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Abstract 11 

Understanding permeability in the Earth is vital to optimizing sustainable resource 12 

development such as geothermal. In many geothermal fields, permeability is controlled by 13 

faults, resulting in high spatial and directional variability, difficult to characterise without 14 

costly drilling. Electrical resistivity, however, can be measured from the surface, and like 15 

permeability, is sensitive to fluids if they are sufficiently conductive. Modelling of resistivity-16 

based geophysical data has largely focussed on isotropic properties to map clay caps and deep 17 

heat sources. However, faults commonly have a preferred orientation, and fluid-filled faults 18 

often have lower resistivity than the matrix, so anisotropy of permeability and resistivity is 19 

expected. This study models faults from the borehole to field scale to characterise direction-20 

dependent permeability and resistivity. Parameters are derived from active faults and 21 

geothermal fields in the Taupō Volcanic Zone (TVZ), New Zealand. Permeability is highest 22 

(1×10-12 m2) in the horizontal along-dominant-strike direction, lower vertically (4×10-14 m2), 23 

and lowest in the across-dominant strike direction (2×10-14 m2), with significant uncertainty 24 

in across-strike permeability (4×10-15 m2 to 9×10-14 m2). For typical TVZ fluids, resistivity is 25 

lowest along dominant strike (190 Ωm), slightly higher vertically (230 Ωm) and highest 26 

across-strike (465 ± 30 Ωm). Resistivity anisotropy ratios along-strike/across-strike are 27 

relatively consistent regardless of fault size distribution (~0.33-0.48). Anisotropy ratios for 28 

permeability are more variable (1-300). The calculated petrophysical properties provide 29 

numerical inputs to design geophysical surveys to measure direction-dependent resistivity, 30 

which may assist with improving fractured reservoir models and resource use. 31 

 32 

Plain language summary 33 

Understanding how easily water can move underground (i.e. permeability) is important for 34 

using resources like groundwater and geothermal in an economic and sustainable way. In 35 

many geothermal areas, like those in New Zealand’s Taupō Volcanic Zone (TVZ), 36 

permeability is mostly controlled by faults, or cracks, within the Earth. These vary in size and 37 

direction and can be difficult to find. 38 

Scientists can measure Earth’s electrical resistivity to study geothermal areas and work out 39 

where to drill with the best chance of finding permeable zones. To simplify these models, 40 

they normally assume the properties are the same in all directions. However, faults tend to 41 

line up in certain directions and contain fluids that affect resistivity, both the resistivity and 42 

the ability of the rock to flow fluids can change depending on the direction they are 43 

measured. 44 

This study uses numerical models to look at how faults affect permeability and resistivity at a 45 

range of scales. The results show that permeability is highest along the main fault direction, 46 

lower vertically, and lowest across the faults. Resistivity also changes with direction, but less 47 

dramatically. 48 

These findings may help better design of geophysical surveys, making it easier to understand 49 

and manage geothermal resources. 50 

 51 
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1. Introduction 52 

Rock permeability is essential for the extraction and recharge of Earth resources such as 53 

groundwater and geothermal, as well as hydrothermal and volcanic systems.  Reservoir 54 

permeability is often controlled by fractures and faults (McNamara et al. 2015, Bolós et al. 55 

2019, Intani et al. 2020, Jolie et al. 2021, Liotta et al. 2021). In these cases, the density, 56 

orientation and connectivity of open faults are key considerations in designing drilling 57 

strategies to extract fluids. 58 

Resistivity-based geophysical methods such as magnetotellurics (MT) are applied to 59 

understand geothermal resources. They are highly sensitive to the clay alteration zone that 60 

commonly overlies the reservoir and deep heat sources (e.g., Bibby et al. 1995, Bertrand et al. 61 

2013, Lee et al. 2020, Ardid et al. 2021, Bertrand et al. 2022, Ishizu et al. 2022, Yamaya et al. 62 

2022). Key information that is often missing is the distribution and orientation of open 63 

fractures within the reservoir or upflow zone. Interpretation of acoustic and micro-resistivity 64 

borehole images often shows that faults and fractures inferred to be open commonly show a 65 

preferred orientation (e.g. Dezayes et al. 2010, McNamara et al. 2015, Vidal et al. 2016, 66 

Massiot et al. 2017, McNamara et al. 2019, Ikhwan et al. 2020, Milicich et al. 2023). 67 

Reservoir observations (e.g. Calibugan et al. 2022) and discrete fault network models 68 

(Kissling and Massiot 2023) suggest that bulk permeability is also anisotropic. However, 69 

information on fault orientations, and implications for permeability, is normally not known 70 

until after several wells have been drilled. Seismic anisotropy has shown promise in 71 

constraining fault orientations (e.g., Mroczek et al. 2020, Jylhänkangas 2024) although such 72 

data does not directly image the connectivity of fluids.  73 

Although resistivity is a direction dependent property, published resistivity models are largely 74 

isotropic, mainly because the number of parameters to be solved is already far larger than the 75 

number of data, and in most cases, it is possible to find an isotropic model that has an 76 

adequate fit to the data. However, electrical resistivity can vary with orientation, both on a 77 

micro-scale (due to the alignment of mineral grains) and a macro scale (due to bedding or 78 

aligned faults or faults) (Wannamaker 2005, Martí 2014). In the case of geothermal reservoirs 79 

containing faults filled with fluids, macro-anisotropy in resistivity may be directly related to 80 

the alignment of permeable structures. Indeed, fluids are normally more conductive than the 81 

rock matrix. Although conductive clay minerals are abundant in the lower-temperature 82 

(<200 °C) parts of the hydrothermal system, these generally transition to more resistive clays 83 

and crystalline minerals at high temperatures (Browne 1970, Muraoka et al. 1998, Simmons 84 

and Browne 2000, Franzson et al. 2008, Jolie et al. 2021). Conductive sulphide minerals such 85 

as pyrite can occur at rates of up to a few percent locally which may influence the host rock 86 

resistivity (Simmons and Browne 2000, Wallis et al. 2009). However, on a field scale, overall 87 

concentrations tend to be small (1%) limiting the impact of these phases on the overall 88 

resistivity and particularly any direction dependence of resistivity (Simmons and Browne 89 

2000). Thus, attributes of the resistivity tensor (orientation, and relative magnitude of the 90 

components) could be a key piece of information in understanding the permeability structure 91 

of a reservoir controlled by fluid-filled faults.  92 

The permeability of fractures and faults has been measured on the sub-metre scale (Watanabe 93 

et al. 2008, Watanabe et al. 2009, Ishibashi et al. 2015, Heap and Kennedy 2016), but there 94 

are far fewer measurements of fault permeability on the reservoir scale. Instead, bulk 95 

reservoir permeability is usually determined in the calibration of numerical reservoir models 96 
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(Kaya et al. 2014, Tateishi et al. 2015, O'Sullivan et al. 2025). Resistivity of individual faults 97 

has been measured, although this is done less often than permeability (Sawayama et al. 98 

2021a, Sawayama et al. 2023). At the reservoir scale, resistivity is inferred from inversion of 99 

MT data, although this is typically assumed isotropic, and uncertain due to non-uniqueness, 100 

particularly in the typical geothermal scenario where a conductive clay cap overlies the 101 

reservoir, reducing sensitivity to structures below this. Downhole resitivity measurements 102 

have been limited in geothermal fields and focused on isotropic resistivity (Muraoka et al. 103 

1998, Wallis et al. 2009, Mortensen et al. 2014), while downhole resistivity anisotropy tools 104 

are sometimes used in hydrocarbon reservoirs (Hou et al. 2016). Petrophysical modelling has 105 

the potential to link lab- and reservoir scales, and the evolution of the relationship between 106 

permeability and resistivity between these two scales.  107 

This paper aims to link permeability estimated at the core scale to that at reservoir scale, and 108 

then link these permeability estimates to core and reservoir-scale resistivity. Models of (1) 109 

individual faults and then (2) fault networks, are constructed using parameters from field data 110 

in geothermal fields of New Zealand’s Taupō Volcanic Zone. A particular focus of the 111 

resulting models will be the anisotropy in both resistivity and permeability that is expected at 112 

the reservoir scale.  113 

2. Background 114 

2.1 Models of fault permeability and resistivity 115 

Numerical modelling shows resistivity and permeability faults and fault networks display a 116 

percolation threshold, i.e., both properties are low at small apertures and then change over 117 

many orders of magnitude at a point when the faults become fully connected through the 118 

domain (Bahr 1997, Kirkby et al. 2016, Kirkby and Heinson 2017, Kissling and Massiot 119 

2023). However, the increase in connectivity with increasing volume fraction is normally 120 

more gradual for resistivity than it is for resistivity, reflecting a less sharply defined 121 

percolation threshold (Kirkby et al. 2016, Kirkby and Heinson 2017).  122 

Laboratory measurements of individual faults at variable normal stresses are consistent with 123 

permeability and resistivity at or just above the percolation threshold, with permeability on 124 

individual faults typically around 10-12 to 10-13 m2 on faults with no displacement, and 10-9 to 125 

10-8 m2 on faults with 3-5 mm displacement (Watanabe et al. 2008, Watanabe et al. 2009, 126 

Ishibashi et al. 2015, Sawayama et al. 2023).  127 

The fraction of these measured faults that has both planes in contact covers a relatively 128 

narrow range of 35-42% for faults with >1 mm displacement, which is near constant with 129 

pressure, at pressures from 10-100 MPa (Watanabe et al. 2008, Watanabe et al. 2009, 130 

Ishibashi et al. 2015). For faults with 0-1 mm displacement, contact areas increase more 131 

strongly with pressure from 31-66%. Thus, faults should be modelled with realistic contact 132 

area ratio to produce realistic fracture properties. 133 

A challenge of modelling fault flow properties is balancing small cell sizes needed to capture 134 

fluid flow effects of sub-mm scale fault roughness against modelling large enough 135 

areas/volumes to represent the scale of interest. Due to the minimum cell sizes of <1mm 136 

needed to model fault roughness, the typical scale of simulation is limited to tens of cm to 137 

metre-scale (Ishibashi et al. 2015, Kirkby et al. 2016, Kirkby and Heinson 2017, Sawayama 138 

et al. 2021a). However, estimating resistivity and permeability at the scale of a geothermal 139 
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reservoir requires faults at scales of centimetres to tens of metres or more. While fault size, 140 

on its own, does not impact resistivity and permeability (Ishibashi et al. 2015, Sawayama et 141 

al. 2023), the displacement on faults increases with fault size (Kim & Sanderson 2005). For 142 

normal faults, this increase is broadly linear on a log scale, with slope ~ 1; i.e., displacement 143 

is a constant fraction of size (Kim and Sanderson 2005). As displacement on a fault grows, 144 

opposing surfaces become increasingly mismatched, leading to an increase in the size of 145 

asperities on the fault, increased space for fluids and thus an increase in permeability and 146 

decrease in resistivity (Sawayama et al. 2023). These larger asperities are likely to dominate 147 

both current and fluid transport properties over any fine scale roughness caused by sub-mm 148 

scale mismatching on the fault planes, allowing cell size to be increased for larger faults with 149 

larger displacements (Section S1). 150 

2.2 Taupō Volcanic Zone 151 

To focus this study, and enable direct comparison to observations, model parameters were 152 

selected based on characteristics of the Taupō Volcanic Zone (TVZ), New Zealand (Figure 1), 153 

that has been extensively studied. The TVZ has been the site of geothermal energy production 154 

for electricity for >50 years and currently provides nearly 20 % of New Zealand’s electricity 155 

(MBIE 2025). The TVZ is Hikurangi Subduction Zone’s volcanic arc (Wilson et al. 1995). 156 

The Taupō Rift is an intra-arc rift where the extension coincides with the TVZ (Wilson and 157 

Rowland 2016, Villamor et al. 2017). The modern Taupō Rift is a 15 – 40km wide zone of 158 

closely spaced faults, dominated by steeply-dipping normal faults (Nicol et al. 2006, Seebeck 159 

et al. 2014, Villamor et al. 2017, Seebeck et al. 2024, Morgenstern et al. 2025). In geothermal 160 

fields, numerous studies have characterised fractures and faults using borehole images 161 

(Wallis et al. 2012, McNamara et al. 2015, Massiot et al. 2017, McNamara et al. 2019, 162 

Massiot et al. 2023, Milicich et al. 2023, Wallis 2023, Massiot et al. 2025, Morgenstern et al. 163 

2025), fault systems using stratigraphic offsets (Chambefort et al. 2014, Milicich et al. 2014, 164 

Rosenberg 2017, Milicich et al. 2020), fluid composition and temperature (Hedenquist 1983, 165 

Hedenquist 1990, Chambefort et al. 2016, McNamara et al. 2016, Mroczek et al. 2016). In 166 

addition, electrical resistivity has been measured based on DC resistivity, MT, and airborne 167 

electromagnetic data (Bibby et al. 1995, Heise et al. 2008, Bertrand et al. 2013, Bertrand et 168 

al. 2015, Heise et al. 2016, Bertrand et al. 2022, Reeves and Pederson 2023). 169 
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 170 

Figure 1. Representative a) map-view and b) cross-section of normal faults antithetic and synthetic splays, that 171 
occur in the TVZ from geothermal field to rift scales. Insert of (a) shows the location of the TVZ in the North 172 
Island of New Zealand. Active faults after Morgenstern et al. (2025); and TVZ extent after Wilson et al. (1995); 173 
the synthetic cross-section is modified after Villamor et al. (2017) and McNamara et al. (2019) and applies to 174 
either field- or rift-scales. 175 

 176 

3. Method 177 

This study employs a three-stage, 2D approach to first estimate fault resistivity and 178 

permeability capturing fine-scale fault roughness (Figure 2), compute resistivity of a small-179 

scale faulted volume, and then upscale to reservoir scale.  180 

3.1 Individual fault models 181 

The first step is to apply the approach of Kirkby et al. (2016) to estimate permeability and 182 

resistivity for individual faults of different sizes (Figure 2a-b, f-g), with a modification to the 183 

permeability calculation (Section S2). This method generates a pair of synthetic square fault 184 

surfaces based on characteristics of real faults (Brown 1995, Matsuki et al. 2006). They are 185 

then displaced parallel to the fracture plane by a desired amount (i.e. the top surface is 186 

translated along the fault plane). The fault planes are then shifted apart or together until they 187 

reach a target percentage of contact area. Regions with overlapping or very small apertures 188 
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are set to a minimum value of 1 µm (Watanabe et al. 2008) to account for sub-µm roughness 189 

causing asperities at contact points.  190 

The resistivity and permeability of the faults are then modelled in two directions, parallel and 191 

perpendicular to the displacement direction. Resistivity and permeability are modelled, 192 

respectively, by Ohm’s law and Darcy’s Law using a modified parallel plate method that 193 

corrects for sloping plates. The models have constant pressure and voltage boundary 194 

conditions on each end of the fault, and no-flow boundary conditions at the sides (Brown 195 

1989, Nicholl et al. 1999, Brush and Thomson 2003, Kirkby et al. 2016). This process is 196 

carried out in faults with thirteen displacement values, ranging from zero to 50 cm 197 

(approximately evenly in log space), later linked to fault length (Section 3.3.1). For each 198 

fault, the opposing surfaces are progressively shifted apart and modelled at 30 unique 199 

proportions of contact area (0.10 to 0.68), with 96 repeats for each displacement value. From 200 

these models, a subset was selected that were within the range of contact area as discussed in 201 

Section 3.3.1. 202 

The resulting fault permeability and resistivity values for each model are provided in both 203 

directions, i.e. perpendicular and parallel to displacement. Fault resistivity is defined here as 204 

the equivalent resistivity of a hypothetical, uniformly thick sheet that represent the actual 205 

fault (Figure 2c-d, h-i). The sheet has a constant width equal to the mean aperture of the fault, 206 

and its resistivity is computed such that it preserves the same overall electrical response as 207 

the original fault.  208 

To pass the resulting permeability and resistivity distributions through to models of a faulted 209 

volume, the resistivity and hydraulic aperture of the equivalent “sheet” is translated to its 210 

cross-sectional equivalent, a “fault stick” (Figure 2d, j).  This allows fault resistivities to be 211 

passed into macro-scale models of faulted volumes, as uniformly thick sticks. The parameters 212 

used for the models are discussed in Section 3.3.  213 
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 214 

Figure 2. Diagram illustrating the multi-scale approach employed in this study to model the permeability of a 215 
faulted volume. The 2d “fault volume” models represent a map-view, when considering a TVZ-like 216 
(extensional) regime, with vertical fault displacement and the dominant strike along the rift axis. Explain a-k 217 

3.2 Fault stick models 218 

Individual fault permeabilities and resistivities are then used in 2D “fault stick” models 219 

(Kissling and Massiot 2023) (Figure 2). The fault sticks are placed in one of two orthogonal 220 

directions. Fault hydraulic aperture and resistivity values are assigned using the results of step 221 

(1) (Section 3.1). In these models, the relative proportions of faults of different sizes, and 222 

proportions in the direction along the dominant strike direction (Pz), are set based on field 223 

measurements (Section 3.3; Table 1). The models predict bulk permeabilities and resistivity 224 

in two directions.  225 

Fault stick models are generated on two embedded scales: first, 0.5m x 0.5m models, 226 

containing faults ≤ 0.2 m in length, are used to assess permeability, porosity and resistivity 227 

associated with small-scale faults. These are termed “micro-faults”. Next, models 80 m x 228 

80 m in area were constructed containing faults from 0.3 to 50 m in length. The matrix 229 

properties in these models was set as permeability and resistivity from the smaller scale 230 

models (Figure 2).  231 

As a 3-dimensional proxy, two sets of 2-D fault stick models were generated. In the first set 232 

(“map view”) (Figure 1), fault permeabilities and resistivities are defined using individual-233 
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fault models (Section 3.1) where these properties were modelled perpendicular to slip. In a 234 

“TVZ-like” regime, dominated by near-vertical normal faults(e.g. McNamara et al. 2019), the 235 

two directions are horizontal, aligned along the dominant strike (NE-SW) and across the 236 

dominant strike (NW-SE). We herein refer to these directions as “along-strike” and “across-237 

strike”. In the second set of models (“cross-section view”), fault permeabilities and 238 

resistivities parallel to slip were used. These are representative of vertical cross-sections 239 

oriented NW-SE, i.e. comprising a majority of vertical faults and a minority of horizontal 240 

faults. The two directions are “vertical” and horizontal across the dominant fault strike 241 

(“across-strike”). This second set is similar to models of Kissling and Massiot (2023). 242 

The two “across-strike” models represent the same direction (NW-SE) but will have different 243 

permeabilities, due to using fault permeability parallel to slip in the “cross-section view” 244 

models and perpendicular to slip in the “map-view” models. This discrepancy could be 245 

addressed by modelling fault volumes in 3D. The permeability in the direction across the 246 

dominant strike will likely be intermediate between the two models and will depend on the 247 

true direction of fault displacement. 248 

3.3 Parameter selection 249 

3.3.1 Models of individual faults 250 

The displacement magnitude on individual faults was scaled with fault length using constant 251 

fraction of 0.01 (Kim and Sanderson 2005), with faults smaller than 0.1 m assumed to have 252 

no displacement. This generates asperities that increase in size with fault length. Models had 253 

a minimum fault length of 1 cm, and a maximum length of 50 m, i.e. 0.5 m displacement. The 254 

upper limit to scale is driven by the assumption of no deformation/gouge formation on the 255 

fault plane, which is likely to become invalid for larger fault displacements. 256 

The roughness of fault surfaces can be characterised by an amplitude parameter and fractal 257 

dimension D, which controls the relative roughness on a large to small scale (Brown 1995). 258 

Amplitude of surface heights can be defined in terms of scaling factor s, which relates the 259 

standard deviation of surface heights of a reference fault, 𝜎ℎ,𝑟𝑒𝑓 to its length 𝐿𝑟𝑒𝑓 and fractal 260 

dimension D (Matsuki et al. 2006, Kirkby et al. 2016): 261 

𝑠 =
𝜎ℎ,𝑟𝑒𝑓

𝐿𝑟𝑒𝑓
3−𝐷 (Equation 1) 262 

Increasing fractal dimension has minimal effect on flow and resistivity, while increasing 263 

scaling factor increases permeability and reduces resistivity (Sawayama et al. 2023). 264 

Measurements on core samples on a variety of lithologies suggest natural faults tend to have 265 

lower scaling factors, and slightly higher fractal dimensions, than induced faults created in 266 

the lab (Figure 3), which may reflect deformation on the fault plane during the natural 267 

fracture generation and slip process. Based on these measurements, we set D=2.34 and 268 

s=0.0017.  269 
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 270 
Figure 3. Box and whisker plots of published data for (a) scaling factor, (b) fractal dimension, and (c) contact 271 
area proportion on faults and fault surfaces. The orange bars represent the median, and the boxes show the range 272 
from the 1st to 3rd quartile. The whiskers are shown at the furthest data point lying within 1.5 times the inter-273 
quartile range from the box, with points outside that range shown as circles. Data from (a) and (b) from the 274 
following sources: (Brown and Scholz 1986, Chen and Spetzler 1993, Olsson and Brown 1993, Brown 1995, 275 
Matsuki et al. 2006, Candela et al. 2012, Ishibashi et al. 2015, Sawayama et al. 2021a, Sawayama et al. 2021b). 276 
Data in (c) from: (Sharifzadeh et al. 2008, Watanabe et al. 2008, Nemoto et al. 2009, Watanabe et al. 2009, 277 
Ishibashi et al. 2015, Fathi et al. 2016, Wenning et al. 2019). The contact area ranges in Table 1 are the 25th-75th 278 
percentile in (c), i.e. the extent of the boxes for measurements at ≥20 MPa. 279 

Ranges for percentage contact area between fault planes were chosen based on the 25th and 280 

75th percentile from measurements at 20 to 100 MPa (Watanabe et al. 2008, Nemoto et al. 281 

2009, Watanabe et al. 2009, Ishibashi et al. 2015) (Figure 3C). This corresponds to 56-63 % 282 

for faults with zero displacement, 47-56% for those with 1-2 mm displacement and 34-43 % 283 

for ≥3 mm displacement (Watanabe et al. 2008, Nemoto et al. 2009, Watanabe et al. 2009, 284 

Ishibashi et al. 2015).  285 

Fluid resistivity is estimated from salinity and temperature. The resistivity of water decreases 286 

with increasing temperature and concentration of dissolved ions (e.g. Bannard 1975, Ucok et 287 

al. 1980, Watanabe et al. 2022). A representative NaCl content of 2000 ppm was estimated 288 

based on estimates of parent fluid Cl- concentration ranging from 1069 – 1400 ppm at 289 

Ngatamariki, Ohaaki, and Rotokawa geothermal fields in the TVZ (Hedenquist 1983, 290 

Hedenquist 1990, Chambefort et al. 2016, Mroczek et al. 2016). This concentration with a 291 

reservoir temperature of 280 °C (Chambefort et al. 2016, McNamara et al. 2016, Mroczek et 292 

al. 2016) gives a fluid resistivity of ~0.5 Ωm (Watanabe et al. 2022). To explore the changes 293 

in bulk resistivity as fluid resistivity is changed, several additional fluid resistivities were 294 

considered, ranging from 0.01 to 500 Ωm. Intact rock (matrix) resistivity is set to 1000 Ωm. 295 

3.3.2 Fault network parameters 296 

The density of different sized faults can be described by a power law distribution (Bonnet et 297 

al. 2001), with the number of faults greater than a given size (𝑁𝑓) given in terms of a density 298 

constant α and exponent 𝛾: 299 

𝑁𝑓 =
𝛼

1−𝛾
𝑙𝑚𝑖𝑛

1−𝛾
𝑅2 (Equation 2) 300 
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Here, the exponent was determined based on analysis of a vein dataset collected on exposed 301 

basement rocks like those found in the deep TVZ (Massiot et al. 2025), with a best fit value 302 

of 3.1 (Section S3). A similar analysis on the active fault database in the TVZ gives a value of 303 

3.6. Since the outcrop dataset is at a more similar scale to our models, we use a base case 304 

scenario of 𝛾=3.1 but model a range of values (Table 1) to accommodate uncertainties in the 305 

outcrop dataset.  306 

If 𝛾 and the aperture/volume of each fault is known, then the density constant 𝛼 and the fault 307 

porosity are directly linked, i.e. choice of one parameter implies the other. In measured fault 308 

systems, 𝛼 spans seven orders of magnitude (Bonnet et al. 2001).  309 

The fracture porosity in natural geothermal systems in the TVZ has been inferred at several 310 

scales of observation. Borehole images at the Rotokawa and Kawerau geothermal fields 311 

suggest a porosity of around 4-10 % including large faults, open fractures and filled veins 312 

(Massiot et al. 2017). A similar combined vein and fracture connected porosity (4-10%) was 313 

found in thin sections (Siratovich et al. 2014, Wyering et al. 2014, Cant et al. 2018). 314 

Therefore, the open fault connected porosity is <4-10%. Microscale fault network models 315 

result in a connected porosity from open faults of ~2 % at the percolation threshold (Kirkby 316 

and Heinson 2017). Similar estimations of open fracture porosity were found through 317 

synthetic forward modelling of open faults to match seismic anisotropy responses (2.5 % and 318 

4.5 % respectively, for the Ngatamariki and Rotokawa geothermal fields) (Jylhänkangas 319 

2024). Models presented here therefore include a base scenario (2%) and two additional 320 

scenarios for open fault porosity of 1 % and 3 % (Table 1). Higher porosities were trialled but 321 

gave unrealistically high permeabilities. 322 

Finally, the proportion of faults in each orthogonal direction was estimated separately for the 323 

“map-view” and “cross-section” models, both returning ~0.8. This parameter is termed Pz, i.e. 324 

the proportion of faults in the dominant strike direction. For the “map view” models, Pz  was 325 

estimated based on a length-weighted average of the strike-parallel component of fault 326 

segments from the Taupō Rift in New Zealand’s active fault database (Morgenstern et al. 327 

2025), relative to the total length of faults in this region (Supplementary Section S4).  328 

For the vertical direction, Pz was computed using fault and fracture dip magnitudes 329 

interpreted from borehole images at the Rotokawa and Wairakei geothermal fields (Massiot et 330 

al. 2017, McNamara et al. 2019). Borehole images do not inform on fault length, so each 331 

fault was weighted as if it had the same length. Borehole image-derived Pz is similar to that 332 

calculated from active faults (0.79). Thus a value of 0.8 was used to define the relative 333 

proportion of faults along and across the dominant strike, for both the “map view” and 334 

“cross-section” sets of fault models. 335 

Fault centres and orientations were assigned randomly while matching Pz. To test the 336 

sensitivity of the models to Pz, a range of values was tested from 0.7 to 0.99. 337 

 338 

 339 

 340 
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Table 1. Summary of parameters used in models. 341 

Individual fault parameters 

 Base case scenario Single parameter sensitivity analysis 

Length (L) 

0.01 – 50 m (13 

fault lengths). Faults 

with length < 0.1 m 

were given same 

properties as 0.1 m 

faults. 

As base case 

Cell size 
L / 500 to a 

minimum of 0.1 mm 
As base case 

Displacement (d) 0.01 x L As base case 

Fractal dimension  2.34 As base case 

Scaling factor  0.0017 As base case 

Area of contact 

between fault 

planes (inter-

quartile ranges 

from Figure 2c) 

56-63 % (d = 0 mm) 

47-56% (d = 1-

2 mm) 

34-43 % (d ≥ 3 mm) 

As base case 

Fluid resistivity 

(ρf) 
0.5 Ωm 0.01 to 50 

Matrix resistivity 1000 Ωm As base case 

Matrix 

permeability 
10-18 m2 As base case 

Number of repeats 
96 for each 

displacement 
As base case 

Fault network parameters 

Cell size 

0.5 mm (0.5 m x 

0.5m model) 

0.05 m (80 m x 80 

m model) 

As base case 

Fault density 

exponent (𝛾) 
3.1 2.9 3.0 3.1 3.1 3.2 3.3 

Fracture porosity 2% 2% 2% 1% 3% 2% 2% 

Fault density 

constant 𝛼 
3.16 5.80 4.40 1.59 4.73 2.19 1.48 

Proportion along-

strike / vertical 

faults (Pz) 

0.8 0.7, 0.8, 0.9, 0.95, 0.98, 0.99, 1.0 

Number of repeats 
100 for each 

parameter set 
As base case 
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 342 

4. Results 343 

4.1 Properties of individual faults 344 

4.1.1 Permeability 345 

Fault permeability distributions, and fault resistivity distributions from three of the modelled 346 

fluid resistivities are shown in Figure 4. For faults with no displacement, permeability in both 347 

directions has a strong peak at ~2×10-13 m2. For faults with 1 mm displacement, permeability 348 

perpendicular to slip peaks at a lower permeability (7×10-14 m2), while fault permeability 349 

parallel to slip peaks higher (4×10-13 m2).  350 

For faults with 2-3 mm displacement, peak permeability is similar to those with 0-1 mm 351 

displacement, but the distributions have long positive tails. For faults with displacement 352 

≥5 mm, the peak in permeability increases with displacement for vertical and along-strike 353 

directions (Figure 4). This likely reflects larger aperture in these models. The permeability at 354 

the peak can be predicted reasonably well by a global parallel plate model using the mean 355 

aperture b and roughness factor β, a multiplier to the physical aperture (Kissling and Massiot 356 

2023), i.e. 357 

𝑘𝑝𝑒𝑎𝑘 =
(β𝑏)2

12
  (Equation 5) 358 

Where β ≈ 0.402 in the direction perpendicular to slip. The mean aperture b in mm can be 359 

predicted from displacement, d, to within 1% (for displacement ≥5 mm) by the expression: 360 

𝑏 = 0.056 𝑑0.668  (Equation 6) 361 

In models parallel to the slip direction, a roughness factor β of 0.185 in Equation 5 can be 362 

used to predict the position of the main peak. Fitting of Equations 5 and 6 is described in 363 

Section S5. In these models, there is also a small peak at <~1×10-13 m2 that decreases with 364 

displacement, suggesting a small proportion of these faults are below their percolation 365 

threshold.   366 

4.1.2 Resistivity 367 

Fault resistivities show a more compact distribution than permeability, and little variation in 368 

resistivity with varying length or displacement. This demonstrates that the roughness effect 369 

on resistivity does not change substantially with displacement. However, the averaged 370 

resistivity over a constant width (i.e. the resistivity used in the reservoir-scale models) 371 

decreases with fault displacement, reflecting the increased average aperture associated with 372 

larger displacement. 373 

The width of the resistivity histograms is wider (in log-space) for faults filled with lower 374 

resistivity fluid, compared to those with higher resistivity fluid, reflecting the larger contrast 375 

in resistivity between the rock and the fluid. Resistivity of faults in the direction parallel to 376 

displacement is higher than resistivity perpendicular to slip, by a factor of 2 (ρf = 5 Ωm) to 3 377 

(ρf = 0.05 Ωm). 378 

 379 
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 380 

Figure 4. Resistivity and permeability of individual faults from modelling displayed as smoothed histograms, 381 
coloured by fault displacement. Histograms are displacement vertically to aid visualisation. (a) and (b): Fault 382 
permeability, modelled parallel (“vertical”) and perpendicular (“along-strike”) to slip direction. (c) and (e): Fault 383 
resistivity, modelled parallel (“vertical”) and perpendicular (“along-strike”) to slip direction. (d) and (f): 384 
resistivity of a 5 cm wide model cell containing a fault with displacement D, i.e. these resistivity values form the 385 
inputs to the upscaled models. Panels (c) to (f) show resistivity values for faults containing a material with three 386 
resistivities (ρf), as labelled on the figure, i.e. 0.05 Ωm, 0.5 Ωm, and 5.0 Ωm. The stars denote the peak of 387 
permeability used to calculate the roughness factor beta (Equation 5; Section S6). 388 
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4.2 Properties of a faulted volume 389 

Permeability and resistivity of a faulted volume (base case scenario) are shown in Figure 5. 390 

Parameter variations are shown in the following four plots; variation with the proportion of 391 

along-strike or vertical faults Pz (Figure 6), variation with the fault density exponent γ (Figure 392 

7), and variation with the fluid resistivity ρf (Figure 9). “Map-view” and “cross-section view” 393 

terms refer to Figure 1. 394 

4.2.1 Base case 395 

Reservoir-scale permeability is highest along-strike (1×10-12 m2). Vertical reservoir-scale 396 

permeability is intermediate in magnitude (4×10-14 m2). The across-strike permeability is 397 

about an order of magnitude higher for the “map-view” than the “cross-section view” models 398 

i.e., 9×10-14 m2 versus 4×10-15 m2, with the median (in log-space) equal to 2×10-14 i.e. slightly 399 

lower than vertical permeability. The contribution of micro-faults to the overall permeability 400 

is low in all cases (<2×10-16 m2). Permeability anisotropy is ~50 (along/across-strike), and 2 401 

(vertical/across-strike), however there is significant uncertainty around these numbers 402 

(visualised by shaded ranges in Figure 6) due to uncertainty in the across-strike permeability. 403 

Along-strike and vertical resistivity are similar, 190 and 230 Ωm respectively, while across-404 

strike resistivity is well-constrained (compared to permeability) at 465 (±30) Ωm. 405 

Correspondingly, along-strike/vertical resistivity ratio is close to 1 (0.8) while along/across-406 

strike and vertical/across-strike resistivity anisotropy ratios are around 0.38 and 0.47 407 

respectively. Micro-scale resistivity anisotropy is almost the same as reservoir-scale, i.e. most 408 

of the inferred anisotropy is due to micro-scale faults. 409 

4.2.2 Influence of Pz 410 

The proportion of along-strike faults, Pz, has a moderate impact on permeability in the range 411 

0.7 to 0.9, with along-strike and vertical permeability decreasing by a factor of five over this 412 

range. Across-strike permeability decreases by slightly more over this range, so anisotropy 413 

ratio increases. Between Pz =0.9 and 1.0, along-strike and vertical permeability drops nearly 414 

to micro-fault level (<1×10-15), and across-strike permeability drops to matrix values. 415 

Therefore, at least 10% of cross-faults are needed to provide a fully connected network. 416 

There is a peak in permeability anisotropy ratio at about Pz=0.95, beyond which the lack of 417 

connectivity of the fault network causes low permeabilities in all directions. 418 
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 419 

Figure 5. Permeability and resistivity of a faulted reservoir from modelling shown as box and whisker plots. (a) 420 
along-strike, vertical, and across-strike permeability in a normal faulting (TVZ-type) regime, with across-strike 421 
given as both individual plots for the map-view and cross-section view models, as well as a single box and 422 
whisker for all across-strike models combined, (b) along/across-strike, vertical/across-strike, and along-423 
strike/vertical permeability anisotropy ratios, using the median across both across-strike models. (c) and (d) 424 
show equivalents to (a) and (b) for resistivity.  Light coloured boxes represent ‘micro-fault’ permeability 425 
determined by modelling an 0.5 x 0.5 m area containing faults ≤0.2 m in size. Darker boxes represent ‘macro-426 
scale’ permeability determined by modelling a 80 x 80 m area. Boxes show the 25th and 75th percentile with line 427 
at the median (computed in log space), fliers are shown semi-transparent to aid visualisation of clusters of 428 
points. 429 
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 430 

Figure 6. Permeability and resistivity as a function of the proportion of faults along the dominant strike direction 431 
(Pz). (a) permeability in three directions (b) corresponding permeability anisotropy ratios, (c) resistivity in three 432 
directions, and (d) corresponding resistivity anisotropy ratios. (a) and (c) are shown as error bar plots with the 433 
errorbars representing the inter-quartile range, (b) and (d) are shown as points with error ranges shaded in the 434 
along-strike and vertical cases representing the range due to using either of the two different across-strike results 435 
to compute the anisotropy ratio as opposed to the median of both (symbols and dotted lines). 436 

Along/across-strike resistivity anisotropy ratio decreases with Pz, to a minimum of 0.16 for 437 

Pz=1.0. This contrasts with permeability anisotropy which is highest at Pz=0.95 and very low 438 

for higher Pz.  The increase in anisotropy ratio is mainly due to an increase in across-strike 439 

resistivity, as the along-strike resistivity only decreases by 25 % over the tested Pz range 440 

(Figure 6). 441 
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 442 

Figure 7. Permeability and resistivity as a function of the fault density exponent γ. (a) permeability in three 443 
directions (b) corresponding permeability anisotropy ratios, (c) resistivity in three directions, and (d) 444 
corresponding resistivity anisotropy ratios. (a) and (c) are shown as error bar plots with the errorbars 445 
representing the inter-quartile range, (b) and (d) are shown as points with error ranges shaded in the along-strike 446 
and vertical cases representing the range due to using either of the two different across-strike results to compute 447 
the anisotropy ratio as opposed to the median of both (symbols and dotted lines). 448 

4.2.3 Influence of fault density exponent 449 

The value of the exponent 𝛾, which controls the relative numbers of long vs short faults, 450 

strongly controls reservoir-scale permeability, but has only a small impact on micro-fracture 451 

permeability (Figure 7). An increase of γ from 2.9 to 3.3 (i.e., progressively reducing the 452 

relative number of long faults) decreases reservoir-scale permeability by about four orders of 453 

magnitude. On the other hand, micro-scale permeability barely changes over this range. This 454 

suggests that the large faults have a greater effect on permeability than the more numerous 455 

smaller faults. 456 
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In contrast, γ has a minor influence on resistivity and resistivity anisotropy. Along-strike 457 

resistivity increases by 22 % over the tested range, while both vertical and along-strike 458 

resistivity change by <7 %. Accordingly, there is a small change in along/across-strike 459 

resistivity ratio over this γ range (0.33 to 0.4). 460 

 461 

Figure 8. Permeability and resistivity as a function of fracture porosity. (a) permeability in three directions (b) 462 
corresponding permeability anisotropy ratios, (c) resistivity in three directions, and (d) corresponding resistivity 463 
anisotropy ratios. (a) and (c) are shown as error bar plots with the errorbars representing the inter-quartile range, 464 
(b) and (d) are shown as points with error ranges shaded in the along-strike and vertical cases representing the 465 
range due to using either of the two different across-strike results to compute the anisotropy ratio as opposed to 466 
the median of both (symbols and dotted lines). 467 

4.2.4 Influence of porosity 468 

Both micro-fracture and reservoir-scale permeability increases with fracture porosity as may 469 

be expected, however this is non-linear, likely because the 1%-porosity fault volumes are 470 
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below their fluid-flow percolation threshold. A porosity increase from 1 to 2 % results in 471 

permeability increasing by two orders of magnitude, while an increase from 2 to 3 % 472 

increases permeability by a factor of 3-5 (Figure 8). 473 

Porosity is the strongest control on resistivity, with a change from 1 to 3 % decreasing along-474 

strike resistivity by a factor of 2.5. Along/across-strike resistivity ratio changes from 0.48 to 475 

0.35 over this porosity range.  476 

4.2.5  Influence of fluid resistivity 477 

Median bulk resistivity anisotropy follows a near-sigmoidal relationship as a function of the 478 

ratio of matrix to fluid resistivity 𝜌𝑚/𝜌𝑓 (in log-log space), increasing again at very low fluid 479 

resistivities (Figure 9). This means that very low fluid resistivities by themselves don’t 480 

increase the anisotropy ratio of a reservoir much beyond a factor of around 3. However, a 481 

combination of very low proportion of faults across the dominant strike, with low fluid 482 

resistivities, may increase the anisotropy ratio higher than in the presented models.  483 

 484 

Figure 9. Resistivity as a function of fluid resistivity. (a) resistivity in three directions, and (b) corresponding 485 
resistivity anisotropy ratios. (a) shown as error bar plots with the errorbars representing the inter-quartile range, 486 
(b) is shown as points with error ranges shaded in the along-strike and vertical cases representing the range due 487 
to using either of the two different across-strike results to compute the anisotropy ratio as opposed to the median 488 
of both (symbols and dotted lines). 489 

 490 

5. Discussion 491 

5.1 Comparison to field measurements and other models 492 

Field measurements and models developed with other approaches provide a means to assess 493 

the validity of the numerical model results. For permeability, reservoir models calibrated to 494 

reservoir pressure and temperature histories provide a ground-truth. For resistivity, ground-495 

truthing data includes borehole resistivity logs and geophysical data. 496 

5.1.1 Permeability 497 
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Bulk vertical permeability in geothermal reservoir models ranges from around 10-15 to 10-13 498 

m2 in TVZ fields (Dempsey et al. 2011, Baars et al. 2023, van Driel et al. 2023, Rajput et al. 499 

2024). Permeability is unlikely to be much higher than this on a large scale as it is difficult to 500 

retain stable convection (Scott et al. 2016, Pearson-Grant and Bertrand 2021). Fault models 501 

presented here have vertical and across-strike permeabilities consistent with those of isotropic 502 

permeability in reservoir models (Figure 5a).  503 

Discrete fracture network-derived permeability model based on a TVZ-like setting presented 504 

by (Kissling and Massiot 2023) used a different approach and offers a useful comparison. 505 

Those models were 2D, in “cross-section” view. Fractures were modelled as sticks with a 506 

constant length to aperture ratio but had a range of fracture dip magnitudes rather than 507 

constraining fault orientation to two orthogonal directions. The β factor, which relates 508 

geometric to hydraulic aperture, is different in Kissling and Massiot (2023) (β=0.002) to our 509 

models (β=0.185), but this is because their geometric aperture represents the total width of 510 

the fracture, different from our mean aperture. Additionally, we find that the fault length-511 

aperture relationship is a power law with exponent <1 (Equation 6), i.e., larger fractures have 512 

smaller apertures relative to length than smaller fractures. Consequently, their models have 513 

less permeable faults than us, but with higher fracture porosity. Overall, modelled reservoir-514 

scale vertical permeabilities of Kissling and Massiot (2023) are very similar to our models 515 

(3×10-14 to 1.3×10-13 m2, vs 4×10-14 in this paper). If we consider the across-strike result from 516 

our “cross-section” models (Figure 5), then the across-strike permeabilities and 517 

horizontal/vertical permeability anisotropy ratio (~13) are also very similar to our models. 518 

Conversely, permeability of individual faults measured in the lab (Watanabe et al. 2008, 519 

Watanabe et al. 2009, Ishibashi et al. 2015) generally report permeabilities higher than from 520 

our models, e.g. for faults with no displacement, measured permeabilities are around 10-12 to 521 

10-11 m2, compared to 10-13 to 10-12 m2 in our models. For faults with 5 mm displacement, 522 

measured permeabilities of 10-9 to 10-8 m2 are about an order of magnitude higher than our 523 

models. However, this difference can be explained by the fact that induced faults generally 524 

have higher roughness amplitude (scaling factor) than natural faults (Figure 3) and scaling 525 

factor has a strong effect on permeability. For example, halving scaling factor reduces 526 

permeability by an order of magnitude (Sawayama et al. 2023). 527 

 528 

5.1.2 Resistivity 529 

In geothermal wells, downhole resistivity measurements are rarer than surface geophysical 530 

techniques and only penetrate up to ~1 m into the formation. However, they provide greater 531 

certainty on absolute resistivity. At the Ngā Tamariki geothermal field, New Zealand, 532 

reservoir resistivity was measured at 30 – 100 Ωm, lower than our models. This may reflect a 533 

lower host rock resistivity – which was primarily tuff and volcaniclastic rocks. 534 

The primary surface geophysical technique used to measure resistivity in geothermal 535 

reservoirs is MT as it is normally the only method with enough depth penetration to image 536 

reservoirs at >2km depth. Absolute resistivity variations from MT inversion are sensitive to 537 

the prior model (Robertson et al. 2020), compounded by reduced sensitivity below the 538 

conductive clay cap in geothermal systems. However, resistivities of 100 to 200 Ωm, which 539 

we predict for reservoirs containing 0.5 Ωm fluid and 1000 Ωm rock matrix, are consistent 540 
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with resistivity in the reservoir zone in MT inversions of TVZ geothermal systems (e.g., 541 

Heise et al. 2008, Bertrand et al. 2013, Heise et al. 2016, Bertrand et al. 2022). 542 

There are few conclusive measurements of resistivity anisotropy measured from the surface, 543 

and there is likely high uncertainty in anisotropy ratios due to the ambiguity between 544 

anisotropy and 2D/3D structure. An experiment designed to measure resistivity anisotropy 545 

using controlled-source electromagnetic (EM) data over the East Pacific Rise found 546 

resistivity along-strike of the mid ocean ridge approximately 18-36 times lower than 547 

perpendicular to it, interpreted as sub-vertical fault zones (Chesley et al. 2019). These ratios 548 

are higher than determined from our models. Being in saltwater, fluid resistivities beneath the 549 

East Pacific Rise may be lower than our modelled fluid resistivities and this combined with a 550 

higher proportion of along-strike faults may produce anisotropy ratios encompassing the 551 

measured range. Alternatively the inconsistency may reflect uncertainty in the EM inversions; 552 

geophysical inversions are non-unique, and EM inversions can overestimate extreme values; 553 

the 70 and 90th percentile scenarios reported by Chesley et al. (2019) encompassed scenarios 554 

with anisotropy ratios as low as a factor of about 3, consistent with our results (Figure 9). 555 

At the other end of the fluid resistivity scale, resistivity anisotropy was measured using the 556 

DC resistivity method for understanding fractured aquifers (Lane Jr et al. 1995, Odoh and 557 

Onwuemesi 2009, George et al. 2010, Yeboah-Forson and Whitman 2014, Ani et al. 2023). 558 

Water resistivity is only reported in one of these studies (14 Ωm), however we assume that 559 

groundwater intended as drinking/irrigation supply is likely to have a relatively high 560 

resistivity, >10 Ωm based on an assumption of <250 ppm NaCl from World Health 561 

Organization guidelines (World Health Organisation 2023) and <30°C (Light et al. 2005). 562 

Reported anisotropy ratios in these studies of around 1.01 to 1.4 are consistent with our 563 

models for fluid resistivity >10 Ωm. 564 

5.2 Implications for geothermal exploration 565 

Modelling predicts that the fault permeability perpendicular to slip is about seven times 566 

higher than that parallel. In an extensional regime like the TVZ, this would mean that vertical 567 

permeability is lower than horizontal along-strike permeability. This result numerically 568 

demonstrates the qualitative prediction that fault irregularities should enhance permeability 569 

most strongly along the direction perpendicular to slip (Sibson 2000, Rowland and Simmons 570 

2012). Analogous to permeability, fault resistivity perpendicular to fault slip is lower than 571 

that parallel to slip, though by about a smaller factor of 2-3 (Figure 4). In reservoir models, 572 

the highest pressure gradients are likely vertical due to the competition between buoyancy 573 

and gravitational forces. It would be useful to test the sensitivity of these reservoir models to 574 

along-strike permeability. If there is only a weak pressure gradient along-strike, then there 575 

may be little sensitivity in the models to along-strike permeability. 576 

In general, resistivity shows much lower sensitivity to fault length distribution and porosity 577 

than permeability. Therefore, there are many permeability scenarios consistent with a given 578 

resistivity. Consequently, resistivity-based techniques alone are unlikely to be able to 579 

uniquely map permeability. However, there are some aspects of the resistivity tensor that may 580 

be useful in understanding permeability distribution within a reservoir and particularly 581 

directional dependence of permeability. 582 

Since across-strike resistivity is uniformly higher than along-strike resistivity, then if the host 583 

rock is isotropic and fractures are fluid filled, measuring the resistivity tensor should resolve 584 
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the orientation of the most permeable structures. In MT, and other surface-based resistivity 585 

surveying techniques, resistivities of 190 Ωm (along-strike) and 470 Ωm (across-strike) may 586 

be resolvable near the surface, as shown in groundwater studies (Section 5.1.2). However, 587 

beneath a conductive clay surface layer with resistivity ~3 Ωm these resistivities are likely to 588 

be a subtle signal, difficult to uniquely resolve. A potential avenue of future work could be to 589 

examine the potential for utilising borehole to borehole measurements to measure resistivity 590 

within a reservoir, including the possibility of using steel boreholes as long electrodes 591 

(Rucker et al. 2011, Zhang et al. 2014, Heagy and Oldenburg 2019), which would avoid 592 

signal needing to penetrate a conductive surface layer. Additionally, well logging tools to 593 

determine directional resistivity are applied in the petroleum industry (Leveridge 2010, 594 

Horstmann et al. 2015, Wang et al. 2020). If such tools could be developed to handle 595 

geothermal conditions, they may be a useful tool for understanding geothermal reservoir 596 

permeability. 597 

Along-strike, vertical and across strike resistivity are nearly equally sensitive to porosity, so 598 

resistivity anisotropy ratio is not highly sensitive to porosity. Since resistivity is also sensitive 599 

to matrix resistivity (controlled by lithology, alteration, temperature etc), it would be 600 

necessary to accurately characterise matrix resistivity (e.g. using core measurements) before 601 

absolute resistivity could be used as a proxy for porosity. 602 

Across-strike resistivity (and consequently, resistivity anisotropy) is most sensitive to the 603 

proportion of along-strike faults, or Pz. If we assume that matrix resistivity is isotropic, then 604 

resistivity anisotropy may be useful in mapping relative proportions of faults along different 605 

directions, and thus targeting permeable zones within a reservoir. 606 

5.3 Model limitations and next steps 607 

This work represents an important next step in linking electrical resistivity and permeability 608 

at the core to field scale. However, the approach has several limitations that could be 609 

addressed in future work. 610 

Firstly, the models are 2D, so full resistivity and permeability tensors are not captured. 611 

Implementing the approach in 3D would capture the effects of interactions between 612 

differently oriented faults in three directions, and fault intersections. Secondly, the modelling 613 

is carried out on orthogonal axes, rather than using the true geometry of faults, which show a 614 

range of orientations. Allowing arbitrary orientations would make the models more realistic. 615 

Thirdly, the cells are 80 x 80 m, which is similar in scale to a single cell in reservoir models 616 

(Baars et al. 2023, O'Sullivan et al. 2025). Upscaling the models further requires careful 617 

consideration of damage zones and gouge in faults. These are likely to result in permeabilities 618 

that are lower than what we have modelled due to reduced aperture sizes compared to a single 619 

fault with no damage, unless compensated by increased density of secondary faults in the 620 

damage zone (Faulkner et al. 2010). 621 

The fractures are assumed to contain only fluids, and of course, if some of the fractures are 622 

mineralised or filled with clay, they may be conductive but not permeable and have effects on 623 

resistivity that are not expressed in permeability. These effects, which also hinder borehole 624 

image interpretation, could be understood further through measurements on core and outcrop 625 

to identify the characteristics, and extent of conductive but not permeable zones. Joint 626 
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inversion of seismic anisotropy and resistivity may have the potential to remove some of this 627 

ambiguity and help to image permeable fracture zones. 628 

Finally, both fluid and current are modelled using simplified models, although these are likely 629 

to be adequate given other uncertainties in the modelling. Permeability and resistivity are 630 

modelled using, respectively, the modified local parallel plate model, and Ohm’s Law, 631 

excluding any surface conductance or frequency dependent effects. The local parallel plate 632 

model is likely to be a reasonable approximation given the high sensitivity of the 633 

permeability calculations to inputs, i.e. changes in porosity, γ and Pz result in orders of 634 

magnitude changes in permeability. Thus errors due to mis-characterisation of model inputs 635 

are likely to dominate over inaccuracies in the parallel plate model which are estimated to be 636 

<10 % for low flow rates (Brush and Thomson 2003). Neglecting surface conductance and 637 

frequency-dependent conductivity are likely to have minimal effect on the overall 638 

conductivity, with data suggesting small effects relative to the bulk electrolyte conductivity, 639 

with a smaller relative effect at high salinities and temperatures (Revil and Glover 1998). 640 

However, surface conductivity effects in very high temperatures (e.g. supercritical) are 641 

unknown and could potentially be significant. 642 

6. Conclusions 643 

Two-dimensional numerical modelling of a faulted reservoir has estimated, for the first time, 644 

direction-dependent permeability and resistivity at reservoir scale (80 x 80 m), linking 645 

resistivity with permeability, and linking the core to the reservoir scale. Permeability is 646 

highest in the horizontal along-dominant-strike direction, lower vertically, and lowest in the 647 

horizontal across-dominant strike direction. Resistivity is lowest along the dominant strike, 648 

slightly higher in the vertical direction and highest across-strike. While these differences in 649 

resistivity with orientation are likely detectable if present at the surface, it may be challenging 650 

to resolve these beneath a conductive clay cap of a geothermal field. 651 

Resistivity has low sensitivity to fracture length distribution, with all resistivity predictions 652 

for a given direction within a factor of 2-3. Resistivity shows highest sensitivity to fracture 653 

porosity and the proportion of along-strike faults. Permeability shows strong sensitivity to 654 

fracture length distribution and porosity. There is a range of about four orders of magnitude 655 

across the different parameter combinations. 656 

Resistivity anisotropy is one of the least sensitive parameters to model inputs, remaining 657 

relatively constant for different fault network parameters. It shows strongest sensitivity to the 658 

proportion of faults along the dominant strike direction (Pz). Conversely, permeability along 659 

the dominant strike of the fault zone is not highly sensitive to Pz, except at very high Pz 660 

values where the lack of across-strike faults inhibits a full fault network connection. 661 
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Supplementary information for “Direction-dependent permeability and 997 

resistivity of fractured rocks tuned to New Zealand geothermal reservoirs”  998 

This document supplements the main manuscript by providing details on (10) the effect of 999 

using different resolution in modelling individual faults, (11) modification of the permeability 1000 

calculation from (Kirkby et al. 2016), (12) calculation of fault density exponent from field 1001 

data, (13) calculation of the ratio of faults along vs across the dominant strike direction, and 1002 

(14). 1003 

 1004 

10. Comparison of different resolutions 1005 

To investigate the sensitivity of the models to cell resolution, models with displacement equal 1006 

to 5 mm and cell size equal to 0.2 mm, 0.5 mm (as used in main paper), and 0.8 mm were 1007 

run. These demonstrate that the permeabilities and resistivities resolved the different 1008 

resolutions are essentially the same, and any minor differences in the histograms are likely 1009 

due to differences due to random seeds. 1010 

 1011 

Figure S 1. Fracture model with 5 mm displacement and cell sizes of 0.2, 0.4 and 0.8 mm. a) permeability 1012 
histogram for models filtered by contact area as in the main paper; b) equivalent resistivity models. 1013 

11. Modification to permeability calculation from (Kirkby et al. 2016) 1014 

In open parts of the fault, local apertures were corrected to account for the increase in flow 1015 

path length and variations in aperture associated with non-parallel, sloping plates using a 1016 

modification of the equation used by Kirkby et al (2016) and Brush & Thomson (2003). The 1017 

method used by these earlier authors is derived from the analytical solution to Stokes fluid 1018 

flow in a wedge (Nicholl et al. 1999) but doesn’t account for the fact that at large fault 1019 

separation, the dominant fluid path is likely to become straighter than at low apertures, where 1020 

fluid is forced to follow the local asperities of the fault plane. The modification in this paper 1021 

accounts for this and as a result, the permeability of the faults approaches a global parallel 1022 

plate model at high apertures, as would be expected as the roughness becomes small 1023 

compared to the aperture. 1024 
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 1025 

Figure S 2. Modelled flow paths (black lines) between two fault planes in this study (left panel) and previous 1026 
studies (e.g., Brush and Thomson 2003, Kirkby et al. 2016). At greater fault plane separation, the unsmoothed 1027 
modelled flow path results in the fluid travelling increased distance and consequently, underestimation of 1028 
permeability compared to a smoothed flow path. 1029 

 1030 

 1031 

12. Calculation of fault density exponent 1032 

The fault density exponent was fitted using data obtained through mapping of veins in 1033 

outcrops of basement greywacke rock equivalent to rocks either hosting or underlaying 1034 

geothermal reservoirs of the Taupō Volcanic Zone (Massiot et al. 2025). Log-log plots of Nf 1035 

(number of fractures of length >lmin) as a function of lmin showed approximately straight-line 1036 

segments between lengths of 0.4-0.8, and 4.0 m (consistent with truncation limits imposed by 1037 

the outcrop sizes). 1038 

Equation 2 from the main paper (fixing R to 1m such that Nf is a fault density per m2), can be 1039 

expressed in log-log space as: 1040 

log(𝑁𝑓) = log (
𝛼

1−𝛾
) + (1 − 𝛾)log (𝑙𝑚𝑖𝑛) (Equation S1) 1041 

Fitting a straight line to log(𝑁𝑓) as a function of log (𝑙𝑚𝑖𝑛) returns a slope (1 − 𝛾) and 1042 

intercept log (
𝛼

1−𝛾
).  1043 

The slopes, intercepts, and final calculated values of 𝛾 (i.e. 2.9 and 3.1 as used in the paper) 1044 

are listed in Table S1 for truncation lengths of 0.4 and 0.8. Final fits and 𝛾 values are also 1045 

shown in Figure S2. 1046 
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Dataset Truncation 

length 

(minimum), 

m 

Censoring 

length 

(maximum), 

m  

Slope Intercept Gamma 

Outcrop 

mapping 

Massiot et al 

(2025) 

0.8 4.0 -2.128 -0.824 3.128 

Active faults 

(Morgenstern 

et al. 2025) 

3000 10000 -2.630 3.293 3.630 

Table S 1. Truncation and censoring lengths, and fitted slope and intercept of log(Nf) as a function of log(lmin), 1047 
and gamma values derived from fitting, from outcrop mapping of faults in greywacke (Massiot et al. 2025) and 1048 
from the NZ active fault database (Morgenstern et al. 2025). 1049 

 1050 

Figure S 3. Number of faults, Nf, as a function of lmin, from veins measured on outcrops of greywacke basement 1051 
rocks at Awakeri quarry and Rarangi, New Zealand, displayed as a log-log plot. Fitted straight lines (and derived 1052 
𝛾) corresponding to truncation lengths of 0.4 and 0.8 m displayed on the plots. 1053 

 1054 

13. Calculation of ratio of along vs across-strike faults 1055 

 1056 

This section discusses derivation of the parameter Pz, the proportion of along-strike active 1057 

faults in the Taupo Rift. Horizontal Pz was estimated based on a length-weighted average of 1058 

the strike-parallel component of faults from the Taupo Rift in New Zealand’s active fault 1059 

database (Morgenstern et al. 2025), relative to the total length of faults in this region.  1060 

Prior to analysis, the faults were divided into segments with a maximum length of 200 m. We 1061 

used only segments that fall within the Taupo Rift between the townships of Taupo and 1062 

Waikite. This limits the complication of the influence of the change in rift axis orientation 1063 

north of Waikite. (Figure S 4).  1064 

𝑃𝑧 = ∑ 𝑙 cos(𝜃 − 48.2) ∑ 𝑙⁄   (Equation S2) 1065 
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Where 𝑙 is the length of each segment (≤ 200 m by definition), theta is the strike of that fault 1066 

segment in degrees east of north, determined by linear regression of the x, y coordinates of 1067 

that segment, and 48.2 is the median fault strike (= across all segments within the Taupō Rift. 1068 

This analysis returned 𝑃𝑎𝑙𝑜𝑛𝑔−𝑠𝑡𝑟𝑖𝑘𝑒 equal to 0.8.  1069 

 1070 

Figure S 4. Centroids of fault segments used for analysis of the proportion of along to across-strike faults in the 1071 
Taupō Rift. Fault segments are separated into two groups; southern section from Taupō to Waikite Valley (blue) 1072 
and from Waikite to the coast (orange). Rose diagrams illustrate the distribution of azimuths each part. 1073 

A similar analysis was carried out on fracture’s dip magntude data interpreted from borehole 1074 

images at the Rotokawa and Wairakei geothermal fields (Massiot et al. 2017, McNamara et 1075 

al. 2019), i.e.: 1076 

𝑃𝑧 = ∑ 𝑙 cos(𝜃 − 90) ∑ 𝑙⁄   (Equation S3) 1077 

 1078 

Figure S 5. Dip magnitudes from compiled Rotokawa and Wairakei geothermal fields fracture data interpreted 1079 
from borehole images (Massiot et al. 2017, McNamara et al. 2019) used for calculation of Pz, displayed as a rose 1080 
diagram. 1081 
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14. Fitting of histogram permeability peak as a function of aperture, and aperture as 1082 

a function of length 1083 

 1084 

 1085 
Figure S 6. (a) Peak permeability from Figure 3 as a function of arithmetic mean fault aperture. (b) mean 1086 
aperture as a function of displacement. 1087 

 1088 
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