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ABSTRACT 6 

The connectivity of rocks’ porous structure and the presence of fractures influence the transfer of 7 

fluids in the Earth’s crust. Here, we employed laboratory experiments to measure the influence of 8 

macro-fractures and effective pressure on the permeability of volcanic rocks with a wide range of 9 

initial porosities (1-41 vol. %) comprised of both vesicles and micro-cracks. We used a hand-held 10 

permeameter and hydrostatic cell to measure the permeability of intact rock cores at effective 11 

pressures up to 30 MPa; we then induced a macro-fracture to each sample using Brazilian tensile tests 12 

and measured the permeability of these macro-fractured rocks again. We show that intact rock 13 

permeability increases non-linearly with increasing porosity and decreases with increasing effective 14 

pressure due to compactional closure of micro-fractures. Imparting a macro-fracture both increases 15 

the permeability of rocks and their sensitivity to effective pressure. The magnitude of permeability 16 

increase induced by the macro-fracture is more significant for dense rocks. We finally provide a 17 

general equation to estimate the permeability of intact and fractured rocks, forming a basis to 18 

constrain fluid flow in volcanic and geothermal systems.  19 

 20 

Introduction 21 

The storage and transport of fluids in the Earth’s crust is of primary importance for our understanding 22 

of georesources and geohazards. In volcanic settings, fluids both circulate in hydrothermal reservoirs
1
 23 

commonly exploited for geothermal energy, and drive magma ascent and volcanic eruptions
2-4

. Better 24 

constraints of how fluids are transported in these systems will help define more accurate models, 25 



which in turn could lead to enhanced geothermal exploitation as well as improved prediction of 26 

volcanic eruptions. 27 

All materials are inherently permeable, as permeability expresses either the diffusion speed at a 28 

molecular level or the capacity of a porous structure, at macroscopic level, to carry fluid flow. The 29 

permeability of rocks has been central to an extensive body of geoscientific studies since the early 30 

efforts of Darcy
5,6

 and is often described in terms of its relationship to porosity
7-10

. In pursuit of a 31 

simple model constraining laminar flow in conduits, the Kozeny-Carman
11-14

 relationship, or 32 

modifications therof, can commonly be employed to explain that permeability increases non-linearly 33 

as a function of porosity for a wide range of rocks
15-22

. This equation describes the evolution of the 34 

permeability-porosity relationship by applying a coefficient dependent on the dominant conduit 35 

geometry controlling the fluid flow, namely tubular (connected pores) or planar (cracks) conduits
23,24

. 36 

Previous experimental studies have invoked the existence of a percolation threshold for explosive 37 

volcanic products around 30% porosity
18,19,25

, below which rocks are considered impervious, while the 38 

percolation threshold for porous media has been mathematically modelled to 59.27% in 2D
26

 and to 39 

31.16% porosity in 3D
27

 (with circular, and spherical pores, respectively). However, other efforts have 40 

demonstrated that fluid flow is promoted at lower porosities by fractures
19,28-33

, and hence it may not 41 

be appropriate to incorporate a percolation threshold when describing the relationship of porosity and 42 

permeability. Rather, it may be necessary to use several Kozeny coefficients
16

 due to the presence of 43 

vesicles (bubbles) and fractures
15,18,22,34

, and their evolution through multiple processes [including: 44 

vesiculation
35

, shearing
30,36,37

, fracturing
4,38,39

, cooling
40

] that force pore coalescence. To describe this 45 

complexity Farquharson, et al. 
17

 proposed that the power law describing the permeability-porosity 46 

relationship can be decomposed into two regimes; a dense regime (<14 vol.% pores) for which the 47 

permeability is controlled by the connectivity of micro-fractures in the rock and a porous regime (>14 48 

vol.% pores) for which vesicles control fluid flow. Such change points have been noted in other 49 

lithologies
41

, and yet these resolutions still fail to capture the fluid flow in natural volcanic 50 

environments (and associated hydrothermal/ geothermal systems), which is channelled through 51 

structurally complex pathways, containing highly variable, heterogeneous, and anisotropic porous 52 



networks, overprinted by complex fracture networks that enhance connectivity across all scales
42-45

. 53 

The effect of fractures on the overall permeability of a rock depends on the fracture’s characteristics
46

 54 

(e.g., size, roughness), the fracture system’s geometry
1,47

 (i.e., direction of the fault with respect to the 55 

fluid flow), whether the fracture system is dilatant versus compactional
48-50

, and whether the fracture 56 

has in-filled fragmental material
32,51,52

. The presence of fractures can induce permeability anisotropy 57 

by opening localised pathways for fluid flow
1,28,46-48,53

, for example, as observed along the shear 58 

margins of ascending magma
29

. Even prior to macroscopic failure, the nucleation, propagation and 59 

coalescence of micro-fractures as material is loaded (and strained) increases the permeability, and 60 

permeability anisotropy of rocks
54,55

. The development of permeability anisotropy through damage 61 

accumulation
56-58

 can alter intrinsic properties of geothermal, hydrothermal and magmatic reservoirs, 62 

including the mode of heat transfer/ fluid flow
59

. To understand the impact of macro-fractures, Lucia 63 

60
, modelled the permeability of a system made of impermeable cubic samples separated by fractures 64 

with variable widths and determined that fracture spacing has a significant impact on the permeability 65 

of the system. In light of the importance of fractures on the development of permeable fluid flow, we 66 

hereby present the results of a series of experiments tackling the effect of fractures on permeability in 67 

rocks with variable initial porous structures (and starting permeabilities) and model the extensive 68 

dataset by adapting this cubic method
60

 to account for fluid flow through fractured rocks. 69 

 70 

Material and methods 71 

In order to assess the influence of fractures on permeability of rocks with a range of initial permeable 72 

porous networks (consisting of micro-fractures and vesicles), we selected a variety of extrusive 73 

volcanic rocks from six volcanoes (Ceboruco, Mexico; Volcán de Colima, Mexico; Krafla, Iceland; 74 

Mount St. Helens, USA; Pacaya, Guatemala; Santiaguito, Guatemala), and tested their permeability, 75 

both intact and fractured, as a function of effective pressure (calculated as the difference between the 76 

confining pressure and the average pore pressure).  77 



70 cylindrical rock discs, 26 mm diameter and 13 mm thick were cored and prepared from the 78 

samples collected. The porosity of each disc was then calculated using quantification of the samples’ 79 

volume (based on their dimensions) and determination of the samples skeletal volume using an 80 

AccuPyc 1340 helium pycnometer from Micromeritics with a 35 cm
3
 cell (providing sample volumes 81 

with an accuracy of ±0.1%). Permeability of the variously porous (1.2-41.7 vol. %) samples was then 82 

measured under ambient pressure, using a handheld TinyPerm II mini-permeameter
61,62

 from New 83 

England Research Inc., which utilises the pulse decay method by imposing air flow (746.13 ml) 84 

through an aperture of 8 mm (in contact with the sample). This method provides rock permeability 85 

determination with an accuracy >0.2 log units of permeability at low porosities, to 0.5-1 log units at 86 

higher porosities (verified by our dataset which includes 6-10 repeats of each measurement, see 87 

Supplementary Information). Then, for a subset of 7 samples (with porosities spanning 1.2 to 30.0 88 

vol. %), the permeability was measured as a function of confining pressure (5-30 MPa, at 5 MPa 89 

increments) using the steady-state flow method in a hydrostatic pressure cell developed by Sanchez 90 

Technologies. Here, confining pressure was applied by silicon oil, and water flow was induced by 91 

applying a pore pressure differential (∆P) of 0.5 MPa (inflow of 1.5 MPa and an outflow of 1 MPa) 92 

across the sample (i.e., at an average pore pressure of 1.25 Mpa), and the flow rate (Q) was measured 93 

and used to compute the permeability (k) using Darcy’s law: 94 

𝑘 =
𝑄𝜇𝐿

𝐴∆𝑃
 (1) 95 

where 𝜇 is the water viscosity, L is the sample thickness and A is the sample cross-sectional area
5,6

. A 96 

further six unconfined measurements were made in the hydrostatic cell for direct comparison with the 97 

ambient pressure measurements of the TinyPerm (see Supplementary figure 2). In these 98 

measurements, a ∆P of 0.015MPa (inflow 0.17 MPa and outflow at atmospheric pressure of 0.155) 99 

was used, and the samples were double-jacketed to prevent fluid loss (as the inflow exceeded the 100 

confining pressure). All specimens (70 measured at ambient pressure and 7 measured under confined 101 

conditions) were then axially and perpendicularly wrapped in electrical tape before being fractured 102 

using the Brazilian tensile testing method
63

 at a displacement rate of 0.25 µm/s in an Instron 5969 103 



uniaxial press. This technique generally induces one well-defined axial, tensile fracture through a 104 

diametrically-compressed cylinder
64

. [Note that the tape was used to prevent dislocation or shearing of 105 

the two main fragments generated by tensile testing and only samples with well-defined macro-106 

fractures were employed in permeability analysis]. Following this, the permeability of all 70 fractured 107 

samples was measured with the TinyPerm and for the aforementioned 7 samples (initially selected for 108 

permeability measurements in the hydrostatic cell) the permeability was again measured as a function 109 

of confining pressure in the hydrostatic cell.  110 

The relative permeability change induced by the presence of a fracture was further modelled using the 111 

theoretical formulation developed for a fractured body by Lucia 
60

 and modified herein for the effect 112 

of a variably permeable host material. Finally, thin sections of the rocks were prepared using a 113 

fluorescent dyed epoxy for microstructural analysis using a UV light source in reflected mode in a 114 

DM2500P Leica microscope.  115 

 116 

Results 117 

Permeability at ambient pressure  118 

We observe that permeability varies as a function of porosity, increasing by approximately four orders 119 

of magnitude (at ambient pressure) for intact samples across the range of porosities tested (1.2-41.7 120 

%; Fig. 1). This non-linear relationship between permeability (𝜅) and porosity (𝛷), can be described 121 

by:  122 

𝜅 = 3 × 10−17𝛷3.11 (2) 123 

which constrains the dataset with a coefficient of determination (R
2
) of 0.75. This relationship agrees 124 

well with that described in previous studies
18,19

, and suggests that it is not necessary to fit this dataset 125 

with two regressions.  126 



Using Brazilian tensile tests, we imparted a macro-fracture which resulted in a net increase in 127 

permeability for all porosities tested (Fig. 1). Across the range measured, the variability in 128 

permeability as a function of porosity (four orders of magnitude prior to fracturing) decreased to less 129 

than 2 after imparting a macro-fracture (Fig.1). The permeability of the fracture-bearing rocks (𝜅𝑓𝑟) as 130 

a function of initial porosity is described by: 131 

 𝜅𝑓𝑟 = 6 × 10−13 𝛷0.64 (3) 132 

Ultimately, the presence of a fracture modifies the relationship between permeability and porosity, 133 

with the permeability of fractured porous samples falling across a much narrower range than the 134 

permeability of the intact samples (i.e. much less sensitive to the initial rock porosity; Fig. 1). In 135 

detail, we note a relative increase in permeability of up to four orders of magnitude by imparting a 136 

fracture, as noted in previous work
33,63

. This increase is most pronounced for samples with low initial 137 

porosity (≤ 11 vol. %). Contrastingly, the permeability of the more porous rocks (≥ 18 vol. %) 138 

increases only slightly due to the presence of a macro-fracture, while intermediate porosity samples 139 

(11-18 %) show variable behaviour.  140 

 141 

Permeability at variable effective pressures  142 

For the subset of samples measured in the hydrostatic cell, the permeability of intact and fractured 143 

rocks decreases non-linearly with increasing effective pressure (Fig. 2; see also Supplementary Fig. 144 

1). When plotting the data from the hydrostatic cell in porosity-permeability space, we observe similar 145 

trends to that measured at atmospheric pressure (Fig. 1, 3a, Supplementary Fig. 3). We demonstrate a 146 

generally good agreement between measurements made using the handheld TinyPerm device and the 147 

hydrostatic cell by conducting a targeted set of measurements at ambient pressure in the hydrostatic 148 

cell (see Supplementary Fig. 2). 149 

The influence of a macro-fracture on the permeability of the rocks tested here is similar at higher 150 

effective pressures as it is at atmospheric pressure, with the permeability increase that results from 151 



fracturing being more significant in the initially denser rocks (Fig. 3a). We further see that the 152 

influence of effective pressure on permeability is most pronounced in the densest rocks (≤ 11% 153 

porosity), while more porous rocks (≥ 18%) are less susceptible to changes in pressure (Fig. 2, 3a); 154 

this supports previous studies, which examined the influence of pore closure under confining pressure 155 

on a range of rock types, suggesting the process is dominated by the closure of micro-fractures
4,65-70

.  156 

 157 

Microstructures in intact samples 158 

Microstructural analysis was conducted on thin sections impregnated with fluorescent green-dyed 159 

epoxy (highlighting the porous network of the rocks) to assess the reasons for the relative impact of a 160 

fracture on volcanic rocks at low and high porosities (Fig. 4). The rocks tested here were chosen for 161 

their chemical and mineralogical distinctions so as to widen the applicability of the findings of the 162 

influence of the porous network on permeability accross a range of volcanic rocks and environments. 163 

The porous networks of the densest rocks (Fig. 4a, b) are dominated by an intricately connected 164 

network of micro-fractures, linking the vesicles present in the rock
71

. Close examination of the 165 

photomicrographs show no overall preferential alignment (i.e., anisotropy) of the microfractures, but 166 

do highlight preferred fracture developments along planes of weakness in phenocrysts. In contrast, the 167 

porous networks of the more porous rocks (Fig. 4c,d) appear dominated by the connectivity of 168 

vesicles of different sizes and shapes. These porous rocks exhibit few microfractures, and those which 169 

are present are primarily developed in phenocrysts (Fig. 4c, d). Such a contrasting architecture of the 170 

porous networks in dense and porous volcanic rocks has been observed in other studies
24,33,72

 and may 171 

be at the origin of the non-linearity in permeability-porosity relationships discussed in previous 172 

studies
17,24,72

 and in the relative effect of a fracture on the permeability of rocks as observed here. As 173 

such, we seek to test the applicability of fracture permeability modelling to describe the permeability 174 

relationships constrained in our experiments. 175 

 176 

Fractured rock permeability analysis 177 



The permeability of fractures as a function of width can be modelled using the early work of Lucia 
60

, 178 

in which the geometrical proportion of a fracture set arrangement is applied to a cubic body. The 179 

relationship is based on the principal of a pressure differential (∆P) across a fracture with given length 180 

(L) and width (w), according to: 181 

𝛥𝑃 =
12𝜇𝜈𝐿

𝑤2   (4) 182 

where 𝜇 and 𝜈 are the viscosity and velocity of the fluid flowing through the fracture, respectively. 183 

Lucia 
60

 later modified the equation to obtain a system permeability (𝜅𝑠) formulation, which includes 184 

the area of the fracture as well as the surrounding rock: 185 

𝜅𝑠 =
1

12

𝐴𝑓

𝐴𝑠
𝑤2  (5) 186 

where 𝐴𝑓 and 𝐴𝑠 are the cross sectional areas of the fracture and the sample, respectively. Considering 187 

the host rock permeability (𝜅𝛷), our cylindrical sample geometry and the near rectangular fracture 188 

geometry (produced in this study through Brazilian tests), Equation 5 can be further modified to: 189 

𝜅𝑠 = 𝜅𝛷 +
1

6

𝑤3

𝜋𝑟
  (6) 190 

in which 𝜅𝛷 is the permeability of intact samples (each at a given porosity) and 𝑟 is the aperture 191 

radius of the permeameter (i.e., 4 mm for the TinyPerm and 13 mm for the hydrostatic cell).  192 

Using this relationship, we model the macro-fracture width (i.e., the coloured curves in Fig. 1) for 193 

rocks with different initial porosities and permeabilities. The permeability measurements on fractured 194 

samples coincide with the modelled permeability for rocks hosting a fracture of some 0.06-0.07 mm 195 

wide. We apply this analysis to the permeability obtained at each effective pressure (Fig. 3a, 196 

Supplementary Fig. 3), to constrain the evolution of fracture width as a function of effective pressure. 197 

The boxplot (Fig. 3b) shows the modelled fracture widths for our range of porosities with increasing 198 

pressure. All boxes have been defined by finding the closest modelled fracture width to each 199 

permeability measurement at each effective pressure (see Fig. 1 and Supplementary Fig. 3). The 200 



analysis suggests that the fracture closes non-linearly with effective pressure
73

, corresponding to the 201 

measured non-linear decrease in permeability, with most of the fracture closure occurring within the 202 

first 5 MPa of confinement for all samples, irrespective of initial porosity (Fig. 3b). 203 

In light of this constraint, and given the knowledge of the bulk fracture density (volume of macro-204 

fracture/ volume of host rock), we rewrite the above permeability equations to provide a general 205 

formulation for the permeability of a fractured system (𝜅𝑠) as a function of the permeability of the 206 

intact system (𝜅𝛷), bulk fracture density ( 𝜌𝑓), average fracture length (𝑙) and width (𝑤) over an 207 

area of interest (𝐴𝑖): 208 

𝜅𝑠 = 𝜅𝛷 +
𝜌𝑓𝑙𝑤

3

𝐴𝑖
 (7) 209 

This formulation, expresses the permeability evolution of the intact system and constrains the impact 210 

of fractures on the overall permeability of the system. We can further expand this formulation to 211 

include the empirical description of the effect of effective pressure on the permeability of the intact 212 

rock (Eq 8.) as well as on the fracture width (Eq 9.; see equations S2-7 in Supplementary Information) 213 

𝜅𝛷 = (2.93 × 10 −12𝑃𝑒𝑓𝑓
−1.07)𝛷(1.64𝑃𝑒𝑓𝑓

0.06) (8) 214 

And 215 

𝑤 = (2.33 × 10−22𝑃𝑒𝑓𝑓
2 − 2.67 × 1015𝑃𝑒𝑓𝑓 + 3.39 × 10−7)𝛷(5×10−4𝑃𝑒𝑓𝑓

−0.174) (9) 216 

where 𝑃𝑒𝑓𝑓 is the effective pressure in Pascals and each coefficient has different pressure dependent 217 

unit described in Supplementary Information. Thus we can rewrite Equation 7 to: 218 

𝜅𝑠 =219 

(2.93 × 10 −12𝑃𝑒𝑓𝑓
−1.07)𝛷(1.64𝑃𝑒𝑓𝑓

0.06) +220 

𝜌𝑓𝑙[(2.33×10−22𝑃𝑒𝑓𝑓
2−2.67×1015𝑃𝑒𝑓𝑓+3.39×10−7)𝛷

(5×10−4𝑃𝑒𝑓𝑓
−0.174)

]
3

𝐴𝑖
 (10) 221 



providing us with an empirical description of rock permeability as a function of effective pressure, 222 

porosity, fracture density and geometry to be tested in various applications.  223 

 224 

Discussion 225 

Understanding the permeability of volcanic rocks, and especially fractured volcanic rocks, is crucial 226 

to our models of fluid flow in shallow volcanic and hydrothermal systems
2,74

. Here, a combination of 227 

extensive permeability testing and fluid flow modelling is used to demonstrate the ability to simulate 228 

the permeability of intact and fractured rocks and of fracture closure with confinement. In our fitting 229 

of the permeability-porosity relationship, we employed a single power law (as demonstrated by 230 

previous studies
15,18,19,22,34

) as the regression is sufficient to fit the non-linear dataset accurately, 231 

without the need to invoke a change point. From microstructural examination (Fig. 4), we find that the 232 

connectivity of the porous network evolves due to the interplay of micro-cracks and few vesicles at 233 

low porosity, to enhanced pore interconnection at 11-18 % porosity (an observation which may share 234 

similarities with previously invoked change points
17

) and finally more complete coalescence at 235 

porosities ≥ 18 %. We emphasise that the porosity-permeability relationship of volcanic rocks results 236 

from a succession of processes undergone by the magma and the rock (i.e., vesiculation and pore 237 

collapse, fragmentation, sintering, shearing, cooling, contraction, etc) and as a result the porosity-238 

permeability relationship does not describe a single generation mechanism, but rather reflects a 239 

combination of the above, which may have differing importance at different porosities. As 240 

permeability measurements accrue and widen the scatter at all porosities, evidence suggests that a 241 

simple power law, with acknowledgement of the scatter, remains an effective means to estimate the 242 

permeability of volcanic systems with wide ranging porous structures. 243 

Across the range of porosities tested, the presence of a macro-fracture increases the permeability of 244 

volcanic rocks, although to different degrees, depending on the porosity of the rock. The impact of 245 

fractures on the resultant system permeability is greatest for low porosity rocks, where permeability 246 

can increase by up to four orders of magnitude, which can be ascribed to a decrease in the tortuosity 247 



of the dominant fluid pathway by addition of a macro-fracture
63

. This increase in permeability as a 248 

result of fracturing has previously been noted
33,52,75

. Here, we show that the initial porosity of the 249 

samples has little influence on the resultant system permeability once a fracture is introduced. Matthäi 250 

and Belayneh 
76

 classified the influence of a fracture on a rock permeability as either 1) fracture 251 

carries all the fluid flow; 2) fracture carries as much fluid flow as the host rock; or 3) fracture has a 252 

negligible impact on the permeability. Based on the findings presented here, we relate this 253 

classification to the relative magnitudes of permeability changes imparted by a fracture on rocks with 254 

different porosities: Regime 1 relates to dense rocks with ≤ 11% porosity; regime 2 to rocks with ~11-255 

18 % pores and regime 3 to the most porous rocks (≥ 18 %), in which the presence of a macro-fracture 256 

imparts little change on the permeability of the system (Fig. 3). Interestingly, we find that the porosity 257 

thresholds for regime changes remain unaffected by changes in effective pressure, although the 258 

magnitude of permeability increase by inducing a fracture (i.e. the fracture width) is itself pressure 259 

dependent.  260 

We provide an experimentally based, permeability model to describe the permeability of macro-261 

fractured volcanic rocks with a range of existing permeable porous structures, which, using 262 

appropriate upscaling techniques
33,77,78

, may be adapted to a range of geological systems
60

. Utilisation 263 

of the simple formulation provided may help constrain or reassess a variety of processes for which an 264 

understanding of fluid flow pathways developed via multiple processes is crucial. For example, the 265 

percolation threshold of explosive volcanic products
18,19,25

 may be modified significantly by 266 

fracturing. Previous works have demonstrated that outgassing in volcanic materials occurs through a 267 

network of fractures that localise and enhance fluid flow
19,28-33

, and gas monitoring at active volcanoes 268 

supports heterogeneous degassing models controlled by fractures in often low-permeability host 269 

rocks
74

. Further, at the volcano-hydrothermal system of Soufrière Hills volcano (Montserrat), 270 

Edmonds, et al. 
74

 surmise that cyclicity/ fluctuations in gas emissions result from fractures 271 

undergoing episodic closure or sealing, leading to permeability changes in regions with high 272 

permeability anisotropy near conduit margins
28,29,79

. Our findings concur with these outgassing 273 

observations, as pore pressure (hence effective pressure) regulates the permeability of intact and 274 



fractured rocks. In this scenario, efficient outgassing may promote the lowering of pore pressure (i.e., 275 

effective pressure increase), fostering the ability for fractures to shut and subsequently heal
80

. It must 276 

be noted that this sealing will be dependent upon any fracture infill, which may either form a rigid 277 

network serving to maintain the permeable pathway, or may be subject to compaction or sintering, 278 

influencing the evolution of permeability
32,52

. Sealing may inhibit further fluid flow and promote 279 

creation of momentarily impermeable, dense magma plugs
30,74,81

, which may then allow pore pressure 280 

build-up (i.e., effective pressure decrease), which if sufficient, may open (or reactivate) fractures or 281 

trigger fragmentation
82

. Thus, we advise testing of the formulation constrained here in anticipation 282 

that it may increase constraints on fluid migration and storage in volcanic, hydrothermal and 283 

geothermal systems. 284 

 285 

Conclusions 286 

We present a large permeability dataset, targeted to investigate the effects of porosity, fractures and 287 

effective pressure on the permeability of variably porous volcanic rocks. We observe non-linear 288 

relationships between porosity and permeability of both intact and fractured rocks as well as between 289 

the width of a fracture (and permeability of a fractured rock) and effective pressure. We propose a 290 

general formulation to constrain the permeability of intact and fractured rocks as a function of 291 

pressure, porosity and fracture density. This study aims to incorporate heterogeneities, such as 292 

fractures, in our modelling of the permeability evolution of dynamic and heterogeneous volcanic 293 

environments. 294 

 295 

Acknowledgements 296 

This study has been financed by the European Research Council (ERC) Starting Grant on Strain 297 

Localisation in Magmas (SLiM, no. 306488). G.H.E. also acknowledges financial support from the 298 



Institute for Risk and Uncertainty at the University of Liverpool and the research funds of 299 

Landsvirkjun National Power Company of Iceland. 300 

  301 



References 302 

1 Aydin, A. Fractures, faults, and hydrocarbon entrapment, migration and flow. Marine and 303 
Petroleum Geology 17, doi:10.1016/S0264-8172(00)00020-9 (2000). 304 

2 Collinson, A. S. D. & Neuberg, J. W. Gas storage, transport and pressure changes in an 305 
evolving permeable volcanic edifice. Journal of Volcanology and Geothermal Research 243–306 
244, 1-13, doi:http://dx.doi.org/10.1016/j.jvolgeores.2012.06.027 (2012). 307 

3 Gonnermann, H. M. & Manga, M. The fluid mechanics inside a volcano. Annual Review of 308 
Fluid Mechanics 39, 321-356 (2007). 309 

4 Kendrick, J. E. et al. Tracking the permeable porous network during strain-dependent 310 
magmatic flow. Journal of Volcanology and Geothermal Research 260, 117-126, 311 
doi:http://dx.doi.org/10.1016/j.jvolgeores.2013.05.012 (2013). 312 

5 Darcy, H. Les fontaines publiques de la ville de Dijon.  (Dalmont, 1856). 313 
6 Darcy, H. Recherches expérimentales relatives au mouvement de l'eau dans les tuyaux.  314 

(Mallet-Bachelier, 1857). 315 
7 Anovitz, L. M. & Cole, D. R. Characterization and Analysis of Porosity and Pore Structures 316 

Reviews in Mineralogy and Geochemistry 80, 104, doi:10.2138/rmg.2015.80.04 (2015). 317 
8 Clavaud, J.-B., Maineult, A., Zamora, M., Rasolofosaon, P. & Schlitter, C. Permeability 318 

anisotropy and its relations with porous medium structure. Journal of Geophysical Research 319 
113, doi:10.1029/2007jb005004 (2008). 320 

9 Yokoyama, T. & Takeuchi, S. Porosimetry of vesicular volcanic products by a water-321 
expulsion method and the relationship of pore characteristics to permeability. Journal of 322 
Geophysical Research 114, doi:10.1029/2008jb005758 (2009). 323 

10 Wright, H. M. N., Cashman, K. V., Gottesfeld, E. H. & Roberts, J. J. Pore structure of 324 
volcanic clasts: Measurements of permeability and electrical conductivity. Earth and 325 
Planetary Science Letters 280, 93-104, doi:10.1016/j.epsl.2009.01.023 (2009). 326 

11 Kozeny, J. Uber kapillare Leitung der wasser in boden. Sitzungsber. Akad. Wiss. Wien 136, 36 327 
(1927). 328 

12 Carman, P. C. Fluid flow through granular beds. Trans IChemE 15, 17 (1937). 329 
13 Carman, P. C. Flow of gases through porous media.  (Butterworths Scientific, 1956). 330 
14 Gueguen, Y. & Dienes, J. Transport properties of rocks frome statistics and percolation. 331 

Mathematical Geology 21, doi:10.1007/BF00897237 (1989). 332 
15 Dasgupta, R., Shashwati, R. & Tarafdar, S. Correlation between porosity, conductivity and 333 

permeability of sedimentary rocks - a ballistic deposition model. Physica A 275, 10, 334 
doi:10.1016/S0378-4371(99)00388-X (2000). 335 

16 Costa, A. Permeability-porosity relationship: A reexamination of the Kozeny-Carman 336 
equation based on a fractal pore-space geometry assumption. Geophysical Research Letters 337 
33, doi:10.1029/2005gl025134 (2006). 338 

17 Farquharson, J., Heap, M. J., Varley, N. R., Baud, P. & Reuschlé, T. Permeability and 339 
porosity relationships of edifice-forming andesites: A combined field and laboratory study. 340 
Journal of Volcanology and Geothermal Research 297, 52-68, 341 
doi:10.1016/j.jvolgeores.2015.03.016 (2015). 342 

18 Klug, C. & Cashman, C. Permeability development in vesiculating magmas: implications for 343 
fragmentation. Bulletin of Volcanology 58, 87-100, doi:10.1007/s004450050128 (1996). 344 

19 Mueller, S., Melnik, O., Spieler, O., Scheu, B. & Dingwell, D. B. Permeability and degassing 345 
of dome lavas undergoing rapid decompression: An experimental determination. Bulletin of 346 
Volcanology 67, 526-538, doi:10.1007/s00445-004-0392-4 (2005). 347 

20 Nakamura, M., Otaki, K. & Takeuchi, S. Permeability and pore-connectivity variation of 348 
pumices from a single pyroclastic flow eruption: Implications for partial fragmentation. 349 
Journal of Volcanology and Geothermal Research 176, 302-314, 350 
doi:10.1016/j.jvolgeores.2008.04.011 (2008). 351 

21 Rabbani, A. & Jamshidi, S. Specific surface and porosity relationship for sandstones for 352 
prediction of permeability. International Journal of Rock Mechanics and Mining Sciences 71, 353 
25-32, doi:10.1016/j.ijrmms.2014.06.013 (2014). 354 

http://dx.doi.org/10.1016/j.jvolgeores.2012.06.027
http://dx.doi.org/10.1016/j.jvolgeores.2013.05.012


22 Saar, M. O. & Manga, M. Permeability-porosity relationship in vesicular basalts. Geophysical 355 
Research Letters 26, 111-114, doi:10.1029/1998gl900256 (1999). 356 

23 Bernabé, Y., Li, M. & Maineult, A. Permeability and pore connectivity: A new model based 357 
on network simulations. Journal of Geophysical Research 115, doi:10.1029/2010JB007444 358 
(2010). 359 

24 Kushnir, A. R. I. et al. Probing permeability and microstructure: Unravelling the role of a 360 
low-permeability dome on the explosivity of Merapi (Indonesia). Journal of Volcanology and 361 
Geothermal Research 316, 16, doi:10.1016/j.jvolgeores.2016.02.012 (2016). 362 

25 Blower, J. D. Factors controlling permeability-porosity relationships in magma. Bulletin of 363 
Volcanology 63, 497-504, doi:10.1007/s004450100172 (2001). 364 

26 Sukop, M. C., Van Dijk, G.-J., Perfect, E. & Van Loon, W. K. P. Percolation thresholds in 2-365 
Dimensional Prefractal models of porous medie. Transport in Porous Media 48, 22, 366 
doi:10.1023/A:1015680828317 (2002). 367 

27 Stauffer, D. & Aharony, A. Introduction to Percolation theory. 2 edn,  (Taylor & Francis, 368 
1994). 369 

28 Lavallée, Y. et al. Reconstructing magma failure and the degassing network of dome-building 370 
eruptions. Geology 41, 515-518, doi:10.1130/g33948.1 (2013). 371 

29 Gaunt, H. E., Sammonds, P. R., Meredith, P. G., Smith, R. & Pallister, J. S. Pathways for 372 
degassing during the lava dome eruption of Mount St. Helens 2004–2008. Geology, 373 
doi:10.1130/g35940.1 (2014). 374 

30 Ashwell, P. A. et al. Permeability of compacting porous lavas. Journal of Geophysical 375 
Research: Solid Earth 120, doi:10.1002/2014JB011519 (2015). 376 

31 Dobson, P. F., Kneafsey, T. J., Hulen, J. & Simmons, A. Porosity, permeability, and fluid 377 
flow in the Yellowstone geothermal system, Wyoming. Journal of Volcanology and 378 
Geothermal Research 123, 313-324, doi:10.1016/s0377-0273(03)00039-8 (2003). 379 

32 Kendrick, J. E. et al. Blowing Off Steam: Tuffisite Formation As a Regulator forr Lava Dome 380 
Eruptions. frontiers in Earth Science 4, doi:10.3389/feart.2016.00041 (2016). 381 

33 Heap, M. J. & Kennedy, B. M. Exploring the scale-dependent permeability of fractured 382 
andesite. Earth and Planetary Science Letters 447, 11, doi:10.1016/j.epsl.2016.05.004 (2016). 383 

34 Rust, A. C., Cashman, C. & Wallace, P. J. Magma degassing buffered by vapor flow through 384 
brecciated conduit margins. Geology 32, 4, doi:10.1130/G20388.2 (2004). 385 

35 Walsh, S. D. C. & Saar, M. O. Magma yield stress and permeability: Insights from multiphase 386 
percolation theory. Journal of Volcanology and Geothermal Research 177, 88, 387 
doi:10.1016/j.jvolgeores.2008.07.009 (2008). 388 

36 Okumura, S., Nakamura, M., Nakano, T., Uesugi, K. & Tsuchiyama, A. Shear deformation 389 
experiments on vesicular rhyolite: Implications for brittle fracturing, degassing, and 390 
compaction of magmas in volcanic conduits. Journal of Geophysical Research: Solid Earth 391 
115, n/a-n/a, doi:10.1029/2009JB006904 (2010). 392 

37 Shields, J. K. et al. Strain-induced outgassing of three-phase magmas during simple shear. 393 
Journal of Geophysical Research: Solid Earth 119, 6936-6957, doi:10.1002/2014jb011111 394 
(2014). 395 

38 Laumonier, M., Arbaret, L., Burgisser, A. & Champallier, R. Porosity redistribution enhanced 396 
by strain localization in crystal-rich magmas. Geology 39, 4, doi:10.1130/G31803.1 (2011). 397 

39 Lavallée, Y. et al. Volcanic conduit failure as a trigger to magma fragmentation. Bulletin of 398 
Volcanology 74, 11-13, doi:10.1007/s00445-011-0544-2 (2012). 399 

40 Heap, M. J. et al. Microstructural controls on the physical and mechanical properties of 400 
edifice-forming andesites at Volcán de Colima, Mexico. Journal of Geophysical Research: 401 
Solid Earth, 2013JB010521, doi:10.1002/2013jb010521 (2014). 402 

41 Bourbie, T. & Zinszner, B. Hydraulic and Acoustic properties as a function of porosity in 403 
Fontainebleau Sandstone. Journal of Geophysical Research 90, 11, 404 
doi:10.1029/JB090iB13p11524 (1985). 405 

42 Sibson, R. H. in Geofluids: Origin, Migration and Evolutionof Fluids in Sedimentary Basins 406 
Vol. 78   16 (Special Publications Geological Society London, 1994). 407 



43 Lee, S. H., Lough, M. F. & Jensen, C. L. Hierarchical modeling of flow in naturally fractured 408 
formations with multiple length scales. Water resources journal 37, 13, 409 
doi:10.1029/2000WR900340 (2001). 410 

44 Mourzenko, V. V., Thovert, J.-F. & Adler, P. M. Permeability of isotropic and anisotropic 411 
fracture networks, from the percolation threshold to very large densities. Physical Review 84, 412 
doi:10.1103/PhysRevE.84.036307 (2011). 413 

45 Wannamaker, P. E. Anisotropy Versus Heterogeneity in Continental Solid Earth 414 
Electromagnetic Studies: Fundamental Response Characteristics and Implications for 415 
Physicochemical State. Surveys in Geophysics 26, 733-765, doi:10.1007/s10712-005-1832-1 416 
(2005). 417 

46 Walsh, J. B. Effect of pore pressure and confining pressure on fracture permeability. 418 
International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts 419 
18, 7, doi:10.1016/0148-9062(81)90006-1 (1981). 420 

47 Chen, M., Bai, M. & Roegiers, J.-C. Permeability tensors of anisotropic fracture networks. 421 
Mathematical Geology 31, doi:10.1023/A:1007534523363 (1999). 422 

48 Rutqvist, J. Fractured rock stress-permeability relationships from in situ data and effects of 423 
temperature and chemical-mechanical couplings. Geofluids 15, 19, doi:10.1111/gfl.12089 424 
(2015). 425 

49 Zhang, X. & Sanderson, D. J. Numerical Modelling and analysis of Fluid flow and 426 
deformation of fractured rock masses.  (2002). 427 

50 Nguyen, G. D., El-Zein, A. & Bennett, T. A conceptual approach to two-scale constitutive 428 
modelling for hydro-mechanical coupling. 7th International Congress on Environmental 429 
Geotechnics (2014). 430 

51 Wadsworth, F. B. et al. Universal scaling of fluid permeability during volcanic welding and 431 
sediment diagenesis. Geology 44, 4, doi:10.1130/G37559.1 (2016). 432 

52 Wang, G., Mitchell, T. M., Meredith, P. G., Nara, Y. & Wu, Z. Influence of gouge thickness 433 
and grain size on permeability of macrofractured basalt. Solid Earth, 434 
doi:10.1002/2016JB013363 (2016). 435 

53 Farrell, N. J. C., Healy, D. & Taylor, C. W. Anisotropy of permeability in faulted porous 436 
sandstones. Journal of Structural Geology 63, 18, doi:10.1016/j.jsg.2014.02.008 (2014). 437 

54 Simpson, G., Guéguen, Y. & Schneider, F. Permeability enhancement due to microcrack 438 
dilatancy in the damage regime. Journal of Geophysical Research: Solid Earth 106, 3999-439 
4016, doi:10.1029/2000jb900194 (2001). 440 

55 Loaiza, S. et al. Mechanical behavior and localized failure modes in a porous basalt from the 441 
Azores. Geophys. Res. Lett. 39, doi:10.1029/2012GL053218 (2012). 442 

56 Benson, P. M., Thompson, B. D., Meredith, P. G., Vinciguerra, S. & Young, R. P. Imaging 443 
slow failure in triaxially deformed Etna basalt using 3D acoustic-emission location and X-ray 444 
computed tomography. Geophysical Research Letters 34, L03303, 445 
doi:10.1029/2006GL028721 (2007). 446 

57 Nasseri, M. H. B., Goodfellow, S. D., Lombos, L. & Young, R. P. 3-D transport and acoustic 447 
properties of Fontainebleau sandstone during true-triaxial deformation experiments. 448 
International Journal of Rock Mechanics and Mining Sciences 69, 449 
doi:10.1016/j.ijrmms.2014.02.014 (2014). 450 

58 Schubnel, A. & Gueguen, Y. Dispersion and anisotropy of elastic waves in cracked rocks. 451 
Journal of Geophysical Research 108, doi:10.1029/2002JB001824 (2003). 452 

59 Fairley, J. P. Modeling fluid flow in a heterogeneous, fault-controlled hydrothermal system. 453 
Geofluids 9, 153-166, doi:10.1111/j.1468-8123.2008.00236.x (2009). 454 

60 Lucia, F. J. Petrophysical parameters estimated from visual descriptions of carbonate rocks: A 455 
field classification of carbonate pore space. Journal of petroleum technology, 629-637, 456 
doi:10.2118/10073-PA (1983). 457 

61 Grover, D. et al. Surface permeability of natural and engineered porous building materials. 458 
Construction and Building Materials 112, doi:10.1016/j.conbuildmat.2016.02.193 (2016). 459 

62 Filomena, C. M., Hornung, J. & Stollhofen, H. Assessing accuracy of gas-driven permeability 460 
measurements: a comparative study of diverse Hassler-cell and probe permeameter devices. 461 
Solid Earth 5, 1-11, doi:10.5194/se-5-1-2014 (2014). 462 



63 Nara, Y., Meredith, P. G., Yoneda, T. & Kaneko, T. Influence of macro-fractures and micro-463 
fractures on permeability and elastic wave velocities in basalt at elevated pressure. 464 
Tectonophysics 503, 8, doi:10.1016/j.tecto.2010.09.027 (2011). 465 

64 Yanagidani, T., Sano, O., Terada, M. & Ito, I. The observation of cracks propagating in 466 
diametrically-compressed rocks. International Journal of Rock Mechanics and Mining 467 
Sciences 15, 10, doi:10.1016/0148-9062(78)90955-5 (1978). 468 

65 Benson, P. M., Meredith, P. G., Platzman, E. S. & White, R. E. Pore fabric shape anisotropy 469 
in porous sandstones and its relation to elastic wave velocity and permeability anisotropy 470 
under hydrostatic pressure. International Journal of Rock Mechanics and Mining Sciences 42, 471 
890-899, doi:10.1016/j.ijrmms.2005.05.003 (2005). 472 

66 Benson, P. et al. Modeling the permeability evolution of microcracked rocks from elastic 473 
wave velocity inversion at elevated isostatic pressure. J. Geophys. Res.-Solid Earth 111, 474 
doi:10.1029/2005JB003710 (2006). 475 

67 Wong, T.-F. Effects of temperature and pressure on failure and post-failure behavior of 476 
Westerly granite. Mechanics of Materials 1, 3-17, doi:http://dx.doi.org/10.1016/0167-477 
6636(82)90020-5 (1982). 478 

68 Heap, M. J., Farquharson, J. I., Baud, P., Lavallee, Y. & Reuschle, T. Fracture and 479 
compaction of andesite in a volcanic edifice. Bull Volcanol 77, 55, doi:10.1007/s00445-015-480 
0938-7 (2015). 481 

69 Armitage, P. J. et al. Experimental measurement of, and controls on, permeability and 482 
permeability anisotropy of caprocks from the CO2storage project at the Krechba Field, 483 
Algeria. Journal of Geophysical Research 116, doi:10.1029/2011jb008385 (2011). 484 

70 Zhu, W. & Wong, T.-F. The transition from brittle faulting to cataclastic flow: Permeability 485 
evolution. Journal of Geophysical Research 102, 15, doi:10.1029/96JB03281 (1997). 486 

71 Brace, W. F., Walsh, J. B. & Frangos, W. T. Permeability of granite under high pressure. 487 
Journal of Geophysical Research 73, doi:10.1029/JB073i006p02225 (1968). 488 

72 Heap, M. J., Russell, J. K. & Kennedy, L. A. Mechanical behaviour of dacite from Mount St. 489 
Helens (USA): A link between porosity and lava dome extrusionmechanism (dome or spine)? 490 
Journal of Volcanology and Geothermal Research, doi:10.1016/j.jvolgeores.2016.10.015 491 
(2016). 492 

73 Fortin, J., Stanchits, S., Vinciguerra, S. & Gueguen, Y. Influence of thermal and mechanical 493 
cracks on permeability and elastic wave velocities in a basalt from Mt. Etna volcano subjected 494 
to elevated pressure. Tectonophysics 503, 15, doi:10.1016/j.tecto.2010.09.028 (2011). 495 

74 Edmonds, M., Oppenheimer, C., Pyle, D. M., Herd, R. A. & Thompson, G. SO2 emissions 496 
from Soufrière Hills Volcano and their relationship to conduit permeability, hydrothermal 497 
interaction and degassing regime. Journal of Volcanology and Geothermal Research 124, 23-498 
43, doi:10.1016/s0377-0273(03)00041-6 (2003). 499 

75 Eggertsson, G. H., Lavallée, Y., Kendrick, J. E. & Markússon, S. H. Enhancing permeability 500 
by multiple fractures in the Krafla geothermal reservoir, Iceland. European Geothermal 501 
Congress (2017). 502 

76 Matthäi, S. K. & Belayneh, M. Fluid flow partitioning between fractures and a permeable 503 
rock matrix. Geophysical Research Letters 31, n/a-n/a, doi:10.1029/2003gl019027 (2004). 504 

77 Gavrilenko, P. & Gueguen, Y. Flow in fractured media: A modified renormalization method. 505 
Water resources journal 34, doi:10.1029/97WR03042 (1998). 506 

78 Farmer, C. L. Upscaling: a review. International Journal for Numerical Methods in Fluids 40, 507 
15, doi:10.1002/fld.267 (2002). 508 

79 Kendrick, J. E. et al. Seismogenic frictional melting in the magmatic column. Solid Earth 5, 509 
199-208, doi:10.5194/se-5-199-2014 (2014). 510 

80 Tuffen, H., Dingwell, D. B. & Pinkerton, H. Repeated fracture and healing of silicic magma 511 
generate flow banding and earthquakes? Geology 31, 1089-1092, doi: 10.1130/G19777.1 512 
(2003). 513 

81 Lavallée, Y. et al. Magmatic architecture of dome-building eruptions at Volcán de Colima, 514 
Mexico. Bulletin of Volcanology 74, 249-260, doi:10.1007/s00445-011-0518-4 (2012). 515 

82 Spieler, O. et al. The fragmentation threshold of pyroclastic rocks. Earth and Planetary 516 
Science Letters 226, 139-148, doi:10.1016/j.epsl.2004.07.016 (2004). 517 

http://dx.doi.org/10.1016/0167-6636(82)90020-5
http://dx.doi.org/10.1016/0167-6636(82)90020-5


 518 

  519 



Figure Captions 520 

Fig. 1. The permeability of intact and fractured rocks. Permeability-porosity relationships (black 521 

lines) for both intact (solid circles) and fractured (open circles) samples at ambient pressure. Coloured 522 

lines represent the modelled permeability of fractured rocks as a function of fracture width and rock 523 

porosity, derived from eq. 6 (See Fractured rock permeability analysis section). The convergence of 524 

the permeability values for intact and fractured samples at high porosities indicates that the effect of a 525 

fracture on permeability lessens with porosity increase, where the fluid flow is dominated by 526 

increasingly high pore interconnectivity. The data and model suggests that the fractures 527 

experimentally generated are ca. 0.06-0.07 mm wide. 528 

Fig. 2. Rock permeability as a function of effective pressure. The data show the relationship between 529 

permeability and effective pressure for 6 of the 7 samples (intact and fractured) with a) 1.2 % 530 

porosity, b) 7.0% porosity, c) 11.0% porosity, d) 14.3% porosity, e) 20.2% porosity, and f) 30.3% 531 

porosity. The impact of fracturing on a system’s permeability is much more pronounced at lower 532 

porosities than at higher porosities. Results show that the effect of a fracture on permeability is 533 

dampened with an increase in effective pressure (beyond ca. 5-10 MPa), as shown by extrapolation of 534 

the best fit (dotted and dashed curves) of the permeability dataset conducted with the pressure vessel 535 

(circles). The last sample tested (porosity very close to the sample in e)) is shown in Supplementary 536 

Figure 1. 537 

Fig. 3. Permeability – porosity – effective pressure relationship for intact and fractured rocks. a) 538 

Distribution of permeability and connected porosity data compiled as a function of effective pressure 539 

(darker colours represent higher pressures). The dashed and dotted curves display the best fits 540 

obtained for the intact and fractured samples, respectively, at ambient pressure (from Fig. 1). The 541 

measurements conducted at pressure trend towards those made at ambient pressures suggesting 542 

fracture closure even under modest confinement. b) Boxplot showing the modelled fracture widths 543 

generated in samples with different porosities () and calculated evolution at different effective 544 

pressures. The grey zone displays the fracture width – effective pressure region  for the porosity range 545 

11-18 vol. %, using a least squares regression.. The circles show the median of the fracture width 546 

distribution obtained by finding the closest value of the best fit, at each pressure step, to the calculated 547 

fracture width for our range of porosity. 548 

Fig. 4. Microstructures of the permeable porous networks. Photomicrographs of 4 samples with 549 

varying connected porosities impregnated with green dyed, fluorescent epoxy, examined under UV 550 

light. a) The connectivity of the densest rock, an andesite from Ceboruco (CBD_0; 1.2% porosity) is 551 

primarily controlled by micro-fractures; b) The porous network of a Colima andesite with an 552 

intermediate porosity (COL_P2; 13.3%) showing a higher number of vesicles, connected to each other 553 

by micro-fractures; The connectivity of the more porous rocks from Ceboruco, c) an andesite with 554 

25.1% porosity (CBD_6); d) an andesite with 38.4% porosity (CBD_10) is observed to be primarily 555 

controlled by vesicle coalescence. 556 
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