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Abstract: The mineral alteration patterns in high- to low-temperature geothermal fields affect the
induced polarization (electrical conductivity and chargeability) properties of volcanic rocks. Indeed,
these properties are sensitive to the cation exchange capacity and the porosity of the rock, which
are both dependent on the alteration path, temperature, and depth of burial. Therefore induced
polarization tomography appears as a powerful non-intrusive geophysical method to investigate
alteration patterns in geothermal fields. Among clay minerals, the production of smectite through
prograde reactions occurs progressively in volcanic rocks up to 220 °C. The presence of smectite
dominates the induced polarization response of the volcanic rocks because of its very large cation
exchange capacity. It follows that induced polarization can be used as a non-intrusive temperature
proxy up to 220 °C for both active and inactive geothermal fields, recording the highest temperatures
reached in the past. The influence of magnetite and pyrite, two semi-conductors, also has a strong
influence regarding the induced polarization properties of volcanic rocks. Various field examples are
discussed to show how induced polarization can be used to image volcanic conduits and smectite-rich
clay caps in volcanic areas for both stratovolcanoes and shield volcanoes.
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1. Introduction

Alteration of rocks in geothermal systems associated with volcanoes is associated
with the change of primary minerals to secondary minerals (especially involving the
production of aluminosilicates like clays and zeolites, e.g., [1]). These transformations
affect the texture of the porous materials, especially their porosity and cation exchange
capacity [2-6]. Porosity itself is the result of both the change of the initial (depositional)
porosity modified by compaction (through changes in the effective stress) and temperature.
Various alteration processes occurring in geothermal fields can drastically modify porosity,
especially in the presence of intensive ground water flow [7]. In turn, alteration affects the
hydraulic and mechanical properties of the formations. A very well-known example is the
alteration of peridotites at oceanic ridges by the circulation of sea water and the process of
serpentinization. This process affects the porosity and mechanical strength of these rocks
along the serpentinization path [8] and favors the production of magnetite [9]. Alteration
paths exert a strong control regarding the associated hydrogeological and hydromechanical
properties and mechanical behavior of geothermal systems and volcanoes [10-13]. It is
well established that alteration controls the stability of volcanic edifices [14-17], eruptive
activity (see [18,19]), and the exploration and production of geothermal resources [20-23].

Induced polarization is a geophysical technique first developed by Conrad Schlum-
berger in 1920 in the context of ore exploration [24]. Nowadays, both electrical conductivity
and normalized chargeability can be independently imaged in field conditions at vari-
ous scales (e.g., [25-27]), extending electrical conductivity tomography used in the last
decade to image volcanic areas and geothermal systems [28-32]. Electrical conductivity
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represents the ability of rocks to conduct an electrical current under a prescribed electrical
field. Normalized chargeability describes the ability of a porous material to store reversibly
electrical charges under a slowing varying electrical field (i.e., characterized by a frequency
smaller than 10 kHz). This low-frequency polarization mechanism is not related to dielec-
tric polarization mechanisms. Dielectric mechanisms are observable at higher frequencies
and associated with the displacement current in Ampere’s law. Induced polarization is
due to polarization mechanisms associated with the electrical double layer around the
clay particles and possibly zeolites (e.g., [33]). In Ampere’s law, they are associated with
the dependence of the current density with the electrochemical potential gradients of the
charge carriers [34,35].

At a given pore water salinity and temperature, electrical conductivity and induced
polarization are controlled by the connected porosity and the cation exchange capacity of
the porous materials [36-38]. The connected porosity is a geometric property characterizing
the relative fractions of (connected) voids in a rock. The cation exchange capacity is a
chemical property characterizing the amount of exchangeable electrical charges on the
surface of the minerals per unit mass of grains. Any change in these two parameters
may affect the two associated electrical properties, which can be in turn imaged with
galvanometric and electromagnetic geophysical techniques. Since alteration influences both
electrical conductivity and normalized chargeability, it can be non-intrusively observed
and quantified through the induced polarization technique [5,39,40]. In the case where
the production of smectite is controlled by prograde reactions, induced polarization can
be used as a non-intrusive geothermometer up to 220 °C in both active and inactive (i.e.,
fossilized) geothermal areas [41,42]. In inactive geothermal systems, the temperature that
would be determined by this approach would be the highest temperature experienced by
the rocks during their history. There are few exceptions to this rule associated with the
production of smectite as a retrograde alteration product of chlorite (e.g., [43]).

In this paper, we review recent findings related to the use of induced polarization in
geothermal fields and the connection between the geoelectrical parameters to alteration
via the cation exchange capacity and porosity (Section 2). In Section 3, we summarize the
fundamental petrophysical relationships that can be used for this purpose. In Section 4,
we provide field illustrations regarding the use of electrical conductivity and normalized
chargeability tomography to volcanic areas and geothermal fields.

2. Alteration and Texture Changes

Changes in the confining pressure and temperature field of rocks can affect their
porosity and mineral composition [44]. This is especially true in volcanic areas due to
strong geothermal gradients, produced by thermal conduction and fluid circulation around
magmatic bodies and magmatic vents (see Figure 1, e.g., [45]). The present study is focused
on providing a simple picture on how alteration affects the cation exchange capacity
(CEC) of rocks in some cases. The CEC (expressed in C kg’l) represents the number of
exchangeable sites on the surface of the minerals per mass of minerals. It can be easily
measured using titration techniques, for instance, from powders obtained by crushing
rock samples (see [38-40,46,47]). The CEC measurement techniques are simple and can be
performed in any rock physics laboratory.

Induced polarization survey can be performed over a geothermal field even at a depth
of several kilometers [27]. The interpretation of induced polarization surveys requires,
however, the development of physics-based petrophysical relationships, which are dis-
cussed below in Section 3. Alteration implies changes in two properties of interest with
the depth of burial, temperature, and ground water flow: the (connected) porosity ¢ and
the cation exchange capacity (CEC). The porosity (dimensionless) represents the relative
volume of (interconnected) voids, which can be saturated by hydrothermal fluids (brines
and gases). The gas phase can be formed of air (vadose zone), and, in active systems,
commonly contains appreciable amounts of steam, CO;, SOy, H,S, and other gases. In
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turn, porosity and CEC affect the geoelectrical properties measured through an induced
polarization survey.
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Figure 1. Sketch of the cross-section of a strato-volcano. Adapted from Stimac et al. [48] and Richards [49]. Induced
polarization can be used to decipher the alteration pattern in such an environment, which has implication regarding
the mechanical stability of volcanic edifices and phreatic and phreatomagmatic eruptions. SEAL1 corresponds to the
smectite-rich clay cap. The shallow water table is located above this layer. SEAL2 corresponds to the permeability barrier
associated with the brittle-ductile transition zone around the magmatic body. CEC stands for Cation Exchange Capacity.

The flow of ground water is also playing a key role in the alteration pattern of the
geothermal field. Ground water flow is controlled by permeability, head distribution, and
the possibility of free convection when the Rayleigh number exceeds a critical value. In
geothermal systems, local dissolution/precipitation processes of minerals at the scale of a
representative elementary volume of a rock do not yield strong porosity changes because
all (non-metallic) minerals have more or less the same mass density. On the contrary, the
long-range transport of dissolved compounds by hydrothermal fluids yields large-scale
decrease or increase of the porosity (and CEC) through intense leaching and precipitation
processes. The formation of secondary minerals such as clays and zeolites has a strong
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effect on the cation exchange capacity of the rock [22]. Figure 2 shows the CEC and
specific surface area (surface area of mineral per their mass) for different clay minerals
and porous media. In particular, smectite-type mineral assemblages generally have very
high CEC values (>70 meq/100 g, Figure 2, e.g., [22]). Therefore, the formation of smectite
in geothermal fields plays a major contribution on the total cation exchange capacity of
rocks. Since the formation of smectite is a temperature-controlled process [50-52], then
the CEC of rocks in geothermal fields may be temperature controlled as well. As a side
note, the CEC can also be related to the Ishikawa rock alteration index (RAI) used to model
the alteration of volcanic rocks by circulating hydrothermal fluids using reactive transport
numerical models (e.g., [53-56]).
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Q 1iite = Saprolites
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Figure 2. Specific surface area versus cation exchange capacity (expressed in meq g~! with
1meqg~! =96,320 C kg !) for the main clay minerals. The ratio between the CEC and the spe-
cific surface area corresponds to the charge density at the surface of the minerals. The two lines
correspond to a surface charge density of 1 to 3 elementary charges per unit surface area. Smectite
has the highest CEC of all clay minerals and its production through alteration in geothermal system
can control the CEC of the mineral assemblage. The soil data are from Chittoori and Puppala [57].
Data for the clay end-members are from Patchett [58], Lipsicas [59], Zundel and Siffert [60], Lock-
hart [61], Sinitsyn et al. [62], Avena and De Pauli [63], Shainberg et al. [64], Su et al. [65], and Ma and
Eggleton [66]. The saprolite data are from Revil [67].

3. Induced Polarization

Induced polarization is a geoelectrical technique that can be used to image two prop-
erties of interest, the electrical conductivity ¢ and the normalized chargeability M,, of
rocks [26,68,69]. It can be carried out over geothermal fields at different scales to com-
plement an electrical conductivity survey (see [21,29,70]). Such survey can be performed
to image the subsurface to depths of several kilometers [27] and can account for rough
topographies [71].We discuss below how this method can be used to alteration of volcanic
edifices and geothermal systems (Figure 3).
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Figure 3. Sketch of the relationships between alteration and geophysics. Alteration modifies the porosity and CEC of
(volcanic) rocks. In turn, this modifies the electrical conductivity and normalized chargeability of these rocks in a predictable
way. This strong effect can be remotely observed using induced polarization tomography at any scale. This implies that
induced polarization can be used to image alteration in volcanic areas and geothermal fields.

3.1. Electrical Conductivity

At first approximation, the conductivity of (volcanic) rocks is the sum of two contri-
butions (e.g., [34]). (1) A contribution associated with conduction in the bulk pore space
partially filled with a brine of conductivity oy, (in S m™!). In the following, we note Sy
the partial saturation of the pore space with this brine (S, = 1 for a fully saturated pore
space). (2) A contribution called surface (or interface) conductivity o; (S m 1) related to
conduction along the charged surface of the mineral grains characterized by their cation
exchange capacity (CEC). The CEC is expressed in C kg~! (in the international system of
units, or sometimes expressed in Mol kg~!). The conversion between the various units
used to quantify the CEC is the following: 1 meq g~ = 1 mol kg~! = 96320 C kg~ !. The
conductivity of a volcanic rock can be written as (e.g., [34,39,40])

s
0= —0y+05 1)
F

where F (dimensionless) corresponds to the formation factor connected to the connected
porosity ¢ by Archie’s law F = ¢~ with m > 1 (dimensionless) is called the porosity
exponent or first Archie’s exponent [36], and n > 1 (dimensionless) corresponds to the
saturation exponent (or second Archie’s exponent). The dependence of the formation factor
with the porosity is shown in Figure 4 for volcanic rocks. The power-law trend yields a
mean value for the cementation exponent (m ~ 2.3 & 0.1). Such power-law dependence
can be associated with the fractal nature of the pore network (e.g., [72,73]).
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Figure 4. Formation factor F versus (connected) porosity for a set of volcanic rocks (modified from
Ghorbani et al. [38]). The data are fitted with Archie’s law F = ¢ ™, where the mean cementation
exponent is m = 2.31 £ 0.12. M&P denotes Merapi and Papandayan in Indonesia, respectively. HG
and BU corresponds to two wells located on the island of Hawaii (USA).

Figure 4 shows the general relationship between the formation factor and the porosity
of volcanic rocks for brine saturated rocks. The surface conductivity is related to the
porosity and CEC by [39,40]

n—1
o5 = <st¢> pgB CEC =s," 1" 1p,B CEC 2)

where py is the grain density (in kg m~3, typically pg = 2900 + 100 kg m ™2 for volcanic
rocks), and B (Na*, 25 °C) = 3.1 &+ 0.3 x 10~? m?s~!'V~! denotes the mobility of the
counterions on the surface of the clay minerals. For brine-saturated core samples, the
dependence of the surface conductivity o; with the reduced CEC (i.e., the ratio CEC/F¢)
is shown in Figure 5. In geothermal areas, recent studies point out the importance of
surface conductivity in dominating the conductivity response of altered volcanic rocks
(e.g., [22,37,52] and references therein).
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Figure 5. Relationship between surface conductivity os (S m~1) versus the reduced (or normal-
ized) CEC defined as CEC/F¢ where CEC denotes the cation exchange capacity (expressed here in
meq/100 g), F the formation factor, and ¢ the connected porosity (1 meq/(100 g) = 963.2 C kg™1)
(Modified from Revil et al. [52]). The slope is equal to B py. Keeping in mind that the CEC is here
expressed in meq/100 g, using B(Na*, 25 °C) = 3.1 x 1072 m~2s~1V~! (mobility of the cations along
the mineral surface) and pg = 2900 kg m3, yield, 2 = 0.009 close to the observed trend a = 0.016 £ 0.08.
The datasets show that the trend is unique for both stratovolcanoes and shield volcanoes. E denotes
the electrical field, SL denotes the Stern Layer. The cations are in blue and the anions in red.

3.2. Normalized Chargeability

Beside electrical conductivity, another property of interest for rocks is their low-
frequency polarization [34]. Low-frequency polarization refers here to the reversible
storage of electrical charges under a slowly varying electrical field. Its strength can be
characterized by fundamental parameters called the normalized chargeability (e.g., [38]).
Vinegar and Waxman [34] demonstrated the strong role played by the cation exchange
capacity in controlling the polarization of clayey materials (clayey sands and sandstones in
their case). The normalized chargeability of a rock is given as [39,40]

n—1
M, = (SF p )pgACEC =s4" 19" L pg ACEC, 3)

where ) (expressed in m?s~!V~1) denotes the apparent mobility of the counterions for the
polarization A (Na*, 25 °C) =3.0 £ 0.7 x 10719 m2s~1v—1 [39,40]. The development of
Equation (3) has been built under the same theoretical umbrella as for Equations (1) and (2)
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in order to provide a unified framework to describe electrical properties in low- and
high-temperature geothermal fields.

The ratio of the normalized chargeability by the surface conductivity is equal to the
dimensionless ratio R = A/B (independent of saturation and temperature). Figure 6 shows
that R = 0.11 for volcanic rocks, which is a universal value for all type of low-temperature
or high-temperature geothermal fields. Figure 6 implies that in turn the normalized
chargeability scales also with the reduced CEC (i.e., CEC/F¢).
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Figure 6. Relationship between normalized chargeability and surface conductivity, both being related
to the electrical double layer coating the surface of the minerals (modified from Revil et al. [52]). Core
samples with magnetite usually found near the ground surface in volcanoes have been excluded. The
slope of the trend provides the value of the fundamental dimensionless number R, which is the ratio
of the two mobilities involved in the normalized chargeability and surface conductivity, respectively
(i.e., and B, respectively). E denotes the electrical field and SL denotes the Stern Layer. The cations
are in blue and the anions in red.

Note that with the assumption n ~ m [74] the conductivity and the normalized
chargeability can be written as,

o =0"0y+ 0™ 'peB CEC (4)

M, = 0" 'p,ACEC (5)

where 6 = s,¢ denotes the (vol.) water content (dimensionless). The presence of the va-
dose zone or steam or other gases (e.g., HpS, CO,) is therefore accounted for in these
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equations. The concentration of salts in the geothermal system primarily affects o.
Equations (4) and (5) can be used to image the water content and the CEC from tomograms
of the electrical conductivity and normalized chargeability [21,75]. Equations (4) and (5)
are valid up to 250 °C, and probably up to 600 °C. The effect of temperature (at a given
pressure) may change the electrical properties through three direct effects: (i) the influence
of temperature on the mobilities B and A (described in Section 3.3 below), (ii) changes in
the total dissolved content (TDS) of the liquid pore water, and (iii) change in saturation
because of the presence of steam and other gases.

3.3. Influence of Temperature

For a given rock sample characterized by a constant CEC, the temperature dependence
of the electrical conductivity and normalized chargeability is controlled by the temperature
dependence of the mobility of the charge carriers (cations and anions), i.e. B and A in
Equations (4) and (5). It is related to the dependence of the viscosity of the pore water with
temperature. For a given mineralogy, the temperature dependence of electrical conductivity
and normalized chargeability are given by (e.g., [38])

o(T) =0y exp(—f_}) (6)

E
M, = M’ exp(—ﬂ“,> ?)

where E, denotes the activation energy (in ] Mol™!), T is the temperature in K,
r = 8.314 ] mol~! K1, (universal gas constant), and ¢y and MY are constant. Figure 7
shows that the activation energy for the conductivity and normalized chargeability of rocks
is close to the activation energy of the viscosity of the pore water (~15-17 k] Mol ~!). This
dependence is rather weak and is fundamentally related to the dependence of the mobility
of the ions (B and A) with respect to the dynamic viscosity of the pore water.

O MER Turist (E, =15.8 kJ/Mol) a. O MER Turist (E ,=15.8 kJ/Mol) b,
& PN6 (E ,=16.8kJ/Mol) e & PN6(E ,=16.8 kJ/Mol)
0.25 >
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g > >
% 0.20 = ¢
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fa] <
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3 o0s | ~ -00041
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Figure 7. Influence of temperature upon the electrical conductivity and the normalized chargeability of two core samples
from Merapi and Papandayan strato-volcanoes in Indonesia, respectively (data from Ghorbani et al. [38]). The data are
obtained in the laboratory using an isothermal bath. (a) Electrical conductivity versus temperature for the two core samples.
(b) Normalized chargeability versus temperature. The lines correspond to fits using an Arrhenius law (see main text). The
fitted activation energies are close to the activation energy of the viscosity of the pore water (15-17 kJ Mol 1). The direct
effect of the temperature on the conductivity is roughly 2% per degree Celsius.
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That said, in geothermal systems, the cation exchange capacity is not constant, because
of the alteration pattern (e.g., [22]). Since smectite has the highest CEC among all secondary
minerals (Figure 2), the surface conductivity and normalized chargeability are expected to
be largely controlled by the presence of smectite. Figure 8 shows that the CEC of volcanic-
rocks with smectite is dominated by the presence of smectite. In geothermal fields, the
production of smectite and the transition of smectite to mixed layer clays are temperature-
controlled processes inside the temperature window 50220 °C (Figure 9b, see [76,77]), then
the CEC of rocks is also temperature controlled. In this case, the normalized chargeability,
surface conductivity, and conductivity are both temperature controlled. This is clearly
shown in Figures 9-11. The strong dependence between the geoelectrical properties and
temperature exhibited in Figures 9-11 is related to the alteration pattern rather than to
the temperature dependence of the mobility of the charge carriers in the volcanic rock
(following the temperature dependence shown by Equations (6) and (7)). In turn, this
means that geoelectrical properties can be used to image the temperature field itself. If
confirmed, this could be a breakthrough in the realm of volcanology.

w
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Figure 8. Influence of the smectite content (from XRD, X-Ray Diffraction measurements) in volcanic
rocks versus their CEC (modified from Revil et al. [52]). This plot confirms that the smectite content
controls the CEC of the volcanic rocks and therefore both surface conductivity and normalized
chargeability. The insert concerns the data obtained by Revil et al. (2002, see their Tables 1 and 2 [37])
for zeolized volcaniclastic rocks (CEC obtained by the cobalt hexamine method).

As a side note, we would mention that Archie’s law as a conductivity equation
(o = 0™0y) has been abusively used in a high number of papers in the realm of volcanology
to interpret electrical resistivity data in volcanic areas (e.g., [78] and references therein).
Borehole data combined with conductivity tomograms have unambiguously demonstrated
the presence of conductive clay caps, where surface conductivity plays a dominant role
because of the very high cation exchange capacity of smectite (see Figures 2 and 10).Thus,
we would like to emphasize that qualitative interpretation of conductivity models only
based on Archie’s law’s equation should be abandoned since it leads to an erroneous
interpretation of subsurface rock properties (e.g., [22,37]).
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Figure 9. Conductivity, alteration, and temperature. (a) Temperature dependence of the electrical conductivity ¢ in volcanic
areas using field data (samples from wells and in situ temperature measured in the same wells, see Revil et al. [52]). The
electrical conductivity (measured on the core samples) is plotted versus the equilibrium temperature measured in the wells.
The conductivity is corrected for the in situ temperature of the core samples in order to be used to interpret the field data. This
dependence is much stronger than the dependence shown in Figure 7. (b) Alteration trend with the equilibrium temperature
in Iceland for the secondary minerals (modified from Kousehlar et al. [79]). (c) Electrical conductivity distribution at
Medecine lake geothermal system (USA). TGH Thermal Gradient Holes, reprinted from Cumming and Mackie [80].
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Figure 10. Electrical conductivity cross sections superimposed with rock lithology and temperature in boreholes.
(a) Takigami geothermal area (modified after Ushijima et al. [81]). (b) Krysuvik geothermal area, Iceland (modified
after Hersir et al. [82]). (c) Bacon-Manito geothermal area, Philippines (modified after Tugawin et al. [83]). (d) Hengill
geothermal fields, Iceland (modified after Gasperikova et al. [84]). Shallow resistive regions (<0.01 S-m~1) are associated
with cold (<50 °C) and unaltered rocks, while conductive formations (0.1-1 S-m™~1) correspond to a recognized smectite rich
clay-cap with moderated-high temperatures (50-220 °C).

3.4. Influence of Magnetite and Pyrite

Magnetite (including titanomagnetite) is present in fresh basalts and serpentinized
peridotites. Pyrite is an extremely common alteration mineral in volcanic and geothermal
systems to temperatures exceeding 300 °C. The presence of pyrite and magnetite (two
semi-conductors) have a strong effect on the normalized chargeability as discussed by
Ghorbani et al. [38] and Revil et al. [52] for volcanic rocks. In presence of pyrite and
magnetite (with volume fraction ¢,;), Revil et al. [52] obtained the following expression
of the normalized chargeability of the mixture shown in Figure 12: M,, ~ M%[1 + 48¢,],
where M}, refers to the normalized chargeability of the background given by Equation (5).
Therefore a small amount of pyrite or magnetite (higher than 1 to 2 vol.% for altered clay-
rich rocks, see Figure 12) has an effect on the normalized chargeability and chargeability
of the material. For the type of mixture shown in Figure 12, the chargeability of the
volcanic rocks (ratio of the normalized chargeability by the conductivity of the rock) is
given by [52,85,86]

9 pgACEC

M = 2 #m Y G 1 pgPCEC ®

where the last term of Equation (8) corresponds to the chargeability of the background
material. In other words, the chargeability depends both on the CEC and volume content
of magnetite and pyrite. This shows the high interest to connect induced polarization
parameters to the Ishikawa rock alteration index and reactive transport numerical models.
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Figure 11. Field temperature dependence of the normalized chargeability and surface conductivity
versus equilibrium temperature in the wells. (a) Relationship between the normalized chargeability
(corrected for the in situ temperature) and the equilibrium temperature (with T in °C) recorded in
the wells. (b) Relationship between the surface conductivity (corrected for the in situ temperature)
and the equilibrium temperature (with T in °C) recorded in the boreholes. This dependence is much
stronger than the dependence shown in Figure 7 and can be understood in terms of the variation of
the CEC with the temperature-dependent mineralogy of the alteration facies described in Figure 9b.
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Figure 12. Influence of pyrite and magnetite upon the chargeability (dimensionless) of a volcanic rocks. Depending on the
degree of alteration, the maximum value associated with clay minerals is M}, = R = 0.10 = 0.02. In this case, a critical volume
fraction of 1 to 2% of pyrite or magnetite can have an effect upon the chargeability of the rock considered as a mixture of
metallic and non-metallic grains. The effect on the conductivity itself is nearly negligible (see details in Revil et al. [75] and
references therein). The literature data (pyrite and chalcopyrite) are from Pelton et al. [87], Mahan et al. [88], Phillips [89],
and Gurin et al. [90]. The predicted trends 1 and 2 are based on Equation (8) using two distinct values for the chargeability
of the background material.

4. Applications

In this section, we show a few applications of electrical conductivity and normalized
chargeability tomography applied to the hydrothermal systems of active volcanoes. In
the first application, electrical conductivity tomography is used to identify volcanic vents
because magmatic conduits are expected to be associated with alteration halos, which
can be observed through their high surface conductivity. In Figure 13, the detection
of vents associated with monogenic domes (1630-dome) at Furnas volcano (San Miguel
Island, Portugal) can be clearly identified as conductive features. For the 1630-dome, high-
resolution electrical conductivity is consistent with a deeper magnetotelluric conductivity
profile highlighting conductive features associated with clay minerals at the outcrop. An
induced polarization survey reveals that the conductive feature shown in Figure 13 has a
relatively higher CEC (1 meq/100 g) with respect to the background value (0.01 meq/100 g)
indicating a relatively high alteration level around the conduits (Figure 14). This example
illustrates very well the advantage of using induced polarization with respect to electrical
conductivity alone. Electrical conductivity cannot discriminate if a portion of a volcano
is conductive because of the high ionic strength of the pore water or the presence of clay
minerals. Induced polarization can quantitatively distinguish such distinct features.



Minerals 2021, 11, 962 15 of 27

Crater

/ infill

-1

0 200 400 600
Distance x (m)

1630-Dome MT conductivity

-3
Gaspar-dome =
i
A
° 2
,_ = B
S
. -500 .-g
E 5 0
< —
2 -1000 S .1
] i
= 3
-1500 73}
on
3
0
-2000

0 500 1000 1500 2000 2500 3000
x-coordinate (m)

Figure 13. Detection of vents associated with monogenic domes (1630- and Gaspar domes) at Furnas volcano (San
Miguel Island, Portugal). Comparison of shallow high-resolution galvanometric electrical conductivity with respect to
the deeper conductivity imaging using the MagnetoTelluric (MT) method. The upper figure shows our result and the
lower, Hogg et al. [91]. Note that the two cross-sections are cut at the same position of the 1630-Dome and the depths are all
referenced to the sea level.
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Figure 14. CEC distribution obtained from an induced polarization survey performed at the 1630-dome at Furnas volcano
(San Miguel Island, Portugal).

Papandayan volcano is a stratovolcano located in Indonesia. The upper part of
Papandayan volcano was imaged through both electrical conductivity and normalized
chargeability with a time-domain induced polarization survey. A tomogram of the subsur-
face temperature field using the normalized chargeability determined from the induced
polarization measurements is shown in Figure 15. This 3D temperature distribution exhibits
anomalies that are consistent with those observed at the ground surface by remote sensing.
This is showing that the trends between the geoelectrical properties and temperature are
likely highly reliable for various types of geothermal systems. Further checks in field
conditions remain to be done to examine the level of uncertainty associated with such
temperature predictions.
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Figure 15. Detection of hydrothermal vents at Papandayan volcano (Indonesia). Tomography of the temperature field using
the normalized chargeability determined from the induced polarization measurements and comparison with the surface
temperature field. The normalized chargeability can be used to assess the position of the altered sub-volumes associated
with the upwelling of the acidic hydrothermal fluids (“m a.s.l.” stands for meters above sea level) and the formation of

kaolinite that is typical of strato-volcanoes.

Figure 16 show the detection of clay caps using electrical conductivity and normalized
chargeability for Krafla volcano (Iceland). Because of the presence of smectite, the con-
ductivity and normalized chargeability are both high, because of the high cation exchange
capacity. Similarly, Figures 17 and 18 show the clay cap at La Soufriere stratovolcano
(Guadeloupe Island, France) and Miyakejima volcano (Japan) from electrical conductiv-
ity alone. Induced polarization combined with numerical modeling of the paragenesis
associated with these geothermal systems could be used to discriminate the alteration
minerals that are present and their distributions. In turn, the results could be used to assess
the hydrogeological and mechanical properties as discussed further below. In the case
of Figure 16, thanks to Equations (4) and (5), the porosity (actually the volumetric water
content) and the CEC distributions could be imaged using the conductivity and normal-
ized chargeability distributions obtained by tomography. This approach offers exciting
possibilities to image changes in subsurface fluid content using 4D induced polarization
tomography, which could be helpful to monitor geothermal systems and active volcanoes.
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Figure 16. Imaging the porosity and CEC of a smectite-rich clay cap using Equations (4) and (5) using
tomograms of the electrical conductivity and normalized chargeability [92].

Finally, Figure 19 presents the temperature fields obtained at Hawaii (USA) using
both electrical conductivity and normalized chargeability fields obtained by tomography.
This allows mapping the alteration degree and temperature field in the caldera of Kilauea
volcano. This has, in turn, applications to characterize the mechanical stability of the rims of
the main crater inside the caldera. In the next section, we discuss how induced polarization
can be used to assess the Uniaxial Compressive Strength (UCS) of volcanic rocks.

We remind the readers that the use of Archie’s law as a conductive equation for all
these cases would yield erroneous results because surface conductivity associated with the
CEC is neglected. A simple sensitivity analysis demonstrates at the opposite that surface
conductivity is usually the dominant conduction process, implying a strong control by the
mineralogy regarding the geoelectrical properties of interest.
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Figure 17. Detection of smectite-rich clay cap at La Soufriere stratovolcano dome. The base of the clay
cap corresponds roughly to the end of the stability temperature field of smectite (roughly 200-220 °C).
The conductivity profile is from Raguenel et al. [93].
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Figure 18. Detection of smectite-rich clay cap at the stratovolcano of Miyakejima Island (Japan).
The conductivity profile was retrieved by Gresse et al. [94] using Magnetotellurics. The base of the
clay cap corresponds roughly to the end of the stability temperature field of smectite (~200-220 °C).

Modified from Gresse et al. [94].
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Figure 19. Imaging temperature in a shield volcano (Kilauea, Hawaii Island, Hawaii, USA, see Revil et al. [52]). (a)
Temperature field from the conductivity distribution using electrical conductivity imaging. (b) Temperature field from the

normalized chargeability distribution obtained by tomography. This temperature tomogram is obtained using the trends

shown in Figures 9 and 10.

5. Discussion

There are three points we want to discuss in this section. The first one is the possibil-
ity to use induced polarization to determine permeability and mechanical properties in
geothermal fields in addition to water content and CEC. The second point is the effect of
magnetite in the shallow parts of volcanic areas and its influence upon induced polariza-
tion properties. The last one is the potential relationship between CEC and porosity paths
associated with alteration.

In order to define an alteration index, a total volumetric charge density, Qy, (expressed
in C m~3) is defined as a function of the CEC expressed in C kg~ ! (e.g., [34]) as

Qv = py (1TT¢>CEC ©)
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Revil et al. [16] proposed the following alteration indicator 1/FQy (in m® C~1) and
the following relationships for the permeability, k, and the uniaxial compressive strength
(E in MPa)

k= ko(1/ FQy)* (10)

E =alog,,(1/ FQy)+b (11)

where kq and c are two fitting parameters (with k in m?) and a and b are empirical con-
stants. In Figure 20, these relationships are used to predict permeability and uniaxial
compressive strength.
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Figure 20. Prediction of permeability (k) and Uniaxial Compressive Strength (UCS) from an alteration index based on
porosity and CEC (F denotes the formation factor and Qy the excess of charge of the electrical double layer per unit pore
volume). (a) Permeability as a function of alteration index for the rock samples from Whakaari (New Zealand). The
coefficient of correlation is 2 = 0.60. The fitted parameters are discussed in the main text. The values of the empirical
parameters defined above are given by ko = 1.46 x 10° (logkg = 6.17 & 2.35) and ¢ = 2.88 = 0.34, for our collection of volcanic
rocks. (b) Uniaxial compressive strength (UCS) as a function of alteration indicator (see text for details) for the rock samples
from Whakaari (New Zealand). The coefficient of correlation is R? = 0.61. The fitted parameters are a = —20 =+ 2 and
b= —127 £ 15 (modified from [16]).

The second point to mention is the effect of magnetite. Semi-conductors such as pyrite
and magnetite have a major effect on the normalized chargeability [85,86]. The effect of
magnetite is shown in Figure 21 using data from Revil et al. [52]. That said, magnetite
and titanomagnetite can also result from alteration (e.g., the alteration of olivine produces
magnetite in the serpentinization path of peridotites). Pyrite can also result from the
alteration process at temperatures higher than 300 °C and can transform to pyrrhotite in
the temperature range 400-500 °C [95]. As shown in Figure 12, the presence of pyrite and
magnetite can strongly influence the chargeability of rocks when their combined contents
is above 1-2% (vol. fraction).

The third and last point to discuss is the potential connection between CEC and
porosity along an alteration path. Previously, we have considered that CEC and porosity
may change along an alteration path. However a potential relationship between the two
parameters was not discussed. In Figure 22a,b, distinct relationships are shown for the
shallow parts of strato-volcanoes (kaolinite-rich formations) and for shield volcanoes with
smectite-rich formations. In other words, additional relationships may be expected along
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Figure 21. Geoelectrical alteration path. Stage (1) corresponds to fresh magnetic-rich samples. Stage
(8) corresponding to smectite-rich strongly altered core samples. From stages (1) to (2) the magnetic
content decreases with the depth of burial. In stage (2), magnetic has disappeared and the alteration
starts with an increase of the content in smectite until a temperature of 220 °C is reached at stage (3).
Both porosity and CEC change along this trend. Above 220 °C, smectite is progressively replaced by
chlorite and mixed-layer clays with a lower CEC (see Figure 9b).
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Figure 22. Alteration trend. (a) Alteration trend for (kaolinite-rich) stratovolcanoes. Reduced cation exchange capacity
versus intrinsic formation factor. This trend is not predicted by the theory and can be seen as an additional relationship

showing an alteration trend from fresh to altered core samples. Core samples from la Soufriére strato-volcano. (b) Alteration

trend for (smectite-rich) shield volcanoes (Hawaii). Reduced cation exchange capacity versus intrinsic formation factor.
This trend is not predicted by the induced polarization theory and can be seen as an additional relationship showing an
alteration trend from fresh to altered core samples. Core samples from Hawaii.
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6. Conclusions

In geothermal fields, the mineral alteration pattern is a strong, temperature-controlled
process. It affects both the porosity and cation exchange capacity, which in turn influence
both the electrical conductivity and the low-frequency induced-polarization of rocks. It
follows that induced polarization offers a unique non-intrusively geophysical imaging
technique able to characterize geothermal fields, the vents of active volcanoes, clay caps,
and can be used to image the temperature field of active volcanoes. With the recent
developments in the underlying physics of induced polarization and the development
of better imaging techniques, this method could be used to characterize hydraulic and
mechanical properties of volcanoes and geothermal systems down to a depth of few
kilometers. This opens many exciting perspectives regarding the development of induced
polarization to characterize the mineral alteration patterns under high to low temperatures
in geothermal fields using, for instance, deep learning algorithms and neural networks
currently in vogue in various field of research. Numerical modeling could be used to
assess the mineral paragenesis associated with alteration paths in geothermal systems
(coupled with ground water flow) and petrophysics used to predict what should be the
associated fields for electrical conductivity and normalized chargeability. Then geophysical
measurements could be performed to refine such distributions and to select between
different assumptions.
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