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The alteration of soft volcanic rocks (i.e., characterized by a low uniaxial compressive strength b35 MPa) can
change their permeability andmechanical strength.We built an alteration indicator based on porosity and cation
exchange capacity (CEC) to connect the degree of alteration of soft volcanic rocks to their permeability and uni-
axial compressive strength. The proposed empirical petrophysical relationships are validated using a dataset of
62 samples fromWhakaari/White Island (NewZealand). Since porosity and CEC can be imagedwith induced po-
larization, this geophysical method can be used to map permeability andmechanical properties for near-surface
formations at active volcanoes worldwide.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

The stability of volcanic edifices denotes a significant geohazard
(e.g.,McGuire, 1996; Voight, 2000)which rests, in part, on themechanical
properties of the edifice-forming rocks. Hydrothermal alteration, com-
mon to many active volcanoes worldwide (Zimbelman et al., 2005;
Rosas-Carbajal et al., 2016), canmodify the physical properties of volcanic
rocks (e.g., Pola et al., 2012; Wyering et al., 2014; Frolova et al., 2014;
Mordensky et al., 2019), which can lead to an increased risk of edifice in-
stability (e.g., Watters et al., 2000; Finn et al., 2001; Reid et al., 2001; John
et al., 2008; Peruzzetto et al., 2019). The permeability of volcanic rocks, a
metric considered important in dictating the volcanic character—effusive
or explosive—of a volcano (e.g., Eichelberger et al., 1986; Mueller et al.,
2008; Collinson and Neuberg, 2012; Farquharson et al., 2017; Cassidy
et al., 2018), can also be influenced by hydrothermal alteration
(e.g., Sruoga et al., 2004; Heap et al., 2017; Mordensky et al., 2018; Heap
et al., 2019, 2020). Since alteration also modifies the cation exchange ca-
pacity (CEC) of volcanic rocks (e.g., Revil et al., 2017a, 2017b; Revil et al.,
2019), it is therefore of interest to develop an alteration index based on
both porosity and CEC, both of which can be imaged using geophysical
methods such as induced polarization (Ghorbani et al., 2018). If empirical
relationships between rock physical properties (such as uniaxial
eap@unistra.fr (M.J. Heap),
compressive strength and permeability) and the CEC and porosity can
be established in the laboratory, induced polarization could therefore be
used to map out, for example, the permeability and strength structure
of the volcano (see recently Revil et al., 2019, for a preliminary step in
this direction).

In this paper,wefirst develop an alteration indicator based on poros-
ity and the CEC. We then use a collection of 62 hydrothermally altered
rock samples fromWhakaari/White Island (New Zealand), hereafter re-
ferred to as Whakaari, to see if we can predict their permeability and
uniaxial compressive strength using our proposed alteration index.

2. Previous results

Revil et al. (2019) derived a petrophysical model connecting the elec-
trical conductivity and the normalized chargeability of volcanic rocks to
the CEC and porosity of the material. These authors were able to use
these petrophysical relationships to image porosity and CEC over an ac-
tive geothermal field at Krafla volcano in Iceland. We briefly summarize
these relationships in this section. First of all, the CEC (in meq/100 g,
1meq/100 g=963.20 C.kg−1) denotes the sorbed charges on the surface
of theminerals (in the electrical double layer) per unit mass of grains and
is proportional to the specific surface area (surface area of grains per unit
mass of grains) (Moore et al., 1998). The CEC can be also normalized per
unit pore volume of rock. The total volumetric charge density, QV,
(expressed in Cm−3) can be written as a function of the cation exchange
capacity CEC expressed in C kg−1 (e.g., Waxman and Smits, 1968)

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvolgeores.2020.106945&domain=pdf
https://doi.org/10.1016/j.jvolgeores.2020.106945
mailto:andre.revil@univ-smb.fr
mailto:heap@unistra.fr
mailto:lcarbillet@unistra.fr
https://doi.org/10.1016/j.jvolgeores.2020.106945
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/jvolgeores


Fig. 2.Reduced normalized chargeability as a function of the excess of charge per unit pore
volume determined from the porosity and the cation exchange capacity. The trend isfitted
according to a linear trend passing through the origin of the coordinates (modified from
Revil et al., 2019) and is here applied only to the volcanic rocks. This figure provides a
universal relationship for volcanic rocks between the (reduced) normalized
chargeability and the excess of charge per unit pore volume. This relationship is of
prime importance to interpret conductivity and induced polarization data in the field in
terms of inverting the porosity and the cation exchange capacity.
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QV ¼ ρg
1−ϕ
ϕ

� �
CEC; ð1Þ

where ρg denotes the mass density of the grains (typically ~2600–-
3000 kg m−3; e.g., Okay et al., 2014) and ϕ the connected porosity.
The conductivity, σ∞, and normalized chargeability, Mn, are given by
(Revil et al., 2019)

σ∞ ¼ 1
F
σw þmBQV½ � ð2Þ

Mn ¼ m
F
λQV ; ð3Þ

where σw denotes the pore water conductivity (in S m−1), B and λ (in
m2s−1 V−1) are two effective mobilities for the surface and the normal-
ized chargeability, respectively (see Ghorbani et al., 2018, for specific
values). The connection between the dimensionless formation factor, F,
and the porosity, ϕ, is called Archie's law, F= ϕ−mwherem (dimension-
less) is the porosity exponent (sometimes called the cementation expo-
nent or first Archie's exponent). The fit of this relationship for a large set
of experimental data for volcanic rocks is shown in Fig. 1, with the mean
value of m = 2.57 ± 0.10. Typically, m is between 2 and 3 for volcanic
rocks (Revil et al., 2017a, 2017b). The relationship between the normal-
ized chargeability and the excess of charge density, QV, is shown in
Fig. 2 in which the value of λ is determined. Eqs. (2) and (3) represent
what is needed to determine the porosity andQV fields for a volcanic area.
In the next section,we attempt to form a relationship betweenQV and the
permeability and mechanical properties (i.e., strength) of volcanic rocks.

3. Permeability and uniaxial compressive strength

Sen et al. (1990) proposed the following relationship between the
formation factor, the excess of charge per unit pore volume, and theper-
meability, k
Fig. 1. Electrical formation factor as a function of connected porosity (modified from Revil
et al., 2019).We fit the complete data setwith Archie's law F= ϕ−m (Archie, 1942)where
the fitted cementation exponent ism=2.57± 0.10 (dimensionless). This figure provides
a relationship for volcanic rocks between the (intrinsic) formation factor and the
(connected) porosity. This relationship is of prime importance to interpret conductivity
and induced polarization data in the field in terms of inverting the porosity and the
cation exchange capacity.
k ¼ k0 1=FQVð Þc; ð4Þ

where k0 and c are two fitting parameters (with k in m2, 1/FQV in m3

C−1). Eq. (2) extends an equation proposed by Goode and Sen (1988)
in which the permeability can be predicted from QV. Similarly, we pro-
pose that the uniaxial compressive strength of a sample (E in MPa)
can be related to the same alteration indicator FQV as

E ¼ a log10 1=FQVð Þ þ b; ð5Þ

where a and b are empirical constants. Eq. (5) has no physical basis and
should be considered in this paper as a purely empirical construct used
to fit the data. In this paper, we aim to test the effectiveness of
Eqs. (4) and (5) for volcanic rocks and to determine the empirical pa-
rameters k0, a, b, and c for a broad collection of volcanic rocks.

4. Laboratory experiments

The samples used in this study are from Whakaari, an active
andesitic-dacitic stratovolcano located at the northernmost tip of the
Taupō Volcanic Zone (New Zealand) (Fig. 3). Whakaari hosts a hydro-
thermal system (e.g., Giggenbach et al., 2003), and the hydrothermal al-
teration of edifice-forming and conduit rocks has been shown to
influence their mechanical behaviour (Heap et al., 2015), permeability
(Heap et al., 2017; Kennedy et al., 2020), and fragmentation threshold
(Mayer et al., 2016). Geomorphic evidence also points to major flank
failures involving weak hydrothermally altered rocks (Moon et al.,
2009).

A total of 62 cylindrical core samples (20 mm in diameter and nom-
inally 40mm in length) were used for this study (Fig. 3). These samples
were cored from blocks collected from the accessible scree adjacent to
the crater wall and comprise tuffs, lavas, and lava breccias (sample col-
lection sites are indicated on Fig. 4). The connected porosity (measured
using the connected volume given by a helium pycnometer and the
sample dimensions) and permeability (measured using a benchtop
gas permeameter; Heap and Kennedy, 2016) of these samples were



Fig. 3. Photographs of the experimental samples (20mm indiameter andnominally 40mm in length) fromWhakaari (NewZealand) (photographs of duplicate cores, cored from the same
block, are omitted). Top left shows a photograph of Whakaari; inset shows a map of New Zealand with the locations of the Taupō Volcanic Zone (TVZ) and Whakaari indicated.
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measured in a previous contribution (Heap et al., 2017; Table 1). The
samples were first dried in a vacuum-oven for at least 48 h. They were
then deformed uniaxially at a constant strain rate of 10−5 s−1 untilmac-
roscopic failure. During deformation, a load cell and a linear variable dif-
ferential transducer measured the axial load and axial displacement,
respectively, which were then converted to axial stress and axial strain
using the sample dimensions. A lubricating waxwas applied to the end-
faces of the samples to avoid problemswith friction between the sample
and piston. All experiments were performed at room temperature. The
broken sampleswere then powdered by hand using a pestle andmortar
to a particle size≪2 mm.

The CEC can be taken as a proxy of the clay content of a material at
constant clay and zeolite mineralogy (Revil et al., 2017a, 2017b) and
in some cases as an alteration indicator for volcanic rocks (Ghorbani
et al., 2018; Revil et al., 2019). To measure the CEC of the powdered
samples in the laboratory, we used the pH-free Hexamine cobalt chlo-
ride method and spectrophotometric titration (Ciesielski et al., 1997).
We adapted the protocol described in Aran et al. (2008) for volcanic
rocks. The samples were reduced to a fine powder, which was dried
for 24 h at 80 °C. In a centrifuge tube, about 4 g of the dry powder was
reacted with 40 ml of cobalt chloride hexamine at 0.05 N for one day.
In our case, a first set of CEC measurements was performed with 2 g of
powder, as prescribed by Aran et al. (2008), but the amount of adsorbed
cobalt was below the detection threshold of the spectrophotometer
(Bibby Scientific™ Jenway™ 6320D). Next, the solution-powder mix
was centrifuged for 10 min and the supernatant was filtered for the
measurement of absorbance by the spectrophotometer. Hexamine co-
balt chloride solution has an orange colour with a maximal absorbance
at 472 nm. The solution becomes clearer as more cobalt ions are
adsorbed.

The CECwas calculated by taking into account themass of powder, the
volume of solution, and the difference in absorbance between the raw so-
lution and the supernatant, see Aran et al. (2008) for details. In order to
check the stability of the absorbance measurement, the absorption of
demineralizedwater was regularly performed and, at the end of the sam-
ple set, some supernatants were measured again. In addition, in order to
quantify our errors, the CEC of 10 sampleswas re-measured on newpow-
der (see Table 1). The standard deviationswere found to be between 0.03



Fig. 4.Map ofWhakaari/White Island volcano (Bay of Plenty, New Zealand) showing the locations of the sample collection sites (indicated by the red open circles). The inset shows amap
of New Zealand showing the location of the Taupō Volcanic Zone (TVZ, blue area) andWhakaari volcano (red triangle). Figure modified from Heap et al. (2017) (coordinate system, UTM
WGS84, 60M). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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and 0.31meq/100 g, except for sampleWI 37 (which is characterized by a
standard deviation of 1.35 meq/100 g with an average value of 5 meq/
100 g). Just after the measurement of absorbance, the temperature and
the pH of the supernatant were also recorded and are reported in
Table 1. In our study, the porosity are transformed to formation factors
by using Archie's law withm= 2.57 as shown in Fig. 1.
Table 1
Relevant petrophysical properties of 22 core samples fromWhakaari volcano (White Island) in
grain density (kgm−3),ϕ the connected porosity (dimensionless), F the electrical (intrinsic) for
capacity, σ″ (in Sm−1) denotes the quadrature conductivity at 1 Hz, Ssp corresponds to the spec
confining pressure of 1MPa; data fromHeap et al., 2017). The formation factor is the intrinsic for
of the rock, σw is the conductivity of the pore water, σS is the surface conductivity) using a dat

Sample ϕ (−) ρg (kg m−3) F (−) CEC (meq/100 g) Ssp (m2/g)

3 0.555 2145 7 0.686 –
4 0.399 2182 66 0.767 –
34 0.500 2160 8 0.812 –
55 0.437 2235 9 0.341 –
67 0.496 2152 8 0.469 –
70 0.461 2231 8 1.152 –
78 0.436 2204 28 0.514 –
91 0.308 2242 16 0.810 –
99 0.129 2084 190 0.811 –
102 0.197 2240 19 0.426 –
105 0.269 2223 190 0.342 –
107 0.261 2320 36 0.727 –
110 0.374 2410 25 0.727 –
111 0.436 2255 10 0.684 –
112 0.357 2290 15 1.320 –
115 0.484 2167 13 0.643 –
116 0.405 3171 26 1.409 –
W120 0.059 2686 1027 2.818 15.8
W121 0.358 2240 23 0.812 4.4
W122 0.448 2022 15 0.215 3.9
W123 0.420 2244 13 1.890 11.4
W124 0.466 2115 8 0.428 4.6
5. Results and discussion

As shown in Fig. 5, the porosity and the cation exchange capacity are
two independent parameters that are therefore complementary in char-
acterizing volcanic rocks. In Fig. 6, we plot permeability and uniaxial
compressive strength as a function of connectedporosity (data available
New Zealand and used for the measured electrical properties. The quantity ρg denotes the
mation factor (dimensionless), CEC (expressed inmeq/100 g) denotes the cation exchange
ific surface areameasuredwith the BET technique, and k is the permeability (measured at a
mation factor F obtainedbyfitting a conductivity lawσ=σw / F+σS (σ is the conductivity
aset obtained at different salinities.

σS (10−4 S m−1) σ″ (10−5 S m−1) k (m2) Type

16.8 1.5 1.00 × 10−16 Lithified ash tuff
13.7 0.3 1.94 × 10−15 Lithified ash tuff
14.3 1.3 3.01 × 10−13 Lithified ash tuff
4.8 0.8 9.42 × 10−13 Lithified ash tuff

12.0 0.6 4.98 × 10−13 Lithified ash tuff
13.6 0.2 1.52 × 10−12 Lithified ash tuff
25.8 1.1 3.61 × 10−15 Lithified ash tuff
15.9 1.1 1.65 × 10−12 Lava breccia
1.4 0.1 2.79 × 10−14 Lava breccia

76.1 0.4 5.55 × 10−13 Lava breccia
5.1 0.2 1.28 × 10−14 Lava breccia

15.0 1.5 6.69 × 10−13 Lava breccia
31.9 0.6 8.62 × 10−18 Lithified ash tuff
5.5 0.6 2.90 × 10−13 Lava breccia

12.7 1.1 2.38 × 10−16 Lithified ash tuff
14.3 1.4 4.33 × 10−15 Lithified ash tuff
12.6 0.7 2.51 × 10−13 Lava breccia
24.2 1.8 7.05 × 10−17 Andesitic lava
4.7 0.8 1.27 × 10−16 Lithified ash tuff

13.9 1.2 3.14 × 10−15 Lithified ash tuff
19.3 3.6 1.21 × 10−15 Lithified ash tuff
11.9 1.5 3.08 × 10−13 Lithified ash tuff



Fig. 6. Permeability and uniaxial compressive strength as a function of connected porosity
for the rock samples fromWhakaari (New Zealand). For the first plot we observe no cor-
relation between the two parameters while we observe a weak correlation between the
uniaxial compressive strength and the porosity in the second plot (see text for details).
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in Table 2). It is typical for permeability to increase as a function of in-
creasing porosity for volcanic rocks (e.g., Saar and Manga, 1999;
Mueller et al., 2005; Farquharson et al., 2015; Wadsworth et al., 2016).
The permeability of samples of tuffs, lavas, and breccias fromWhakaari
also show an increasing trend with increasing porosity (Heap et al.,
2017; Kennedy et al., 2020). Heap et al. (2017) highlighted that, due
to the extreme variability of these samples in terms of texture, micro-
structure, and alteration, trends are only observable for very large
datasets. There is no discernible trend in the permeability-porosity
data presented here (Fig. 6), a subset of the data presented in Heap
et al. (2017), because of the variability in rock type (tuff, lava, and brec-
cia) and the variability (terms of texture,microstructure, and alteration)
between samples of the same rock type (see Fig. 3 and thin section im-
ages shown in Heap et al., 2015, 2017). Heap et al. (2017) concluded
that the permeability of the tuff samples, the most abundant rock type
in our dataset, decreases with increasing pore-filling alteration
(e.g., the precipitation of alunite).

Fig. 6 also shows that, in general, uniaxial compressive strength de-
creases as a function of increasing porosity (data unique to this study;
Table 2), in agreementwith previous studies on the strength of volcanic
rocks (e.g., Al-Harthi et al., 1999; Heap et al., 2014;Wyering et al., 2014;
Schaefer et al., 2015; Coats et al., 2018; Mordensky et al., 2018). In gen-
eral, the strongest samples were lavas (WI_20_D and WI_F_114 had a
strength of 71.7 and 111.9 MPa, respectively) and the weakest samples
were tuffs, the strength ofwhich varied from a couple of tens ofMPa to a
couple of MPa (Table 2; Fig. 3). We conclude, analogous to the conclu-
sions drawn by Heap et al. (2017), that the strength of the tuff samples
increases with increasing alteration due to pore-filling alteration. Previ-
ous studies have also found the strength of volcanic rocks increaseswith
increasing pore-filling hydrothermal alteration (e.g., Mordensky et al.,
2018; Heap et al., 2020).

Our permeability and uniaxial compressive strength data (Fig. 6;
Table 2) represent ideal data with which to test Eqs. (2) and (3) due
to the scatter as a result of their variability in terms of texture, micro-
structure, and alteration (see Fig. 3). Thepermeability and uniaxial com-
pressive strength are shown as a function of the alteration indicator in
Figs. 7 and 8, respectively. Fig. 7 is consistent with the data reported in
Revil et al. (2019) for soils. Fig. 7 shows that the alteration indicator pre-
dicts the permeability fairly well within the range 10−16 to 10−12 m2. It
would be interesting to extend the trend in the future by adding more
altered rocks rich in smectite and characterized by very low
Fig. 5. Porosity as a function of cation exchange capacity for the samples fromWhakaari
(New Zealand). This figure shows that the two parameters are independent from each
other and are therefore complementary in characterizing volcanic rocks.
permeabilities (i.e., below 10−16 m2). Fig. 8 shows that the uniaxial
compressive strength can be predicted from the porosity and the
water content with confidence (over a wide range of strengths, from a
couple ofMPa to N100MPa). The values of the empirical parameters de-
fined above are given by k0 = 1.46 × 106 (logk0 = 6.17 ± 2.35), c =
2.88±0.34, a=−20±2, b=−127±15, for our collection of volcanic
rocks.

These results are far-reaching in the realm of hydrogeophysics ap-
plied to volcanology. Indeed, a geophysical method such as induced po-
larization can be used to map porosity and water content. Induced
polarization extends the electrical conductivity/resistivity method
(Waxman and Smits, 1968) to include the low frequency polarization
of rocks associated with their ability to store reversibly electrical
charges under the influence of a primary electrical field/current
(Vinegar and Waxman, 1984). A model based on the polarization of
the electrical double layer coating the surface of the grains, called the
dynamic Stern layer model (Revil et al., 2019, and references therein),
has been previously applied to volcanic rocks (Revil et al., 2017a,
2017b, 2019). This model can be used to map in 3D the porosity and
CEC in the field using either galvanometric (such as time domain in-
duced polarization) or induction-based techniques (such as the air-
borne time-domain electromagnetic method). Therefore, Eqs. (2) and
(3) can be used in conjunction with this method to map the 3D perme-
ability and strength structure of active volcanoes worldwide. These



Table 2
Relevant petrophysical parameters of the samples fromWhakaari volcano (White Island) in New Zealand. The CEC valueswith * correspond to an average value (measurements made on
twobatches of powder from the samples). Just after themeasurement of the absorbance, the temperature and thepHof Hexamine cobalt chloride supernatantweremeasured. The neutral
solution of Hexamine cobalt (III) chloride has a pH of 6.55 at 20.1 °C. The samples are mostly tuffs and a few lavas and lava breccias called WI 30 (Fig. 3). UCS – uniaxial compressive
strength.

Sample Dry bulk density (g/cm3) Connected porosity (−) Permeability (m2) UCS (MPa) CEC (meq/100 g) pH of supernatant Temperature of supernatant (°C)

WI F 3_2 0.980 0.57 6.53 × 10−17 15.1 0.30 5.55 21.2
WI F 4_2 1.306 0.45 4.62 × 10−16 15.7 0.40 3.51 21.4
WI F 4_3 1.325 0.44 7.88 × 10−18 13.8 0.51 3.68 18.3
WI F 4_4 1.335 0.43 8.89 × 10−17 16.6 0.83 3.79 18.3
WI F 13_1 1.134 0.51 4.96 × 10−16 9.7 0.78 4.78 19.4
WI F 13_2 1.164 0.49 1.52 × 10−16 12.5 0.72 5.14 19.5
WI F 14 1.115 0.51 2.82 × 10−15 4.8 0.38 4.68 17.8
WI 20_D 2.383 0.13 1.38 × 10−14 71.7 2.96* 4.79 18.4
WI 21_A 1.546 0.37 3.09 × 10−15 25.6 0.19 4.74 17.9
WI 21_C 1.410 0.44 1.8 × 10−16 12.4 0.27 4.55 17.8
WI 21_D 1.511 0.38 6.27 × 10−16 23.3 0.30 4.94 18.4
WI 21_H 1.363 0.46 1.3 × 10−16 16.4 0.22 4.82 18.2
WI 22_B 1.148 0.51 2.29 × 10−15 4.3 0.35 4.76 18.6
WI 23_B 1.343 0.45 1.22 × 10−16 8.2 0.65 4.61 18.1
WI 24_B 1.144 0.52 2.03 × 10−14 5.1 0.22 5.07 19
WI F 25_1 0.898 0.61 3.81 × 10−13 3.1 0.53 5.71 19.2
WI F 34_2 1.124 0.51 3.52 × 10−14 6.5 0.22 4.28 19.1
WI F 34_3 1.134 0.52 4.44 × 10−13 5.5 0.24 3.88 19.8
WI F 35_2 1.189 0.49 3.76 × 10−14 4.5 0.24 4.42 18.2
WI F 37_2 1.379 0.64 1.08 × 10−14 6.8 5.07* 2.22 19.7
WI F 42_2 1.200 0.49 6.26 × 10−14 4.6 0.43 3.44 19.7
WI F 44_1 0.911 0.59 4.74 × 10−13 1.8 0.48 4.46 19.8
WI F 44_3 1.059 0.54 2.59 × 10−13 2.5 0.40 4.64 20.2
WI F 46_1 0.803 0.66 2.73 × 10−13 1.3 1.02 5.45 20.3
WI F 46_2 0.825 0.65 3.87 × 10−13 2.0 1.15* 5.93 20.5
WI F 48 1.001 0.57 5.77 × 10−13 2.8 0.48 5.66 20.2
WI F 52_1 1.493 0.40 2.4 × 10−16 30.1 1.02* 5.74 20.1
WI F 52_2 1.506 0.38 8.02 × 10−16 35.6 0.72 5.82 20.3
WI F 52_3 1.498 0.39 9.4 × 10−16 32.7 0.56 5.78 22.6
WI F 54_2 1.474 0.38 5.85 × 10−15 13.9 0.35 5.40 22.5
WI F 55_2 1.242 0.47 1.26 × 10−12 10.0 0.16 4.94 22.5
WI F 56_1 1.107 0.49 1.48 × 10−13 2.8 0.30 5.61 15.6
WI F 59 0.827 0.67 1.12 × 10−13 1.9 0.62 5.5 19.1
WI F 60_2 1.191 0.47 2.95 × 10−15 21.8 0.32 4.2 19.2
WI F 63_1 1.202 0.50 4.51 × 10−15 7.4 0.35 4.7 19.4
WI F 63_2 1.225 0.50 5.03 × 10−15 9.3 0.50 4.8 19.3
WI F 65 1.206 0.50 1.29 × 10−12 7.9 0.42 4.7 19.7
WI F 67_2 1.086 0.55 6.55 × 10−13 4.8 0.18 4.2 19.5
WI F 67_3 1.086 0.55 7.09 × 10−13 5.2 0.39 4.1 19.5
WI F 70_2 1.225 0.50 6.26 × 10−13 9.3 0.30 4.6 19.2
WI F 70_3 1.201 0.51 1.11 × 10−12 8.6 0.27 5.3 19.2
WI F 73 1.264 0.49 3.6 × 10−14 9.2 0.51 5.2 19.6
WI F 74 0.967 0.60 1.51 × 10−12 2.0 0.24 5.3 19.4
WI F 78_2 1.175 0.52 4.09 × 10−15 8.0 0.59 5.72 14.6
WI F 79_1 1.067 0.56 2.66 × 10−13 9.5 0.70 3.76 14.6
WI F 90_1 1.467 0.45 2.66 × 10−13 13.6 0.43 4.34 15
WI F 95_1 1.559 0.38 7.38 × 10−14 26.4 1.38* 4.89 14.9
WI F 96_1 1.000 0.63 5.77 × 10−13 7.4 0.32 5.38 15.6
WI F 105_1 1.894 0.18 1.11 × 10−14 37.4 0.77 5.14 15.2
WI F 110_2 1.474 0.44 2.85 × 10−16 24.4 0.43 3.42 15.4
WI F 110_3 1.531 0.42 6.82 × 10−17 36.6 0.54 4.24 14.1
WI F 111_2 1.260 0.51 3.34 × 10−13 6.3 0.35 3.87 15.7
WI F 112_2 1.505 0.42 4.68 × 10−16 33.5 0.83 4.93 15.7
WI F 112_3 1.445 0.44 4.3 × 10−16 23.3 1.49* 5.32 15.7
WI F 114 2.082 0.07 7.94 × 10−17 111.9 0.83 4.98 15.8
WI F 115_2 1.145 0.55 1.4 × 10−16 13.9 0.52 4.71 16.3
WI F 116_2 1.711 0.49 2.78 × 10−13 3.7 0.30 3.08 16.5
WI F 116_3 2.140 0.39 1.77 × 10−14 14.8 0.26 3.07 16.7
WI 30_1 1.564 0.33 1.57 × 10−13 9.7 1.58* 4.49 17.7
WI 30_2 1.579 0.33 1.37 × 10−13 9.6 1.21* 4.10 17.6
WI 30_3 1.658 0.30 4.93 × 10−13 9.1 1.21* 4.14 17.6
WI 30_4 1.828 0.24 9.93 × 10−14 7.3 1.67* 4.51 17.9
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properties, as discussed in the introduction, are important formodels of
outgassing (e.g., Collinson and Neuberg, 2012; Chevalier et al., 2017),
hydrothermal models (e.g., Todesco et al., 2010; Chiodini et al., 2010;
Fournier and Chardot, 2012), and flank and dome stability models
(e.g., Watters et al., 2000; Finn et al., 2001; Reid et al., 2001; John
et al., 2008; Harnett et al., 2018; Peruzzetto et al., 2019).
It is important to now increase the number of samples to fine-tune
the analyses presented, including samples that show deceases in poros-
ity due to hydrothermal alteration (i.e., net dissolution). Hydrothermal
alteration can increase (precipitation) or decrease (dissolution) the po-
rosity of volcanic rocks, depending on factors such as the initial proper-
ties of the rock (e.g., rock type, crystal content, porosity, permeability),



Fig. 7. Permeability as a function of alteration indicator (see text for details) for the rock
samples from Whakaari (New Zealand). The solid line corresponds to the fit discussed
in the main text. The coefficient of correlation is R2 = 0.60. The fitted parameters are
discussed in the main text.
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the properties of the fluid (e.g., fluid composition, pH, temperature),
and the pressure/depth (e.g., Browne, 1978). We present here data for
rocks that experienced porosity loss resulting from mineral precipita-
tion. An interesting avenue for future research would be therefore to
provide data for rocks that experienced porosity increase as a result of
dissolution to test Eqs. (2) and (3). For example, exposure to acid-
sulfate fluids increased the porosity and permeability of volcanic rocks
from the Solfatara region of Italy (Mayer et al., 2016) and increased
the porosity and permeability and decreased the strength of andesite
from Mt. Ruapehu (New Zealand) (Farquharson et al., 2019).

In summary, we show that the permeability and uniaxial compres-
sive strength of volcanic rocks can be determined from an alteration
index built from their porosity and CEC. This index can be built from
Fig. 8. Uniaxial compressive strength (UCS) as a function of alteration indicator (see text
for details) for the rock samples fromWhakaari (NewZealand). The solid line corresponds
to the fit discussed in the main text. The coefficient of correlation is R2 = 0.61. The fitted
parameters are discussed in the main text.
induced polarization data and can therefore be mapped in 3D for a vol-
canic edifice. This opens excitingnewperspectives for using geophysical
data to compute an index for volcano outgassing and flank instability.
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