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Induced polarization measurements can be used to image alteration at the scale of volcanic edifices to a depth of
few kilometers. Such a goal cannot be achieved with electrical conductivity alone, because too many textural and
environmental parameters influence the electrical conductivity of volcanic rocks. We investigate the spectral in-
duced polarization measurements (complex conductivity) in the frequency band 10 mHz-45 kHz of 85 core sam-
ples from five volcanoes: Merapi and Papandayan in Indonesia (32 samples), Furnas in Portugal (5 samples),
Yellowstone in the USA (26 samples), and Whakaari (White Island) in New Zealand (22 samples). This collection
of samples covers not only different rock compositions (basaltic andesite, andesite, trachyte and rhyolite), but
also various degrees of alteration. The specific surface area is found to be correlated to the cation exchange capac-
ity (CEC) of the samples measured by the cobalthexamine method, both serving as rough proxies of the hydro-
thermal alteration experienced by these materials. The in-phase (real) conductivity of the samples is the sum
of a bulk contribution associated with conduction in the pore network and a surface conductivity that increases
with alteration. The quadrature conductivity and the normalized chargeability are two parameters related to the
polarization of the electrical double layer coating the minerals of the volcanic rocks. Both parameters increase
with the degree of alteration. The surface conductivity, the quadrature conductivity, and the normalized
chargeability (defined as the difference between the in-phase conductivity at high and low frequencies) are lin-
early correlated to the CEC normalized by the bulk tortuosity of the pore space. The effects of temperature and
pyrite-content are also investigated and can be understood in terms of a physics-based model. Finally, we per-
formed a numerical study of the use of induced polarization to image the normalized chargeability of a volcanic
edifice. Induced polarization tomography can be used to map alteration of volcanic edifices with applications to
geohazard mapping.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Geophysical methods and the methods developed in the framework
of hydrogeophysics are increasingly used on volcanoes to determine the
distribution of material properties (e.g., seismic velocities, bulk density,
electrical properties) with application to volcanic eruption forecasting,
geohazard mapping, and hydrogeology. Electrical conductivity tomog-
raphy can be used to image the 3D distribution of the electrical conduc-
tivity of volcanoes (e.g., Johnson et al., 2010; Revil et al., 2010; Rosas-
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Carbajal et al., 2016; Gresse et al., 2017). Electrical conductivity of volca-
nic rocks depends on two contributions. The first is a bulk contribution
controlled by the water content and pore water salinity. It corresponds
to electrical conduction through the connected pore network of the ma-
terial (e.g., Archie, 1942). The second contribution is an interfacial con-
tribution called surface conductivity. This contribution is associated
with conduction in the electrical double layer coating the mineral grains
(e.g., Revil et al., 2002 for volcanic rocks and Waxman and Smits, 1968
for sedimentary materials). This electrical double layer consists of the
Stern layer (with weakly or strongly adsorbed counterions depending
on their affinity for the mineral surface) and the diffuse layer. Since elec-
trical conductivity of volcanic rocks depends on these two contribu-
tions, electrical conductivity tomography is rather difficult to interpret
and therefore cannot be used as a stand-alone geophysical method
(see discussion in Bernard et al., 2007; Komori et al., 2010; Kemna
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etal,, 2012; Usui et al., 2016; Soueid Ahmed et al., 2018a, 2018b). For in-
stance, a volcano can be a highly conductive body because of the high
salinity of the pore water or a high degree of alteration (or both). In-
duced polarization can be used to discriminate these effects as long as
the content in metallic particles (e.g., pyrite and magnetite) is not too
high (i.e.,, 1% in vol.).

In the context of the present paper, it may be useful to recall what we
mean by alteration. Classically, the alteration of volcanic rocks is pro-
duced by the circulation of hydrothermal fluids and involves the re-
placement of primary igneous glass and minerals (e.g., plagioclase,
pyroxene, amphibole) by secondary minerals that are stable at the ther-
modynamic conditions of alteration (e.g., Bonnet and Corriveau, 2007).
We are especially interested by the case where these secondary min-
erals are clay minerals (kaolinite, chlorite, illite, and smectite, see
Honnorez et al., 1998). Note that some volcanic rocks can also be altered
through surface weathering.

Complex conductivity characterizes the reversible storage of electri-
cal charges in rocks (Schlumberger, 1920; Bleil, 1953; Seigel, 1959), a
process known as (induced) polarization. This “polarization” is a low
frequency (<10 kHz) characteristic of rocks that is unrelated to the di-
electric polarization phenomena observed at higher frequencies
(>10 kHz) (e.g., Revil, 2013). The origin of the low-frequency polariza-
tion of rocks is generally associated with the polarization of the electri-
cal double layer around the mineral grains and can be described with
two interrelated parameters: the quadrature conductivity and the nor-
malized chargeability (see Revil et al., 2017b). The quadrature conduc-
tivity corresponds to the imaginary component of the complex
conductivity. The normalized chargeability measures the dispersion of
the in-phase conductivity with the frequency. Since the polarization
and surface conductivity are both controlled by the properties of the
electrical double layer, it is therefore unsurprising that these parameters
are also interrelated (Revil et al., 2017b). This relationship is very im-
portant to interpret electrical resistivity and induced polarization to-
mographies that can be carried out at the scale of volcanic structures.
As a side note, measurements of induced polarization can be per-
formed in the field with the same equipment used for electrical resis-
tivity tomography (e.g., Kemna et al., 2012). Induced polarization
may therefore appear as an attractive method to study volcanic and
geothermal systems.

The key questions we want to address are (1) Is the relationship de-
veloped in a previous paper for basaltic rocks (Revil et al., 2017a) valid
for all types of volcanic rocks? (2) Is the cation exchange capacity (CEC)
a proxy of the alteration of the volcanic rocks? (3) How do the surface
and quadrature conductivities of volcanic rocks depend on their cation
exchange capacity (CEC) and specific surface area? (4) How can the
quadrature conductivity and the normalized chargeability be related
to each other? (5) How is the polarization affected by temperature
and the volume content of metallic particles? (6) Can we image electri-
cal conductivity and normalized chargeability of a volcanic edifice and
offer a combined approach to interpret these data? Answers to these
questions are important to use induced polarization tomography to
image the alteration of volcanic rocks. Since alteration is responsible
for the weakening of the mechanical properties of volcanic rocks (see
Pola et al., 2012; Frolova et al., 2014; Wyering et al., 2014; Heap et al.,
2015), our study has strong implications regarding the mapping of
geohazards in volcanic environments (Day, 1996; Reid et al., 2001;
Finn et al,, 2001; Reid, 2004).

We investigate here the complex conductivity of a set of 85 new
core samples from five active volcanoes in the world: Merapi and
Papandayan in Indonesia, Furnas in Portugal, Yellowstone in the
USA, and Whakaari (White Island) in New Zealand. The laboratory
measurements were collected in the frequency range 10 mHz-
45 kHz with a very sensitive impedance meter. The interpretation
of the laboratory data will be based on the dynamic Stern layer polar-
ization model developed in Revil (2013) and recently updated in
Revil et al. (2017a, 2017b, 2018).

2. Theory
2.1. The dynamic stern layer model

The (in-phase) conductivity of a volcanic rock represents its ability
to carry electrical current. A volcanic rock can also reversibly store elec-
trical charges (Revil et al., 2017c¢), a phenomenon known as polariza-
tion. This polarization is responsible for a phase lag between the
electrical current and the electrical field for frequency-domain mea-
surements (Kemna et al., 2012) or a secondary voltage for time-
domain measurements (Schlumberger, 1920). The polarization phe-
nomenon is represented both by a quadrature (imaginary) component
of the complex electrical conductivity and by a dispersion of the in-
phase conductivity with the frequency. The high frequency conductivity
0. is the instantaneous conductivity of a material once electromagnetic
diffusion has fully occurred. Conversely, the conductivity 0y is the Direct
Current (DC) conductivity obtained once all the polarization phenom-
ena are fully established. Some of the charge carriers are blocked at
the end of the polarization length scales and do not participate anymore
to the conduction (Fig. 1). Obviously, we have 0y < 0. and 0y = 0.(1 —
M) where M (dimensionless) denotes the chargeability of the material
(Fig. 1). The polarization is also described by a distribution of relaxation
times associated with the polarization of a distribution of length scales
(pore sizes or grain sizes). The main relaxation time of the problem 7
corresponds to the time, once the primary electrical field or current is
stopped, required for the accumulated charge carriers to return to
their equilibrium state (in a statistical sense) (Fig. 1).

In the following, a harmonic external electrical field of the form E =
Eo exp (+imt) is applied to a volcanic rock. In the realm of the dynamic
Stern layer model, the complex conductivity 0" = o + i of a porous
granular material without metallic grains is then given by (Revil,
2013; Revil et al., 2014, Revil et al., 2017a, 2017b),

0" (0) = 0w (1—M/1+Z(#dr> + i€, (1)
0

where i denotes the pure imaginary number, o' denotes the in-phase
conductivity (real component, a positive quantity), o denotes the
quadrature conductivity (imaginary component, a negative quan-
tity), &« (inFm~! = As V™! m™!) corresponds to the permittivity
associated with the Maxwell-Wagner polarization, o denotes the
angular frequency (rad s™!), 7 is a time constant (in s), and h(7) de-
notes a (normalized) probability density for distribution of the time
constants of the material, and M = (0. — 0y)/0= is the (dimension-
less) chargeability. In first approximation, the electrical circuit
shown in Fig. 2 can be used to provide some understanding of the
conduction/polarization mechanisms occurring in a volcanic rock.

The expressions of the high and low frequency conductivities of a
volcanic rock (see Fig. 1 for the underlying physics) can be obtained
through a volume averaging method. According to Revil (2013), they
are given by

Oy :lFO_w"r (%)pr(Jr)(]_f)CEC (2)
1 1
Je ZFOw (@)Pg (B (1=F) + B, f| CEC 3)

In these equations, oy, (in S m™!) denotes the pore water conductivity
(proportional to the salinity in isothermal conditions), ¢ denotes the
(connected) porosity, F (dimensionless) the intrinsic formation factor, f
(dimensionless) denotes the partition coefficient (fraction of counterions
in the Stern layer versus the concentration of counterions populating en-
tire double layer), p, is the grain density (typically 2800-3100 kg m ),
and CEC denotes the cation exchange capacity of the material (in C kg™1).
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Fig. 1. Polarization of a grain coated by an electrical double layer composed by a diffuse layer (DL) and a Stern layer (SL) mobile along the surface of the solid phase of a volcanic rock. a. Just
after the application of the primary electrical field E,, all the ionic charge carriers are mobile. The instantaneous conductivity is denoted as 0... b. If the primary electrical field is applied for a
long time, the conductivity is 0p = 0..(1 — M) where M stands for the chargeability of the material (dimensionless). Some of the charge carriers (those of the Stern layer) are now blocked
at the edge of the grain in the direction of the electrical field. As the result, the conductivity of the material is reduced. The quadrature conductivity is proportional to the normalized

chargeability defined as M,, = 0.. — 0.
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Fig. 2. Equivalent electrical circuit of a volcanic rock. The conduction process itself can be
modeled, in first approximation, as two resistances in parallel. The first corresponds to the
conduction in the bulk pore water. The second is associated with conduction in the
electrical double layer. The Stern layer provides another additional conductivity and is
responsible for the polarization of the material. The Warburg capacitance is used to
model the Stern layer as a leaking capacitance. The quantity F = ¢~ ™ denotes the
intrinsic formation factor. The normalized chargeability is defined as M,, = 0. — 0p =
0% — of where the quantities 0% and 02 denotes the instantaneous and DC surface
conductivities, respectively. A volcanic rock behaves therefore as both a conductor and a
capacitor. The W-element of the circuit denotes a Warburg capacitance described as
(i)

The cation exchange capacity reflects the number of exchangeable cations
located on the surface of the mineral phase of the volcanic rock and is espe-
cially sensitive to the presence of clays and zeolites (Revil et al,, 2002). The
values of the mobility of ions in the diffuse layer is the same as in the bulk
pore water with 34 )(Na*, 25 °C) = 52 x 10~ m? s~ ! V", Finally, ()
describes the mobility of the counterions in the Stern layer (f{:)
(Na*,25°C)=1.9 x 1072 m? s~ ' V~!, see Revil et al,, 2017a; Revil et al.,
2018).

Our model can be seen as a generalization of the Vinegar and
Waxman (1984) model using an explicit dependence of the complex
conductivity with the frequency and an origin of the polarization pro-
cess occurring in the Stern layer of sorbed counterions on the mineral
surface (Lyklema et al., 1983). This is what we call the dynamic Stern
layer concept. The idea that the polarization can be associated with
the cation exchange capacity of the porous medium can be traced
back to Schufle (1959).

For completeness, and in the context of the dynamic Stern layer
model, each time constant 7 of the distribution h(7) is associated with
a pore size or grain size r (see discussions in Revil et al., 2010 and
Revil, 2012) according to

07 ?

where D¢y denotes the diffusion coefficient of the counterions in the
Stern layer (expressed in m? s~ !). This diffusion coefficient is connected
to the mobility of the counterions in the Stern layer, 3¢ ,.), by the Nernst-
Einstein relationship DY) = kyT3{+)/|9(+)|, where T denotes the abso-
lute temperature (in K), k;, denotes the Boltzmann constant (1.3806
x1072* m? kg s~ 2 K1), and |q)| is the charge of the counterions in
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the Stern layer coating the surface of the grains (|q )| = e where e is the
elementary charge for Na™). Therefore, according to Eq. (4), the proba-
bility density h(7) can be transformed into a grain size (or pore size)
probability density or (normalized) distribution, which would control
in turn the transition between low and high frequencies in Eq. (1). For
a broad distribution of polarization length scales, we can expect the
complex conductivity to be characterized by a very broad distribution
of relaxation times such that the phase may appear rather flat at least
over a few orders of magnitude in frequency. We will come back to
this point below (in terms of what is called Drake's model) since it
calls for simplification of the equations.

The associated electrical circuit of a volcanic rock can be simpli-
fied to the model shown in Fig. 2. The in-phase conductivity can be
written as

0 (0) = 10w + 05(0) (5)
where 0s(®) (in Sm~!) denotes a frequency dependent surface con-
ductivity. This surface conductivity takes place in the electrical dou-
ble layer coating the surface of the grains and comprises two
contributions: one from the diffuse layer (frequency independent)
and one from the Stern layer (which is frequency dependent). This
surface conductivity has low-frequency and high-frequency asymp-
totic expressions given by (Fig. 2)

08 = (g ) Pefr (1=FICEC. ®)

os = (Fd)) pgBCEC, 7

respectively (see also Niu et al., 2016a, 2016b) and where B is an ap-
parent mobility defined by B = B(4y(1 — f) + 8+ f. The normalized
chargeability M, = MO.. = 0.. — 0p, (in Sm™!) is proportional to the
cation exchange capacity of the material according to

M, = ( d))pg)\CEC (8)

and where A = 3¢, \f is an equivalent surface mobility for the quad-
rature conductivity and the normalized chargeability (see Vmegar
and Waxman, 1984). We note that the phase lag tano = o' /o and
the chargeability M = M,/0.. (dimensionless) cannot be considered
as true polarization parameters since they represent the ratio of a po-
larization parameter by a conduction parameter.

The introduction of a normalized chargeability with units in
S m~! may seem inappropriate to some research scientists since
chargeability is already a normalized (dimensionless) quantity.
The normalized chargeability was introduced in environmental geo-
physics to normalize the chargeability by the resistivity (pixel by
pixel) in order to remove the fingerprint of resistivity on the
inverted chargeability tomograms in absence of metallic particles
(see Lesmes and Frye, 2001; Slater and Glaser, 2003; Mansoor and
Slater, 2007). Indeed, M,, is proportional to the cation exchange ca-
pacity of the porous body while the chargeability and the conductiv-
ity depend strongly on the pore water salinity. In the presence of
pyrite and magnetite, the chargeability remains the key parameters
to plot since it is directly related to the volume content of metallic
particles (Revil et al., 20153, 2015b).

2.2. Influence of temperature

Since the present paper is dedicated to volcanic environments, it is
important to study the effect of temperature on the complex conductiv-
ity. The temperature dependence of the conductivity depends on the
temperature dependence of the mobility of the charge carriers, which

in turn depend on the viscosity of the pore water. In this case, the use
of an Arrhenius (semi-empirical) equation yields,

Eq
l<bNT> ’ ®

EY /1 1
(7)) a0

where T and Ty are expressed in degree Kelvin (K) (To = 298 K, i.e., 25 °C),
0, is a constant that has the dimension of a temperature independent
conductivity, the product k,N (product of the Boltzmann constant by
the Avogadro number N = 6.02 x 10%> mol~!) denotes the universal
gas constant (kyN = 8.314 J mol~! K='), and E¥ (expressed here in
] mol™!) denotes the activation energy associated with the viscosity of

the pore water.
S o1
a —_—_—
ky <T To) ' (1)

500

which corresponds to the temperature variations of 3 (for Eq. (6)) and
B+ (for Egs. (7) and (8)), respectively, To = 25 °C (reference tempera-
ture), and E5 denote the activation energy for the viscosity of the bound
water. Egs. (11) to (12) implies that the surface conductivity, the normal-
ized chargeability, and the quadrature conductivity depends on the tem-
perature as

ow(T) =0, exp(—

Ow(T) = 0ow(Ty) exp {—

A(T) = A(To) exp {—

B(T) = B(Ty) exp

S

03 (T) = 0% (To) exp [—k’iN (}—T]O)} (13)
S

Ma(T) = Ma(To) exp |~ 5 (7— Tlo)} (14)
S

o (T) =0 (Ty) exp{ o (3- Tlo)} (1)

The chargeability of volcanic rocks M is expected to be temperature
independent since it is a ratio of two quantities that have the same tem-
perature dependence (Revil et al., 20173, 2018).

2.3. Relationship between the normalized chargeability and the quadrature
conductivity

According Revil et al. (2017a), the normalized chargeability M, (de-
termined between a low frequency and a high frequency) and the quad-
rature conductivity, 0” (determined at the mean geometric frequency of
the two frequencies used to define M,,) is given by

h=—Qo (16)

where the proportionality factor « is given explicitly by
2
am ~n A (17)

and where In(A) denotes the number of decades separating high and low
frequencies. These equations can be derived in the context of the so-called
constant phase model (i.e., the phase does not change too much with the
frequency), also called the Drake's model (see Van Voorhis et al., 1973;
Jonscher, 1981; Borner, 1992). Typically, « is in the range 5-10. Note
that in Eq. (16) the quadrature conductivity is a negative quantity and
the normalized chargeability is a positive quantity.
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We can consider also the ratio between the high frequency surface
conductivity and the quadrature conductivity

o M, A
0% = a0F ~ b (18)

In our previous works (e.g., Revil et al., 20173, 2017b), we defined
the dimensionless number R as the ratio of the normalized chargeability
by the surface conductivity, i.e.,

REM—Zz—a<O—M>, (19)
Os Os

and therefore —0'/0% = R/a. The dimensionless number R = \ /B can
be related to the partition coefficient f and the mobility of the counter-
ions in the Stern and diffuse layers

Bl

R= .
(B (1) + BL |

(20)

This dimensionless parameter is of paramount importance to go
from the polarization parameters (M, or &) to the surface conductivity.

24. Influence of metallic particles

Volcanic areas can host sulfide deposits (Ohmoto, 1996) and basaltic
rocks can contain significant amounts of magnetite. Metallic particles
can also exert a very strong influence on the complex conductivity of
porous rocks (e.g., Van Voorhis et al., 1973). For volcanic rocks, a volume
content of pyrite, magnetite or other metals and semi-metals (in a
broad sense) higher than 0.3% can have a significant impact on the
chargeability and phase (see discussions in Revil et al., 2015a, 2015b).
The chargeability M entering Eq. (1) is directly related to the (dimen-
sionless) volume content of metallic particles ¢y, (Revil et al., 2015a,
their Equations 69 and 70),

le—(]—ggom)(l—Mb), (21)

9
R SO+ M. (22)

In Eq. (22), M, (dimensionless) denotes the chargeability of the
background volcanic rock material given by

(1) PeACEC
vy = (g5) o 23

where 0p, denotes the instantaneous conductivity of the background
rock material. It is given by

1 1
OF = 0w+ <Fd>> p,BCEC, (24)

Therefore the background chargeability is given by

PgA CEC
>~ $o,, + p,BCEC’ (25)
w T Pg
Interestingly, at low salinitie (i.e., for freshwater-saturated volcanic
rocks), the background chargeability is given by a constant value
equal toR.

lim M, = % =R, (26)

Ow<<Us

Therefore at low salinities, we have
9
M =30, +R. (27)

We will test this equation in this paper in order to test the influence
of pyrite on the chargeability of pyrite-rich volcanic rocks.

3. Origin of the core samples
3.1. Merapi and Papadayan volcanoes, Indonesia

The lavas from Papandayan (Fig. 3) are mainly basaltic andesite, py-
roxene andesite, and pyroxene dacite (Asmoro et al., 1989). The
Papandayan samples contain pyroclasts with clinopyroxene crystals
with simple core-rim zoning (typically ~ 5-15 vol%), euhedral magne-
tite crystals, unresorbed amphiboles, and iron oxides. Petrological stud-
ies on Papandayan lavas show that the most abundant alteration
minerals in the altered materials are polymorphs of silica, pyrite, pyro-
phyllite, natroalunite, and kaolinite (Mazot, 2005).

Merapi (Fig. 4) is an almost persistently active basaltic to basaltic an-
desite volcanic complex in Central Java (Indonesia) (e.g., Voight et al.,
2000; Surono Jousset et al., 2012) and often referred to as the type vol-
cano for small-volume pyroclastic flows generated by gravitational lava
dome failures. The lavas of Merapi are typically basaltic andesites with a
porphyritic texture consisting of a glassy groundmass with abundant
microlites that hosts phenocrysts of plagioclase, clinopyroxene, amphi-
bole, and Fe-Ti oxides (Erdmann et al., 2014, 2016; Kushnir et al., 2016).
Altered dome materials, light grey in color, are cristobalite-rich and con-
tain diktytaxitic textures (Kushnir et al.,, 2016).

Our laboratory measurements were performed on 16 consolidated
cubic samples and 16 unconsolidated samples (see Tables 1 and 2).
The average length and width of the cubic samples is 5 and 2.5 cm, re-
spectively (Fig. 5). These samples were extracted from larger cores sam-
pled on the outcropping formations of these two volcanoes.

3.2. Furnas volcano, Azores, Portugal

The second set of samples is 5 unconsolidated volcanic rocks from
Furnas trachytic volcano in Portugal (Table 3 and Fig. 6) that must be-
long to the last explosive eruptions that occurred in this volcanic sys-
tem. Furnas volcano is a central volcano located in the Eastern side of
Sdo Miguel Island, in the Azores volcanic archipelago. Furnas volcano
comprises an impressive summit depression 5 x 8 km wide formed by
two nested calderas (Guest et al., 1999, 2015) and volcanic products
up to 100,000 years BP old (see Moore, 1990). Furnas volcanic activity
has been characterized by several eruptive styles, ranging from mid-
effusive activity to caldera-forming explosive events (Guest et al.,
1999, 2015). Ten intracaldera moderately explosive trachytic eruptions
occurred in this volcano in the last 5000 years, two of which occurred in
historical times (1439-43; 1630) (Guest et al., 2015). These historical
subplinian/phreatomagmatic eruptions formed two tuff and pumice
rings with central trachytic domes and its deposits mantle the caldera
floor. The collected samples represent this type of material. Nowadays,
volcanic activity at Furnas volcano is characterized by secondary mani-
festations of volcanism, which comprises low temperature fumaroles
(95 to 100 °C), steaming ground, thermal and cold CO,-rich springs, as
well as soil diffuse outgassing areas (e.g., Viveiros et al., 2010; Silva
et al,, 2015). The caldera of Furnas volcano also contains several mono-
genetic trachytic domes in addition to the historical ones. A recent study
carried out by Jeffery et al. (2016) indicates that Furnas trachytes are
mainly derived from fractional crystallisation of alkali basalt parental
magmas, at depths between approximately 3 and 4 km.
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Fig. 3. Papandayan volcano, Indonesia. The samples were extracted from the area around Kawah Baru (literally “new crater”) that was formed during the last 2002 phreatic eruption. This
figure shows the position of the samples with their code names (coordinate system, UTM WGS84, 48M). The inset shows a map of the Western part of Java Island (Indonesia) with the
position of Papadayan volcano (red triangle). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.3. Yellowstone Caldera, USA

The next set of volcanic rock samples consists of 26 samples col-
lected at Yellowstone National Park (USA, Fig. 7). The first subset
comes from the ground surface in the Solfatara Plateau Thermal Area
(SPTA), which corresponds to an acid-sulfate vapor-dominated area
near the northern rim of the 0.63 Ma Yellowstone Caldera (16YS series
in Table 3, Fig. 8). An additional set of samples is from drill hole Y-2
(drilled to a depth of 157 m) in Yellowstone's Lower Geyser Basin and
drill hole Y-8 in the Upper Geyser Basin (Y2 and Y8 series Table 3). Sam-
ples of the 16YS series consist of acid-sulfate altered glacial deposits
which, in turn, consist mainly of fragments from the 110 + 3 ka Solfa-
tara Plateau flow rhyolite (Christiansen, 2001) with various levels of al-
teration. Detailed descriptions of alteration mineralogy from drill hole
Y-2 can be found in Bargar and Beeson (1981) and for Y-8 in Keith
et al. (1978). The chemical composition of the core from both drill
holes is provided in Beeson and Bargar (1984). The samples we used
have a cylindrical shape with a diameter of 2.5 cm and a length of
2 cm. The cylinder plugs were obtained by drilling perpendicular to
the main core axis (Fig. 8). The samples are from rhyolite flows and
breccia. Core from drill hole Y-2 consists of interbedded glacial sedi-
ments interlayered with pumiceous tuff from 10 to 32 m, and rhyolitic
of the 0.153 + 0.002 Ma Elephant Back rhyolite flow (Christiansen,

2001) and the 0.151 + 0.004 Mallard Lake rhyolite flow from 32 to
157 m (Bargar and Beeson, 1981) (Fig. 8). Pervasive hydrothermal alter-
ation of the rhyolite is nearly continuous throughout the drill core. Core
from drill hole Y-8 consists of 54 m of glacial sediments, 8 m of rhyolite
flow breccia, and 91 m of pumiceous tuff.

3.4. Whakaari volcano (White Island), New Zealand

The last set of samples was sourced from Whakaari volcano (White
Island), an active andesitic-dacitic stratovolcano located at the north-
eastern end of the Taupd Volcanic Zone, New Zealand (Fig. 9). The 22
core samples are shown in Fig. 10. The volcano hosts a hydrothermal
system (Giggenbach et al., 2003) that is expressed at the surface as
hot springs, bubbling mud pools, sulphur-encrusted fumaroles and
chimneys, and acid streams and pools. The result of this hydrothermal
activity is that a large proportion of the rocks forming the crater floor
and walls are hydrothermally altered (Hedenquist et al., 1993; Moon
et al,, 2005; Heap et al,, 2015, 2017). Although Strombolian activity oc-
curred during the late seventies and mid-eighties (Houghton and Nairn,
1991), volcanic activity at Whakaari is characterized by phreatic and
phreatomagmatic eruptions (Mayer et al., 2015).

The present-day crater walls chiefly comprise interbedded lavas, lava
breccias, and tuffs with a dominantly ash-sized particle size (“ash tuffs”)
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article.)

(Heap et al,, 2017). Blocks of these representative rock types were col-
lected at the sampling sites shown in Fig. 9 and cylindrical cores (2 cm
in diameter and 4 cm in length) were prepared for laboratory analyses
(Fig. 10). The permeability of these samples, measured for another pub-
lication (Heap et al., 2017), is provided in Table 5. The lava is andesitic
and contains phenocrysts and microlites of feldspar and pyroxene within
a groundmass of hydrated amorphous glass. The lava contains precipi-
tated jarosite and gypsum within pores and microcracks and cristobalite

Table 1

Relevant petrophysical of the 16 core samples from Merapi and Papandayan volcanos in
Indonesia. The quantity p, denotes the grain density (kg m~3), ¢ the connected porosity
(dimensionless), F the electrical (intrinsic) formation factor (dimensionless), CEC
(expressed in meq/100 g) denotes the cation exchange capacity,and o” (in Sm~!) denotes
the quadrature conductivity at 1 Hz.

Sample ¢ Pe F CEC s ol
(-) (kgm™) (=) (meq/100g) (107*Sm~") (10°Sm™")
M1l1la 0.132 2595 51 0.611 1.5 0.7
M11b  0.171 2739 30 0.550 12 0.4
M12 0.205 2947 23 0.691 - 1.7
M130 0.143 2842 48 0.527 1.5 1.1
P1 0.022 2759 4334 1.181 153 0.8
P2 0.031 2551 7540 4.661 71 0.8
P3 0.033 2707 2335 4512 18.7 5.7
P5 0.038 2681 2051 3.428 15.8 2.0
P6 0.044 2700 1573 1.626 8.0 1.2
P7 0.030 2789 5132 1.290 24.8 0.5
P8 0.032 2706 984  4.482 174 2.0
P9 0.037 2863 2337 1.566 13.9 2.2
P10 0.037 2684 1308 1.590 304 13.7
P14 0.057 2737 387 1311 11.7 1.0
P18 0.056 2824 686  1.309 337 1.7
P19 0.030 2815 4173 - 21.0 21

(Heap et al., 2017). The lava breccia chiefly comprises angular lava frag-
ments (containing amorphous silica, plagioclase, and pyroxene). The
lava breccia also contains cristobalite and kaolinite (Heap et al., 2017).
The ash tuff samples are composed of partially cemented ash-sized crys-
tal and opalised glass (now hydrated amorphous silica) fragments. The
ash tuff samples can be subdivided into two groups: those that are
white in color and contain alunite and those grey in color that do not.
More information on these materials can be found in Heap et al. (2015,
2017).

4. Experiments
4.1. Induced polarization experiments

We use a four electrodes technique to perform the complex conduc-
tivity measurements, i.e., we separate the current electrodes A and B
from the voltage electrodes M and N (which is a classical notation in
geophysics, see for instance Herman, 2001; Michot et al., 2016). The
complex conductivity measurement was conducted with a high-
precision impedance analyzer (Zimmermann et al., 2008) (Fig. 11a).
Two different sample holders are used for the consolidated and uncon-
solidated samples, the same setup used by Revil et al. (2018). For the
consolidated samples (cubic and core samples), the current electrodes
are self-adhesive superconductive carbon film electrodes with biocom-
patible hydrogel commonly used in general and neonatal cardiology
with the same size as the sample. We use an insulating tape around
the external side of the samples to avoid the drying of the sample during
the measurements (Fig. 11b). Two current electrodes (A and B) are placed
at the end faces as current electrodes and two other electrodes are used
on the side of the cylindrical cores as voltage electrodes (M and N). A
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Table 2

Relevant petrophysical of the 16 unconsolidated samples from Merapi and Papandayan volcanoes in Indonesia. The quantity pg denotes the grain density (kg m ), ¢ the connected po-
rosity (dimensionless), F the electrical (intrinsic) formation factor (dimensionless), CEC (expressed in meq/100 g) denotes the cation exchange capacity, o” (in Sm™"') denotes the quad-
rature conductivity at 1 Hz and pore water conductivity 0.17 Sm~! (NaCl), and Ssp corresponds to the specific surface area measured with the BET technique.

Sample a3 Py F CEC Ssp o o
(=) (kgm™?) (=) (meq/100 g) (m?/g) (107*sm™") (107°sm™)
MER M01 Bandit 0.396 2389 6 0.600 0.69 - 2.1
MER NF1 0.462 3218 5 0.200 1.87 17.8 42
MER NF2 0.525 3578 4 0.200 1.12 - 3.0
MER SV6 0473 2661 5 0.300 0.29 838 2.7
MER T3 0414 2621 7 0.300 2.13 55 26
MER Turist 0388 2470 6 2475 5.15 26 153
PN 1 0.715 2270 5 12.112 4528 99.8 59.3
PN2 0.653 2168 4 25.930 33.30 3365 127.1
PN 3 0.707 2679 5 19.749 10275 318.1 1217
PN 4 0.634 3042 6 6.881 34.66 21 210
PN 5 SN1 0.566 1693 6 33.895 540 - 104
PN 6 0.722 3143 5 28.396 743 3282 498
PN7 0.648 2473 5 11385 29.43 3926 59.8
PN 8 0.686 2294 5 11.580 51.32 252.8 408
PN O 0.578 2017 4 3.560 25.65 2104 224
PN 10 0.625 2771 8 5719 21.63 1005 193

spring was used to push the current electrodes against the sample to
maintain a constant uniaxial stress.

For unconsolidated samples, we keep the samples in their water-
filled buckets with a cap to avoid drying during the course of the exper-
iments. Four equally spaced non-polarizing Ag-AgCl sintered electrodes
(diameter 4 mm) are placed in the top of the sample holder with the cap
(Fig. 11c). The interval between two consecutive electrodes is 2 cm, and

the height and diameter of the bucket is 2.5 and 7 cm, respectively
(Fig. 11c). The measured resistances were transformed to resistivity
using a geometrical factor numerically computed based on the geome-
try of the sample and the position and size of the electrodes.

The rock samples were initially saturated with a low salinity NaCl so-
lution in a vacuum chamber for 24 h. Then samples were left at least two
weeks in the solution in a closed container, and fluid conductivity was

Fig. 5. Picture of the 16 consolidated core samples from Papandayan and Merapi volcanoes (Indonesia). These samples are relatively low porosity core samples.
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Table 3

Relevant petrophysical of the 5 core samples from Furnas volcano in the Azores (Portugal). The quantity p, denotes the grain density (kg m ), ¢ the connected porosity (dimensionless), F
the electrical (intrinsic) formation factor (dimensionless), CEC (expressed in meq/100 g) denotes the cation exchange capacity, and o” (in Sm™') denotes the quadrature conductivity at
1Hz.

Sample ) o F CEC Ssp U5 o’
(=) (kg m™?) (=) (meq/100 g) (m*/g) (107*sm™") (107°sm™")
FUR 1 0.552 2376 8 4,246 5.79 18.5 13.6
FUR 2 0.671 3441 4 0.600 0.46 134 7.2
FUR 5 0.630 3559 5 0.900 294 31.2 2.8
FUR7 0.651 3288 4 0.200 0.47 192.7 6.8
FUR SP 0.701 1589 2 2.894 34.14 269.0 9.9
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Fig. 6. Furnas caldera, Azores (Portugal) in the Atlantic Ocean. The samples were collected at the northern portion of the lake and on 1630 dome. The two yellow circles indicate the po-
sition of the areas where the samples were taken. (coordinate system, UTM WGS84, 26S). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 7. Yellowstone with the location of the rock samples collected in the field (blue triangles). Three families of core samples have been collected in borehole Y-2 (interbedded glacial
sediments interlayered with pumiceous tuff and rhyolitic), borehole Y-8 (glacial sediments, rhyolite flow breccia, and pumiceous tuff), and borehole 16-YS (acid-sulfate altered glacial
deposits). The inset shows a map of the United States with the position of the Yellowstone caldera (red area). Coordinate system, UTM WGS84, 12T. SPTA: Solfatara Plateau Thermal
Area, NGB: Norris Geyser Basin, UPG: Upper Geyser Basin, LGB: Lower Geyser Basin. Dotted lines: limit of the caldera. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 8. Picture of the 28 core samples from Yellowstone Park (USA).

measured until the value stabilized. Afterwards, the samples were re-
moved from their containers for complex conductivity measurements
using a frequency from 10 mHz to 45 kHz. Complex conductivity spectra
were obtained at pore fluid conductivities 0.01, 0.1, 1.0, and 10 S m ™"
for the consolidated samples and at pore fluid conductivities 0.1, 1.0,
and 10 S m~! for the unconsolidated samples. Data with positive phases
and/or standard deviations in excess of 10% were not considered in our
analysis. The fluid conductivity ;, and temperature T of the NaCl solu-
tions were also measured using a calibrated conductivity meter. The
same procedure was repeated to obtain the complex conductivity of
each sample at all the pore fluid conductivities. For each conductivity,
the solution in which the samples were immersed was changed to en-
force the value of the desired conductivity. Equilibrium was reached fol-
lowing several weeks. Examples of complex conductivity spectra (real
and imaginary parts versus frequency) are shown in Fig. 12. Changes
in both the in-phase and the quadrature conductivities with salinity
are small when pore water conductivity is small (0.01 and 0.1 Sm™!
in comparison higher pore water salinities 1 and 10 S m™1).

We also performed a set of measurements in which we mix some
pyrite grains (typical grain size of 1 cm, grain density 5250 kg m™>)
with a crushed volcanic rock (MERTurist) at 0.17 S m~" (NaCl, 25 °C).
This was done to investigate the effect of the volumetric pyrite content
on the chargeability. The total sample volume in these experiments was
77.8 cm®,

4.2. Other petrophysical measurements

In addition to the complex conductivity spectra, we measured some
petrophysical properties of the 85 rock consolidated and unconsoli-
dated volcanic samples (reported in Tables 1 to 5). The (connected) po-
rosity and density of the mineral phase were determined using the
volume and mass of the dry and saturated samples. The Cation Ex-
change Capacity (CEC) measurements were obtained using the cobalt
hexamine chloride method (Ciesielski and Sterckemann, 1997 and
Aran et al., 2008). Because of sorption of the cobalt on the surface of
the clay minerals and zeolites, the color of the solution becomes weaker.
CEC and concentration of exchangeable clay cations are calculated based
in the absorbance measurements with a calibrated spectrophotometer
at 472 nm. The CEC values provided in Tables 1 to 5 are expressed in
meq/100 g (which is the traditional unit for this parameter) and can be
converted in the international system of units using 1 meq/100 g =
963.20 C kg~ In our experiments, the pH of the solutions was not buff-
ered and some rocks were acidic while others were basic.

The specific surface area of some of the core samples was deter-
mined using the BET nitrogen adsorption technique using a nitrogen
sorption isotherm. The underlying theory of the BET nitrogen sorption
approach can be found in Brunauer et al. (1938). The method is used
to determine the specific surface area (in m? g~ ') of the rock samples.
The samples were degassed at 80 °C. Tables 2 and 5 show the specific
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Fig. 9. Map of Whakaari/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 a map
of New Zealand showing the location of the Taup6 Volcanic Zone (TVZ, blue area) and Whakaari volcano (red triangle). Figure modified from Heap et al. (2017) (coordinate system, UTM
WGS84, 60M). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

surface area determined for unconsolidated samples Merapi and
Papandayan and the core samples from Whakaari volcano. The ratio of
the CEC to the specific surface area defines the mean surface charge den-
sity Q, of the minerals (typically 1 to 5 elementary charges per nm?). For
sedimentary rocks, the surface charge density depends on the pH of the
pore water and usually the CEC is reported at near neutral pH conditions
(PH=7).

5. Results
5.1. Specific surface area versus cation exchange capacity

Fig. 13 shows the specific surface area data as a function of the cation
exchange capacity for the volcanic rocks investigated in the present
study. Fig. 13 also includes data from volcanic rocks from Hawaii and
tight sandstones from Revil et al. (2018). For volcanic rocks, it is
known that specific surface area measurements can be used as a
proxy of alteration (see Nielsen and Fisk, 2008). The pertinent question
is whether the CEC can also be considered as a proxy of alteration.

In our study, the two quantities are proportional to each other with
an average surface charge density (Q; = 0.90 C m 2, ratio of the CEC to
the specific surface area) equivalent to 6 elementary charges per nm?.
This value is consistent with what is found in sedimentary rocks
(Revil, 2013) and basaltic rocks (Revil et al., 2017a). Since the equilib-
rium pH of the pore waters used to determine the CEC was different
for different families of core samples, we propose that the CEC can be
used as a proxy of alteration. Such a statement would probably deserve,
however, a future study.

5.2. Formation factor and surface conductivity

The conductivity of each sample (measured at 1 Hz) is plotted as a
function of the pore water conductivity in Fig. 14 for three core samples.
The data are then fitted with Eq. (5) in order to determine the intrinsic
formation factor F and the surface conductivity os. In our study, the for-
mation factors ranges from 2.5 for the very porous unconsolidated cores
to 7540 for a low-porosity core sample. The surface conductivity ranges
from 10™#to 4 x 1072S m™~! (see Tables 1 to 5).

Fig. 15 shows the (intrinsic) formation factor data versus the con-
nected porosity of the 85 volcanic samples used in this study. We also
plot published data for volcanic rocks from Hawaii in Fig. 15 (from
Revil et al.,, 2017b). The datasets exhibit at first approximation a
power law relationship and can be fitted with Archie's law (Archie,
1942). The fit with Archie's law yields an average cementation exponent
m = 2.31 (R? = 0.74), which is more than the cementation exponent
recorded for sedimentary rocks (m = 2). It is due to the more complex
nature of the connected pore space in volcanic materials (see, for exam-
ple, Shea et al.,, 2010; Heap et al., 2014; Farquharson et al., 2015;
Colombier et al., 2017).

In Fig. 16, we compare the surface conductivity versus the CEC
(corrected for the tortuosity of the bulk pore space F ¢) for volcanic
and sedimentary rocks. The rational for plotting the surface conduc-
tivity versus the ratio CEC/F ¢ is dictated by Eqgs. (6) and (7). The lin-
ear trend observed in this figure is consistent with previous studies
(e.g., Revil et al., 20173, 2017b). This trend reflects the effect of the
alteration of the volcanic rocks on their surface conductivity. Using
the value of the slope a = p, B and using p, = 3000 kg m~—3, we
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obtain B(Na™,25°C) = 4.1 x 10~°m~2 s~ ' vV~ This value is consis-
tent with the value obtained in Revil et al. (2017a) for basaltic rocks
(B(Na*t,25°C) =43 x10°m~2s"1v™1),

5.3. Quadrature conductivity

In Fig. 17, the quadrature conductivity is plotted as a function of the
normalized CEC (the CEC divided by the tortuosity F ¢ of the bulk pore
space). We observe again a linear trend, i.e. the quadrature conductivity
is controlled by the degree of alteration of the volcanic rocks.

In Fig. 18, we plot the magnitude of the quadrature conductivity ver-
sus the surface conductivity. As predicted from the theory, the quadra-
ture conductivity and surface conductivity are proportional to each
other (see Eq. (18)). The linear corresponds to —o /0% = 0.022 (corre-
lation coefficient R? = 0.67) is obtained for the volcanic rocks used in
this study. Since we have —o /0¥ = R/ and o = 4.06 (Fig. 19), this
yields R = 0.089 (R = 0.12 if we directly correlate the normalized
chargeability to the surface conductivity, see Fig. 20). In all these equa-
tions, note that the quadrature conductivity is a negative quantity. That
said, if we take o = 10 (i.e., using the very high and low frequencies to
determine the normalized chargeability), we obtain R = 0.22. These ra-
tios agree fairly well with the data obtained in the last decade for sedi-
mentary rocks (see Revil et al., 2018 and references therein). Revil et al.

(2017a) obtained R = 0.37 for basaltic rocks (using a normalized
chargeability determined on a broader frequency range) while Revil
et al. (2018) obtained -0"/0s = 0.037 (compare with —o /0% = 0.022
in the present study) for soils at higher pore water conductivity (0.5
to1Sm™1).

5.4. Normalized chargeability

Fig. 19 shows the relationship between the normalized chargeability
(M, = 0.-0p, in Sm~ ") and the quadrature conductivity. Such relation-
ship is important to connect the induced polarization usually performed
in field conditions in the time-domain (and measuring the chargeability)
to the frequency-domain induced polarization data such as those pre-
sented in this paper. We will come back to this point in the last section
of the manuscript.

Normalized chargeability can be determined from the amplitude of
the in-phase conductivity at low frequency and high frequency asymp-
totic values. In this study, we estimated the normalized chargeability
from in-phase conductivities at frequencies of 1 Hz and 1 kHz. Normal-
ized chargeability can be estimated during the time domain induced po-
larization investigation in a laboratory and field measurements from
chargeability M, as M, = M O-.
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Revil et al. (2017a) supposed that the phase lag tang = ¢ /7 is not
frequency dependent on studied spectra (Drake's model). Phase lag
©(w) is measured during spectral induced polarization investigations
when a sinusoidal current is injected. It is the phase lag between
injected sinusoidal current and measured potential sinusoidal signal.
They supposed a turning frequency point where 0, change to 0., on
the in-phase conductivity spectra at the geometric mean frequency.
The geometric is a mean frequency between a low frequency for
which the conductivity is close to 0y and a high frequency for which
the conductivity is close to 0.

The normalized chargeability between 1 Hz and 1 kHz and the quad-
rature conductivity determined at the geometric mean frequency of
32 Hz are plotted in Fig. 19. This normalized chargeability is defined as
the difference in the in-phase conductivity between 1 kHz and 1 Hz
(so over three decades only). The data of Fig. 19 shows a linear trend
with a slope o = 4.06 (R*> = 0.96). In this case, In(A) = In(10%) and
hence, a slope of o« = 4.40 is expected from Eq. (17).

We can now use & = 4.06 in M, = — ao’ and the trend shown
in Fig. 17 (with p; = 3000 kg m~3), we obtain A(Na*, 25 °C) =
3.46 x 1071 m~2 s~ ! V™! (consistent with R = A/B = 0.084).
The partition coefficient and the mobility of the counterions in
the Stern layer can be obtained as (Revil et al., 2017a),

f=1—5"—(1-R). (28)

B
B(+>

Using R = 0.22, B, )(Na*™,25°C) =52 x 10 ¥ m 25~ V' we ob-
tain f = 0.94 i.e., 94% of the counterions are located in the Stern layer.
This value is consistent with that obtained in Revil et al. (2017a) for ba-
salts where we obtained f = 0.93. Finally, the mobility of the counter-
ions in the Stern layer is given by (Revil et al., 2017a),

R(1-f)
DfA-R) (29)

Using the previous values of the parameters involved in Eq. (26)
(R =0.22, B (Na*,25°C) =52 x 1078 m 25" V!, f= 0.94),
this yields 3{+y(Na*,25°C) =94 x 10" 1°m2s 1V~

5.5. Influence of temperature

The influence of temperature was investigated on two core samples
using the temperature range 5-50 °C and with a salinity corresponding
to a pore water conductivity of 0.2 S m~! (NaCl, 20 °C). The spectra are
shown in Fig. 21. The magnitude of both the quadrature conductivity
and the in-phase conductivity increases with the temperature. Fig. 22
shows that this increase can be fitted with an Arrhenius law with the
same activation energy for the bulk and surface conductivities and po-
larization processes, i.e., E¥ = E5 = 16.3 & 0.5 k] Mol ™. This activation
energy is consistent with the activation energy for the viscosity of the
water molecules as explained in Section 2.3.

5.6. Influence of pyrite content

Volcanic areas can also contain sulfide deposits and other metallic
(in a broad sense) deposits. As mentioned above the pyrite grains are
mixed with the same background (crushed) volcanic rock (Sample
MERTurist). The spectra are shown in Fig. 23. As expected, we see
clearly on these spectra that the presence of pyrite increases the nor-
malized chargeability and the quadrature conductivity of the mixtures.
The chargeability is determined between the frequency 10 mHz and
10 kHz and plotted as a function of the volumetric content of pyrite in
Fig. 24. A comparison between the experimental data and the prediction
of Eq. (22) (no fitting parameters, plain line) is shown in Fig. 24. There is
an excellent agreement between the theory and the experimental data.

6. Application to a synthetic tomographic test

In this section, we explain how induced polarization tomography
can assist electrical conductivity tomography and show the type of im-
ages the method can produce for a volcano. As mentioned in Section 2,
the electrical conductivity has two contributions (see Eq. (5) and
Fig. 14): a bulk contribution associated with conduction in the pore net-
work and surface contribution associated with the conduction path in
the electrical double layer. Time-domain induced polarization can be
used to image the normalized chargeability, which in turn can be related
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to the surface conductivity using o5 = M,,/R (see Eq. (18)) where Ris a
universal constant independent of temperature and saturation.
Therefore, surface conductivity can be determined from normal-
ized chargeability, and the conductivity can be decomposed into
its two contributions.

We examine now how a combined conductivity/induced polariza-
tion survey could be conducted at a volcano using a synthetic case. We
use conditions that are representative of real field conditions, especially
with the recent development of new equipment such as the FullWaver
instrument from IRIS. Such equipment is designed to perform large-
scale conductivity and induced polarization surveys reaching a depth
of investigation as deep as 1.5 km.

For this study, 10 parallel profiles separated by 786 m from each
other were used with 32 electrodes per profile (therefore a total of
320 electrodes are simulated). Along a profile, the distance between
two electrodes is 380 m. Fig. 25 shows the position of the electrodes to-
gether with the tetrahedral finite element mesh used for the forward

and inverse simulations. The synthetic volcano is composed of three
main parts. (1) a magmatic chamber connected to the surface by a con-
duit (electrical conductivity 107%> S m~"', normalized chargeability
10~4>Sm™1), (2) an altered region located on one flank of the volcano
(conductivity 107>° S m~!, normalized chargeability 10> Sm™"'), and
(3) the remaining part of the volcanic edifice (conductivity 1072Sm™,
normalized chargeability 107> S m™!). The true distributions of the
electrical conductivity and normalized chargeability are shown in
Figs. 26a and 27a, respectively.

The network of electrodes at the ground surface of the volcano is
used to simulate a geoelectrical survey. All the measurements were ac-
quired using a dipole-dipole configuration resulting in 2160 apparent
conductivity measurements and 2160 apparent chargeability measure-
ments. All the collected data are corrupted with a Gaussian noise of 5%
to simulate data error. The goal of the geophysical inverse problem is
to image the true distributions of the electrical conductivity and the nor-
malized chargeability (the true fields are assumed of course unknown
and we estimate them from the measured data). This problem is math-
ematically formulated as an inverse problem. As this inverse problem is
ill-posed, its solution is non-unique and therefore we need to apply
some constraints on the desired solution to ensure that the inverse
scheme converges towards the most optimal electrical conductivity
and normalized chargeability, while honoring the data such that we ar-
rive at a physically meaningful model. The mathematical background
required for solving the inverse problem is well-established (see for in-
stance Tikhonov and Arsenin, 1977) and will not be presented in the
current contribution (see for instance Johnson et al., 2010, for the elec-
trical conductivity problem applied to volcanoes and Soueid Ahmed
et al., 2018a, 2018b, for the inverse problem in time-domain induced
polarization).

To produce the 3D tomographies of the estimated parameters, we
use a 3D code (written in Matlab) discussed and benchmarked in
Soueid Ahmed et al. (2018a, 2018b). We discretize the simulation
domain into 52,188 tetrahedral cells. A parameter value is assigned
to each of these cells. As we know true distributions of the conductiv-
ity and normalized chargeability, it will be easy to check the correct-
ness of the estimated tomograms by comparing them to the true
distributions. Fig. 26b shows the tomogram of the inverted electrical
conductivity. One can easily notice that the main units of the vol-
cano: the conduit, the altered area, and the host rock are well-
reconstructed both in terms of delineation of the features and the
magnitude of the electrical conductivity. The magmatic chamber is
almost not recovered because of the lack of sensitivity at depth for
the survey used here. Fig. 27b shows the inverted normalized
chargeability. The altered area on the flank of the volcano is clearly
imaged with the same order of magnitude as the true one. Then,
combining the conductivity and normalized chargeability tomo-
grams and the petrophysics developed in the current paper for volca-
nic rocks, we can invert for the porosity and some alteration proxies.
Case studies will be discussed in a future contribution.

7. Conclusions

We investigated the complex conductivity of a set of 85 volcanic
rock samples from five volcanoes located in Indonesia, Portugal, USA,
and New Zealand in order to provide answers to 6 fundamental ques-
tions. We recall here these questions and we summarize their answers
found in this work.

(1) Is the relationship developed in a previous paper for basaltic
rocks valid for all types of volcanic rocks? The response is clearly
yes as the new data agree with the results obtained on basalts
(from Hawaii) and sedimentary rocks. We obtain therefore uni-
versal trends.

(2) Is the cation exchange capacity (CEC) a proxy of the alteration of
the volcanic rocks? We found that the CEC is directly proportional
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Relevant petrophysical of the 26 core samples from Yellowstone National Park in the USA. The quantity p, denotes the grain density (kg m~2), ¢ the connected porosity (dimensionless), F
the electrical (intrinsic) formation factor (dimensionless), CEC (expressed in meq/100 g) denotes the cation exchange capacity, and o” (in Sm™"') denotes the quadrature conductivity at
1 Hz. The sandstone, coarse sandstone and conglomerate are glacial deposits.

Sample b Pg F CEC Ts o’ Comment

(=) (kg m™?) (=) (meq/100 g) (107*sm™") (107°sm™")
16YS01 0.333 2236 11 1.762 6.7 1.5 Sandstone
16YS02 0.289 1887 88 1.026 9.7 - Conglomerate
16YS03 0.282 2201 34 1.726 6.3 1.2 Conglomerate
16YS03B 0.236 2006 32 0.642 29 0.6 Conglomerate
16YS04 0.377 2153 10 1.335 38.8 1.9 Sandstone
16YS05 0.330 2400 20 0.731 33.6 0.6 Sandstone
16YS06 0.296 1921 65 0.300 244 - Conglomerate
16YS07 0.192 2188 28 1.624 10.0 - Coarse sandstone
16YS08 0.388 2169 9 2.002 41.8 5.1 Sandstone
16YS09 0.242 2139 65 0.727 - 0.2 Coarse sandstone
16YS10 0.193 2640 73 2.279 12.7 0.8 Coarse sandstone
16YS11 0.326 2049 32 0.930 4.6 0.3 Conglomerate
16YS13 0.281 2185 16 1.888 - 0.7 Conglomerate
16YS14 0.140 1871 99 1.112 7.2 - Sandstone
Y2-89a 0.130 2381 102 10.107 2133 19.5 Rhyolite breccia
Y2-230a 0.083 2532 657 0.605 0.6 0.3 Rhyolite breccia
Y2-233a 0.296 2273 32 12.087 189.7 38.8 Rhyolite breccia
Y2-460a 0.226 2547 69 1.779 39.8 109 Rhyolite vitrophyric
Y2-479a 0.231 2573 32 1.849 23.8 9.2 Rhyolite vitrophyric
Y8-168a 0.295 2645 32 1.839 10.8 3.9 Sandstone and conglomerate
Y8-189a 0.119 2213 500 8.593 85.5 6.6 Rhyolite vitrophyric
Y8-197a 0.201 2302 55 7.472 1494 15.5 Rhyolite vitrophyric
Y8-198a 0.113 2387 152 6.444 102.2 3.6 Rhyolite vitrophyric
Y8-204.8a 0.176 2338 30 7.343 116.6 10.0 Rhyolite vitrophyric
Y8-209a 0.480 2082 9 11.116 337.5 105.3 Pumiceous Tuff
Y8-216.2a 0.532 2287 9 7.167 289.8 127.8 Pumiceous Tuff

(3)

Table 5

to the specific surface area of volcanic rocks. Therefore CEC can be
considered as a proxy of alteration.

How do the surface and quadrature conductivities of volcanic
rocks depend on their cation exchange capacity (CEC) and specific
surface area? The surface conductivity increases with the degree of
alteration of the volcanic rocks as expected. Alteration strongly af-
fects the induced polarization parameters such as quadrature con-
ductivity.

How can the quadrature conductivity and the normalized
chargeability be related to each other? Normalized chargeability

is found to be proportional to the quadrature conductivity so the
normalized chargeability is also related to the alteration of volcanic
rocks. The cation exchange capacity is found to be proportional to
the specific surface area, a known proxy of alteration of volcanic
rocks, at least in some classical alteration paths producing clay
and zeolite minerals.

How is the polarization affected by temperature and the volume
content of metallic particles? The magnitude of the quadrature
conductivity and electrical conductivity increases with the tem-
perature with the same activation energy (around 16 k] Mol™1).

Relevant petrophysical of the 22 core samples from Whakaari volcano (White Island) in New Zealand. The quantity p, denotes the grain density (kg m~3), ¢ the connected porosity (di-
mensionless), F the electrical (intrinsic) formation factor (dimensionless), CEC (expressed in meq/100 g) denotes the cation exchange capacity, o” (in Sm~") denotes the quadrature con-
ductivity at 1 Hz, Sy, corresponds to the specific surface area measured with the BET technique, and k is the permeability (measured at a confining pressure of 1 MPa; data from Heap et al.,

2017).

Sample ¢ Pg F CEC Sep s (1074 o”(107° k Type
(=) (kgm™3) (=) (meq/100 g) (m*/g) Sm™) Sm™) (m?)

3 0.555 2145 7 0.686 - 16.8 1.5 1.00 x 10716 Lithified ash tuff
4 0.399 2182 66 0.767 - 13.7 0.3 1.94x 107" Lithified ash tuff
34 0.500 2160 8 0.812 - 143 13 3.01x10713 Lithified ash tuff
55 0.437 2235 9 0.341 - 48 0.8 942 x 10713 Lithified ash tuff
67 0.496 2152 8 0.469 - 12.0 0.6 498 x 10713 Lithified ash tuff
70 0.461 2231 8 1.152 - 13.6 0.2 152 x 10712 Lithified ash tuff
78 0.436 2204 28 0.514 - 258 1.1 3.61x1071° Lithified ash tuff
91 0.308 2242 16 0.810 - 15.9 1.1 1.65 x 10712 Lava breccia
99 0.129 2084 190 0.811 - 1.4 0.1 279 x 10714 Lava breccia
102 0.197 2240 19 0.426 - 76.1 0.4 5.55x 10713 Lava breccia
105 0.269 2223 190 0.342 - 5.1 0.2 128 x 1074 Lava breccia
107 0.261 2320 36 0.727 - 15.0 15 6.69 x 10713 Lava breccia
110 0.374 2410 25 0.727 - 319 0.6 8.62x 10718 Lithified ash tuff
111 0.436 2255 10 0.684 - 5.5 0.6 290 x 10713 Lava breccia
112 0.357 2290 15 1.320 - 12.7 1.1 238 x 10716 Lithified ash tuff
115 0.484 2167 13 0.643 - 143 14 433 %1071 Lithified ash tuff
116 0.405 3171 26 1.409 - 12.6 0.7 251 %107 13 Lava breccia
W120 0.059 2686 1027 2.818 15.8 24.2 1.8 7.05 x 1077 Andesitic lava
Wi121 0.358 2240 23 0.812 4.4 4.7 0.8 127 x 1071¢ Lithified ash tuff
W122 0.448 2022 15 0.215 3.9 139 12 3.14x10°1° Lithified ash tuff
w123 0.420 2244 13 1.890 114 193 3.6 121 %1071 Lithified ash tuff
W124 0.466 2115 8 0.428 4.6 119 15 308 x 10713 Lithified ash tuff
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Fig. 13. Relationship between specific surface area and cation exchange capacity (CEC) for
the consolidated and unconsolidated volcanic rock samples investigated in the present
study. The surface charge density of the mineral surface is defined as the ratio between
the CEC and the specific surface area. The linear trend (in a log-log plot) is used to
determine the average surface charge density of the mineral surface, which corresponds
here to ~6 elementary charges per nm? (Qs = 0.90 + 0.10 C m~2). The tight sandstones
are from the study by Revil et al. (2018) and are not used for the fit. “P&M
unconsolidated” correspond to the unconsolidated core samples from Papandayan and
Merapi volcanoes. This shows that the CEC of a volcanic rock ca be considered as a
proxy of alteration.

Chargeability of volcanic rocks can be decomposed in the sum of
two terms: a contribution associated with the volume content (in-
dependent of temperature) of metallic particles and the back-
ground polarization of the matrix around the metallic grains
(also independent of temperature).
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Fig. 14. Relationship between In-phase conductivity o’ and pore water conductivity o, for
three core samples from Yellowstone Park (USA). We plot the conductivity of the rock
sample (at 1 Hz) as a function of the conductivity of the pore water at four different
pore water salinities. Then, we used Eq. (5) to determine the (intrinsic) formation factor
F and surface conductivity o, from the linear regression of the data. These values are
reported in Tables 1 to 5.
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al volcanic rocks can be plotted on a unique trend.

(6) Can we image electrical conductivity and normalized chargeability
of a volcanic edifice and offer a combined approach to interpret
these data? Electrical conductivity alone cannot be used to inter-
pret volcanic structures because we cannot separate the bulk con-
ductivity (associated with conduction in the pore network) from
the surface conductivity associated with alteration. Fortunately, in-
duced polarization can provided the required information to allow
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Fig. 16. The surface conductivity (expressed in S m~!) versus the normalized cation
exchange capacity defined by CEC/F¢ where CEC denotes the cation exchange capacity
(expressed here in meq/100 g, F the formation factor, and ¢ the connected porosity).
Note that the CEC is usually reported in meq/100 g but expressed in C kg~ ! in the
international system of units, 1 meq/(100 g) = 963.2 C kg~ '. The volcanic rock data are
contrasted with the tight sandstones data from Revil et al. (2018). Only the volcanic
rocks from the present study are used for the fit. This figure shows that al volcanic rocks
can be plotted on a unique trend.
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canic rock data are contrasted with the tight sandstones data from Revil et al. (2018). Only
the volcanic rocks are used for the fit. This figure shows that al volcanic rocks can be plotted
on a unique trend.

us to separate the two conductivity contributions. Indeed, induced
polarization parameters (such as the normalized conductivity and
the quadrature conductivity) are directly proportional to the
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Fig. 18. Quadrature conductivity versus surface conductivity (at a pore-water conductivity
of approximately 0.1 Sm~' and taken at 1 Hz) for volcanic rocks. The quadrature
conductivity is here taken positive to plot this quantity on a log scale. Note that this
trend is independent of the value of the formation factor and electrical tortuosity,
saturation, and temperature. The volcanic rock data are contrasted with the tight
sandstones data from Revil et al. (2018) and the F-sandstones (Fontainebleau
sandstones) investigated by Revil et al. (2014). The F-sandstones are clay-free
sandstones. Only the volcanic rocks are used for the fit. This figure shows that al
volcanic rocks can be plotted on a unique trend.
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and 1 kHz as the difference in the in-phase conductivity) and the quadrature conductivity
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conductivity of 0.1 Sm~! (NaCl, 25 °C). The plain line corresponds to the best fit of the
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surface conductivity. That said, the presence of pyrite can increase
substantially the polarization of the mixture. This increase can be
predicted from the theory.
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Fig. 20. Linear relationship between normalized chargeability (determined between 1 Hz
and 1 kHz as the difference in the in-phase conductivity, 0.1 S m~!, NaCl, 25 °C) and the
surface conductivity for the volcanic samples at. The plain line corresponds to the best
fit of the data using a linear model between the normalized chargeability and the
surface conductivity. The measured slope leads to R = 0.10. The volcanic rock data are
contrasted with the tight sandstones data from Revil et al. (2018) and the F-sandstones
(Fontainebleau sandstones) investigated by Revil et al. (2014). Only the volcanic rocks
are used for the fit.
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Fig. 21. Temperature dependence of the complex conductivity spectra of two core samples (MER Turist and PN6). a. In-phase conductivity for the core sample MER Turist. b. Quadrature
conductivity for the core sample MER Turist. The spectrum labeled “ambient temperature” was performed outside the temperature-controlled bath at the room temperature of 17.3 °C. c.
In-phase conductivity for the core sample PN6. d. Quadrature conductivity for the core sample PN6. The conductivity of the pore water was 0.2 S m~" (NaCl, 20 °C). The quadrature
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A recently developed forward/inverse finite element modeling code
is used to illustrate how electrical conductivity and normalized
chargeability can be image on a volcanic edifice. The two methods can
be used in concert to map the alteration on the flank of a volcanic struc-
ture. Since hydrothermal alteration can influence (1) outgassing and
therefore explosivity (e.g., Edmonds et al., 2003; Ball et al., 2015; Heap
et al., 2017) and (2) flank, dome and crater rim stability (e.g., Reid
et al., 2001; Finn et al., 2001; Reid, 2004; Rosas-Carbajal et al., 2016;
Marmoni et al., 2017; Cook et al., 2017), alteration maps of active volca-
noes, using the methodology outline herein, will emerge as a powerful
tool in volcano monitoring and geohazard mapping.
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Fig. 24. Influence of the volume content of pyrite ¢, on the chargeability M of the pyrite
volcanic rock mixtures (the background volcanic rock corresponds to the MERTurist
core sample). The plain line corresponds to the prediction of the theory (no fitting
parameters). Note that at low salinity, M, = R = 8 x 1072, This provides a way to
correct polarization from the effect of the volume content of metallic particles (pyrite
and magnetite).
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increase the numerical accuracy during the forward modeling step. We simulate an
acquisition survey with 2160 apparent conductivities and 2160 apparent chargeability
measurements, which corresponds to a modest amount of data. The same mesh is used
for the forward and inverse modeling. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 26. Electrical conductivity tomography. a. True electrical conductivity distribution showing two conductive zones around the conduit and the magmatic chamber and an altered zone
on one flank of the volcano. b. Estimated electrical conductivity distribution obtained by tomography (fourth iteration). The sensitivity is too low to image the magmatic chamber at depth

but the altered flank is well imaged.
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Fig. 27. Normalized chargeability tomography. a. True normalized chargeability distribution showing two chargeable zones around the conduit and the magmatic chamber and an altered
zone on one flank of the volcano. b. Estimated normalized chargeability distribution (fourth iteration). The altered flank of the volcano is relatively well-imaged.
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