding plane aperture (abed) but also on the local fluid pressure 598 

gradient. The distribution of fluid pressure gradient is controlled by the relative spatial 599 

arrangement of joints in the two layers and by the aperture ratio between the bedding 600 

plane and joints (Figure A.1).  601 

To quantify the relationship between abed and local fluid transfer rate, a model 602 

that is made up of two vertical joints and a horizontal bedding plane is built (Figure 603 

A.2). This simplified model represents an essential element of the two-layer models 604 

considered in this work. Figure A.2a shows the model dimension and numerical mesh. 605 

Steady-state flow simulations were performed with same matrix permeability and 606 

pressure boundary conditions as discussed in section 3.4.  607 

Figure A.2b shows the bedding plane hydraulic conductivity and differential 608 

pressure gradient calculated for different bedding plane apertures (from 5 × 10-7 m to 5 609 

× 10-3 m); in all cases, joint aperture is fixed at 1 × 10-4 m. The bedding plane hydraulic 610 

conductivity is calculated using the cubic law. The differential pressure gradient is 611 

calculated by taking the difference of the mean fluid pressures measured at the two 612 

joint-bedding plane intersections. The magnitude of local fluid transfer is represented 613 

by the mean Darcy’s velocity observed at the middle line between the two intersections. 614 

The relationship of abed versus Darcy’s velocity is plotted in Figure A.2c. As abed 615 

increases, the bedding plane hydraulic conductivity (K) increases, but the local pressure 616 

gradient decreases. Because flow rate depends on both hydraulic conductivity and local 617 

pressure gradient, a non-linear relationship between the Darcy’s velocity and abed forms. 618 



Note that the plot only serves to explain the reversal trend of local fluid transfer rate 619 

curves as observed in Figure 7a; this relationship is much more complex (and thus more 620 

difficult to quantify) for realistic joint networks as the relative spatial location of joints 621 

in the two layers may induce a significant influence on local pressure gradient field as 622 

demonstrated in the region between points A and B in Figure A.1.  623 

624 
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Figures 935 

 936 

Figure 1. Schematic diagram illustrating research objective of two main classes of 937 

fracture flow modeling in multi-layer fracture networks. (a) Bed-parallel flow. (b) Bed-938 

normal flow.  939 



 940 

Figure 2. Photo of an outcrop of an extensively karstified carbonate rock in southern 941 

Italy (Jacquemyn et al., 2012). Intensive karstification has developed preferentially at 942 

an important mechanical boundary across which a large contrast in fracture intensity 943 

occurs. Black lines are sub-vertical joints. Grey lines are the sub-horizontal, continuous 944 

bedding surfaces. The red solid and dotted lines with arrows represent the interpreted 945 

fluid flow paths in this multilayer joint system.   946 



 947 

Figure 3. Demonstration of the DFN generation model. (a) A stress shadow zone 948 

around a joint. we and lf are the geometrical parameters that define the shadow zone (b) 949 

If a randomly sampled mid-point of a new joint falls into the shadow zone of a pre-950 

existing fracture, the point is removed and the new joint will not be generated. (c) The 951 

new joint that enters into the shadow zone of a pre-existing fracture is truncated. The 952 

spacing of the joint set is controlled by the shadow zone parameter we.  953 



 954 

Figure 4. Model configuration. (a) A 2D pattern of a joint set generated using the 955 

process demonstrated in Figure 3. (b) The spacing distribution of the joint set shown in 956 

(a). (c) The configuration of the 3D two-layer joint network models. A 3D joint set 957 

within a single bed are generated by extruding a 2D patterns as shown in (a). (d) Model 958 

configuration for the two layer models that are made up of two orthogonal joint sets. (e) 959 

Illustration of the aperture assignments to the two joint sets (plan view). Joint set 1 has 960 

a larger fracture aperture. 961 

  962 



 963 

Figure 5. (a) Flow boundary condition used in the flow simulations. (b) Distribution of 964 

fluid pressure (in Pascal) in an example simulation model. (c) Distribution of nodal 965 

flow velocity, corresponding to the pressure field as shown in (b), in the example 966 

simulation model. (d) A zoom view of the distribution of nodal flow velocity in the 967 

numerical model.   968 



 969 

Figure 6. Flow histograms demonstrating the influence of the bedding plane to joint 970 

aperture ratio on the distribution of absolute magnitude of the horizontal flow rate on 971 

the bedding plane. It is noted that when the bedding plane aperture is small, the flow is 972 

highly localized. As the aperture of the bedding plane increases, the flow distribution 973 

becomes more homogeneous.  974 



 975 

Figure 7. (a) The graphical expression of the flow histograms which are shown in Fig.5. 976 

It is noted that as increasing the bedding plane aperture, the total flow curves shows a 977 

steady increasing trend. If the bedding plane aperture continues to increase, the trend is 978 

reversed. (b) Multi-fractal analysis of the same flow data in (a). The curves for the 979 

models converge as the bedding plane aperture is increased.  980 



 981 

Figure 8. (a) The influence of bedding plane to joint aperture ratio on the second-order 982 

fractal dimension, D2, of the distribution of horizontal flow on the bedding plane. (b) 983 

The influence of the bedding plane aperture on the bed-normal effective permeability.  984 



 985 

Figure 9. (a) Plot of cumulative frequency of flow rate. A reversed trend similar to the 986 

single joint set model is obtained. (b) Plot of variation of the zero, first and second order 987 

fracture dimensions as a function of bedding plane aperture. (c) Plot of the variation of 988 

the second order fractal dimension as a function of the bedding plane aperture and the 989 

aperture ratio between the two joint sets.  990 



 991 

Figure 10. Distributions of Damköhler numbers for models shown in Figure 7.  992 



 993 

Figure 11. Distributions of nodal flow velocity on the bedding planes (top row) and in 994 

the joints of the lower layer (bottom row) for three models with the same fracture 995 

intensity contrast (4:1), but with varying bedding plane to joint aperture ratios, abed/ajoint.   996 



 997 

Figure 12. Summary of bedding plane flow regimes and the corresponding incipient 998 

karst type with field examples (stripe karst photo was taken from Prades-le-Lez quarry, 999 

Southern France; sheet karst photo was taken from the Terrieu hydrological 1000 

experimental site (MEDYCYSS Observatory, SO KARST), Saint-Mathieu-de-Tréviers, 1001 

Southern France). 1002 



 1003 

Figure A.1. Different distributions of fluid pressure on the bedding plane when 1004 

different bedding plane apertures are modelled, corresponding to the models shown in 1005 

Figure 7a, 7c and 7d. The apertures for all the joints in the three models are kept the 1006 

same (ajoint = 1e-4 m).  1007 

1008 



 1009 

Figure A.2. (a) Model dimension and mesh. The edge length of finite elements on 1010 

fractures and in matrix (not shown here) is less than 15cm, and it is refined at fracture 1011 

intersections (edge length ≤ 7cm). (b) Relationships between abed and bedding plane 1012 

hydraulic conductivity (triangle markers), and between abed and differential fluid 1013 

pressure (diamond markers); note two vertical axes are used. (c) Non-linear relationship 1014 

between abed and Darcy’s velocity. 1015 


