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Electrical conductivity and polarization properties of 6 samples from Krafla volcano (Iceland) were measured in
the frequency range 1mHz–45 kHz and compared to the data obtained on various basaltic rock samples fromHa-
waii. The results indicate that for altered samples, the surface conductivity, normalized chargeability, and quad-
rature conductivity of the core samples scales linearly with the cation exchange capacity, taken as a proxy of the
alteration facies. The surface conductivity of fresh samples is also controlled by the cation exchange capacity but
their normalized chargeability is influenced by the presence of magnetite, especially for unaltered samples. The
temperature dependence of quadrature conductivity and normalized chargeability can be modeled with an Ar-
rhenius equation with an activation energy of 16–19 kJ mol−1. The experimental results agree with a model in
which the polarization of the metallic and non-metallic grains are both considered in a unified framework.
These results are used to interpret two 3D induced polarization surveys performed in the South and East parts
of Krafla volcano using two 1.3 km-long cables with 32 electrodes each. The electrical conductivity is in the
range 0.3 (clay cap) to 5 × 10−5 Sm−1 (unaltered rock)while the normalized chargeability is typically comprised
between 10−2 (clay cap) and 10−5 S m−1 (unaltered rock). Induced polarization is used to image porosity and
the cation exchange capacity. A long 5.6 km electrical conductivity profile was also performed connecting the
two 3D sites and crossing a rhyolitic obsidian ridge calledHrafntinnuhryggur. Hrafntinnuhryggur is characterized
by very low conductivity values on the order of 10−4 S m−1. The long conductivity profile shows the position of
the inner and outer caldera rims and the feeder dike of Hrafntinnuhryggur. A self-potential survey performed
along this long profile shows no shallow active geothermal features in this area, as expected from the lowperme-
ability of the clay cap.

© 2018 Published by Elsevier B.V.
1. Introduction

Galvanometric geoelectrical methods provide very useful informa-
tion to image the inner structure of volcanoes including alteration,
clay caps, and their hydrothermal plumbing system. For instance, the
self-potential method can be used to track the pattern of ground
water flow in the field (Birch, 1993, 1998; Perrier et al., 1998) and the
presence of ores (Corwin, 1989; Bigalke and Grabner, 1997). Electrical
conductivity/resistivity tomography has shown to be a very useful
method to image geothermal systems to a depth of few kilometers
and, in some instance, alteration, magmatic brines, and magmatic
chambers (Reid et al., 2001; Bernard et al., 2007; Finizola et al., 2010;
zhengqi@gmail.com (Y. Qi),
ed@univ-smb.fr

y@opgc.fr (P. Labazuy).
Revil et al., 2010; Barde-Cabusson et al., 2013). Another geoelectrical
method, induced polarization, has the potential to complement electri-
cal conductivity tomography to imagemore specifically the alteration of
volcanoes but its response is also influenced by the presence of semi-
conductors such as pyrite and magnetite (e.g., Wong, 1979; Revil
et al., 2015a, 2015b). Induced polarization has a longhistory in geophys-
ics (Schlumberger, 1920; Shuey and Johnson, 1973; Olhoeft, 1985) and
has been barely used in this type of environments. Works in this direc-
tion are recent and mostly focused on the development of the back-
ground theory and laboratory investigations (Revil et al., 2017a;
Ghorbani et al., 2018). Field studies are still missing to date.

Themain goal of the present study is to test the ability of the induced
polarization method to be sensitive to alteration and to determine pa-
rameters of high interest in geothermal systems. It combines field and
experimental works. Electrical conductivity alone cannot be considered
as directly sensitive to alteration and rocks belonging to different facies
canhave the same electrical conductivity. Indeed, electrical conductivity
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depends on two main contributions: a bulk conductivity controlled by
the conductivity of the brine in the interconnected pore space and a
so-called surface conductivity corresponding to the conduction in the
electrical double layer coating the surface of the grains (e.g., Waxman
and Smits, 1968; Revil et al., 1998). Only the second contribution is sen-
sitive to the alteration of the volcanic rocks (e.g., Soueid Ahmed et al.,
2018). At the opposite, parameters deduced from induced polarization
(such as quadrature conductivity and normalized chargeability) can
be directly used as proxies of the alteration facies of volcanic rocks
(Revil et al., 2017a; Ghorbani et al., 2018). This is true at least as long
as the fraction of pyrite and magnetite remains small (typically b 1%,
see discussions in Ghorbani et al., 2018).

In thepresent paper,wedecided to go one step further by combining a
petrophysical study using 6 samples fromKraflawith a geophysical study
including three dimensional DC (Direct Current) conductivity and
chargeability tomography at 2 sites onKrafla volcano. In addition,we per-
formed a 5.7 km-long conductivity profile crossing the Obsidian Ridge
(Hrafntinnuhryggur) and the inner caldera rim of the volcanic system.

Krafla is a very active volcanic system located on the Northern Volca-
nic Zone (NVZ) of Iceland. It is associatedwith the subaerial part of the di-
vergent platemargins ofMid-Atlantic Ridge (e.g., Drouin et al., 2016). The
structure of the NVZ is characterized by the presence of several volcanic
systems. The NVZ is delimited by the offshore Tjórnes Fracture Zone to
the North and by the Vatnajökull ice cap to the South. The basaltic fissure
swarm crossing this volcano is 90 km long and 5–8 km wide
(Sæmundsson, 1983; Hjartardóttir et al., 2012). This fissure swarm is
the expression of rifting with repeated episodes of dike intrusions. Krafla,
one of these volcanic systems, consists of a central volcano and an associ-
ated en echelon-arranged NNE-trending fissure swarm (Sæmundsson,
1974; Hjartardóttir et al., 2015). The outer caldera, bordered by rhyolitic
domes (Drouin et al., 2016, 2017), measures about 7 km N-S and 9 km
E-W and was probably formed about 110,000 years ago during an inter-
glacial period at the beginning of the first rhyolitic volcanism phase of
Krafla volcano and then filled by repeated eruptions (Sigvaldason, 1983;
Árnason et al., 2010). A younger inner caldera, formed sometimebetween
80,000 and 40,000 years ago, has also been observed (Árnason et al.,
2010) but the position of the rims of this caldera is not always clearly vis-
ible. During the Holocene, Krafla volcanic system was characterized by
two periods of extended eruptive activity. The current one began around
2600–2800 years ago (Sæmundsson, 1991). In the last 1100 years, two
major volcano-tectonic rifting episodes were reported. The first one,
Mývatn Fires, occurred during the period 1724–1729 (Thoroddsen,
1907–1915) while the second one, Krafla Fires, occurred during the pe-
riod 1975–1984 (Einarsson, 1991; Buck et al., 2006). In the course of
Krafla Fires, 21 rifting events and nine basaltic fissure eruptions took
place as a result of dike intrusions while at least 10 intruded dikes did
not reach the surface (Tryggvason, 1984; Bjornsson et al., 2006).

The shallow electrical conductivity structure of the Krafla geother-
mal area has been studied by both Schlumberger and dipole-dipole gal-
vanometric soundings and profiling plus time-domain Electro-Magnetic
(TDEM) soundings (Árnason and Karlsdóttir, 1996; Árnason and
Magnússon, 2001). These surveys have provided some important infor-
mation regarding the geothermal activity in the uppermost 1 km of this
volcanic system. These studies were complemented by magneto-
telluric (MT) investigations to study the deeper parts (N1 km) of the
geothermal system of Krafla (Árnason et al., 2010). Experimental
works using volcanic rocks from Iceland have also pointed out the role
of surface conductivity (Flóvenz et al., 2005; Kristinsdóttir et al., 2010)
as an important contribution to the overall conductivity of the volcanic
rocks. This is especially true because of alteration and the low mineral-
ization of the ground waters in this volcano.

In the present survey, we investigated only a small portion of Krafla
volcano in order to test the methodology we developed in our previous
papers (Revil et al., 2017a; Ghorbani et al., 2018). Our goal is to use these
new data to reply to the following questions: (1) What is the effect of
magnetite on the induced polarization response of volcanic rocks at
Krafla? (2) Is surface conductivity really the dominant conduction pro-
cess at Krafla? (3) Can quadrature conductivity and normalized
chargeability be reliable indicators of the alteration facies? (4) What is
the electrical conductivity of the obsidian ridge and can we see the
feeder dike responsible for its genesis? (5) What is the conductivity
and induced polarization properties of the clay cap? (6) And finally,
can we observe the caldera boundaries at Krafla with electrical conduc-
tivity tomography?

2. Background theory

2.1. Petrophysics

Electrical conductivity describes the ability of a rock to conduct an
electrical current, i.e., a flow/flux of electrical charges. Chargeability de-
scribes the ability of a porous rock to store reversibly electrical charge
during the passage of a (primary) electrical current. In this paper, we
are interested in the interpretation of time-domain induced polariza-
tion (TDIP) data such as sketched in Fig. 1. TDIP measurements are pre-
ferred over frequency-domain induced polarization because of their
easiness to be carried out in the field with most resistivity meters. In
TDIP, a primary current is injected in the ground over a period T using
two current electrodes A and B. Once this current is shut down, the sec-
ondary voltage is recorded between two potential electrodes M and N.
The existence of a secondary voltage implies that the subsurface of the
volcanic edifice has stored reversibly electrical charges (for instance
ionic charges around the non-metallic grains and p-holes and electrons,
the two charge carriers, inside semi-conductors such as pyrite andmag-
netite, see Figs. 2 and 3). Another way to see such low-frequency
(b1 kHz) polarization is to say that the electrical conductivity is disper-
sive, i.e., frequency dependent (Seigel, 1959). Frequency-domain in-
duced polarization (FDIP) measurements are usually done in the
laboratory to characterize the complex conductivity of porous rocks.
Under certain conditions (especially that TDIP been carried out at vari-
ous periods in the injected current), TDIP and FDIP can bring the same
type of information regarding the conduction and polarization proper-
ties of rocks (see discussion in Ghorbani et al., 2007).

The frequency dependence of the electrical conductivity can be built
starting with its two end-members plus a distribution of relaxation
times. In the following, the quantity σ∞ denotes the instantaneous
(i.e., high-frequency) conductivity, i.e., the conductivity when all the
charge carriers are mobile under the action of a primary electrical field
(see Figs. 2 and 3). Indeed, it takes a certain amount of time for the ma-
terial to polarize. The quantity σ0 denotes the Direct Current (DC) con-
ductivity of the material, i.e., the conductivity obtained when the
material has been exposed to an external (applied) electrical field for
a long time. This state is therefore reachedwhen someof the charge car-
riers have attained a certain pseudo-equilibrium state under the action
of the primary (external or applied) electrical field or primary electrical
current. Thereforeσ0 corresponds to the low frequency limit of the elec-
trical conductivity spectrum. Classical conductivity tomography pro-
vides a conductivity that is given at a frequency corresponding to the
main frequency contained in the current waveform (for a box-current,
it is determined from the period). As a first approximation, we can con-
sider that this is close enough to the DC conductivity.

The chargeabilityM (dimensionless) and the normalized chargeability
Mn (S m−1) can be defined in terms of the characteristics of the conduc-
tivity dispersion curve (Seigel, 1959) as

M ¼ σ∞−σ0

σ∞
; ð1Þ

Mn ¼ σ∞−σ0: ð2Þ

As a side note, it is unfortunate that the label “normalized
chargeability” is not associated with Eq. (1), which would be more
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Fig. 1. Time-domain induced polarization measurements. a. Time series. We consider that the input (primary) current between electrodes A and B follows a box signal of period T. The
measured potential difference between two voltage electrodes M and N can be decomposed as the sum of an instantaneous (primary) voltage (ψ∞) and a secondary voltage (ψ0 −
ψ∞). Once the primary current is shut down (for t N 0), only the secondary voltage persists and is decaying over time. This decaying secondary voltage is decomposed into windows
(W1, W2, etc.) separated by characteristic times (t0, t1, t2, …). The partial chargeabilities are determined for each of these windows by integrating the secondary voltage over time. The
chargeability can be defined as (ψ0 − ψ∞) / ψ0. b. Spatial configuration for the induced polarization measurements. We used two sets of 32 electrodes for the current and voltage
electrodes, which are located on two distinct set of cables (each 1240 m-long).
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intuitive.We only use here the names currently used in the literature and
developed over time. There are also other ways to determine the
chargeability based on the secondary voltage decay after the shut-down
of the primary current (Fig. 1) or using the relationships that can be
established (under additional assumptions) between the chargeability
and the phase (e.g., Shuey and Johnson, 1973; Revil et al., 2017b).

In the present paper, we are interested in the dependence of the
chargeability (and normalized chargeability) with alteration. The cation
exchange capacity (CEC) describes the quantity (in equivalent electrical
charge) of the active (exchangeable) sites on the surface ofminerals per
unit mass of minerals. Typically, the CEC is controlled by the presence of
clays and zeolites, both produced during the alteration of volcanic rocks.
This is because of the high specific surface area of these types of min-
erals. Therefore, the CEC can be used as a proxy of alteration (Revil
et al., 2017a) or more precisely as a proxy of alteration facies including
the smectite-rich clay cap (for smectite, the interlayer charge should
be accounted for, see Leroy and Revil, 2009) and the higher temperature
facies rich in chlorite. Chargeability is also dependent on the volume
content of metallic particles φm including pyrite and magnetite
(Wong, 1979; Revil et al., 2015a, 2015b).

In order to go further, we consider the general case of an electrolyte-
saturated porous volcanic rockwith insulatingminerals plus pyrite and/
or magnetite. In such a case, both the non-metallic and the metallic
grains polarize but the underlying polarization mechanisms are distinct
as shown in Figs. 2 and 3. The chargeabilityM of this mixture is directly
related to the (dimensionless) volume content of metallic particles and
to the background properties by (Revil et al., 2015a, 2015b),

M ≈
9
2
φm þMb; ð3Þ
whereMb (dimensionless) denotes the chargeability of the background
material (non-metallic grains saturated by the electrolyte) and φm de-
notes the volume fraction of metallic particles (here pyrite and espe-
cially magnetite). The instantaneous and DC conductivities of the
mixture (backgroundplusmetallic particles) are related to the instanta-
neous conductivity of the background alone (σb

∞) and to the DC conduc-
tivity of the background (σb

0) according to (Revil et al., 2015a, 2015b),

σ∞ ≈ σ∞
b 1þ 3φmð Þ; ð4Þ

σ0 ≈ σ0
b 1−

3
2
φm

� �
: ð5Þ

The chargeability of the background is defined as the ratio between
the normalized chargeability of the background and the instantaneous
conductivity of the background material,

Mb ¼ Mb
n

σb
∞
¼ σb

∞−σb
0

σb
∞

: ð6Þ

In order to go further, we need a model for the polarization of the
non-metallic grains shown in Fig. 2.More information regarding the po-
larization of the double layer can be found in Lyklema et al. (1983) and
Leroy et al. (2017). According to the dynamic Stern layer model devel-
oped by Revil (2012, 2013a, 2013b), the normalized chargeability (en-
tering Eq. (6)) and instantaneous conductivity of the background
material entering Eq. (4) can be written as (Revil et al., 2017a),

Mb
n ¼ θm−1 ρgλCEC; ð7Þ



Fig. 2. Polarization of an insulating mineral grain coated by an electrical double layer composed of a diffuse layer (DL) and a Stern layer (SL) of weakly adsorbed counterionsmobile along
the grain surface. a. Just after the application of the primary electricalfield E0, all the charge carriers aremobile (both in theporewater and in the electrical double layer). The instantaneous
conductivity is σ∞. b. When the primary electrical field is applied for a long time, the conductivity is reduced to σ0 = σ∞(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 a result, the conductivity of
the material is reduced and therefore σ0 ≤ σ∞. The relaxation time would the time for the charge carriers to go back to their equilibrium position when the primary electrical field is
shut down. In a porous material, these grains are immersed in a polarizable background made by the other grains.
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σb
∞ ¼ θmσw þ θm−1ρgBCEC; ð8Þ

where θ (dimensionless) denotes the water content (product of the po-
rosity and the saturation of the porewater phase considered as thewet-
ting fluid), m (dimensionless) denotes the porosity (or cementation)
Fig. 3. Polarization of a metallic grain. a. We consider a metallic particle immersed into a no
application of the external electrical field E0, all the charge carriers inside (electrons and p-h
instantaneous conductivity σ∞. The metallic particle appears highly conductive. b. For a very
and appears as an insulator (i.e., the charge carriers are not mobile anymore). The generated
(DLs) in the vicinity of themetallic particle creating also a second source of polarization. This sit
time would the characteristic time for the charge carriers to go back to their equilibrium posit
exponent, σw (in S m−1) denotes the pore water conductivity, ρg is
the grain density (in kg m−3), and CEC denotes the cation exchange ca-
pacity (in C kg−1). The quantity θ denotes the volume of water over the
volume of rock. For the basalts from Krafla, Flóvenz et al. (2005) ob-
tained a grain density ρg =2950 kgm−3. The CEC denotes the quantity
n-polarizable background material in which the charge carriers are ions. Just after the
oles) and outside (cations and anions) of the metallic particle are mobile providing the
long application of the external electrical field, the metallic particle is entirely polarized
surface charges are responsible for the formation of field-induced electrical diffuse layers
uation defines the Direct Current (DC) conductivity of thematerial σ0(≤σ∞). The relaxation
ion when the primary electrical field is shut down.



77A. Revil et al. / Journal of Volcanology and Geothermal Research 368 (2018) 73–90
of exchangeable cation on the surface of minerals. The last term of
Eq. (8) corresponds to the so-called surface conductivity σS = θm−1ρgB
CEC. In Eq. (8), B (in m2 V−1 s−1) denotes the apparent mobility of the
counterions for surface conduction in Fig. 2 (Waxman and Smits,
1968) with B(Na+, 25 °C) = 4.1 × 10−9 m−2 s−1 V−1 (Revil et al.,
2017a, 2017b and some discussion in Waxman and Smits, 1968). The
quantity λ (in m2 V−1 s−1) denotes the apparent mobility of the coun-
terions for the polarization (Fig. 2) associated with the quadrature con-
ductivity and λ(Na+, 25 °C) = 3.46 × 10−10 m−2 s−1 V−1 (Vinegar and
Waxman, 1984). The temperature dependence of B, λ, and σw can be
modeled with an Arrhenius's law (see Appendix A for details).

In developing Eqs. (7) and (8), we have assumed that the porosity
and saturation exponents (m and n, respectively) are equal (see Revil
et al., 2017a, 2017b, 2018, for a more complete model). From Eqs. (6),
(7), and (8), the DC conductivity of the background material entering
Eq. (5) can be written as:

σb
0 ¼ θmσw þ θm−1ρg B−λð ÞCEC: ð9Þ

We now introduce the key dimensionless number R given by R= λ/
B. This dimensionless number is also defined to be the ratio between the
normalized chargeability (Eq. (7)) and the surface conductivity (see the
last term of Eq. (8)). For further details, the reader is directed to Revil
(2013a, 2013b) and Weller et al. (2013). This dimensionless number
is independent of saturation. It is also independent of temperature
since the temperature dependence of λ and B is the same (Appendix
A). Finally, an expression of the chargeability of the background mate-
rial in Eq. (3) can be obtained using Eqs. (5) to (8)

Mb ¼ ρgλCEC
θσw þ ρgBCEC

: ð10Þ

At low salinities,when surface conductivity dominates the porewater
conductivity (Du ≫ 1, Du = ρgBCEC/σwϕ is called the dimensionless
Dukhin number), we obtain the simplified result for the chargeability of
the background,

lim
Du≫1

Mb ¼ λ
B
¼ R: ð11Þ

Thismeans that there is a universal value R (independent of temper-
ature and saturation) for the limit of the chargeability of the background
material shown in Fig. 1 at low salinities. In absence ofmetallic particles,
when the chargeability reaches this limit, the surface conductivity dom-
inates the overall conductivity response of the material. At low salin-
ities, the conductivity of the material can be approximated by the
expression of the surface conductivity and therefore we have:

σb
∞ ≈ θρgBCEC; ð12Þ

which is valid only at low salinity (i.e., Du≫ 1).
While the field induced polarization data are very often acquired in

time-domain, laboratory induced polarization data are usually per-
formed in the frequency domain. A general equation can be derived to
interpret frequency domain induced polarization measurements. Con-
sidering a harmonic external electrical field of the form E = E0 exp
(+iωt) (ω denotes the angular frequency, rad s−1) applied to the po-
rous material, the complex conductivity of the volcanic rock is given
by (Revil et al., 2017b)

σ � ωð Þ ¼ σ 0 þ iσ ″; ð13Þ

σ � ωð Þ ¼ σ∞ 1−M
Z∞
0

h τð Þ
1þ iωτð Þ1=2

dτ

0
@

1
Aþ iωε∞: ð14Þ
In these equations, i denotes the pure imaginary number and ε∞ de-
notes the high frequency permittivity (in F m−1 = A s V−1 m−1). This
high frequency permittivity is actually the low frequency part of the
Maxwell-Wagner polarization or the dielectric constant of the material
in absence of Maxwell-Wagner polarization. The quantity M denotes
the chargeability defined in Eqs. (1) and (3), τ is a time constant (also
called a relaxation time since corresponding to a diffusion process, see
Figs. 2 and 3), and h(τ) denotes a (normalized) probability density for
the distribution of the (relaxation) time constants of the material and
controlling the dispersion of the conductivity curve. While the study
of the relaxation times is very interesting in itself,wewill focus the pres-
ent paper only on the conductivity and chargeability of volcanic rocks.

2.2. Field implementation of IP measurements

We come back nowmore specifically to TDIPmeasurements and the
inversion of field data. During a TDIP measurement, a bipolar periodic
square current is used to eliminate the effects of spontaneous polariza-
tion (self-potential) and background noise. The half cycle of the trans-
mitter waveform I(t) and the corresponding decay curve ψ(t) are
shown in Fig. 1 (the complete current waveform includes also a nega-
tive box-function to minimize electrode polarization). A series of nor-
mally or logarithmically distributed measuring windows Wi are
preset along the decay curve of the secondary voltage values (for in-
stance distributed along a linear or logarithmic time scale). These sec-
ondary voltages recorded in the field are integrated in each window
Wi to provide the apparent partial chargeability data (unitless) for a
window Wi = [ti, ti+1] as

Mi ¼ 1
ψ0 tiþ1−tið Þ

Z tiþ1

ti
ψ tð Þdt; ð15Þ

where ψ0 denotes the difference of potential between the measuring
electrodes M and N before the shutdown of the primary current (pri-
mary voltage in steady-state conditions), and ti and ti+1 are the start
and the end time of the corresponding window (Fig. 1). Typically we
use time windows with ti+1 − ti = 0.1 s. The partial chargeability Mi

can make a close approximation to the apparent chargeability Ma as
long as the window times ti and ti+1 are chosen such that ti b ti+1 ≪ τ
where τ denotes the main relaxation time of the material for induced
polarization (Florsch et al., 2010). This assumption is normally satisfied
providing that the measuring time windows are reasonably set in the
field. In order to ensure that the condition ti b ti+1≪ τ is always satisfied,
we consider only the partial chargeabilities defined by the first-window
W1 to perform our chargeability tomographies.

2.3. Conductivity and chargeability inversion

The occurrence of induced polarization impedes the conduction
progress (see Figs. 2 and 3 and Seigel, 1959). Indeed, induced polariza-
tion is associated with the blocking of electrical charges at some polari-
zation length scales. Then, these charges are not available anymore for
the conduction process explaining why conduction depends on time
or frequency (Seigel, 1959). The instantaneous conductivity σ∞ (all
charges are mobile) is related to the DC (direct current) conductivity
σ0 (some charges are immobile because used for the polarization) by
the chargeability i.e., σ0 = (1 − M)σ∞ (see Eq. (1)). This means that
the IP inversion can be performed sequentially in two steps. First, the in-
stantaneous conductivity σ∞ is inverted without induced polarization
effects. Then, the DC conductivity σ0 is determined based on the already
obtained σ∞ and the induced polarization effect described by the partial
apparent chargeability M measured on the first windowW1 of the sec-
ondary voltage decaying curves.

In the usual conditions of TDIPmeasurements, the displacement cur-
rent and the electromagnetic induction can be reasonably neglected be-
cause of the low frequency transmitter waveform (in the present study
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T=1 s) and the initial time delay (dead time, typically 0.03 to 0.4 s) be-
fore themeasuringwindow.With the introduction of the instantaneous
electrical potential ψσ∞

(in V), the Maxwell's equations can be reduced
to the following elliptic equation as

∇ � σ∞∇ψσ∞

� � ¼ −Iδ r−rsð Þ; ð16Þ

with the boundary condition ∂ψσ∞
=∂n̂ ¼ 0 at the earth's surface (the

normal component of the electrical field vanishes) and the far field
boundary condition ψσ∞

= 0 (Neumann and second Dirichlet boundary
conditions respectively). In these equations, n̂ denotes the unit normal
vector to ground surface, I is the injected current (in A), and δ(r − rs)
(m−3) denotes the 3D delta function where r and rs (in m) are the vec-
tor position and the position vector of the current source, respectively (I
positive for current injection and negative for current withdrawal from
the ground).

Eq. (16) can be solved via the finite element method (forward
modeling). During the forward modeling the input model parameters
are the subsurface conductivities and the output responses are the po-
tentialfields. Once Eq. (16) is solved, the apparent resistivity can be eas-
ily derived from the potential difference ψMN (either the instantaneous
or DC potentialψσ0

, see Fig. 1) of the twomeasuring electrodesM and N
as ρa = KψMN/I where K denotes the geometrical factor, which can be
computed based on the position of the electrodes forming the array
ABMN. However, to get the apparent chargeability, we need to solve
again an elliptic equation with the instantaneous conductivity σ∞ re-
placed by the expression of the DC conductivity σ0 = (1− M)σ∞, i.e.,

∇ � σ∞ 1−Mð Þ∇ψσ0

� �
¼ −Iδ r−rsð Þ; ð17Þ

where ψσ0
denotes the potential measured at the steady state (Fig. 1).

Then the apparent chargeability can be derived using Ma = (ψσ 0
−

ψσ∞
)/ψσ0

(see Fig. 1), where ψσ∞
is the electrical potential obtained by

solving Eq. (16). This definition is completely equivalent to the defini-
tion used above (see Seigel, 1959).

We discuss from now the inverse problem consisting in retrieving
the conductivity and chargeability distributions of the subsurface from
the apparent resistivity and chargeability measured at the ground sur-
facewith an array of electrodes. Since conductivity and chargeability in-
versions are both ill-posed problems. Purely fitting the data might lead
to a nonphysical result in many circumstances. Tikhonov regularization
method is introduced to overcome this difficulty by inverting the data
under some constraints (e.g., Tikhonov and Arsenin, 1977; Hansen,
1998). Here we look for the best model vector via minimizing the fol-
lowing objective function Pλ(m):

Pα mð Þ ¼ Wd d mð Þ−dobsð Þk k2 þ α Wmmk k2; ð18Þ

where themodel vectorm is the vector corresponding to the logarithm
of the instantaneous conductivity σ∞ or the intrinsic chargeability M of
each cell, the data vector d(m) denotes the predicted data for the rele-
vant model vector m, the vector dobs denotes the logarithm of the ob-
served apparent resistivity data when σ∞ is inverted and the apparent
chargeability whenM is inverted, and α is the regularization parameter
that balances themisfit of the data space and the constraint of themodel
space. Usually the problem is underdetermined. The matrix Wd is re-
lated to the data covariance matrix generated from the measurement
standard deviations. The matrix Wm is a roughness matrix (we want
to penalize the roughness of the tomogram) used to impose constraints
on the estimated model. The coefficients in the roughness matrix Wm

are built as the approximation of the model gradient. Each cell's coeffi-
cient is calculated by the distance weighted differences between the
studied cell and its neighbors during the implementation.
An iterative scheme is used to obtain the optimal model vector that
minimizes iteratively the objective function Pα(m)

mkþ1 ¼ mk þ ζkδm; ð19Þ

wheremk andmk+1 are themodel vectors at iteration k and at iteration
k+1, respectively. ζk ∈ [0,1] is the step length of each iteration and δm
denotes the perturbation vector in the model space given by

δm ¼ JT WT
dWd

� �
Jþ αWT

mWm

h i−1
JT WT

dWd

� �
dobs−d mið Þð Þ−αWT

mWmmk

h i
;

ð20Þ

where J is the sensitivitymatrix andAT denotes the transpose of thema-
trixA (A being a generalmatrix). Since calculating the sensitivitymatrix
is themost time-intensive part in the optimization,we use the reciproc-
ity method to calculate the first sensitivity matrix and then update the
sensitivity matrix using Broyden's method at each iteration (Broyden,
1965). Furthermore, we only assemble the conductivity sensitivity ma-
trix, the chargeability matrix is then deduced from it with some alge-
braic operations resulting in the following relationship

∂di
∂ logMj

¼ −
Mj

1−Mj

ψσ∞ ji

ψσ0 ji
� �2

∂ψσ∞ ji
∂ logσ0j j

: ð21Þ

In Eq. (21) ∂di/∂ log Mj denotes the chargeability sensitivity matrix
and ∂Ψσ∞∣i/∂ log σ0∣j is the conductivity sensitivity matrix associated to
σ0 = σ∞(1 − Mj). During the iteration, the choice of step size ζk is
based on a line search to make the objective function decreasing while
the regularization parameter α is started with a high value and, then,
we use a cooling approach to decrease its value during the inversion
process. This process is considered to have converged when the data
misfit reaches a root mean square (RMS) error b5% and the last model
is taken as the inverted model. Benchmark of the resistivity and
chargeability inversion method on synthetic and true field data has al-
ready been performed in Qi et al. (2018) and will not be repeated
here. Note that the resolution of the induced polarization tomography
is controlled by the same parameters than for electrical conductivity
tomography.

3. Petrophysical investigations

3.1. Material and methods

The measurements are performed on six cubic samples (sample
length varies between 2.5 and 6.5 cm) from Krafla (Fig. 4). The samples
are shown in Fig. 5. The rock sampleswere initially saturatedwith a low
salinity NaCl solution in a vacuumchamber for 24 h and therefore θ=ϕ,
i.e., the water content reduced to the porosity. We use a high grade
dehydrated NaCl salt and demineralized water to prepare the brines.
Then, the core samples are left two weeks in the brine solution in a
closed container, and their conductivity is measured until the value sta-
bilizes. Afterwards, the samples are removed from their containers for
complex conductivity measurements. We use a frequency range from
10 mHz to 45 kHz. The complex conductivity measurements are per-
formed using a four electrodes technique (Fig. 5a, see for instance
Herman, 2001; Michot et al., 2016) and the high-precision impedance
analyzer developed by Zimmermann et al. (2008, Fig. 5b). 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). The current (A and B) and voltage (M
and N) electrodes are self-adhesive non-polarizing Ag-AgCl Biomedical
electrodes (Revil et al., 2018) used with the sample holder. We also run
the experiments using superconductive carbon film electrodes as the
current electrodes and the same non-polarizing Ag-AgCl Biomedical
electrodes used as the voltage electrodes. We kept the same voltage



Fig. 4. Localization of the Krafla caldera in theMývatn region of Iceland. Two field sites have been chosen for both the ERT and IP implementations. The two sites are both around3 km from
the center crater Víti in Krafla. Site 1 consists of 4 parallel profiles of 1.26 km. Site 2 contains 5 profiles parallel to each other with a distance of 1.26 km. The two sites are connected by
5.6 km profile along which self-potential and electrical conductivity measurements are performed. For this profile, we use a 1.26 km and roll-along of the electrodes. The map shows
also the approximate position of the Krafla caldera according to Jónasson (1994). The position of the feeder dike of the Obsidian Ridge (Hrafntinnuhryggur) is from Tuffen and Castro
(2009). Insert: position of Krafla in Iceland. The grey areas correspond to the Northern Volcanic Zone (NVZ), Eastern Volcanic Zone (EVZ), and Western Volcanic Zone (WVZ).

A

B

M

N

Amplifier unit

 Function
generator

b. ZEL-SIP04-V02

a. Sample hoder

A, B Current electrodes, 
M, N Potential electrodes

A

       Core sample

Spring

Fixed Mobile

Tape
B

Tape

c. Core samples

Fig. 5. Impedancemeter, sample holders and position of the A-B current electrodes andM-N voltage electrodes on the surface of the core samples. a. Sample holder used for core samples.
The current electrodes are self-adhesive superconductive carbonfilm electrodeswith hydrogel commonly used in general and neonatal cardiology (see Revil et al., 2018). b. High precision
ZEL-SIP04-V02 impedance meter (Zimmermann et al., 2008) used for the complex conductivity experiments. c. Samples from Krafla used in this study. Note that sample K3 is highly
magnetized.

79A. Revil et al. / Journal of Volcanology and Geothermal Research 368 (2018) 73–90



10 -2 10 -1 10 0 10 1 10 2 10 3 10 4 10 5

Frequency (Hz)

10 -4

10 -3

10 -2

10 -1

10 0

Q
uadrature conductivity (S/m

)

10 -2 10 -1 10 0 10 1 10 2 10 3 10 4 10 5
10 -7

10 -6

10 -5

10 -4

10 -3

10 -2

10 -1

10 0

In
-p

ha
se

 c
on

du
ct

iv
ity

 (S
/m

)

σw=10 S/m

0.1

1

σ"

0.1

1

σw=10 S/m

σ '

10 -2 10 -1 10 0 10 1 10 2 10 3 10 4 10 5

Frequency (Hz)

10 -6

10 -5

10 -4

10 -3

10 -2

10 -1

10 0

Q
uadrature conductivity (S/m

)

10 -2 10 -1 10 0 10 1 10 2 10 3 10 4 10 5
10 -7

10 -6

10 -5

10 -4

10 -3

10 -2

In
-p

ha
se

 c
on

du
ct

iv
ity

 (S
/m

)

b. Sample K3

σw=10 S/m

0.1

1

σ"

0.1

1

σw=10 S/m

σ '

a. Sample K2

Fig. 6. Spectral induced polarization data (in-phase conductivity σ′ and quadrature
conductivity σ″) for two volcanic samples from Iceland volcano Krafla in the frequency
range 10 mHz–45 kHz. a. In-phase and quadrature conductivities spectra of core sample
K2. b. In-phase and quadrature conductivities spectra K3. The induced polarization mea-
surements are performed at three pore-water conductivities (0.1, 1 and 10 S m−1, NaCl,
25 °C).

Table 2
Relevant petrophysical of the 15 unaltered core samples from Kilauea volcano in Hawaii
(unpublished results). The quantity ρg denotes the grain density (kg m−3), ϕ the con-
nected porosity (dimensionless), F the electrical (intrinsic) formation factor (dimension-
less), CEC (expressed in meq/100 g) denotes the cation exchange capacity, and σ″ (in
S m−1) denotes the quadrature conductivity at 1 Hz and pore water conductivity
0.15 S m−1 (NaCl).

Sample ϕ
(−)

ρg
(kg m−3)

F
(−)

CEC
(meq/100 g)

σS

(10−4 S
m−1)

σ″
(10−5 S
m−1)

Type

ECH 01 0.38 2712 11 0.937 208.0 5.2 Lava flow
ECH 02 0.43 2885 6 0.726 31.0 6.4 Lava flow
ECH 03 0.29 2744 10 0.426 31.6 4.6 Lava flow
ECH 04 0.40 3689 7 0.512 11.3 3.1 Lava flow
ECH 05 0.62 3679 7 3.326 94.1 12.3 Lithics
ECH 06 0.40 3325 9 0.979 13.3 3.2 Projections
ECH 07 0.39 3304 10 1.021 49.1 4.8 Lava flow
ECH 08 0.56 3834 7 0.766 2.1 3.5 Lava flow
ECH 09 0.48 3686 10 1.062 22.7 5.5 Lava flow
ECH 10 0.52 3733 7 0.594 16.0 5.6 Lava flow

ECH 11 0.55 3792 7 0.594 4.2 4.5
Lava spatter
cone

ECH 12 0.48 3852 7 1.062 30.3 5.4 Lava flow
ECH 13 0.40 2872 11 1.061 21.8 3.1 Lithics

Lac 01 0.65 3661 8 1.614 123.1 7.3
Various
projections

Lac 02 0.67 3505 4 0.552 −17.6 4.4 Pelee's hair
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for the current electrodes during the two types of experiments. We did
not observe small noisy positive phases whenwe used the four Ag-AgCl
Biomedical electrodes. This is an important metrological quality control
when the size of the core sample is small.
Table 1
Relevant petrophysical properties of the 6 core samples fromKrafla volcano in Iceland. The quan
electrical (intrinsic) formation factor (dimensionless), CEC (expressed in meq/100 g) denotes t
surface area (measured with the BET technique), and σ″ (in S m−1) denotes the quadrature co

Sample ϕ
(−)

ρg
(kg m−3)

F
(−)

CEC
(meq/100 g)

Ssp
(m2 g

K1 0.39 2640 9 11.398 30.74
K2 0.33 2860 44 3.699 10.06
K3 0.03 2970 3857 11.772 5.87
K4 0.45 2740 21 3.183 7.73
K5 0.49 2830 25 3.140 6.35
K6 0.48 2980 17 3.087 10.13
The complex conductivity spectra σ′ and σ″ are shown in Fig. 6 for
two core samples (K2 and K3). We repeated the same procedure for
three porewater conductivities 0.1, 1.0, and10 Sm−1. The petrophysical
properties are reported in Table 1 and are contrastedwith 15 other sam-
ples from Kilauea volcano (see Table 2). The (connected) porosity and
density of the mineral phase were determined using the volume and
mass of the dry and saturated samples. The Cation Exchange Capacity
(CEC)measurements were obtained using the cobalt hexamine chloride
method (Ciesielski and Sterckemann, 1997 and Aran et al., 2008). We
also used six powder samples for the size core samples in order to esti-
mate their specific surface area (in m2 g−1) using the BET nitrogen ad-
sorption technique (Brunauer et al., 1938, see also Revil et al., 2017a,
for volcanic rocks). The formation factor F and surface conductivity σS

are determined by plotting the in-phase conductivityσ′ of the core sam-
ple versus the conductivity of the brineσw andfitting the datawithσ′=
σw/F + σS (see Fig. 7). We also measured the magnetic susceptibility
of six powder samples (Table 1) using Bartington MS2E sensor and
MS2 Magnetic Susceptibility Meter (Calibration accuracy 2% and
Resolution to 2 × 10−6 SI). Before the measurements, the calibration
process of sensor done. Small cylindrical sample holders (10 mm in
both of length and diameter) were filled with our samples in
powders.

Samples K2 and K3 were also the subject of complex conductivity
measurements at temperatures between 5 and 50 °C (NaCl, conduc-
tivity of 3.3 × 10−3 S m−1 at 25 °C). This was done to investigate the
effect of the temperature on the quadrature conductivity (or normal-
ized chargeability) of the complex conductivity of volcanic rock
samples.
tity ρg denotes the grain density (kgm−3),ϕ the connected porosity (dimensionless), F the
he cation exchange capacity (measured with the cobalthexamine method), Ssp the specific
nductivity at 1 Hz and at a pore water conductivity 0.1 S m−1 (NaCl).

−1)
σS

(10−4 S m−1)
σ″
(10−5 S m−1)

Magnetic susceptibility
(10−3 SI)

± 0.45 46.7 6.5 0.95
± 0.16 106.5 17.2 3.94
± 0.09 8.8 3.0 13.93
± 0.14 2.5 4.0 3.04
± 0.10 17.3 14.2 3.88
± 0.14 50.7 3.8 4.80



Fig. 7. Relationship between the in-phase conductivity σ′ and pore water conductivity σw

for three core samples fromKrafla. The conductivity of the rock sample (at 1 Hz) is plotted
as a function of the conductivity of the pore water σw at three pore water salinities (0.1, 1
and 10 Sm−1, NaCl, 25 °C). The values of the formation factor F and surface conductivityσs

are obtained by fitting the data with the linear conductivity equation (plain lines). The
resulting values are provided in Table 1. The yellow area corresponds to the in situ pore
water conductivities at Krafla (see Appendix A and Fridleifsson et al., 2006, 0.1 to
0.3 S m−1 at 25 °C). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 8. Formation factor and surface conductivity. a. The intrinsic formation factor F versus
the connected porosity ϕ for the volcanic rocks of Hawaii, samples ECH and HG (Revil
et al., 2017a, 2017b) and 10 core sample from Krafla in Iceland (6 from this paper, filled
circles and the others from the study of Flóvenz et al., 2005,filled squares).Wefit the com-
plete data set with Archie's law F= ϕ−m, where the fitted cementation exponent ism=
2.57±0.10 (dimensionless). b. Surface conductivity (in Sm−1) versus thenormalized cat-
ion exchange capacity (CEC/F ϕwhere the CEC is expressed inmeq/100 g, F the formation
factor, and ϕ the connected porosity). Note 1 meq/(100 g)= 963.2 C kg−1 in SI units. The
scatter in this figure could come from the fact that the pHwas not buffered during the CEC
measurements.
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3.2. Results

In Fig. 7, we also report the in situ pore water conductivity at 25 °C
for Krafla (see discussion in Appendix A).We see that surface conductiv-
ity is important but that the bulk pore water contribution cannot be
neglected either. Fig. 8a shows the formation factor versus the porosity
for the data set from the present study plus some additional data from
Krafla and some basaltic core samples from Hawaii. The porosity (or ce-
mentation) exponent m entering Archie's law is m = 2.57 ± 0.10, a
quite high value that is consistentwith the study of Flóvenz et al. (2005).

Fig. 8b shows that the surface conductivity in the range (3−110)
× 10−4 Sm−1 is controlled by the ratio between the cation exchange ca-
pacity (CEC) and tortuosity (given by the product F ϕ). Similarly, the
quadrature conductivity is also grossly controlled by the ratio between
theCEC and theproduct Fϕ=ϕ1−m (Fig. 9). Thesefindings are in agree-
ment with Eqs. (7) and (8). Our result for surface conductivity are also
in agreement with those from Flóvenz et al. (2005) who found that
the unaltered samples from Krafla have a surface conductivity on the
order of 5 × 10−4 S m−1.

The relationship between the quadrature conductivity and the
surface conductivity is a pretty important relationship since it
means that if such a relationship exists, surface conductivity can be
predicted directly from the measurement of the quadrature conduc-
tivity. In this case it means that bulk and surface conductivity can be
separated in field studies. Fig. 10 shows that quadrature conductiv-
ity and surface conductivity are roughly proportional to each
other. Revil et al. (2017a, 2017b) established a direct linear relation-
ship between two polarization parameters, namely the normalized
chargeability (usually determined with time domain induced polar-
ization) and the quadrature conductivity (usually determined using
frequency-domain induced polarization data). This relationship is
also checked in the present study (see Fig. 11) and can be used
with a pretty high level of confidence.
The relationship between the normalized chargeability and the sur-
face conductivity is shown in Fig. 12. In Fig. 12a,we first determine qual-
itatively themagnetite content using amagnet and a fraction of the core
sample reduced in fine powder (see also Table 1 where the magnetic
susceptibility of the core samples has been measured). We found that
some samples are very rich in magnetite (K3, K4, and K5) while the
others, characterized by higher CEC values, are poor in magnetite. Usu-
ally, we expect magnetite to be present in the fresh samples and
destroyed by alteration in the most altered samples. For the samples



Fig. 9. Relationship between the quadrature conductivity (at a pore-water conductivity of
approximately 0.1 S m−1 and taken at 1 Hz) and normalized CEC (i.e., the CEC divided by
the tortuosity of the bulk pore space). The tortuosity of the bulk pore space is determined
as the product of the (intrinsic) formation factor F by the (connected) porosity ϕ
(1 meq/(100 g) = 963.2 C kg−1).

Fig. 11. Relationship between normalized chargeability (determined between 1 Hz and
1 kHz as the difference in the in-phase conductivity) and the quadrature conductivity
(at the geometric mean frequency of 32 Hz) for the volcanic samples at 0.1 S m−1 (NaCl,
25 °C). The plain orange line corresponds to the best fit of the data using a linear model
between the normalized chargeability and the quadrature conductivity as prescribed by
the theory. (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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characterized by the higher CEC, the normalized chargeability data (de-
termined here between 1 Hz and 1 kHz as the difference in the in-phase
conductivity, 0.1 Sm−1, NaCl, 25 °C) versus the surface conductivity can
be fitted with a straight line. The fit with such a linear model between
the normalized chargeability and the surface conductivity leads to R =
0.11, close to the value determined in previous studies (typically R =
0.08, see Revil et al., 2017a, 2017b).
Fig. 10.Quadrature conductivity versus surface conductivity (at a pore-water conductivity
of approximately 0.1 S m−1 and taken at 1 Hz) for volcanic rocks. Note that this trend is
independent of the value of the formation factor and electrical tortuosity, saturation,
and temperature.
Complex conductivity spectra performed at different temperatures
are shown in Fig. 13. The quadrature conductivity versus temperature
at 10 Hz are shown in Fig. 14. The data can be very well fitted with an
Arrhenius equation

σ ″ Tð Þ ¼ σ ″ T0ð Þ exp −
Ea
kbN

1
T
−

1
T0

� �� 	
: ð15Þ

where T and T0 are expressed in degree Kelvin (K) (T0 = 298 K, i.e., 25
°C), the product kbN (product of the Boltzmann constant by the Avoga-
dro number N=6.02 × 1023mol−1) denotes the universal gas constant
(kbN = 8.314 J mol−1 K−1), and Ea denotes the activation energy. Ac-
cording to Fig. 14, we obtain an activation energy Ea in the rage
16–19 kJ mol−1. The activation energy of 16 kJ mol−1 is used in
Appendix A to derive theporosity and cation exchange capacity from in-
duced polarization surveys. While not shown here, the in-phase con-
ductivity data can also be fitted with an Arrhenius equation activation
energy of 15–16 kJ mol−1.

4. Geophysical surveys

4.1. 3D electrical resistivity and induced polarization surveys

The induced polarization and electrical conductivity surveys were
performed in August and September 2017. Two field sites (termed
Sites 1 and 2) were chosen to implement our field work (see positions
in Fig. 4). These two sites are both located about 3 km from the Krafla's
central crater Víti and they are separated by a distance of roughly 3 km
in an area where there are no obvious geothermal manifestations at the
ground surface. Site 1 consists of 4 parallel profiles separated by a dis-
tance of 100 m. Each profile (1240 m long) consists of 32 electrodes
with a separation of 40 m. Site 2 consists of 5 parallel profiles with a
closer profile interval of 50m. Each profile also consists of 32 electrodes
with an electrodes separation of 40 m. For each profile, we used two



Fig. 12. Relationship between normalized chargeability and the surface conductivity for
the volcanic samples. a. Qualitative estimation of the magnetite content using a magnet
and a fraction of the core sample reduced in fine powder. b. Normalized chargeability
(determined between 1 Hz and 1 kHz as the difference in the in-phase conductivity,
0.1 S m−1, NaCl, 25 °C) versus surface conductivity. 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 the following value of the
dimensionless number R = 0.11. Sample K3 is characterized by a very high magnetic
susceptibility and K1 by a very low magnetic susceptibility (Table 1).
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cables separated by a distance of 5m, one for the injection of the electri-
cal current and one for the voltage measurements.

Themeasurementswere carried out using anABEMSAS4000 instru-
ment (4 channels resistivity meter) and an ABEM LS instrument. Multi-
gradient array measurements were adopted for the collection of appar-
ent resistivity and apparent chargeability data at the two sites. The
choice of multi-gradient configuration was motivated by the fact that
we separated the cables for the current injection from the cables used
for the voltage measurements (see Dahlin et al., 2002). In other
words, the electrodes used for injecting the current are different from
those used for measuring the induced voltages. This method is used
for acquiring high quality time-domain IP data as discussed below.
This electrode separation was done in order to reduce the electromag-
netic coupling effects especially between the wires contained in the
same cable (there are 32 wires in the same cable with the equipment
we used). Furthermore, current electrode polarization can last several
minutes with high contact resistances and these electrodes should not
beused as voltage electrode during this time. During themeasurements,
electrode coordinates were obtained using a real-time kinematic Global
Positioning System (GPS). Electrode elevations were recovered using a
linear interpolation scheme and a 1 m resolution Digital Elevation
Model (DEM). Topographic change at Site 1 is 81mwith themaximum
elevation of 532 m and the minimum 451 m while the change is 51 m
for the Site 2where themaximumelevation is 607m and theminimum
is 556m. Finally a total of 920 apparent resistivities and also 920 appar-
ent chargeabilities weremeasured for Site 1 and 1179 apparent resistiv-
ities and apparent chargeabilities data were acquired for Site 2.

4.2. Long 2D electrical resistivity survey

In addition, a 5.6 km-long profile was done to connect the two areas
with 149 stainless steel electrodes and an electrode spacing of 40 m. A
total 1221 apparent resistivities data were collected for this long profile
using aWenner-alpha array to insure a good signal-to-noise ratio (pro-
tocol WEN64XL using the UP-roll along approach). A minimum of 3
stacks and a maximum of 8 stacks (with a target standard deviation
of 6%) were used for this profile. The measurements were done
with an ABEM SAS4000. This profile was made to connect Sites 1
and 2 and to cross the obsidian ridge also called Hrafntinnuhryggur.
Hrafntinnuhryggur corresponds to a rhyolitic fissure eruption be-
neath thin ice/firn (b55 m) (Tuffen and Castro, 2009). Our goal was
also to discover its feeder dike. We were also looking for the geome-
try of the clay cap and the position of the inner caldera rim of Krafla.
In addition, a self-potential survey was carried out at the same posi-
tion than the electrodes used for the electrical resistivity survey. We
used Petiau non-polarizable electrodes known for their small tem-
perature drift and a high precision voltmeter (internal impedance
100 MΩ, sensitivity 0.1 mV, see Petiau, 2000).

5. Results

5.1. 3D surveys

Unstructured tetrahedral meshes were used to discretize the geo-
metrical domain in our forward modeling and inversion. To accurately
yet also efficiently solve the forward modeling, the mesh is refined
close to the electrodes. The sensitive core regions are therefore charac-
terized by a finermesh than the other regions that are far from the elec-
trodes. Site 1 was discretized into 86,460 elements (Fig. 15) accounting
for the topography. These meshes were fixed during the inversion and
the same meshes were used for resistivity and chargeability inversions.

3Dmulti-slices of the inverted conductivity tomography at Site 1 are
shown in Fig. 16, which represents a stratified characteristic that the
magnitude increases from the resistive upper layers to the conductive
bottom layers. A similar characteristic can also be seen in Fig. 17 of the
normalized chargeability tomography where bottom layers have more
than two orders of normalized chargeability than the overlays. While
for the chargeability tomography in Fig. 18, although stratified features
can still be seen, the intrinsic chargeability magnitude is very small
across the whole domain which ranges from 0.01 to 0.04. When these
inverted physical properties are shown in 2D slices (from Figs. 19 to
21), these patterns can be more obviously seen.

Site 2 data were also inverted with a mesh consisting of 85,074 ele-
ments (Fig. 22). Inverted conductivities, normalized chargeabilities and
chargeabilities (Figs. 23 to 25) all represent horizontally layered charac-
teristicswith respect to the surface tomography. 2D slices again validate
this layered feature and also themagnitude differences (from Figs. 26 to
28).

These data are consistent with the general electrical conductivity
structure discussed by Árnason et al. (2010). It consists generally of an
upper low conductivity body corresponding to unaltered basalts. This
layer overlies a conductive layer at variable depths, from near surface
to a depth of few hundred meters. This layer corresponds to the
smectite-rich clay-cap (rock alteration zone) with alteration formed in
the temperature range of 100–240 °C. This corresponds to the imperme-
able clay cap in geothermal systems. The top of this layer is where the
lowhydrothermal alteration occurs (at temperature 50–100 °C) and ap-
pears as the beginning of smectite-zeolite zone. From few hundred me-
ters to a depth of 2.5 km, a lower conductive layer is observed. The



Fig. 13. Complex conductivity spectra of samples K2 andK3 at various temperatures between 5 and 50 °C. a. In phase conductivity for sample K2. b. Quadrature conductivity for sample K2.
c. In phase conductivity for sample K3. d. Quadrature conductivity for sample K3. All measurementswere donewith a NaCl brine at 3.3 × 10−3 Sm−1 at 25 °C. The data below 0.1 Hz seems
to be contaminated by noise and are not considered further.

Fig. 14. Temperature dependence of the quadrature conductivity at 10 Hz for the two core
samples K2 and K3. All measurements were donewith a NaCl brine at 3.3 × 10−3 Sm−1 at
25 °C. Ea denotes the activation energy entering Arrhenius law and its value is obtained by
fitting the data using a Gauss-Newton approach.

Fig. 15. Mesh of the core region used for the finite-element forward modeling and
inversion of the electrical conductivity and chargeability at Site 1 (4 profiles). The mesh
is refined in the vicinity of the electrodes taking into account the topography. It contains
a total 86,460 elements.
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Fig. 16. 3D electrical conductivity tomogram (in S m−1) of the Krafla Site 1 in Iceland. The
inverted model of electrical conductivity reveals the presence of a low electrical conduc-
tivity near surface layer, which is identified as unaltered porous basalt. In turn, this layer
covers a high conductivity cap corresponding to the smectite-zeolite cap of thegeothermal
system.

Fig. 17. 3D normalized chargeability tomogram of the Krafla Site 1 in Iceland. The inverted
model of normalized chargeability confirms the presence of an unaltered porous basalt
layer characterized by low normalized chargeability values. This shallow layer covers in
turn smectite-zeolite cap characterized by high normalized chargeability values.

Fig. 19. 2D cross-section of electrical conductivity extracted from the 3D tomogram along
Profile 2 (Site 1). The low electrical conductivity near surface layer is identified as
unaltered porous basalts covering a high conductivity smectite/zeolite rich cap.

Fig. 20. 2D contour cross-section of normalized chargeability extracted from the 3D
tomogram (Profile 2, Site 1). The low normalized chargeability near surface layer is
identified as unaltered porous basalts covering a high normalized chargeability
smectite/zeolite rich cap.
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transition to the low conductivity layer reflects the transition from
smectite to chlorite to mixed clays, chlorites, and epidote as tempera-
ture exceeds 240 °C (Árnason et al., 2000, 2010). At greater depth a
Fig. 18. 3D chargeability tomogram of the Krafla Site 1 in Iceland. Note that the
chargeability cannot be higher than 8 × 10−2 (i.e., log R = −1.10) except in presence of
a high proportion of magnetite.
seconddeep conductor is seen in the inner calderawith upper boundary
at the depth of 2.5–12 km and thickness of some tens of kilometers
(Árnason et al., 2010). These deep conductors becomemore prominent
with increasing depth within the inner caldera to the depth of about
6 km below sea level. Below 8 kmbsl (below sea level), high conductiv-
ity starts to spread out of the inner caldera and below 10 km bsl low re-
sistivity is seen in the whole study area. These deep conductors are
possibly associatedwith brines andmagmaticmelts. Note that electrical
conductivity cannot distinguish between both, we expect that in the fu-
ture, induced polarization could achieve such a goal.
Fig. 21. 2D contour cross-section of chargeability extracted from the 3D tomogram (Profile
2, Krafla Site 1 in Iceland). The chargeability is very low in the whole section.



Fig. 22. Mesh of the core region used for the finite-element forward modeling and
inversion of the electrical conductivity and chargeability at Krafla Site 2 (5 profiles, see
Fig. 4). The mesh is refined close to the position of the electrodes and contains a total
85,074 elements.

Fig. 23. 3D electrical conductivity tomogram of Site 2 (see position in Fig. 4). The
magnitude of the electrical conductivity increases with depth like at Site 1 showing the
interface between the unaltered basalts and the clay cap.

Fig. 24. 3D normalized chargeability tomogram of the Krafla Site 2 in Iceland. Overlays
have low normalized chargeability (unaltered basalts) while below approximately
100 m, we are in the smectite/zeolite clay cap characterized by large normalized
chargeability values like in Profile 1.

Fig. 25. 3D chargeability tomogram of the Krafla Site 2 in Iceland. The chargeability cannot
be higher than 8 × 10−2.

Fig. 26. 2D contour cross-section of electrical conductivity extracted from the 3D
tomogram with the position of Profile 3 in the Krafla Site 2 in Iceland. Like at Site 1, the
inverted model of electrical conductivity reveals the presence of a low electrical conduc-
tivity near surface layer, which is identified as unaltered porous basalt. In turn, this shallow
layer overlays a high conductivity cap corresponding to the smectite-zeolite cap of the
geothermal system.
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5.2. Interpretation of the long profile

Árnason et al. (2010)mentioned that there are very few evidences of
the inner caldera on the ground surface with the exception of some vol-
canic fissures in the eastern slopes of Krafla. This caldera is buried by
younger volcanic products. The same applies to the SE sector of the
outer caldera. So one of our goals was to see if these caldera rims
Fig. 27. 2D contour cross-section of normalized chargeability extracted from the 3D
tomogram with the position of Profile 3 in the Krafla Site 2 in Iceland. We observe again
the poorly altered basaltic rocks overlying the smectite/zeolite-rich cap.



Fig. 28. 2D contour cross-section of chargeability extracted from the 3D tomogram with
the position of Profile 3 in the Krafla Site 2 in Iceland.

Fig. 30. Normalized chargeability versus electrical conductivity for Site 1. The slope
(0.031) is smaller than the maximum value of R = 0.08 in absence of metallic particles.
Sample K3, characterized by a high content of magnetite (see Table 1), does not seem to
be representative of the in situ value.
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would show up in our long profile (Fig. 29). Indeed this profile is sup-
posed to cross twice the SE caldera rims. In the central part of the profile
(ca. 2900m) we can identify clear vertical structures possibly related to
the inner Krafla caldera boundary. In the SW sector of the profile, at a
distance between 500 and 1000 m from the beginning of the profile, a
series of vertical structures are probably related to both the inner (ca.
1000 m) and outer (ca. 500 m) Krafla caldera boundaries.

The long profile seems to show the feeder dike associated with
the Obsidian Ridge (Hrafntinnuhryggur). The conductivity of the Ob-
sidian Ridge is on the order of 10−4 S m−1 (10 kΩ m). In the Eastern
part of the profile, the self-potential survey does not show any spe-
cific trend or anomalies. This is consistent with the fact that the
clay cap is impermeable and geothermal activity is confined below
it. In the central part of the profile (Fig. 29), we have a typical nega-
tive self-potential anomaly associated with infiltration and gravita-
tional flow along the slopes of the topographic feature. The position
of faults is not associated with large self-potential anomalies indicat-
ing some sealing effects.
Fig. 29. Long profile connecting Sites 1 and 2 performed with a long cable of 2.5 km (64 electrod
potential data are mostly controlled by the topography. b. Electrical conductivity profile. The Ob
has been done using a roll-along of the electrodes (16 at a time). We did not performed appar
5.3. Tomography of porosity and cation exchange capacity

We can now combine the petrophysical results with the geophysical
data in order to image the porosity and cation exchange capacity. The
methodologywe used is described in details in Appendix A.Wefirst dis-
play the normalized chargeability as a function of the electrical conduc-
tivity (Fig. 30). If surface conductivity would dominates the electrical
es, 40m inter-electrode spacing). a. Self-potential profile. This profile shows that the self-
sidian Ridge is marked by very low conductivities on the order of 10−4 S m−1. The profile
ent chargeability measurements for this profile.



Fig. 31. Computed porosity tomogram using electrical conductivity tomography and
chargeability tomography (see Appendix A) at Site 2. In the upper section of the
tomogram, which is likely unsaturated, the computed porosity can be assimilated to the
water content rather than a true porosity. The high porosity layer may correspond to
the clay cap. We have assumed a pore water conductivity of 0.25 S m−1 at 25 °C.
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conductivity of the volcanic rocks, the trendwould be close toM= R=
0.08 in absence of metallic particles (see Eq. (11)). When this limit is
reached, the conductivity and the normalized chargeability are propor-
tional to each other and it is not possible to determine independently
the porosity and the CEC. Instead the slope is close to M = 0.031. This
means that surface conductivity plays an important role but does not
entirely dominates the conductivity response of these volcanic rocks.
This is also consistent with the data reported in Fig. 7. This is what we
have been able to determine the water content and the CEC.

We consider now theprofile shown in Fig. 26 andusing the equations
described in Appendix A, we determine the porosity and CEC tomo-
grams. These tomograms are displayed in Figs. 31 and 32, respectively.
We observe that the porosity is in the range 0.08 to 0.60. The upper
layer may be however unsaturated and in this vadose zone, this is
more the water content that is plotted rather than the porosity. The
CEC is in the range 0.4 to 4.2 meq/100 g, which is compatible with the
values obtained in Table 1. High CEC values characterize the clay cap,
which is rich in smectite and zeolites.
6. Conclusions

We have performed petrophysical and shallow geophysical investi-
gations in the South East part of Krafla volcano in Iceland. The following
conclusions have been reached.
Fig. 32. Computed cation exchange capacity tomogram (CEC in meq/100 g with
1 meq g−1 = 1 mol kg−1 = 96,320 C kg−1) using electrical conductivity
tomography and chargeability tomography (see Appendix A) at Site 2. The
layer characterized by the high CEC corresponds to the clay cap. We have
assumed a pore water conductivity of 0.25 S m−1 at 25 °C.
(1) Petrophysical and induced polarizationmeasurements have been
performed on 6 samples from Krafla and compared with a large
dataset of basaltic core samples fromHawaii. The formation factor
can be related to the connected porosity with a high value of the
porosity (cementation) exponent (m=2.57± 0.10). The surface
conductivity is linearly related to the normalized CEC (cation ex-
change capacity divided by the tortuosity, itself the product be-
tween the formation factor by the connected porosity).

(2) In the laboratory, the quadrature conductivity and normalized
chargeability scale also with the normalized CEC except for
fresh samples characterized by a high content in magnetite. We
expect that the sampleswith the highest percentage ofmagnetite
are also the samples with the lowest CEC (less altered samples).
Therefore the normalized chargeability remains a good indicator
of alteration but with a low-alteration limit controlled by the
presence of magnetite.

(3) In situ conductivity and induced polarization measurements
show a substantial chargeability of the volcanic rocks at Krafla.
Electrical conductivity and normalized chargeability in the
upper 300 m correlates with alteration mineralogy (unaltered
versus altered basalts). Surface conductivity dominates the elec-
trical conductivity response but the bulk conductivity cannot be
completely ignored. It follows that electrical conductivity at
Krafla is controlled not only by temperature and the presence of
fluids (water and CO2) but also by hydrothermal alteration prod-
ucts (clays and zeolites).

(4) We derive also an approach combining the electrical conductivity
tomography and induced polarization tomography to image po-
rosity and cation exchange capacity (CEC). Since CEC can be used
as a proxy of alteration, the present approach can be seen as the
first operational method to image alteration in geothermal fields.

(5) The long conductivity profile has been used to visualize the feeder
dike of the Obsidian Ridge (Hrafntinnuhryggur) as well as the
inner caldera boundaries. The electrical conductivity of the Obsid-
ian Ridge is on the order of 10−4 S m−1.
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Appendix A. Tomogram of porosity and cation exchange capacity

In order to derive the porosity and the CEC tomograms, we are mak-
ing the following assumptions: (1) the effect of magnetite is negligible,



89A. Revil et al. / Journal of Volcanology and Geothermal Research 368 (2018) 73–90
(2) the porous material is fully water saturated, and (3) the porosity
(cementation) exponent m is close to 2. With these assumptions and
using Eqs. (7) and (8), the connected porosity and cation exchange ca-
pacity can be determined from the conductivity and normalized
chargeability by,

ϕ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σb

∞−Mb
n=R

σw

s
; ðA1Þ

CEC ¼ Mb
n

ϕρgλ
: ðA2Þ

The CEC is given in C kg−1 (SI units) but usually a number of studies
report the CEC inmeq g−1 (1meq g−1= 1mol kg−1= 96,320 C kg−1).
In Eqs. (A1) and (A2), the conductivity of the pore water and themobil-
ity λ, which can be modeled by an Arrhenius equation,

σw Tð Þ ¼ σw T0ð Þ exp −
Ea
kbN

1
T
−

1
T0

� �� 	
; ðA3Þ

λ Tð Þ ¼ λ T0ð Þ exp −
Ea
kbN

1
T
−

1
T0

� �� 	
; ðA4Þ

where T and T0 are expressed in degree Kelvin (K) (T0 = 298 K, i.e., 25
°C), kbN = 8.314 J mol−1 K−1, Ea = 16 kJ mol−1, and λ(Na+, 25 °C)
= 3.46 × 10−10 m−2 s−1 V−1. The quantities σ ∞

b andMn
b are measured

at the in situ temperature, so they don't need to be corrected for the ef-
fect of the temperature. We need to know the geothermal gradient in
order to compute the temperature as a function of depth. In the upper
part of the investigated system, the temperature varies linearly with
depth down to a depth of 400 m,

T zð Þ ¼ TS þ Gz; ðA5Þ

with TS=0 °C (surface temperature) and a geothermal gradient of G=
500 °C/km (Árnason et al., 2010). FromEq. (A5),we can therefore deter-
mine the temperature with depth. Then, using Eqs. (A3) and (A4), we
can compute the conductivity of the pore water and the mobility λ as
a function of depth. We need however the conductivity of the pore
water at a reference temperature of 25 °C. The study by Stefánsson
(2014) suggests that the Total Dissolved Solid of the porewater at Krafla
well IDDP#1 is around 300 ppm. Using the relationship of Iyasele and
Idiata (2015),

TDS ppmð Þ ¼ 0:64σw 25 °C; μS=cm
� �

; ðA6Þ

this yields a pore water conductivity σw(T0 = 25°C) = 470 μS cm−1

(0.05 Sm−1). According to Árnason et al. (2010), fluids in the Krafla sys-
tem are generally quite dilute with a TDS in the range 1000–2000 ppm,
which yields a pore water conductivity in the range 1500 to 3000
μS cm−1 (0.15 to 0.30 Sm−1) at T0=25°C. Another estimate is provided
by Flóvenz et al. (2005) with a pore water conductivity for Krafla of 780
μS cm−1 (0.08 S m−1) at T0 = 25°C.
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