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In hydrothermal systems associated with volcanic areas, the flow of groundwater generates an electrical current
of electrokinetic nature, the so-called streaming current. This current is associated with the drag of the excess of
charge located near the surface of the minerals, in the liquid pore water, in the so-called Gouy-Chapman diffuse
layer. In turn, the streaming current generates an electrical field (the streaming potential) that can be remotely
recorded at the ground surface of the Earth (or in wells) with a simple voltmeter and pairs of non-polarizing
electrodes. A map of self-potential signals can be obtained at any scale using some specific procedures to cor-
rect for the drifting of the electrodes or error closures in the mapping of these signals at large scales (tens of
kilometers). We first review the underlying physics of self-potential signals. Then we discuss forward and inverse
modeling with specific examples pertaining to volcanic areas. Several case studies of large scale self-potential
anomalies are discussed. We show how self-potential signals can be used to assess the pattern of groundwater
flow in such hydrothermal systems. In addition, we discuss how transient hydro-mechanical disturbances can
generate transient self-potential anomalies than can be, in turn, inverted to obtain information on the source of
these signals including their localization and magnitude. The next grand challenge to monitor active volcanoes
will be the combination of transient self-potential signals with time-lapse electrical conductivity and induced
polarization tomography and hydromechanical simulation codes.

1. Introduction

Hydrothermal systems associated with volcanic areas are made up of
heat sources and sinks and a heat exchanger between them. Heat source
corresponds to magmatic chambers or a region of elevated heat flux for
instance in areas of rifting. The heat sink is typically the atmosphere
where the heat is exchanged through the ground surface. The heat
exchanger itself corresponds to a compartmentalized geological system
with clay caps (rich in smectite) acting as flow barriers and fluids that
transfers their internal energy through a network of faults and open
channels episodically reactivated through thermo-hydro-mechanical
processes (e.g., Moore and Glaser, 2007; Reinsch et al., 2017; Lu,
2018; Kushnir and Loewer, 2020; Gascuel et al., 2020). In this paper, we
are especially interested by high enthalpy hydrothermal systems (above
150-225 °C) associated with volcanism.

In the context of the exploration of such hydrothermal reservoirs,
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geophysical methods play a critical role. The self-potential method is a
simple non-intrusive and passive geophysical method that is considered
to be one of the oldest methods in geophysics (see Fox, 1830; Ahmad,
1969; Bogoslovsky and Ogilvy, 1973; Sill, 1983). One specific advantage
of the self-potential method is that it can be used to assess non-
intrusively the flow of the groundwater (Keller, 1981; Spies and
Frischknecht, 1992; Vozoff, 1992; Huenges, 2010; Jolie et al., 2021). It
has also a long history in the study of hydrothermal systems (e.g., Pol-
dini, 1938, 1939; Zohdy et al., 1973; Anderson and Johnson, 1976).
There are no other geophysical methods that can be used as such a non-
intrusive groundwater flow sensor.

In self-potential, the earth electrical field is passively measured at the
ground surface and a profile or a map of the electrical potential distri-
bution (expressed usually in millivolts, mV) is obtained. Such mea-
surement can be done with a high-input impedance voltmeter (typically
>100 MQ) and a pair of non-polarizing electrodes (such as Cu/CuSOy,
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Fig. 1. Self-potential anomaly over El Misti volcano in Peru. a. Self-potential profile with respect to the structure of the volcano. The hydrothermal system is
associated with a positive self-potential /elevation gradient,. The classical self-potential “W” shape displays a hydrothermal system of 6 km in diameter. b. Self-
potential map in 3D view of El Misti volcano. SP stands for self-potential (modified from Finizola et al., 2004).

Ag/AgCl or Pb/PbCl; electrodes, e.g., Petiau and Dupis, 1980; Petiau,
2000). The equipment is therefore relatively inexpensive and simple.
Some review of the self-potential methods can be found in Jouniaux
et al. (2009) and Revil (2010).

It is known since the 19th century that the flow of water through a
porous material or a capillary generates an electrical current of electro-
kinetic nature, i.e., related to the relative displacement between the
charged mineral surface and the electrical diffuse layer coating this

surface (e.g., Quincke, 1859). The resulting electrical field is called the
streaming potential (Bull and Gortner, 1932; Wurmstich and Morgan,
1994). In the realm of hydrogeophysics, the self-potential method can be
used to detect groundwater flow (e.g., Poldini, 1938; Poldini, 1939; Revil
et al., 2005a, 2005b; Suski et al., 2006) with applications to dams and
embankments (e.g., Bogoslovsky and Ogilvy, 1973; Gex, 1980; Boleve
et al., 2011) and pumping tests in wells (e.g., Semenov, 1980; Malama
et al., 2009a, 2009b; Soueid et al., 2016; Soueid Ahmed et al., 2016).
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Fig. 2. 3-D self-potential anomaly of Mt. Fuji volcano
(Japan) and its associated 2-D conductive structure
(modified from Aizawa, 2004, and Aizawa et al.,
2005). The magnetotelluric stations used to obtain
the conductivity structure of the volcano are reported
with black triangles. The topography of the volcano
overlain is given with Respect to the Sea Floor (RSL).
The positive anomaly (+2 V) is induced by the upflow
of the hydrothermal fluids associated with the hy-
drothermal system, and the presence of a conductive
zone (107'-10-? S-m ') beneath the edifice.
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For volcanoes, examples of the self-potential profiles and maps are
presented in Figs. 1 to 3 for Misti volcano in Peru, and Mt. Fuji and
Miyakejima volcanoes in Japan. For these volcanoes and others, large-
scale anomalies of hundreds of millivolts can be observed over several
kilometers (Ishido et al., 1997, Aubert et al., 1990; Aizawa, 2000;
Zlotnicki and Nishida, 2003; Finizola et al., 2004; Barde-Cabusson et al.,
2009b; Barde-Cabusson et al., 2012; Villasante-Marcos et al., 2014;
Gonzales et al., 2014; Gresse et al., 2021). Self-potential anomalies can
be related to the flow of the groundwater in shallow unconfined aquifers
(Bogoslovsky and Ogilvy, 1973; Fournier, 1989; Suski et al., 2004,
2006), in the vadose zone (Aubert and Dana, 1994), along permeable
paths in faults (Aubert and Dana, 1994; Revil and Pezard, 1998a, 1998b;
Finizola et al., 2002, 2003; Hase et al., 2005; Bennati et al., 2011) or
through free convection in high permeability reservoirs (Revil et al.,
1999a, 1999b).

Transient self-potential signals can also be recorded with a network
of non-polarizing electrodes in the form of time-change of the electrical
field (e.g., Moore and Glaser, 2007; Barde-Cabusson et al., 2009a;
Zlotnicki and Nishida, 2003; Matsushima et al., 2017). These fluctua-
tions can be related to change in groundwater flow associated with the
thermal or thermo-hydro-mechanical disturbances e.g., through thermal
pressurization (Haas et al., 2013; Kuwano et al., 2015; Chaput et al.,
2019). The self-potential method can therefore complement seismo-
logical data to decipher and monitor the plumbing system of hydro-
thermal fields (Mahardika et al., 2012).

In this paper, we review the use of the self-potential method in the
context of hydrothermal reservoirs associated with volcanoes. We first
discuss the underlying physics of the self-potential signals. Then we
discuss the methodology that can be used to map these signals in the
field. We present the two main types of self-potential signals associated
with (i) groundwater flow (streaming potential, Quincke, 1859) and (ii)
the self-potential contribution associated with ore bodies (electro-redox
contribution, e.g., Stoll et al., 1995). Forward numerical modeling of the
self-potential signals can be done in concert with groundwater flow
modeling (e.g., Wilt and Corwin, 1989; Sheffer and Howie, 2003). Since
the underlying physics is known and validated, inverse modeling of the
self-potential signals can be done in the realm of potential field tech-
niques or coupled flow approaches either with stochastic or determin-
istic methods. Finally, we discuss case studies with the goal of showing

6
pertinent self-potential surveys at various scales and their
interpretation.

2. Underlying physics

Figs. 1 to 3 show that large-scale self-potential anomalies (up to
several volts) are associated with the hydrothermal systems of vol-
canoes. In order to understand these signals recorded at the meso-scale,
we need first to explore their underlying physics at the microscale. In
this section, we describe the two main contributions of the self-potential
signals in hydrothermal systems: (i) the contribution associated with
groundwater flow, the so-called streaming potential contribution, and
(ii) the contribution associated with the presence of ore bodies (the so-
called geo-battery or electro-redox mechanism). Two other contribu-
tions exist. The first is related to a gradient in temperature (the so-called
thermoelectric effect, see Leinov et al., 2010; Revil et al., 2013a, 2016;
typically characterized by a thermoelectric coupling coefficient in the
range from—0.25 to 1.5 mV/°C, with a mean value of 0.2 mV/°C, see
Zlotnicki and Nishida, 2003, from the studies of Yamashita, 1961;
Nourbehecht, 1963; Dorfman et al., 1977). The second contribution is
associated with the gradient in the chemical potential of the charge
carriers in isothermal conditions (the so-called membrane polarization
effect, see Revil, 1999; Maineult et al., 2005, 2006 and references
therein). This second contribution is also rather modest (usually few tens
of millivolts at most). These two additional contributions can be safely
neglected for the applications discussed in the present paper and
therefore will not be further reviewed below.

2.1. Groundwater flow contribution

The surface of all minerals in contact with water is reactive and
becomes electrically charged in contact with an aqueous solution (e.g.,
Avena and De Pauli, 1998; Pokrovsky et al., 1999). Typical reactive
surface sites are for instance associated with hydroxyl groups >OH (>
refers to the crystalline framework, O oxygen and H hydrogen). These
groups behave as acid/base species. It generally results in a net negative
charge density located on the mineral surface (especially for silicates
and alumino-silicates) under classical pH conditions (weakly acidic to
near neutral, typically in the pH range 4-8, see Fig. 4). Some ions from



A. Revil et al.

Journal of Volcanology and Geothermal Research 437 (2023) 107788

OSYY. Kuwanokitaira caldera NE
2 ° | 2000 AD -
E 100{ e 1983 . . Cadera T
T 3 fissures 19_83 fissures iy 3 -
b= influence e
T -200 . 3 S o i
g RN TS
%__) 300 o o+.. . ® ae * I ° . L
(%] poe el o E
-400- . i )
Surface ; §

temperature (°C);

0 10
Elevation (km)

4~ Magmatic fluids

0

= Old dike

£2X Rainfall infiltration
47~ Hydrothermal fluids

/= Seawater intrusion
. \?,\(\C'eK W MT stations

-._Elevation (km)
: 0.7

0

-2

no
sensitivity

Seismicity
@ Long-period
O Hybrid

O Volcano-tectonic

4

Electrical conductivity (S-m™")

10° 10" 10? 10°

Fig. 3. Cross-section of the electrical conductivity model of Miyakejima volcano (SW-NE) with hypocenters, overlain with surface temperature map (in °C) and self-
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the liquid pore water are weakly or strongly sorbed (without the for-
mation of covalent bounds) on the surface of the minerals forming the
so-called Stern layer. In addition to this Stern layer, there is a second
layer called the Gouy-Chapman (diffuse) layer in which the ions obey
Poisson-Boltzmann distributions associated with the Coulombic in-
teractions with the charge located on the mineral surface (Fig. 4). The
Stern layer and the Gouy-Chapman layer formed the so-called electrical
double layer coating the surface of the minerals. The sum of the charge
densities of the mineral surface, the Stern layer and the diffuse layer is
equal to zero (global electroneutrality condition). This implies however
that there is excess of electrical charge in the liquid pore water, which is
therefore not electroneutral. The volumetric charge density of the
diffuse layer is mobile.

The drag of the (mobile) excess of charge in the liquid pore water by
the flow of the pore water generates, by definition, a (source) current
density of advective nature called the streaming current density jg (in A
mfz, Helmholz, 1879, see Fig. 4). This current acts as a source of elec-
tromagnetic disturbances in the Maxwell equations. The resulting elec-
trical field component is called the streaming potential (Revil et al.,
2003).

2.2. Ore body contribution

In addition to the streaming current, another strong contribution
exists when a metallic body crosses an area characterized by a gradient
in the redox potential (Sato and Mooney, 1960; Furness, 1994; Stoll
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Fig. 4. Electrical double layer on the surface of clay
minerals. a. A clay crystal is characterized by different
crystalline planes characterized by their electrical
charge. b. In this sketch, the clay is based on a TOT
structure with T the tetrahedral layer based on the
chemistry of silicium Si (with possible isomorphic
substitution with aluminium Al) and O the octahedral
layer based on the chemistry of aluminium (with
possible isomorphic substitution with magnesium Mg
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et al.,, 1995; Rittgers et al., 2013 and references therein). The redox
potential characterizes the ability of half-redox reactions to provide or
accept electrons in the pore water keeping in mind that electrons do not
exist as such in the liquid pore water (at the opposite of protons). This
geobattery component is therefore equivalent to a natural battery that
would discharge current in the conductive Earth (Mendonca, 2008). It
follows that any ore body is responsible for a static self-potential
anomaly at the ground surface, generally negative, and typically
amounting few hundred of millivolts. In the present paper, we are not
interested by this contribution, but we should be aware that it exists.
Indeed since the self-potential method is passive, all the existing con-
tributions are recorded together including this geo-battery effect and
superposition principle applies. In addition ore mineralization is ubiq-
uitous in hydrothermal fields (Goodfellow, 2007). That said, dissemi-
nated pyrite or magnetite mineralization, both common hydrothermal
alteration products, would have no strong impact on self-potential sig-
nals. Massive sulfide deposits are usually characterized by negative self-
potential anomalies (e.g., Su et al., 2022). The induced polarization
method can be used to localize ore bodies and predict their self-potential
anomalies. Combining induced polarization with self-potential is an area
of active research.

3. From laboratory to field scales

In this section, we review the metrology used to describe the
streaming current and streaming potential first in the laboratory and
then in the field. At the laboratory scale, we describe a typical streaming
potential experiment performed on a core sample, which has first to be
characterized in terms of porosity, cation exchange capacity (CEC),
permeability, and electrical conductivity. Then we discuss the approach
used to get accurate field data at the scale of several kilometers.

3.1. Laboratory scale

Classical streaming potential laboratory measurements are per-
formed on rock samples (possibly unconsolidated) in order to charac-
terize their so-called streaming potential coupling coefficient C. The
experiments can be done at different temperatures, salinities, pore water
composition and pH (Ishido and Mizutani, 1981; Revil et al., 1999a,
1999b) and saturation (Revil et al., 2007; Jackson, 2008, 2010). A core
sample is placed between two reservoirs at two different fluid pressures.
The simplest experiment is to impose different hydraulic heads in one
reservoir and to keep the second reservoir a fixed lower hydraulic head
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Fig. 5. Experimental setup to measure
simultaneously the streaming potential
coupling coefficient, the electrical conduc-
tivity and the permeability of a core sam-
ple. a. Constant head permeameter.
Electrodes C and D are non-polarizable
electrodes (e.g., Pellet-type Ag/AgCl elec-
trodes) used to measure the streaming po-
tential at the end-faces of the core sample.
The electrodes A, B, M, N are the four
electrodes used to measure the electrical
conductivity (with induced polarization
effect) on the side of the code sample. The
flow of water through the core sample is
used to determine the permeability. b. In-
fluence of the pore water conductivity on
the difference of electrical potential
measured over the electrodes C and D. The
coupling coefficient corresponds to the
slope of these trends. c. Influence of the
pore water pH on the difference of elec-
trical potential measured over the elec-
trodes C and D. The coupling coefficient
corresponds to the slope of these trends.
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close to the atmospheric pressure (Fig. 5). The difference of electrical
potentials at the two end-faces of the core samples is recorded as a
function of the difference of (hydraulic) heads imposed over the core
sample, and responsible for the flow of the pore water through the core
sample. In turn, the flow of the pore water drags the excess of charge
located in the liquid phase generating the streaming current described in
Section 2.1 above. In such experiment, the total current density j is zero
and the conduction current density o E (o is the electrical conductivity
and E the electrical field) exactly balances the streaming current density
Js-

The streaming potential coupling coefficient C (expressed in Vm™?)
is simply defined as (see Fig. 5, see Pengra et al., 1999),

op
€= (%)H'

where ¢ denotes the electrical potential (in Volt, E = —V¢ the electrical
field in absence of induction in V m~!) and h is the hydraulic head (in
m). The streaming potential coupling coefficient can be also expressed in
Volt per Pa (or MPa), i.e., with respect to the fluid pressure p = p,,gh +
&p where p,, denotes the mass density of water (kg m~3), g is the ac-
celeration of gravity (m s’Z), and 8p the excess pressure (Pa) above or
below the hydrostatic pressure. Rather than measuring the streaming
potential coupling coefficient C, we can also directly measure the
streaming current density js by short-circuiting the two end-faces of the
core sample with platinum grids and using an Ampere meter (e.g., see
for instance Fig. 1 in Erickson and Li, 2001).

There is a substantial amount of works dedicated to the upscaling of
the local equations to obtain the macroscopic constitutive equations
valid at a representative scale of the porous material (e.g., Pride, 1994,

(€8]

0.8 12 1.6
Hydraulic head, / (m)

0.4

Revil and Linde, 2006). Recent pore scale models have analyzed the
problem in terms of pore size distribution and the effect of the fractal
dimension characterizing the self-affine (multi-scale) character of the
texture of natural porous rocks (e.g., Jougnot et al., 2021). The
streaming potential coefficient is also partly controlled by the chemistry
of the pore water as underlined very early by the work of Ishido and
Mizutani (1981). At normal pH conditions (in the range 4-8), the
effective excess of charge in the pore water is positive (i.e., the electrical
potential more is positive in the direction of the groundwater flow) and
strongly controlled by the permeability of the porous material (Fig. 6).
That said, at low pH values (below 4), the charge in the pore water can
be null at a condition called the zero point of charge of the mineral
surface. The excess of charge of the pore water can even be negative at
very low pH values (see Ishido and Mizutani, 1981), typically under
extremely acidic environment (<2, Ishido and Mizutani, 1981) or
possibly at very elevated ionic strengths of the pore water (Alarouj et al.,
2021a, 2021b).

3.2. Mapping the self-potential field

We discuss now a strategy to establish a map of the distribution of the
electrical (self-) potential at the ground surface of the Earth. Reliable
electrodes such as Petiau (Pb/PbCly) (Petiau and Dupis, 1980; Petiau,
2000), or Cu/CuSO4 electrodes can be used to perform a self-potential
survey on land (Fig. 7). The Petiau electrodes have the advantage to
be considerably less sensitive to temperature fluctuations than Cu/
CuSOy4 electrodes. In addition these electrodes are more suitable for
continuous monitoring due to their lower drift characteristics. However,
most existing models of Petiau electrodes cannot be opened and are
more challenging to use for mapping by comparison with Cu/CuSO4
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Fig. 6. Plot of the effective charge density versus permeability. The trend is
obtained using a broad collection of cores displaying various lithologies. This
indicates the universal character of the trend. The pore water are characterized
by near neutral pH conditions (pH comprised between 5 and 8). The effective
charge densities are obtained from the measurements of the streaming potential
coupling coefficients. The experimental data are from Ahmad (1964), Casa-
grande (1983), Friborg (1996), Pendra et al. (1999), Revil et al. (2005, 2007),
Boleve et al. (2007b), Jardani et al. (2007), Sheffer (2007), and Jougnot
et al. (2012).

electrodes.

One of the two non-polarizing electrodes is used as a reference. This
electrode is buried at a fixed location called the reference station. This
reference electrode is kept in a small hole filled or not with bentonite
mud (Fig. 7). If bentonite is required to improve the contact between the
reference electrode and the ground, the presence of the bentonite mud
modifies the electric potential at the contact between the electrode and
the ground. Therefore the potential of this station is arbitrary, and
should not be used as a point (e.g., with zero potential) in performing the
self-potential map. The second non-polarizing electrode is used to
sample the electric potential at the ground surface of the Earth. Adding
salty water in order to improve the coupling between the scanning
(roving) electrode and the ground should also be avoided because its
evaporation may generate spurious potential changes over time. If
possible, self-potential measurements should be performed during sea-
sons or periods of wet soil conditions and the contact resistance between
the roving electrode and the ground should be always smaller by a factor
of at least 100 with respect to the internal resistance of the voltmeter.
The roving electrode is used to measure the electric potential at a set of
stations, referenced in space with a GPS (Global Positioning System).
Both prior to and after the survey, the difference of electrical potential
between the reference electrode and the roving electrode is measured by
putting the electrodes in contact one against the other. A drift of 2 mV/
day is generally considered acceptable for a self-potential survey. The
potential map retrieved is, therefore, a map relative to the (unknown)
potential at the base station if bentonite mud is used for this station.
Only the electric field, i.e., the gradient of the electric potential, is well-
defined outside the reference electrode.
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An insulated (copper) cable is used for large-scale self-potential
surveys (Fig. 7). The gauge of the cable does not matter. Its length is
typically in the range 200 to 700 m for logistical reasons but also
because the cable is not shielded. Self-potential profiles consist of one
base station chosen as the reference and measurements are performed
with a roving electrode at different secondary stations (for instance
every 5, 10, or 20 m along the curvilinear ground surface). To extend the
measurements at the end the cable, the last roving electrode became the
new base station (see details of the procedure in Barde et al., 2021). At
the end of each acquisition, the self-potential values are summed from
reference to reference, to insure the continuity of the signal along the
profile. Fig. 8 presents a 6-km-profile built using this principle.

In order to build a large scale self-potential map, a methodology is
presented in Fig. 9. We perform imbricated self-potential loops. For each
loop, we proceed like for a profile except that the profile is closed on
itself. Therefore we can check at the end the existence of a closure error.
The circulation of the electrical field should be zero along a closed loop
performed at the ground surface; in other words, the sum of the drop
potentials along a closed loop is zero. This strategy is described in Fig. 9.
Closing each loop and correcting for their potential closure errors is an
important step to avoid accumulating errors toward the end of the
profiles (closure errors can reach hundreds of millivolts). Not closing the
loops produces wrong self-potential maps with anomalies located at the
end of the lines (a striking example is shown in Figs. 1 and 3 in Di Maio
et al., 1998).

The correction procedure along a closed loop including several self-
potential base stations is explained in Fig. 10. The self-potential mea-
surements are by nature discontinuous each time a base station is used
(the potential at the first station of the survey is set to zero). The first
correction has to be used to insure the continuity of the electrical po-
tential using the first base station of the profile as a global base station
for the entire loop. The second correction corrects for the closure error
along the loop as mentioned above.

A third strategy used in the marine environment or in lakes, is to
directly measure the electrical field (not the electrical potential) by
continuously recording the difference of potential in different directions
(e.g., see Zhu et al., 2020, for self-potential measurements at the sea
floor for an application to ore deposits). Note that around a volcano,
lakes and rivers do not constitute equipotentials because their conduc-
tivity is not high enough to short-circuit the electrical potential
response.

Finally for long profiles with no closure, such as shown in the present
paper, great care should be taken in the way the change of base station is
done. At each change in the base station, it is a good practice to survey
the last 5 self-potential stations done prior the change to be sure about
the drop of potential that should be applied to the new base station is
correct. The new base station is also setup on the side of the profile itself
and its electrical potential not use in the self-potential profile itself.

4. Forward and inverse modeling

Now that we have quickly reviewed the basic principles pertaining to
the underlying physics of the streaming potential, we can review how
this physics can be implemented to forward model the self-potential
signals associated with groundwater flow using the approach first
developed by Sill (1983). Then, we will discuss how the inverse
modeling can be done in a very simple way to determine the pattern of
groundwater flow following the approach developed by Jardani et al.
(2007, 2008) and Revil and Jardani (2013).

Fig. 11 shows typical self-potential anomalies associated with
groundwater flow scenarii. This includes the upward (Type I) or
downward (Type II) of groundwater or the flow of water along a shallow
aquifer (Type III). Type III is often called the “topographic effect” on
volcanoes with strong topographies. Two other types of groundwater
flow (Types V and VI in Fig. 11) show that different ground water flow
patterns can yield the same self-potential distribution. Therefore
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Fig. 7. Typical configuration for a self-potential survey with a base electrode used as the reference and a roving electrode for the field measurements (modified from
Barde-Cabusson et al., 2021). The cable can be 500 m-long. A GPS (Global Positioning System) is used to measure the position of the stations where the self-potential

is measured.

inverting the self-potential data to retrieve the groundwater flow is a
challenging task since different patterns of ground water flow can pro-
duce the same self-potential anomalies at the ground surface.

4.1. Forward modeling: static groundwater flow problems

In porous media, the total current density j (A-m~2) is the sum of two
contributions (Sill, 1983):

J=0E+j, 2

where ¢ (S~m_1) denotes the electrical conductivity of the porous ma-
terial (see Waxman and Smits, 1968; Revil and Florsch, 2010). It is
related to the conductivity of the pore water (see Sinmyo and Keppler,
2016; Guo and Keppler, 2019; Watanabe et al., 2021, for hydrothermal
systems) and to the alteration though the cation exchange capacity of
clays and zeolites (Waxman and Smits, 1968). The first term of equation
(2) o E represents the conductive current density originating from the
electromigration of ions in the porous material, E denotes the electrical
field, and js denotes the streaming current density (Fig. 4e and f).
Regarding the physics pertaining to the description of the electrical
conductivity in volcanic areas and hydrothermal systems, the readers
are directed to the recent review by Revil and Gresse (2021).

In the quasi-static limit of the Maxwell equation, the electrical field is
decoupled from the magnetic field and we have,

VXE=0=2E= —-Vgp 3

where ¢ denotes the electrical potential (in V). Boleve et al. (2007a)
write the streaming (source) current density as the product of an
effective excess of charge in the pore water (shown as a function of
permeability in Fig. 6) and the Darcy velocity (e.g., Revil and Jardani,
2013):

s = @V(SW)W 4

where w, in unsaturated conditions, denotes the filtration velocity
(Darcy velocity in m s7}, i.e., the flux density of the pore water). The
volume-averaged filtration displacement w is given by,

w=s,¢(u, —u) 6)

where s, denotes the water saturation (s, = 1 at saturation), ¢ the
connected porosity (6 = sy¢ is the volumetric water content), and u,,
and u the water phase and solid displacements, respectively. In the
quasi-static limit of the Mawxell equations, the conservation equation
for the total current density is given by,

Vij=0 5)

i.e., the current density is conservative. Combining Egs. (2) to (5),
the self-potential field ¢ is governed by a Poisson equation (Jardani and
Revil, 2009a, 2009b; Revil and Jardani, 2013),

V-(6Vp) = V-(0,W) (6)

V9 = —Vine-Vo +§v-(@vvv) %)
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The right-hand side of Eq. (6) corresponds to the self-potential source
term for the generation of electrical disturbances associated with the
Darcy velocity distribution and the heterogeneity in the distribution of

the charge density Q. Eq. (7), easily obtained from Eq. (6), shows that
the self-potential anomalies are also modulated by the distribution of the
electrical conductivity (secondary sources). This explains that the self-
potential method can be used as a non-intrusive ground water flow
sensor (Revil and Jardani, 2013, 2017). Therefore to invert self-potential
signals, the electrical conductivity distribution needs to be known to
distinguish primary (last term of Eq. (7)) to secondary sources associated
with conductivity gradients (see Su et al., 2022 for a state-of-the art

b. Map resulting from a set of loops

Loop 4

Ref

Fig. 9. Large scale self-potential mapping. Mapping
over the ground surface using a closed loop approach
combined with a leap-frog approach. a. Sketch shows
a single loop. SO denotes the first base station (which
can be or not the reference station). Measurements
are performed along the self-potential stations char-
acterized by the small filled circles. At some point, a
new base station is established S1 (which is not
necessarily the new reference) and so on. The poten-
tial distribution can be reconstructed along the loop
respecting the fact that the self-potential loop should
be closed. A closure error correction should be
applied to the data. b. Self-potential map built by
combining the information on several imbricated
loops and using one of the base stations as reference
for the entire map. The black plain lines denote the
self-potential loops while the grey lines denote the
electrical equipotentials obtained for instance by
kriging the self-potential data.
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discussion on this point).

Obtaining the flow field w implies to solve a groundwater flow
problem in saturated or unsaturated conditions, in steady state or
transient conditions, and using simplified or complex rheologies to
model the deformation of the grain skeleton. Solving the groundwater
flow problem (typically a non-linear diffusion equation) and the elliptic
equation corresponding to Eq. (6) can be done with any type of nu-
merical method. Usually, we use the finite element technique but this is
a matter of task.

From Egs. (2) and (4) and the definition of the streaming potential
coupling coefficient, the relationship between this volumetric charge
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Fig. 10. Self-potential profile along a closed loop with a total of three base stations used as local references. a. Sketch showing the closed loop with the position of the
references (base stations). b. Raw (acquired) self-potential profile. The corrections for the raw self-potential profile along a closed loop involve a series of steps. In the
first set of step, the potential is set continuous at each change of base station. The closure error is removed at the last step in order to produce a consistent self-

potential profile.
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Fig. 11. Idealized self-potential distributions associated with simplified groundwater flow models. “Ref” denotes the position of the reference electrode. There are 6
types of anomalies sketched here and labeled Type I to VI. These anomalies are used to discuss field data all along the paper. Modified from Richards et al. (2013).

density and the streaming potential coupling coefficient C (in V Pa™') is
given by

0y(s)k(s.)

C=
o(sw)n,

)
where ¢ denotes the DC (Direct Current) electrical conductivity of the
porous material (in Q m) and 1y (Pa s) the dynamic viscosity of the pore
water. For pH comprised between 4 and 8, Jardani and Revil (2009a,
2009b) found that the excess charge density (sz (in C m™2) can be
related to the permeability k (in m?) according to logloav = —92-—
0.82log;ok. It follows that the streaming potential coupling coefficient
depends only weakly on the permeability itself. In order to solve the
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partial differential Eq. (6), we need to define the boundary conditions
for the electrical potential, which are given by

E-n = 0on oQ, (C)]

$—01in Q, (10)
where 022 denotes the ground surface in contact with the atmosphere, n
denotes the outward unit normal vector to this surface, and ¢, denotes
the potential at infinity in the conductive ground Q. In other words, the
normal component of the electrical field to the ground surface vanishes
at the ground surface and the potential is zero very far from the self-
potential sources.

Because the excess of electrical charges is generally positive in the
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Fig. 12. Typical self-potential anomalies found on an active volcano. The up-
welling of the groundwater flow in the hydrothermal system is associated with
a positive self-potential anomaly at the ground surface (Type I). The upwelling
of fluids along faults are also associated with positive anomalies (Type I). In the
hydrogeologic zone, anomalies of Type III and VI are associated with perched
unconfined aquifers and flow through the vadose zone, respectively.

pore water, the macroscopic (self- or electrical) potential is positive with
respect to the direction of the groundwater flow (except for acidic pore
waters as shown below). Figs. 11 and 12 show a series of sketch of the
typical self-potential anomalies associated with groundwater flow in
hydrothermal systems. These sketches are useful to provide a first idea of
what to expect for typical and simple patterns of groundwater flow.

In order to be more quantitative, numerical codes have been devel-
oped to model self-potential signals associated to forward fluid flow
simulations (e.g., Yasukawa et al., 1993; Boleve et al., 2007a, 2007b;
Ishido and Pritchett, 1999; Titov et al., 2005; Alarouyj et al., 2021a,
2021b; Arens et al., 2022). In subsurface hydrothermal reservoirs, nu-
merical investigations have been able to successfully reproduce self-
potential anomalies (e.g., Aizawa et al., 2009; Byrdina et al., 2013;
Ishido, 2004; Onizawa et al., 2009; Revil, 2010; Yasukawa et al., 2003).
We will discuss two cases in Section 5 to illustrate forward modeling
approaches.

4.2. Forward modeling: dynamic hydromechanical problems

We consider briefly now the case a bit more general for which hy-
dromechanical effects produced transient self-potential anomalies. By
“hydromechanical”, we mean any mechanical disturbance in which pore
fluids play a role, for instance through the pore pressure. Pride (1994)
volume-averaged the local Maxwell equations to obtain a set of
macroscopic Maxwell equations in the thin-double layer limit (see also
Revil and Linde, 2006, for the thick double layer case). Neglecting in-
duction, the form of the four macroscopic Maxwell equations (Faraday's
law of induction, Ampere's law, Gauss's law for magnetism, and Gauss's
law for the electrical field) is given by,

VXE=O0 an
VxH=j+D 12)
VB=0 13)
V-D=~0 a4

where B = V x A denotes the magnetic field (in T), A (in T m) denotes
the magnetic potential vector, H is the auxiliary magnetic field (in A
m™1), Dis the current displacement vector (in C m~2),andE = —Vp—A
the electrical field with ¢ denotes the electric (scalar) potential (in V).
The quantity ¢ denotes the transient self-potential. These equations are
completed by three constitutive equations:
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Fig. 13. Self-potential model of Izu-Oshima volcano (Japan) obtained after
post-processing finite difference multiphase flow model (modified from Ishido,
2004). a. Modeled “W-shaped” self-potential anomaly. b. 2-D axisymmetric
fluid flow model of the volcanic island. A deep heat source is imposed at 250 °C
in the central zone, and is connected to the surface through a permeable
conduit. Meteoric recharge is set at 400 mm per year. After 100 years of con-
stant heat, the thermal structure shows a hydrothermal plume (50-250 °C)
developed in the vicinity of the vertical conduit, and below the water table
(blue dotted line). Black arrows indicate saline fluid circulation: high salt mass
fraction (solid red line, NaCl = 0.03) highlights the seawater intrusion beneath
the island, while less mineralized fluids (solid blue-green lines, NaCl<0.005)
are associated with meteoric infiltration. The upper red rectangle is a conduc-
tive region fixed at 1S m~! in order to reproduce the amplitude of the central
self-potential anomaly of +400 mV (Model G T-C from Ishido, 2004). c. Elec-
trical potential distribution calculated from the post-processing of the multi-
phase flow result. The two lobes of negative electrical potentials visible on the
volcano flank (—500--300 mV) are induced by meteoric infiltration while the
central positive anomaly results from a combination of fluid upwelling together
with the presence of conductive rocks. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

j=oE+0,w 15)
D =¢E (16)
B =uH a7)

where ¢ is the permittivity of the porous body and y denotes its magnetic
permeability. These equations are coupled to the hydromechanical
equations via the current density. To be explicit, we consider the simple
case of linear poroelasticity (like recently in Arens et al., 2020, 2022) but
any rheology incorporating the pore space and its fluid pressure could be
used to better handle the (thermo)-hydromechanical problem including
poro-visco-plasticity. Two momentum conservation equations are
needed and given by

1 00 C
(—Jr—) (Pa—pw) = MVu +V-w

T (18)
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Fig. 14. Self-potential model of Ticsani volcano (Peru) obtained after post-
processing finite element multiphase flow model (modified from Byrdina
et al.,, 2013). a. Modeled “W-shaped” self-potential anomaly (black solid line)
compared with real self-potential measurements (red points). b. 2-D axisym-
metric fluid flow model of the volcanic island. A deep heat source is imposed at
depth in the central zone, and is connected to the surface through a permeable
conduit. Meteoric recharge is set at 150 mm per year, except above the central
conduit region. After 30,000 years of constant heat, the thermal structure shows
a hydrothermal plume (~50-200 °C) developed in the vicinity of the vertical
conduit. Black arrows indicate fluid circulation, and blue dotted line represents
the water table. c. Electrical potential distribution calculated from the post-
processing of the multiphase flow results and its inferred conductivity struc-
ture (white-black lines). The two lobes of negative electrical potentials visible
on the volcano flank (—2 V) are induced by meteoric infiltration while the
central positive amplitude (+2 V) results from a combination of fluid upwelling
and conductive rocks. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

-2

VT +F = pii +p,W 19)
where u and w are the averaged displacement of the solid phase and the
average filtration displacement associated with the liquid water phase,

respectively, M and C are two Biot coefficients, T is the total stress
tensor, F denotes the body force applied to the porous material
(including the gravity force), 6 =s,¢ denotes the water content
(dimensionless), p is the mass density of the material, and Ps is the mass
density associated with the liquid water phase (product of the saturation
by the density of the liquid water phase). In addition, we need the
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following Biot constitutive equation,

—p=CVu+MV-w (20)

where p denotes the liquid water pressure. The two mechanical moduli
entering these equations are defined in unsaturated conditions as

% = ﬁ 1)
o5
where the two quantities in Egs. (21) and (22) are defined by

A = (K /$Ks) [(1 - ¢)Ks — K | @3
(= -Vw=60(V-u—-V-u,) (24)

The quantity ¢ denotes the linearized increment of fluid content
(dimensionless). The quantity a,, = s, (1 - Kfr/Ks) denotes the Biot co-
efficient in unsaturated conditions, K is the bulk modulus for the pore
fluids (related to the bulk moduli of the gas and liquid water phase by
Wood formula), K5 and Kj denote the bulk moduli for the solid and
skeleton, respectively. Solving together the semi-coupled hydrome-
chanical and electromagnetic problems presented above can be used to
assess the intensity of the electromagnetic disturbances associated with
hydromechanical disturbances in a hydrothermal system. We will
discuss an example in Section 5.7.

4.3. Inverse modeling

Initially, the development of source localization algorithms was
developed with simple sources (charge accumulations) using error and
trial approaches or cross-correlation algorithms (Corwin and Hoover,
1979; Patella, 1997a, 1997b). These methods are now considered
outdated because they do not bring meaningful information regarding
the causative sources, its geometry, and its connection to groundwater
flow.

In the forward modeling approach described above, we can model
the self-potential response associated with either steady-state ground-
water flow or hydromechanical disturbances. For a given set of bound-
ary conditions and distribution of the material properties, the solution of
the forward modeling is always unique. The inverse problem consists in
recording the self-potential data at the ground surface (possibly in
boreholes) and invert this self-potential response to characterize the
causative source (e.g., Long and Hao, 2005; Revil and Jardani, 2013),
even possibly the pattern of groundwater flow itself or the localization of
the hydromechanical disturbances (e.g., Haas et al, 2013). As
mentioned above, the knowledge of the conductivity structure of the
subsurface is an important ingredient of the self-potential inverse
problem and can be determined by passive or active electromagnetic
surveys or galvanometric resistivity surveys. In addition, it should be
recognized upfront that the solution of potential field problem is
strongly non-unique, i.e., there are many of current source distributions
that would produce the same sampled self-potential pattern at the
ground surface. There are so-called annihilators, i.e., source current
distributions that produce no detectable self-potential anomalies at the
observation points. The anomaly of type IV described in Fig. 11 is an
example of annihilator.

All these points are well-established in the realm of geophysical in-
verse problems and especially in the inversion of potential field data (e.
g., gravity or magnetic data). In addition, there is a vast literature in
Electro-EncephaloGraphy (EEG) in which we can reuse many existing
algorithms to characterize hydrothermal fields from self-potential
anomalies (see Grech et al., 2008, for a review of the inverse problem
in EEG). Indeed, brain activity generates tiny source current densities at
the synapses between the neurons, which, in turn, are responsible for
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Fig. 15. Self-potential anomalies associated with the volcanic complex of Santa Maria — Cerro Quemado - Zunil volcanoes and Xela caldera. a. Self-potential over a
~ 17 km long profile. b. Interpretative 3D block of the self-potential signal. Letters correspond to the anomaly commented in the text. “HS” stands for hydrothermal
system. c. Schematic 3D view of hydrothermal fluid flows consistent with self-potential data and isotopic gas geochemistry (modified from Bennati et al., 2011).

detectable self-potential signals on the scalp. These signals can be
recorded with a network of electrodes applied to the scalp or using
capacitive coupling technologies and used to monitor brain activity or to
locate for instance the source of epilepsy.

In the approach we discuss now, the first step is to compute the
Kernel matrix that represents the relationship between the electrical
current density at source point M and the measured self-potential signals
at a self-potential station P (observation point) for instance located at
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the ground surface. The relationship between the potential at P, ¢(P),
and the current density at source position M, jg(M), is given by the in-
tegral form of the Poisson equation, Eq. (6),

#(P) = [K(p.M)ison)av 25)

where K(P,M) denotes the kernel, which incorporates the conductivity
distribution if known. This matrix allows to compute the self-potential at



A. Revil et al.

Elevation (m a.s.l.)

Journal of Volcanology and Geothermal Research 437 (2023) 107788

T (°C)

90
70
50
30

P (Q.m)

2500
1000

ARH0OCoARa0TR

4293800 4293750

4293700

UTM - Gauss Boaga (m)

Fig. 16. Summit part of Stromboli volcano, Aeolian islands, Italy. White dots correspond to the self-potential measurements. Pink colour is used to delimitthe Pizzo
pyroclastic outcrop where no data can be taken a. 3D view showing temperature measurements taken at 30 cm depth on (X-Y) plane and electrical resistivity to-
mography on (X-Z) plane (p the resistivity in Ohm m). b. Self-potential map visualized in 3D view (modified from Finizola et al., 2009). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

point P for an elementary current source vector located at the source
point M in the ground Q characterized by a non-uniform electrical
conductivity distribution. Therefore, the size of the kernel matrix de-
pends on the number of measurement stations N and the number M of
elements used to discretize the ground. In essence, each element of this
matrix is a Green function that can be numerically computed to account
for the electrical conductivity distribution, the boundary conditions
(Egs. (9) and (10)), and the topography. Finally, when computing
numerically the elements of K, one has to remember that the electrical
potential is determined relative to a reference electrode located some-
where at the ground surface (see Section 3.2 above). As explained above,
this choice is arbitrary but needs to be consistent between the display of
the data and the numerical forward modeling used to compute the
kernel (see Jardani et al., 2008, for details). This is a crucial step in order
to compare field data and modeled data and it should not be forgotten.
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There are many ways to invert self-potential data. The simplest is to
envision the inversion of the self-potential inversion in two steps. In the
first step, the measured self-potential field is inverted to determine the
source current density distribution. In the second step, this source cur-
rent density distribution is converted into a distribution of the Darcy
velocity w using the distribution of jg and assuming reasonable values

for the volumetric charge density Qv. One key-question is to incorporate
prior knowledge of the flow field (and therefore the source current
density) in order to guide the inversion toward a meaningful hydro-
geological model.

Regarding the first step, the self-potential inverse problem is a
typical potential field problem and the solution of such problem is ill-
posed and non-unique. It is therefore important to add constraints to
reduce the solution space for the current density distribution. Using the
Ly norm assuming Gaussian probability densities on the data and model
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Fig. 17. Ground-water flow model obtained by inverting the self-potential data measured at the ground surface. The positive self-potential anomaly in the center of
the volcano is associated with the upwelling of the hot water (Type I anomaly) while the flanks of the volcano are associated with Type IIl anomalies associated with
groundwater flow in shallow aquifers. We use first the resistivity data and the self-potential data to invert the source current density distribution under constraints.
Then this source current density distribution is converted into a normalized Darcy-velocity distribution. Modified from Revil et al. (2008).
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Fig. 18. Self-potential map measured at the ground surface of the Cerro Prieto
geothermal field using the data from Fitterman and Corwin (1982, see also
Revil and Pezard, 1998). The crosses materialize the self-potential stations. The
dipolar anomaly exhibits a peak-to-peak amplitude of 160 mV, which is not a
strong anomaly by comparison with those exhibited in Figs. 1 to 3. The position
of the substratum basement is determined from well data combined with
geophysical surveys. Modified from Jardani et al. (2008). The positive anomaly
reflects the upflow of hot water.

probability functions and no prior model, a model objective function
y,(m) is written to balance the data misfit function and constrain
function using Tikhonov regularization,
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v, (m) = [W,(Km — g,) |* + 2| W,m| (26)

In this equation, 1 corresponds to the (unknown) parameter (with
0 < 4 < o0) that balances the two components of the cost function (i.e.,
data misfit and the regularization terms). We use the definition || Af||> =

f'A'Af where t denotes transpose. The kernel K = (K;,Ki,K;) (Nx3
M)-matrix comprises three elements for each of the three directions of
the Cartesian coordinate system. The quantity Km represents the
simulated self-potential data given a 3 M-model vector m = (j, 7, %)
describing the source current density at each cell used to discretize the
subsurface (M cells in total). The vector ¢4 corresponds to the N-
measured self-potential data. The N x N-matrix Wy = diag{1/e;, ...
,1/en} is used to weight the data according to the level of error (¢; de-
notes the standard deviation of the self-potential measurement i). The 2
(M-2) x 2 M matrix W,, denotes the flatness matrix or the differential
Laplacian operator. A Gaussian assumption on the data is used to set up
the matrix Wy, which is a diagonal matrix based on the data covariances.
For the matrix W, we use the smoothness operator (the discrete
approximation of the second order derivative) and therefore roughness
of the solution (in terms of current density distribution) is penalized.

We can also start the inversion with a prior model based on
groundwater flow that we can perturb using the self-potential data. In
the case where a prior model my would be considered, HWmmH2 would
be replaced by ||[W,,(m —myp) ||* in eq. (26) to account for this model.

The best model is obtained by minimizing y,(m) (i.e., looking for
dy,(m)/om = 0. The model update vector Am; is given by using the
Gauss-Newton technique. The value of 1 can be optimized using the L-
curve technique or can be decreased step by step at each iteration to fit
the self-potential data at its level of noise (cooling approach).
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Fig. 19. Result of the inversion of the self-potential field measured at the Cerro Prieto geothermal field in Mexico in the vicinity of the Cerro Prieto volcano. a. Sketch
showing the geology below the self-potential profile. b. Self-potential profile (data obtained from the study of Corwin et al., 1979). “Ref” denotes the position of the
reference electrode. c. Electrical resistivity tomogram using vintage apparent resistivity data. The resistivity tomogram is used to define the main lithological units
used to define the hydrogeological model. d. Temperature field using extrapolated well temperature data. e. Result of the stochastic inverse modeling used to invert
the hydrogeological parameters needed to determine the groundwater flow model. Modified from Jardani and Revil (2009).

5. Applications

In this section, we discuss several case studies to highlight forward
and inverse modeling procedures and results. Forward numerical
modeling is discussed in Section 5.1. The acquisition and analysis of field
data is performed in Sections 5.2 and 5.3 for Peruvian, Guatemalan, and
Italian volcanoes. Forward modeling of the self-potential signals from
groundwater flow modeling is discussed in Section 5.4. Inverse
modeling of self-potential signals in terms of groundwater flow pattern
is discussed in Sections 5.5 and 5.6. In Section 5.7, we discuss self-
potential anomalies associated with the ascent of acidic groundwaters
in stratovolcanoes. A laboratory test associated with the upwelling of a
hydromechanical disturbance is discussed in Section 5.8 where we also
discuss transient self-potential data at La Fournaise volcan (Réunion
island, France).

5.1. Forward modeling cases

Numerical codes have been developed in the literature to calculate

self-potential signals associated with various forward steady state fluid
flow simulations (e.g., Yasukawa et al., 1993; Ishido et al., 1997, Ishido
and Pritchett, 1999; Titov et al., 2005; Boleve et al., 2007a, 2007b;
Onizawa et al., 2009, Aizawa et al., 2009, Matsushima et al., 2017,
Alarouj et al., 2021a, 2021b). Three main steps are necessary to forward-
model the self-potential distribution:

(i) The definition of the conceptual model. Data of interest comprise:
groundwater recharge and springs, thermal budget and degassing
activity, geologic/tectonic features, petrophysical rock proper-
ties, and subsoil/subsurface interpreted geophysical tomograms.

(ii) The construction of the forward fluid flow model. This second
step includes the selection of the equation of state, and the cre-
ation of the computational domain with initial rock properties
and boundary conditions.

(iii) The post-processing of the resulting fluid flow structure to
retrieve the electrical potential field. In this final step, the elec-
trical conductivity distribution of the fluid flow model can be

17
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calculated using empirical relationship in porous rocks (e.g.,
Revil and Gresse, 2021).

This approach has been used by various researchers to model the self-
potential anomalies of volcanoes and geothermal systems, allowing the
validation/confirmation of associated physical processes (e.g., Aizawa
et al., 2009; Byrdina et al., 2013; Ishido, 2004; Onizawa et al., 2009;
Matsushima et al., 2017; Revil et al., 2010a; Yasukawa et al., 2003). In
order to illustrate this point, we summarize below the works of Ishido
(2004) and Byrdina et al. (2013) who investigated the nature of the “W-
shaped” self-potential anomalies on active volcanoes (Figs. 13 and 14).
Both studies are based on groundwater flow simulations with a realistic
conceptual model. Various rock properties values were used, for
instance accounting for a reduction of the permeability with depth. A
permeable vertical conduit was placed between the crater floor and a
magmatic heat source at depth. The atmospheric boundary conditions
were fixed including ground surface temperature, atmospheric pressure,
air saturation, and meteoric recharge. The lateral boundary conditions
were set to hydrostatic pressure in both simulations. It corresponds to an
open convective flow in the study of Byrdina et al. (2013). The lateral
boundary condition is closed to groundwater flow in the study by Ishido
(2004). Furthermore, Ishido (2004) accounts for ocean boundary con-
ditions (i.e., seawater intrusion) since this study focused on volcanic
islands.

18

Forward fluid flow results show two similar features: (i) downward
infiltration of meteoric water within the unsaturated zone, and (ii) hot
hydrothermal plume lying above the deep magmatic source. The vari-
ation in the plume extent is controlled by different boundary conditions
and permeability fields. Indeed, Ishido (2004) considered high rocks
permeability (10*13—10*14 m2) enhancing convective heat transfer,
while Byrdina et al. (2013) used instead lower permeability values
(107*-107'5 m?) promoting heat conduction with respect to free con-
vection (low Rayleigh numbers).

The post-processing of the two fluid flow models successfully
reproduced the measured self-potential signals observed at Ticsani and
Izu-Oshima volcanoes both in terms of amplitude and shape (see Figs. 13
and 14). The two negative lobes of the “W-shaped” signal are generated
by meteoric water infiltration within the unsaturated zone associated
with low conductive materials (10 2=10~° S-m™ ). The central positive
self-potential anomaly is identified as the combination of hot fluid up-
welling and shallow conductive materials (1072-10' S\m™1). On vol-
canoes, the relative contributions of these two sources of electric
potential depends on their inherited structure, past and recent activity
(e.g., open/closed plumbing system, presence of clay cap). Monitoring of
the large scale self-potential anomalies on active volcanoes could open
the door to a powerful method to investigate their plumbing systems.
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Fig. 21. Inversion of the self-potential signals in terms of current source distribution converted in groundwater flow pattern. Unit Ul corresponds to the open
(pervasive) fault zone. Unit U2 represents the impervious quartz monzonite basement (the batholith of a former volcano). Unit U3 represents the shallow aquifer. The
arrows and the colors along the flow path represent the direction and the amplitude of the Darcy velocity, respectively. The Darcy velocity is obtained by converting
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5.2. Large-scale study on Peruvian and Guatemalan volcanoes

The large-scale surveys performed on active Peruvian volcanoes,
such as Misti (Finizola et al., 2004, see Fig. 1) and Ubinas volcanoes
(Gonzales et al., 2014) revealed large amplitude self-potential anomalies
with a classical “W” shape underlying a huge hydrothermal system
several kilometers in diameter. Such a signal means the presence at a
depth of few kilometers of a magmatic body (see Revil et al., 1999b for a
description of the numerical modeling case study).

The density of active volcanoes in Guatemala implies particular
strategy to study with self-potential, volcanic complexes such as the
Santa Maria - Cerro Quemado - Zunil and Xela caldera (Bennati et al.,
2011; see Fig. 15). A unique self-potential profile of about 17 km long,
with a step of 20 m, have been performed, beginning at the top of Santa
Maria volcano, crossing Xela caldera boundary, then following with the
Cerro Quemado dome complex, and crossing again the Xela caldera
boundary in direction to Zunil volcano.

The hydrothermal system of Santa Maria volcano is revealed by a
positive self-potential / elevation gradient (anomalies M1-M2 in Fig. 15a
and b) and the Western flank of Xela caldera boundary also facilitate the
uprising of hydrothermal fluids, as attested by the positive self-potential
/ elevation gradient (M4 in Fig. 15a and b). A similar hydrothermal
system appears close to the 1818 lava dome (anomaly Q4 in Fig. 15a and
b). Around the Cerro Quemado dome complex, the presence of negative
self-potential anomalies indicates the possibility of preferential
groundwater infiltration along the faults bordering the Cerro Quemado
dome complex (see anomalies Q1, Q7 and Q8 in Fig. 15a and b). This
survey highlights the notion of partitioned hydrothermal systems on a
volcanic complex, notion attested by the isotopic gas geochemistry
(Fig. 15¢).
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5.3. Small-scale study in the summit part of Stromboli volcano

A high resolution survey (1 m spacing along profiles for self-potential
and 2.5 m spacing for temperature recorded at a depth of 30 cm) was
performed in 1999 in the summit area of Stromboli volcano (Finizola
et al., 2003). Revil et al. (2004) performed an electrical resistivity to-
mography with 5 m spacing between the electrodes. An eruptive crisis
occurred in 2002-2003, which opened fractures in the summit area
(Finizola et al., 2009; see Fig. 16). It is interesting to note the strong
correlation between the positive anomalies of self-potential, the tem-
perature anomalies at a depth of 30 cm and the conductive bodies shown
on the resistivity profiles (see anomalies F1 and F2 shown in Fig. 16).
The superimposition between the 2002-2003 opened fractures and the
maximum of the self-potential anomaly (F1 in Fig. 16) highlights that
self-potential signals can be useful to anticipate weakness planes in the
structure on a volcanic edifice, which can be reactivated during an un-
rest period. Similar observations were made by Chaput et al. (2019)
before the collapse of the Dolomieu caldera on Piton de la Fournaise
volcano at Réunion Island in the Indian Ocean.

5.4. Groundwater flow pattern at Vulcano (Italy)

La Fossa cone is an active stratovolcano located on Vulcano Island in
the Aeolian Archipelago in the Mediterranean Sea (southern Italy). It
self-potential anomaly (Fig. 17) exhibits a W-shape as those shown in
Figs. 3, 13, and 14. A 3D resistivity tomogram was obtained by Revil
et al. (2010b). The hydrothermal system is identified by very low values
of the electrical resistivity (<20 Ohm m). Its lateral extension is clearly
limited by the crater boundaries, which are relatively resistive (>400
Ohm m). Inside the crater it is possible to follow the plumbing system of
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Fig. 22. Sketch showing the upwelling of acidic groundwaters in a stratovolcano (here Papandayan volcano in Indonesia, modified from Mazot et al., 2008). The
stars correspond to the low-frequency seismic events. The clay cap is rich in smectite while the altered area around the acidic conduits is rich in kaolinite.

the main fumarolic areas. On the flank of the edifice a thick layer of tuff
is also marked by very low resistivity values (in the range of 1-20 Ohm
m) because of its composition in clays and zeolites.

A 2-D simulation of the groundwater flow is performed over the
edifice using a commercial finite element code (Fig. 17). Input param-
eters are the topography, the conductivity cross section, and the value of
the measured streaming current coupling coefficient on a set of core
samples from the volcano. From this forward simulation we computed
the self-potential field, and we found good agreement with the measured
self-potential data by adjusting the boundary conditions for the flux of
water (see Fig. 17 and see Revil et al., 2008, for details). Inverse
modeling shows that self-potential data can be used to determine the
pattern of groundwater flow and potentially to assess water budget at
the scale of the volcanic edifice. The distribution of the current density
can be then translated into a distribution of Darcy velocity, which can be
integrated to determine the amount of water upwelling through the
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central part of the volcano. Two examples of such integration are shown
in the next two sections.

5.5. Inverse modeling: the case of Cerro Prieto (Baja California)

We discuss now the interpretation of the 160 mV self-potential
anomaly observed at the geothermal field of Cerro Prieto, Baja Califor-
nia, Mexico (Fig. 18). Inversion of the self-potential and resistivity data
allows observing a plume of hot groundwater rising to the ground sur-
face in the central part of the investigated area and discharging to the
ground surface in the southwest part. The temperature anomaly asso-
ciated with the existence of this plume is independently observed by
interpolating borehole temperature measurements (Fig. 19). The anal-
ysis shown in Fig. 19 summarizes the results obtained by Jardani and
Revil (2009a, 2009b) using a stochastic approach.

In hydrothermal fields, the flow of the groundwater is responsible for
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both thermal and self-potential anomalies. Temperature is usually
recorded in boreholes while the self-potential field is recorded at the
ground surface (Fig. 18). As discussed by Jardani and Revil (2009a,
2009b), the joint inversion of temperature and self-potential data rep-
resents therefore an attractive approach to invert the flow field and
permeability. Jardani and Revil (2009a, 2009b) used an Adaptive
Metropolis Algorithm to determine the posterior probability densities of
the material properties of different geological formations and faults by
inverting jointly self-potential and temperature data. Their algorithm
was first successfully tested using a synthetic case corresponding to a
series of sedimentary layers overlying a low-permeability granitic sub-
stratum. Then an application to the Cerro Prieto data was also per-
formed. The upwelling of a hydrothermal plume through a set of faults
and permeable formations at the Cerro Prieto geothermal field in Baja
California explains both the observed self-potential and thermal anom-
alies (Fig. 19). The optimized permeability values are in close agreement
with independent hydrogeological estimates. The stochastic approach
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developed by Jardani and Revil (2009a) appears therefore as a nonin-
vasive method for remote detection and three-dimensional mapping of
subsurface groundwater flow in hydrothermal fields.

5.6. Upflow of thermal water along a shear fault (Colorado)

We move now to a case study in the upper Arkansas Valley in Col-
orado, at the feet of Mount Princeton, which is part of the Collegial
Peaks. Mount Princeton is the batholith of a former volcano and is
composed of quartz monzonite. The Mount Princeton hot springs is
partly associated with the upflow of thermal water along a major crustal
shear fault. Such crustal faults are often associated with volcanism. The
self-potential anomaly and shallow resistivity structure associated with
an open conduit along this shear fault is shown in Fig. 20. Our goal here
is to show how we can quantify the flux of thermal water upwelling
along the open conduit of the fault using the self-potential anomaly (see
Richards et al., 2010, for details).
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In order to quantify the flux of hot water, we use the geometrical
model shown in Fig. 21 with the resistivity values obtained from the
resistivity tomogram shown in Fig. 20. The geometry of the 2D model is
simplified in three units. Unit U1 corresponds to the fault itself. Unit U2
represents the quartz monzonite basement (mostly impervious) while
U3 denotes the shallow aquifer (made of granular sandy materials). The
presence of this shallow aquifer is confirmed by a drill-hole (labeled
MPG-5). The presence of hot water (at a temperature of 59 °C) was
observed in Well MPG-5 at a depth of 40 m. The pH of the hot springs at
Mount Princeton is comprised between 7.8 and 8.6 and therefore eq. (8)
can be used to model the relationship between the excess of charge per

unit pore volume Qy and the permeability k.

The boundary conditions used to simulate the steady-state ground-
water flow and the associated self-potential problems are (i) impervious
boundaries except at the base of the fault and at the outflow of the
aquifer and (ii) insulating boundaries at all the external boundaries. The
self-potential measurements shown in Fig. 20 were inverted to deter-
mine the magnitude of the Darcy velocity using the deterministic
approach discussed in Section 4.3. A constant value for Qy inside U1 is
used. Using a depth of the reservoir of 5 km and a mean geothermal
gradient of 28 °C km™! (measure independently in the area), the
permeability of the fault plane is estimated to be on the order of 10712
m?. This yields an approximate value of Qy = 30C m > using eq. (8). The
conductivity of the hydrothermal water is o, (25 °C) = 0.048 S/ m
(measured in the Well MPG-5) close to the fault.

P o
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In order to produce a reasonable hydrogeological model, we use the
additional conditions on the direction and magnitude of the source
current density in each unit: m = (¥ < 0,j2 ~ 0) in U3 (i.e., flow is
mainly horizontal in the shallow aquifer), m = (¥ < j%¥) in U1 (i.e., flow
is mostly vertical along the fault), and m = (0, 0) in unit U2 (no flow in
the granitic basement). The minimization of the cost function corre-
sponding to eq. (26) is performed iteratively by the Gauss-Newton
method described in Section 4.3. The value of the regularization
parameter is based on the level of noise in the self-potential data. We
invert the current density distribution. Then this current density distri-
bution is translated into a Darcy velocity distribution using eq. (4) and
the value of Qy obtained above. Then the Darcy velocity can be inte-
grated along the dimension of the fault characterized by the positive
self-potential anomaly. This yields an integrated flux of 4000 m>/day of
hot water at 85 °C (see Richards et al., 2010, for details). A similar
approach was followed recently by Miller et al. (2018) for Mount Ton-
gariro in New Zealand.

5.7. Self-potential anomalies associated with the ascent of acidic
groundwaters

The case of active volcanoes characterized by very acid fumarolic
fluids (especially strato-volcanoes, see Fig. 22) deserves a special
attention. Two examples are provided in this section to illustrate the
possible  relationships between self-potential anomalies and
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a. Instrumentation

1) Cement block

2) Injection tubes

3) AE sensors

4) Top electrode array*
5) Back electrode array*
6) CMS electrode*

7) DRL electrode*
* Ag/AgCl

b. Data acquisition - Biosemi equipment

a. Time Series of Hole 9 AE Hits and Pressure Change Data from 1795s to 1828s.
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Fig. 25. Experimental setup used to follow hydro-
mechanical disturbances using an array of self-
potential electrodes and acoustic emission (AE) sen-
sors. a. Porous cement block with the position of the
wells, the AE sensors, and the electrode array. b. The
self-potential signals are recorded with a very sensi-
tive electroencephalographic voltmeter. The self-
potential electrodes are 32 Ag/AgCl sintered elec-
trodes. c. Position of the hydraulically stimulated well
#9 and the three AE sensors on this face of the porous
block. This experiment is similar to the monitoring of
hydromechanical disturbances in a volcano at a larger
scale. Modified from Haas et al. (2013).

AE sensors

c. Upper face

Fig. 26. Evolution of the fluid pressure,
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g Scaled Pressure O series recorded at the 32 electrodes of the
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E-' L N % of 6 hydromechanical disturbances labeled
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L L L L L % the pore water in the cracks. Modified from
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b. Time Series of Hole 9 Voltage and AE Hit Data from 1795s to 1828s
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hydrothermal fluids with very low pH values: (i) the case of La Soufriere
Volcano (Guadeloupe Island, France) and (ii) the case of Papandayan
volcanoes (Java Island, Indonesia).

La Soufriere of Guadeloupe is characterized by the presence of a
dome with fumarole activity where boiling ponds exhibit extremely
acidic fluids (minimal pH ~ —0.8) (Allard et al., 2014). Recent mea-
surements also attest values of pH below pH = 1.0 in the summit area
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(Inostroza et al., 2022). A multi-method profile, 2430 m long, including
self-potential measurements, soil temperature (at a depth of 30 cm), soil
CO concentration (at a depth of 30 cm), and electrical resistivity to-
mography were performed in the southern flank of La Soufriére dome.
The profile was located between “North of Piton Tarade” on the Western
side of the profile and the “Eastern flank of 'Echelle cone” on the Eastern
side of the profile (labeled NPT and EFE, respectively in Fig. 23a).
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Fig. 27. Localization of a hydromechanical disturbance using transient self-potential signals. The inversion of the self-potential signals allow to demonstrate that the
sources E1 and E2 are located in the vicinity of Hole #9 in panels a. to d. (arrows). e. Development of the hydromechanical disturbance along the hole breaking the
epoxy connecting the well to the cement. These hydromechanical disturbances are responsible for the fluid pressure fluctuations, electrical impulses, and the acoustic
emissions observed in Fig. 23. The inversion of the self-potential signals allows to invert not only the position of the events but also their magnitudes (M; = 0.2 mA m
for Event E1 and M, = 1.6 mA for Event E2). The same type of signals could be observed on an active volcano and associated with thermo-hydromechanical dis-

turbances in the vicinity of a magmatic conduit. Modified from Haas et al. (2013).

On the western side of the profile, the self-potential data display
three self-potential minima consistent with the presence of three gullies
(Type V, see pink stars PT-, DS2-, DS3- in Fig. 23b). Along this profile,
one area, <200 m long, was affected by high temperature and COy
concentration anomalies (close to 100 °C and 100% respectively). These
anomalies are associated with a shallow conductive area located along
the La Ty fault, a system of regional active tectonic faults crossing the
volcanic dome (see light grey colour rectangle on Fig. 23b). While we
would expect a positive anomaly here, we observe no self-potential
anomaly that could be associated with this upwelling of the hydro-
thermal fluids along the fault. The very low pH of the hydrothermal
fluids is probably the cause of the absence of self-potential signature (see
Fig. 5¢ showing that for acidic fluids, the streaming potential coupling
coefficient is close to zero).

Another example showing a clear impact of the pH of the upwelling
hydrothermal fluids on the self-potential signals was observed at
Papandayan volcano (see Byrdina et al., 2018). The upwelling of the
acidic fluids is marked by the electrically conductive bodies observed on
the 3D-resistivity tomogram. The self-potential measurements shows a
good correlation between the rising of hydrothermal fluids (see anom-
alies labeled A, B, and C in Fig. 24a) and the negative self-potential
anomalies measured at the ground surface. The comparison between
self-potential and soil pH provide an obvious positive correlation be-
tween these two parameters (see Fig. 24b). We can conclude that
additional information such as the measurement of fluid or soil pH is
critically needed to correctly interpret self-potential anomalies on
strato-volcanoes.
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5.8. Transient self-potential anomaly

In volcanic environments, self-potential anomalies can fluctuate over
time in a broad spectrum of frequencies from few milliseconds to several
months or years depending on the causative source of the signals. For
instance, Kuwano et al. (2015) localized self-potential transient anom-
alies associated with very long period seicmic pulses (see also Byrdina
et al., 2003).

Pride (1994) and Revil et al. (2015) show that the transient self-
potential fluctuations are associated with any type of hydromechani-
cal disturbances in partially water-saturated porous media. Revil et al.
(2015) performed forward-modeling of these effects through the
streaming current effect. They propose a laboratory experiment showing
how these electrical fields can be recorded at the surface of a cement
block during the hydromechanical stimulation of a well (Fig. 25). This
experiment can be considered as an analog of the upflow of thermal
water along a magmatic conduit or during the hydraulic stimulation of a
well in a geothermal field. The laboratory measurements were per-
formed with a very sensitive voltmeter corresponding to a medical
electroencephalograph (Fig. 25). The signals were inverted using a ge-
netic algorithm to localize the causative source of electrical current and
therefore, localize the hydromechanical disturbance in the block
(Figs. 26 and 27). Two snapshots of electrical signals were used to show
how the position of the hydromechanical events evolved over time. The
amplitude of the electric signals changed from the background level
indicating that a volume of water was flowing in the close vicinity of the
well producing fracking events at regular intervals (Fig. 27). Such
approach can be used to monitor hydromechanical events in a
geothermal system. This implies the development of repeated surveys or
the development of continuous monitoring networks on volcanoes (e.g.,
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Fig. 28. Piton de la Fournaise volcano. a. Self-potential signal recorded along the profile, on March 27th and 30th 2007. b. Difference of self-potential between the
two reiterations. Representation of the raw and filtered data using running averages over 3, 5, 7, 9, and 11 points. c. Aerial photograph of the studied area taken in
November 2007 showing the collapsed area, the pre-collapse Soufriére pit crater, and the spatial distribution of SP anomalies along the profile. W, C, and E stand for
western, central and eastern anomalies respectively (modified from Chaput et al., 2019).
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Yasukawa et al., 2005; Matsushima et al., 2017).

Repeated self-potential surveys performed at Piton de la Fournaise
volcano (Réunion Island, France) demonstrate how powerful the self-
potential method is to detect with areas of mechanical weakness
before the occurrence of a major destructive event in the caldera of this
shield volcano. Based on a self-potential map performed over the entire
cone of the Piton de la Fournaise volcano (Barde-Cabusson et al., 2012),
a major self-potential positive anomaly located on the northern flank of
the volcanic cone was chosen to install a reiteration profile, 440 m-long,
with measurement point each meter along the profile (see details in
Chaput et al., 2019, and Fig. 28c). The profile was reiterated twice, on
27 and 30 march 2007, few days before a major collapse in the caldera
that occurred in April 5th to 7th, 2007 (see black and red data in
Fig. 28a). The difference between these two self-potential reiterations
displays three peaks corresponding to the maximum of difference
(labeled “W”, “C” and “E” in Fig. 28b). Different running average on the
self-potential difference data allows to better visualize the self-potential
changes. Two areas “W” and “C” correspond to a major difference in
amplitude. The largest anomaly (“W”, 40 m of lateral extension) cor-
responds to the size of the so-called Soufriere pit crater before the 2007
collapse. The anomaly “C” corresponds precisely to the boundary of the
caldera that collapsed in April 2007. Therefore, the fluctuation in the
self-potential signals can be used to evidence areas of high permeability
and mechanical weakness, of a volcanic edifice. The mapping of these
areas is very important in volcanology, to assess, on a spatial point of
view, structural weaknesses of a volcanic edifice, which can evolve
during volcanic crisis in caldera, flank or sector collapse.

This reiteration survey, performed each meter, demonstrates that
interesting fluctuations in the self-potential signals can be measured
only if one of the two electrodes is located over strategic areas (“W”, “C”
and “E” in our case). Two iterations of the profile is required. This result
explains why permanent self-potential monitoring stations may remain
blind to significant hydrothermal fluid disruptions is the electrodes are
not correctly placed. Regarding permanent self-potential monitoring, it
is interesting to mention Izu Oshima volcano (Japan), which has been
continuously monitored from 2006 to 2014 (see Matsushima et al.,
2017). A decrease in the self-potential signal (~100 mV) has been
observed at Izu-Oshima in the years following the last eruption in
1986-1987 (Matsushima et al., 2017). This decrease was explained by
the reduction in gas emissions. Subsequent self-potential variations are
mostly periodic, resulting mainly from changes in the water table level
due to precipitation. To better understand future self-potential precursor
events, it will be necessary to measure the self-potential signal over one
or several eruptive cycles.

6. Grand challenge

In our opinion, the next step to use self-potential signals to monitor
active volcanoes is the integration of self-potential with electrical con-
ductivity and induced polarization tomography. Great advances have
been achieved recently in induced polarization tomography applied to
active volcanoes (see a review in Revil and Gresse, 2021). First steps in
the integration of self-potential and electrical conductivity tomography
have been done recently for the localization of ore bodies below the sea
floor at mid-oceanic ridges (Su et al., 2022). Combining physics based
thermo-hydromechanical codes to simulate volcanic activity with time-
lapse geoelectrical and electromagnetic (active and passive) methods
together with passively collected seismic data would represent a
breakthrough in our ability to monitor active volcanoes and predict their
behavior in a way similar to weather forecasting. Some preliminary
steps in this direction have been accomplished recently by Arens et al.
(2022).

7. Conclusion

The flow of the groundwater in geothermal reservoirs and

26

Journal of Volcanology and Geothermal Research 437 (2023) 107788

hydrothermal fields produces self-potential anomalies of several hun-
dreds of millivolts and in some cases of several volts. The underlying
physics of these anomalies is well-understood and the self-potential
signals associated with groundwater flow can be easily forward-
modeled. Furthermore, recent advances in the inverse problem can be
used to assess the pattern of groundwater flow from self-potential signals
in the realm of potential-field theory or coupled flow theory. In addition,
we can model and invert the transient self-potential signals associated
with fracking and hydro-mechanical disturbances, an important step in
monitoring active volcanoes. The inversion of the self-potential signals
can bring exciting information regarding the localization and the
moment tensor of hydro-mechanical seismic events. It is therefore likely
that the self-potential method could play an increasing role in the
characterization of hydrothermal systems in volcanic areas in concert
with borehole measurements, remote sensing, and other geophysical
techniques. The joint inversion and interpretation of self-potential and
induced polarization data appears promising.
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