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Electrical conductivity tomography is a well-established galvanometric method for imaging the subsurface elec-
trical conductivity distribution. We characterize the conductivity distribution of a set of volcanic structures that
are different in terms of activity and morphology. For that purpose, we developed a large-scale inversion code
named ECT-3D aimed at handling complex topographical effects like those encountered in volcanic areas. In ad-
dition, ECT-3D offers the possibility of using as input data the two components of the electrical field recorded at
independent stations. Without prior information, a Gauss-Newton method with roughness constraints is used to
solve the inverse problem. The roughening operator used to impose constraints is computed on unstructured tet-
rahedral elements to map complex geometries. We first benchmark ECT-3D on two synthetic tests. A first test
using the topography of Mt. St Helens volcano (Washington, USA) demonstrates that we can successfully recon-
struct the electrical conductivity field of an edifice marked by a strong topography and strong variations in the
resistivity distribution. A second case study is used to demonstrate the versatility of the code in using the two
components of the electrical field recorded on independent stations along the ground surface. Then, we apply
our code to real data sets recorded at (i) a thermally active area of Yellowstone caldera (Wyoming, USA), (ii) a
monogenetic dome on Furnas volcano (the Azores, Portugal), and (iii) the upper portion of the caldera of Kilauea
(Hawai'i, USA). The tomographies reveal some of the major structures of these volcanoes as well as identifying
alteration associated with high surface conductivities. We also review the petrophysics underlying the interpre-
tation of the electrical conductivity of fresh and altered volcanic rocks and molten rocks to show that electrical
conductivity tomography cannot be used as a stand-alone technique due to the non-uniqueness in interpreting
electrical conductivity tomograms. That said, new experimental data provide evidence regarding the strong role
of alteration in the vicinity of preferential fluid flow paths including magmatic conduits and hydrothermal vents.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction
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Electrical conductivity tomography has proven to be an effective
geophysical method for imaging the shallow subsurface structures.
Nowadays, its use is well-established for a variety of applications in
geosciences, including environmental applications such as contaminant
plume mapping and remediation monitoring (e.g., Naudet et al., 2004;
Goes and Meekes, 2004; Miiller et al., 2010), the characterization of
shallow aquifers in hydrogeology (e.g., Binley et al., 2002; Koestel et
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al., 2009), geotechnical applications (e.g., Sudha et al., 2009; Oyeyemi
and Olofinnade, 2016), and biogeophysical applications (e.g., Al
Hagrey, 2007). In practice, performing an electrical conductivity survey
is simple. It consists of injecting an electrical current between two injec-
tion electrodes (A and B) and recording the resulting electrical potential
difference between two potential electrodes (M and N) or a network of
electrodes. With recently-developed systems such as the FullWaver in-
strument from IRIS (http://www.iris-instruments.com/v-fullwaver.
html), we can also measure the two components of the electrical field
along the ground surface (the normal component being equal to zero)
on remote stations making electrical conductivity tomography feasible
at large scales.

The recorded electrical potential difference data are generally trans-
formed into resistance or apparent electrical conductivity/resistivity
data and then inverted using an inverse scheme to obtain an image of
the electrical resistivity field of the subsurface. The depth of investiga-
tion of electrical conductivity tomography depends on the nature of
the medium, the electrode spacing, the intensity of the injected current
and the electrode configuration. With long cables a depth of investiga-
tion of 600 m can easily be obtained. With decentralized systems, a
depth of a few kilometers can be reached with a 10 kW generator and
enough distance between the receivers. Electrode distances >100 m
have also been used in a number of studies on geothermal systems
(Jardani et al., 2008). Storz et al. (2000) performed a DC resistivity survey
down to 4 km in Germany. This makes galvanometric DC conductivity a
complementary tool with respect to electromagnetic methods (such as
magnetotellurics and time-domain electromagnetic methods) used in vol-
canology (e.g., Manzella et al., 2004; Troiano et al., 2009; Usui et al., 2016).

Electrical conductivity is very sensitive to the composition and tem-
perature of volcanic rocks, such as if they are molten or solidified and
potentially altered. Therefore, knowing the electrical resistivity can
help identifying the structures, connectivity, and fluids migration in
the hydrothermal systems of active volcanoes. In fact, fluids with a
high temperature and salinity increase the electrical conductivity of
the host rock. Alteration of volcanic rocks is produced by the circulation
of hydrothermal fluids involving the replacement of primary igneous
glass and minerals (such as amphibole, plagioclase, and pyroxene,) by
secondary minerals (e.g., Bonnet and Corriveau, 2007). We are espe-
cially interested in the case where these secondary minerals are clay
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minerals such as kaolinite, chlorite, illite, and smectite (Honnorez et al.,
1998). Alteration of the surrounding materials can create conductive bod-
ies. Volcanic edifices exhibit high conductivity anomalies that are character-
istic of the presence of hydrothermal fluids and alteration. This high
conductivity contrast allows for delineating the hydrothermal system.

While electrical conductivity tomography is a simple and efficient
technique, few works have been carried out to image volcanic edifices.
Revil et al. (2010) were the first to perform a true 3D electrical resistiv-
ity of an active volcano (Vulcano, Italy) while previous 3D interpolation
of 1D inverted data (Nicollin et al., 2006) were criticized by Linde and
Revil (2007) as producing unphysical results. Revil et al. (2010) imaged
a conductive body associated with the localization of temperature and
CO, anomalies at the ground surface. This conductive feature was iden-
tified as the main part of the hydrothermal system. Byrdina et al. (2017)
imaged the main structures of the hydrothermal system of Merapi vol-
cano (Indonesia) by combining electrical conductivity tomography,
self-potential and CO, flux data. They highlighted the presence of con-
ductive bodies (around 20 Ohm m) showing sharp resistivity contrasts
with the andesite lava flows (up to 100,000 Ohm m). The conductive
anomalies have been considered to be part of the probably intercon-
nected hydrothermal body of Merapi volcano. Rosas-Carbajal et al.
(2016) collected a large data set (23,000 measurements) during a set
of electrical conductivity tomography surveys aimed at reconstructing
a 3D electrical conductivity model of a small dome called La Soufriére
de Guadeloupe (Guadeloupe Island, Lesser Antilles, Caribbean). They
combined the information inferred from their 3D electrical conductivity
model together with geological and geochemical data to assess the in-
fluence of the circulation of hot fluids on potential collapse hazards in
these volcanic edifices. Gresse et al. (2017) performed a 3D resistivity
tomography of Solfatara volcano in Italy. They identified some high con-
ductive areas associated to the hydrothermal system. Fikos et al. (2012)
carried out a 2D electrical conductivity tomography of the hydrothermal
system of the Taal volcano in the Philippines and various papers have
been published regarding 2D electrical resistivity surveys on volcanoes
including monogenetic domes (e.g., Finizola et al., 2006, 2010, Barde-
Cabusson et al., 2013, just to cite few examples).

From a numerical point of view, some difficulties may arise when
dealing with electrical conductivity tomography in volcanic areas. In
short, we are interested in developing a code that can handle complex
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Fig. 1. Relationship between the intrinsic formation factor (i.e., corrected for surface conductivity) and the connected porosity of volcanic rocks. The same dataset is fitted with the
empirical relationship F = a ¢~ (left panel, see Winsauer et al., 1952) or the classical Archie's law F = ¢~ (right panel, see Archie, 1942). Datasets: Batch I, volcanic rocks from
Merapi and Papandayan volcanoes (Indonesia), Batch II, volcanic rocks from Yellowstone, Batch III: volcanic rocks from Whakaari/White Island (an active volcano with a hydrothermal
system in New Zealand; the same materials studied in Heap et al. (2015) and Heap et al. (2017)), and Batch IV volcanic rocks (basalts) from Kilauea volcano (Hawai'i). The other data

(HG and San Pedro) are volcaniclastic materials from Revil et al. (2002).
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Fig. 2. Surface conductivity of volcanic rocks os (in S m™~") versus cation exchange capacity
(in Ckg™"). We compare here the results from sedimentary rocks and volcanic rocks. The
volcanic rocks include those from Revil et al. (2017), the volcaniclastic materials from Revil
et al. (2002), and the oceanic dike samples studied by Revil et al. (1996) (normalized by
the tortuosity). The data from the literature are from Boléve et al. (2007, glass beads,
NaCl), Vinegar and Waxman (1984, shaly sands, NaCl), Churcher et al. (1991) (CEC for
the Berea sandstone), Lorne et al. (1999, Fontainebleau sand KCl), Kurniawan (2005,
clean sand, Sample CS-7U, porosity 0.1234, CEC = 4088 C kg™ '), Borner (1992, sample
F3 Fontainebleau sandstone, porosity of 0.068, surface conductivity of 6.6 x 107> Sm™",
estimated CEC from the grain diameter, see Revil, 2013, CEC of 5.80 C kg—), and
Comparon (2005, mixtures of MX80 bentonite and kaolinite, porosity of 0.40, estimated
CEC 0.5 meq g~ ' from the CEC of smectite and the mass fraction of smectite). For the
two samples from Furnas (Azores Islands), the equilibrium pH values are 4.6 and 6.2.

topographies and that can be used to invert the two components of the
electrical field as well. First, accounting for the sharp topography of
some volcanic edifices is often necessary to obtain reliable resistivity to-
mograms. This implies the need for a precise meshing of the ground sur-
face based on digital elevation maps. This can be performed with the
help of unstructured grids. This comes with the cost however of signif-
icantly increasing the number of cells, making the electrical conductiv-
ity inverse problem severely underdetermined. This also leads to the
assembly and inversion of large ill-conditioned matrices that need to
be handled during the inversion. Finally, when the number of measure-
ments is high, the computational effort needed for solving the forward
problem is large and therefore the use of high performance computing
techniques is necessary.

Very few works have been done in 3D electrical resistivity/conduc-
tivity imaging of volcanic structures with the galvanometric technique.
Johnson et al. (2010) developed an electrical conductivity tomography
code and benchmarked it on different case studies (e.g., Revil et al.,
2010). Giinther et al. (2006) developed BERT for inverting electrical re-
sistivity data on arbitrary geometries. In the present work, our aim is to
characterize through electrical imaging some parts of the hydrothermal
systems of three volcanic systems. A thermally-active area of the Yellow-
stone caldera (Wyoming, USA), a monogenetic dome on Furnas Volcano
(the Azores, Portugal), and the caldera of the Kilauea volcano (Hawai'i,
USA). These three sites have been considered because they correspond to
different scales of investigation with various levels of alteration and active
/ inactive hydrothermal systems. We have obtained core samples from
these three sites to determine the effect of surface conductivity on the over-
all conductivity measured by electrical conductivity tomography.
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Fig. 3. Relationship between the surface conductivity and the specific surface area taken as
a proxy for the alteration of the volcanic rocks (expressed here in m? g~ and measured
with the BET method, see Brunauer et al., 1938) for volcanic and sedimentary rocks (no
carbonates). Experimental data from Bernard et al. (2007), Borner (1992), Revil et al.
(2013), and Ruffet et al. (1991). For the smectite (Na-Montmorillonite), the specific
surface area is 700 m? g~ ! and the surface conductivity was determined from the
isoconductivity point (Shainberg and Levy, 1975). The bentonite data are from Lima et
al. (2010). The data for illite are coming from Cremers et al. (1966). Note that for Na-
bentonites the surface area can be as low as 20-40 m? g~ ! according to Kaufhold et al.
(2010).

For this purpose, we developed our own versatile Matlab code to
carry out the inversion of electrical conductivity data. Our code is
parallelized, flexible in handling different types of input data (e.g., ap-
parent resistivity data or the two components of the electrical field)
and can account for various prior information in a broad sense (such
as prior geological models), and finally is particularly suitable for han-
dling complex geometries. We first benchmark our code on two syn-
thetic tests. Afterwards, we move on to the inversion of the real field
volcanic data. We will also discuss the difficulty in interpreting electrical
conductivity tomograms due to the dependence of electrical conductiv-
ity on many parameters. This will be shown by discussing the underly-
ing petrophysics of electrical conductivity of volcanic rocks.

2. Theory and laboratory experiments

In this section, we first discuss a petrophysical model of the electrical
conductivity of volcanic rocks and the approach used to carry out the
laboratory measurements. Then, we describe the theoretical back-
ground behind our electrical resistivity imaging code in terms of for-
ward and inverse modeling.

2.1. Electrical conductivity of volcanic rocks: theory

We first consider volcanic rocks around a magmatic body. The elec-
trical conductivity of such porous volcanic rocks comprises two contri-
butions. The first is the conductivity associated with electrical
conduction in the bulk pore space. The second contribution is associated
with conduction along the electric double layer coating the surface of
the mineral grains. This second contribution is often called surface con-
ductivity. The conductivity of a volcanic rock can be written as (e.g.,
Revil et al., 2017, 2017)

S

9=7F

Oy + 05, (1)
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Fig. 4. Impedance meter used to measure the conductivity of the core samples. a. Position of the electrodes on the surface of the core samples. b. ZEL-SIP04-V02 impedance meter used for
the laboratory experiments. Current injection electrodes A and B are made of stainless steel plates located at the end-faces of the cylindrical core. Two potential electrodes M and N are non-
polarized Ag-AgCl electrodes located on the side of the sample. The corresponding geometrical factor is determined by solving Laplace equation using the finite element software Comsol
Multiphysics and we check that it is consistent with g = L/A for this electrode configuration where L is the distance between M and N and A the surface area of a cross-section of the core

sample.

where 0, (in S m~') denotes the pore water conductivity, F (dimen-
sionless) corresponds to the intrinsic formation factor related to the
connected porosity ¢ by Archie's law F = ¢~™ with m 21 (dimension-
less) being the porosity exponent (Archie, 1942), s, (dimensionless)
denotes the pore water saturation, n (dimensionless) corresponds to
the saturation exponent, and s (S m™!) refers to the surface conductiv-
ity. For granular materials, m is usually considered to be a grain-shape
parameter with a value of 1.5 for spherical grains (Sen et al., 1981)
and its value usually increases with alteration (Revil et al., 2017). Fig.
1 shows the general relationship between the formation factor and
the porosity of volcanic rocks. This dataset comprises very different
types of volcanic rocks and therefore a general power law relationship
between the porosity and the formation factor is a correct assumption
for volcanic rocks.

Surface conductivity entering in Eq. (1) is related to electrical con-
duction (i.e., electromigration of the charge carriers) in the electrical
double layer coating the surface of the grains. This double layer com-
prises the Stern layer of sorbed counterions and the diffuse layer. In
the model developed by Revil et al. (2017, 2017), the surface conductiv-
ity is defined by

n—1
o = (SWW) e[ (1—F) + B, f] CEC )

where f (dimensionless) denotes the partition coefficient (fraction of
counterions in the Stern layer with respect to those contained in both
the Stern and diffuse layers, typically f = 0.95, see Revil et al., 2017,
2017), p is the grain density (in kg m~3, typically p; = 3000 +
200 kg m 3 for volcanic rocks), and CEC is the cation exchange capacity
(inCkg~!,1meqg~! = 1 molkg~! = 96,320 C kg~ '). The CEC denotes
the quantity of exchange sites (e.g., aluminol and silanol groups) on the
mineral surface that can exchange ions with the pore water at a given
pH. The values of the mobility of ions in the diffuse layer is the same
as in the bulk pore water (for sodium, we have (Na*, 25 °C) = 5.2 x
1078 m? s~!' V™) and the mobility of the counterions in the Stern
layer is smaller (typically 3 ,)(Na®,25'C) = 1.6 x 107 °m?s~'v~1).
Fig. 2 shows the general trend between the surface conductivity and
cation exchange capacity of rocks. At saturation (i.e., s,, = 1), we can
write gs = bCEC/F$ with b = pg[B1)(1 — f) + Blyf] = 124 x 107

kg m~! s~' V! using the values given above for the mass density of
the grains and the mobility of the counterions.

The CEC can be generally considered as a rough proxy of the alter-
ation of volcanic rocks (at least for a given alteration path) due to the
formation of aluminosilicates (clays and zeolites, see details in Revil et
al., 2002). Note that alteration is a very important feature to assess the
potential of flank collapse of volcanoes (e.g., Reid et al.,, 2001). The CEC
can be related to the Ishikawa rock alteration index (RAI) used recently
to model the alteration of volcanic rocks by circulating hydrothermal
fluids using reactive transport numerical models (e.g., Galley et al.,
2007; Gibson and Galley, 2007; Goodfellow, 2007). Another proxy of al-
teration is the specific surface area Ss, (in m? kg~ ') of the material. It
represents the amount of reactive surface area per unit mass of grains.
It can be easily measured using the BET technique (Brunauer et al.,
1938). This technique is based on the use of sorption of nitrogen using
a powder of the rock. The surface area and the CEC can be related to
each other through the surface charge density Qs (charge per unit sur-
face area expressed in C m~2) and we have Qs = CEC/Ssp. For clay min-
erals, the mean charge density Qs is typically 2 elementary charges per
nm? (Qs = 0.32 C m~2) and probably does not change with temperature
(see Revil et al., 2017, 2017). Fig. 3 shows the general trend between
surface conductivity and the specific surface area.

Electrical conductivity depends on temperature. We can use the fol-
lowing linear relationship 0,,(T) = 0,(To)(1 4 a4, (T — Ty)) for the bulk
pore water conductivity and os(T) = 0s(To) (1 + as(T — To)) for the sur-
face conductivity. In these equations, T denotes the reference tempera-
ture (To = 25 °C), T denotes the temperature of the solution, and o a
linear sensitivity coefficient. Therefore, the temperature dependence
of the conductivity is then given by o(T) = o(Ty)(1 + (T — Tp)), and
04y =~ a5~ 0.02/°C = a (e.g., Vinegar and Waxman, 1984). This temper-
ature dependence is due to the variation of the mobility of the ions with
temperature and is valid at last to 200 °C (see Fig. 6 in Revil et al., 1998).
In turn, this temperature dependence is controlled by the temperature
dependence of the viscosity of the pore water.

2.2. Electrical conductivity of volcanic rocks: measurements
Regarding the electrical conductivity measurements presented in

this paper, they are performed with a 4 electrodes technique separating
the current electrodes A and B from the voltage electrodes M and N to
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conductivity of the volcanic rocks is determined from the range determined by
alteration (CEC, see Fig. 2) and temperature (up to 300 °C using the temperature
dependence discussed in the main text).

avoid the effect of electrode polarization. The instrumentation used for
the laboratory measurements is shown in Fig. 4. The cation exchange ca-
pacity measurements are performed using the cobalt hexamine tech-
nique (Ciesielski et al., 1997) and the specific surface areas using the
BET technique (Brunauer et al., 1938). Cobalt is known to have a strong
affinity with the surface of the clay minerals. This salt is preferred over
the ammonium acetate method because it is sensitive only to the clay
minerals and not to the zeolite (Revil et al., 2002; Revil et al., 2017). In
our measurements, the cation exchange capacity is determined as the
capacity of removing cobalt from a 0.05 N cobalt(IIl) hexamine chloride
solution, which is characterized by an orange color. The reduction in
color during the titration is determined with a calibrated spectropho-
tometer (Bibby ScientificTM JenwayTM 6320D).

2.3. The case of molten rocks

Another component that is probably difficult to resolve through
electrical conductivity tomography is the electrical conductivity of the
magmatic fluids themselves. Recently, a software called SIGMELTS has
been developed by Pommier and Le-Trong (2011) to compute the elec-
trical conductivity of silicate melts and carbonatites as a function of the
composition of the melt, the melt fraction, the temperature, the confin-
ing pressure, the oxygen fugacity, and the water content (e.g., Tyburczy
and Waff, 1983, 1985; Satherley and Smedley, 1985; Gaillard, 2004;
Huang et al., 2005; Pommier et al., 2010, 2010; Wang et al., 2006;
Yoshino et al., 2008 just to cite few examples). Carbonatites are associ-
ated with the melting of carbonate rocks and are therefore specific of
very few volcanoes such as in northern Tanzania (Oldoinya Lengai
Volcano).

Fig. 5 compares the domain of variations of the electrical conductiv-
ity of basalts and carbonatites. Typical variations of the electrical con-
ductivity of shallow magmatic reservoirs are in the range 103 to
1S m~' depending on the melt fraction (Pommier and Le-Trong,
2011). An important point is therefore that the conductivity of mag-
matic reservoirs is not necessarily very different from the electrical

conductivity of the host volcanic rocks, especially when they are altered.
Not accounting for this fact is the source of many misconceptions in the
interpretation of magnetotelluric data. Indeed, a number of authors do
not account for the conductivity associated with the alteration of volca-
nic rocks. Another source of high conductivity near magmatic chambers
is the formation of hypersaline brines, which are in turn playing a role in
the formation of ore deposits (Hedenquist and Lowenstern, 1994).

24. Forward modeling

We describe now the forward modeling operator for modeling an
electrical conductivity survey. Combining Ohm's law with a continuity
equation for the electrical charge in an isotropic heterogeneous medium
yields the following field equation.

=V (oV§) =7, 3)
for the electrical potential ¢ (in V) and where o (S m™') denotes the

electrical conductivity of the material and J any volumetric source cur-
rent term (in A m—>). In electrical conductivity tomography, the source

3 :,
Mg

e
PO

Fig. 6. Synthetic test geometry and mesh. a. Topography and geometry. For the sake of
having a realistic test, the topography of this synthetic test is the same as the Mt. St
Helens volcano. The black dots denote the locations of the electrodes. b. Finite elements
mesh of the simulation domain. The mesh is refined around the electrodes to increase
the accuracy of the computations of the forward model.
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current density is generated by multiple current injection/retrieval
bipoles perform in the field at localized (punctual) electrodes. Therefore
Eq. (3) can be rewritten as

V- (OV) = —I6(x—X5)6(y —Y5)6(z—2s), 4)

where I (in A) denotes the intensity of the injected current, 6 is the Dirac
(delta) function and xs, ys and z; are the coordinates of the spatial loca-
tion of the injecting current electrode. Since the current needs to be
closed through a circuit connecting a battery to the ground, two current
electrodes A and B are used with the same current injected or retrieved
at these two electrodes. This is easily handled using Eq. (4) and the su-
perposition principle.

In order to solve Eq. (4), we need to know the physics at the bound-
ary of our domain. Thus we close the problem by setting the following
boundary conditions:

=0 onTp, (5)
n-oVy = 0on Ty, (6)
where I'p and 'y denote respectively the boundaries on which the

Dirichlet and Neumann conditions are applied and i is a unit outward
vector to 'y (used for the ground surface). Eq. (6) simulates the air

ground interface for which insulation prevails while Eq. (5) is applied
to the ground behavior or in regions far away from the electrodes A
and B (obviously the potential falls to zero at infinity in the conductive
half-space). Eq. (4) is referred to as the Poisson equation and it describes
the spatial distribution of the equipotentials. If needed, the electrical
field can be written as E = — Vi (induction neglected). Eq. (6) implies
that the normal component of the electrical field vanishes at the ground
surface and the electrical field is characterized by two tangential com-
ponents to this interface. We will come back on this point later.

The Poisson equation is solved with the finite element method
through the commercial software Comsol Multiphysics to solve Eq.
(4). From a numerical point of view, we consider these successive cur-
rent injections as independent and then take advantage of parallel com-
puting techniques by performing each injection on a distinct computer
core. This will result in dramatic computing performance especially
when we are working on a powerful cluster. We adopted this strategy
for solving the forward problem by using the Comsol Multiphysics
multithread environment on our 32 cores desktop computer. One diffi-
culty in electrical conductivity tomography arises from the fact that, in
practice, the target region in which the electrical conductivity measure-
ments are performed is unbounded. Modelers usually encircle the sim-
ulation domain with a large buffer domain at the boundary of which
they apply a homogenous Dirichlet conditions (Eq. (5) above). A more
efficient alternative adopted in the present study consists of padding
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Fig. 7. Synthetic test tomography results using ECT-3D. a. True electrical conductivity field. b. Estimated electrical conductivity field. The major features of the true field are satisfactorily

reconstructed.
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Table 1

Relevant information about the case studies simulation parameters. A denotes the number
of electrodes or stations (Synthetic 2) while M and N denote the number of cells and the
number of data, respectively, and finally I denotes the number of iterations at which con-
vergence of the inversion algorithm is reached. Finally, we provide the R*-fitting coeffi-
cient of the data at the last iteration.

Parameter Synthetic 1 Synthetic 2 Yellowstone Furnas Kilauea
A 320 49 205 268 465

N 2160 300 352 1688 3859
M 52,188 1000 52,984 53,111 58,918
1 5 4 5 6 6

Data R? 0.991 0.999 0.880 0913 0.777

the sides and the bottom of the target region with infinite element do-
mains. This will allow taking into account the unboundedness of the tar-
get without the need of using computationally expensive large buffer
domain.

2.5. Inverse modeling

Now that the forward modeling approach has been described, we
discuss the inverse modeling step aimed at retrieving the subsurface
distribution from measurements performed at the ground surface (pos-
sibly in some boreholes). In the software ECT-3D (ECT stands for Electri-
cal Conductivity Tomography), we look in finding a plausible subsurface
electrical conductivity model reproducing accurately the observed data
(i.e., the apparent resistivity data, or directly the resistances, or the two
components of the electrical field). The observed data are collected in a
data vector d of size N. This conductivity distribution should reflect the
major features of the subsurface with an issue related to the fact that the
resolution of a survey decreases quickly with the distance from the elec-
trodes. Mathematically, this is an inverse problem whose solution is a
model parameter vector m of size M that contains the logarithm of the
conductivity values for each cell describing the subsurface
(discretization).

In practice, we discretize the region of interest into a grid. Then, we
assign the logarithm of the electrical conductivity value to each cell of
the grid. These values are referred to as being the unknowns and,
given the data, we try to find the optimal model. When working on
field areas with complex surface topography such as volcanoes, the
use of unstructured grids like tetrahedral ones is favored. In fact, un-
structured grids offer higher freedom in approximating the complex
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Fig. 8. Scatterplot of the true conductivity versus the estimated one for the synthetic
example. The scatterplot follows a general linear trend (1:1) showing that the inversion
was successful in terms of retrieving the true conductivity structure of the volcano.
There are however few areas of low sensitivity that are not well-recovered.

Fig. 9. Geometry of the second synthetic case simulating an acquisition with the Full Waver
instrument. Each black dot represents a station for which the two components of the
electrical field are recorded in the x- and y-directions. We simulate 49 receivers. We
simulated 6 current injections by switching the positions of the current electrodes A and
B (blue numbered dots). The current injection are performed on the bipoles [A,B] = [1
2],[34],[56],[78],[910], [1112].

geometry and their effect on the subsurface potentials. However, we
still need a high number of cells to accurately reproduce the features
of the geometry, typically these unknowns outnumber the number of
measurements N (i.e.,, M > N), making the inverse problem usually
strongly undetermined. In addition, this inverse problem is non-unique
as it has an infinite number of solutions.

We discretize the simulation domain into N tetrahedrons. Following
the concepts introduced by Tikhonov and Arsenin (1977), we define the
following objective function using the following form (e.g., Hansen and

-0.5

Log,,[Electrical conductivity (s.m)]

Log,[Electrical conductivity (S.m™")]

Fig. 10. Second synthetic case used to benchmark ECT-3D. a. True electrical conductivity
field. b. Inverted electrical conductivity field using the two components of the electrical
field (300 measurements). With 6 current injections only, we can already get a fair
reconstruction of the electrical conductivity field.
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O'Leary, 1993; Hansen, 1998):
L(m) = Wg(d— F(m))[5 + X[ Wi (m—Mf) 3, )

where the subscript 2 refers to the L2-norm, m = [log¢(071),10g10
(02),...,log10(0m)]" denotes the vector model (logarithms of the electri-
cal conductivity of each cell), N corresponds therefore to the number of
unknowns. The use of logarithms ensures the positiveness of the electri-
cal conductivities in each cell (in other words, the recovered electrical
conductivity model contains necessarily, by construction, positive
values). To each tetrahedron, we assign an electrical conductivity oj.
The vector d = (logoR1,l0g10Ro, ...,10810Ry) is the data vector where
R; refers to the resistances or the two components of the electrical
field at the receiver i. Applying decimal logarithm to the data vector
shrinks the range of variability of the data and therefore contributes to
stabilize the inverse process by not overweighting the large values of re-
sistances. In Eq. (7), Wy is taken as a diagonal matrix. Its diagonal com-
ponents are equal to the inverse of the standard deviation of the noise
contaminating the recorded data. In Eq. (7), F(.) denotes the forward
modeling operator solving numerically the Poisson equation using the
finite element approach. The objective function L(m) is composed of
two terms, the first one is related to the data misfit and the second
one deals with the constraints that we impose on the model to be
smooth to cope with the non-uniqueness of the inverse problem. We
need a compromise between these two terms to obtain a physically
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Fig. 12. Yellowstone caldera, Wyoming, USA. Simplified geologic map over shaded topography of Yellowstone National Park displaying the Lava Creek tuff (green) associated to the
formation of the 0.64 Ma Caldera (red outline) and the subsequent volcanics (rhyolites in pink and basalts in orange), modified from Christiansen (2001). The Solfatara Plateau
Thermal Area (SPTA) represented on Fig. 12 is located by a red symbol. The blue triangles gives the location of drill holes Y2 and Y8 drilled in the 60s (White et al.,, 1975). The thermal
area database corresponds to unpublished material collected by the Yellowstone National Park personnel and made available online by the Wyoming State Geological Survey at http://

Www.wsgs.wyo.gov/gis-files/geothermal.zip.
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Fig. 13. Geological map of the Solfatara Plateau vapor-dominated thermal area along the
northern boundary of the Yellowstone caldera (modified from Christiansen, 2001)
showing the location of electrodes (black crosses) and rock samples collected in the
field (green circle). During the course of the survey, the area displayed a small mud-
pool (yellow circle). The black outline display the location of the area displayed on Figs.
14 and 15. The survey comprises 205 electrodes and 352 resistance data. The yellow
circle corresponds to the mud pool.

plausible and meaningful model that reduces the data misfit. This cru-
cial task is achieved by the regularization parameter A that serves as a
balance between these two terms. Finally, Wy, denotes a roughening
matrix and minimization of the associated regularization term is done
in order to enhance smoothing of the tomogram during the inversion.

If we work on structured grids, computing the roughening operator
W, is straightforward because it can be obtained by evaluating the
first-order or second-order derivatives on the grid. For unstructured
grids, things are more complicated as we have to pay attention to the
connections between the neighboring tetrahedrons (e.g., Glinther et
al., 2006; Key, 2016; Schwarzbach and Haber, 2013). We consider that
two cells of the grid are neighbors if they share a common face. We de-
fine the roughening matrix Wy, as

W, =1

where T is the common triangle shared by two cells i and j. In practice,
the matrix Wy, is usually large and sparse and it has 2f-non zero ele-
ments, where f denotes the number of triangular faces of the unstruc-
tured grid.

By minimizing Eq. (7), we find the best conductivity model honoring
the observed data. The minimization of Eq. (7) is performed using a
Gauss-Newton approach. Several techniques exist to choose the optimal
value of the regularization parameter A. For instance, the L-curve ap-
proach (e.g., Hansen, 1998) and the generalized cross-validation tech-
nique (e.g., Wahba and Wang, 1995). All of these methods proved to
be successful in many cases but their usage can be questionable, as
sometimes they may not lead to the proper convergence of the inverse
problem to a meaningful solution. In the present paper, we use a
straightforward and classical technique in which we start the inversion
with a large value of A and we keep dividing A by 2 at each iteration step

until the convergence is reached (e.g., De Groot-Hedlin and Constable,
1990; Morozov and Stessin, 1993).

Various convergence criteria can be used such as those associated
with the convergence of the data misfit (the variation between two suc-
cessive iterations can be smaller than a specified small number €). The
minimization of the objective function L(m) with the Gauss-Newton
method, leads to the following model update at iteration i

m; = m; +Am;, 9)

where Am; denotes the model perturbation vector. This vector is the so-
lution of the linearized problem and given through the following projec-
tion

(T WGWa) + AW}, Wi ) Am
= J W3 Wi (d— F(m;)) — AW, Wi (I~ Mger), (10)

where J denotes the Jacobian matrix given by

0 logoR;

i~ 9 log0; (an

J

The most time consuming part of the inverse process is the assembly
of the Jacobian matrix and this needs to be done at each iteration with
the Gauss-Newton algorithm. To alleviate the high computational cost
related to this assembly, we only determine the Jacobian matrix at the
first iteration on a homogenous electrical conductivity model using
the adjoint operator method, and then we use a Broyden update ap-
proach (see Broyden, 1965; Nocedal and Wright, 2006) to update the Ja-
cobian matrix at the following iterations without the need of computing
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Fig. 14. Geometry of the case study at the Solfatara Plateau vapor-dominated thermal area
along the northern boundary of the Yellowstone caldera. a. 3D representation of the
simulation domain. b. Location of the electrodes. We used a 3D rendering of the
observed topography with the force gradient superimposed grey shades.
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it completely. As a side note, the matrix J is large and dense but when we
examine its structure, we can notice that it contains several entries that
are very small because as we get far from the current sources, the sensi-
tivity decreases quickly. Therefore those entries will not bring much in-
formation and can be replaced by zero to save J as a sparse matrix.

When we deal with large-scale inverse problems, the matrices in-
volved can be ill-conditioned and it is more efficient to use conjugate
gradient type methods to solve the associated linear systems. Con-
versely to the conventional conjugate gradients method, the
biconjugate gradient method does not require the matrix of the linear
system to be symmetric and positive definite. We use the biconjugate
gradient the method to solve our problem.

3. Synthetic tests

In this section, we benchmark the code ECT-3D discussed in the pre-
vious section on two distinct synthetic tests. The first one is a synthetic
test with a strong topography. The second synthetic test corresponds to
a large scale survey using the type of approach associated with the use
of the FullWaver from IRIS. In this case, each independent station re-
cords the two components of the electrical field during the injection of
electrical current.

3.1. Modeling the effect of strong topographies

A synthetic case is used to benchmark our 3D inversion algorithm.
Our goal is to show that our code is capable of handling severe topo-
graphical effects and provides reliable electrical resistivity characteriza-
tion of the subsurface. The geometry of this synthetic model has been
constructed from a digital elevation model (DEM) of Mt. St. Helens vol-
cano (this DEM file has a resolution of 1 m and is freely downloadable
from https://nationalmap.gov/elevation.html). We ran our simulations
on the domain that is represented in Fig. 6a. It covers an area of
12000 m x 8000 m and reaches a maximum height of 2433 m. As stated
in Section 2 above, the simulation domain is padded with infinite ele-
ment domains from all the sides except the upper one that represents
the ground surface in contact with the air. This is done to reduce the ef-
fects of the boundary conditions on the simulations in the domain of in-
terest. We use linear shape functions for the finite elements
discretization that is used to solve the forward problem. The tetrahedral
mesh used for running the forward problem is represented Fig. 6b. This
mesh is refined in the vicinity of the electrodes to increase the accuracy
of the numerical solution. The true conductivity model is represented in
Fig. 7a and was generated with an exponential variogram using the
geostatistical software SGEMS (Deutsch and Journel, 1992). We first
generate this field on a rectangular of 48,000 cells. For this purpose we
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Fig. 15. Electrical conductivity tomography of the Solfatara Plateau vapor-dominated thermal area along the northern boundary of the Yellowstone caldera using ECT-3D. a. 3D volume plot
of the electrical conductivity field. b. Profiles of the electrical conductivity field. Note the central conductive body that is likely associated with alteration of the volcanic rocks and the high
temperature of the hydrothermal fluids around a preferential fluid flow path ending at the position of the mud pool at the ground surface. The conductive body is consistent with the

position of the mud pool at the ground surface shown in Fig. 13.
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highly altered. Measurements reported at 10 Hz.

used the following Gaussian variogram: y(h) = 2{1 — exp [—(h/50)?]}.
The dimension of each cell of this gird is 307.69 m x 275.86 m x 64.1 m.
Then this conductivity field is interpolated from the rectangular grid to
the unstructured mesh using a nearest neighbor interpolation so that
we obtain the true conductivity field illustrated in Fig. 7a. This conduc-
tivity distribution assigns a resistive structure to the summit of the vol-
cano and becomes more conductive downward to mimic a geothermal
system. In addition, a conductive area is present around the edifice of
the volcano. We recall that this conductivity model is purely

hypothetical and does not reflect the true structures of Mt. St. Helens
volcano. We believe that this example constitutes a realistic simulation
scenario for benchmarking our inversion procedure. Our goal is to as-
sess to which extend we are able to delineate and image the different
structures of the volcano. We use 10 profiles composed of 32 electrodes
each. A distance of 800 m separates the profiles and the spacing be-
tween the electrodes is 355 m. This results in an electrode network cov-
ering the entire area of interest. We use a dipole-dipole configuration,
providing 470 current injections and N = 2160 resistance measure-
ments. All the measured resistances have been artificially contaminated
with a 2% Gaussian noise to mimic the noise sources that may corrupt
the data under real field conditions. The inversion grid consists of M
= 52,188 tetrahedrons and the conductivity of each tetrahedron is esti-
mated. These tetrahedral cells have different sizes: near the surface the
maximum length of these cells is 18 m and, at the bottom of the domain,
larger cells with a maximum length of 336 m are used.

The use of tetrahedral cells is motivated by the high versatility they
offer for representing complex geometrical shapes like those encoun-
tered when dealing with the extreme topographical effects of volcanic
areas. We assume that the true conductivity distribution is unknown
(no prior information available) and we use the inverse scheme de-
scribed in Section 2 to recover its spatial distributions while fitting the
observed resistances. The inversion process is launched with an initial
model given by the geometric mean of the apparent resistivities. Fig.
7b shows the estimated 3D conductivity field. The algorithm has con-
verged at iteration 5 (see Table 1).

The major features are very well-recovered in terms of shape, mag-
nitude and locations. We notice that some structures at the corners ap-
pear to be smoother than true ones. This is due to the weak sensitivity
caused by the lack of measurements in these areas. Indeed to be able
to image a target, we need to make sure that the current goes through
it, which is not the case for the corners regions. Plotting the true versus
the estimated conductivity shows a linear trend (see Fig. 8). This con-
firms the results obtained by visual inspection of the reconstructed
and true fields. The data correlation coefficient R? is 0.991 which
means that the resistance data were reproduced with a high fidelity
and the data RMS is 0.108 Ohm. Although being hypothetical, this ex-
ample was designed to mimic the real field conditions and the results
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Fig. 17. Formation factor and surface conductivity of rock samples form Yellowstone. The left panel shows the (intrinsic) formation factor versus the (connected) porosity for some volcanic
rocks from Yellowstone. We fit the data with the empirical relationship F = a ¢~ (see Winsauer et al., 1952) where the coefficient a is dimensionless. The right panel shows the surface
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Solfatara Plateau vapor-dominated thermal area along the northern boundary of the
Yellowstone caldera. We have also shown (in yellow) the range of pore water
conductivity (at 25 °C) for this type of sulfate-rich hydrothermal waters at low pH values.

of our inversion tool are satisfactory. The topography of such volcanic
cones is a clear advantage in improving the resolution of conductivity
tomogram. Indeed, it allows the use of current electrodes on both

parts of the volcano, focusing the current in the structure and increase
the sensitivity of the measurements.

3.2. Measuring the two components of the electrical field

The recently developed FullWaver instrument from IRIS opens new
possibilities in order to perform large scale electrical conductivity to-
mographies over volcanic edifices and geothermal systems. It can be
used with transmitters of different powers, making its depth of investi-
gation ranging from few meters to few kilometers. We believe that such
distributed systems as the Fullwaver represent the future of the electri-
cal conductivity measurements technology for volcanoes. We perform
here a synthetic test in which we simulate a large scale acquisition
with this type of system. The aim of this synthetic test is therefore to
simulate an electrical conductivity survey that is acquired, using such
an instrumentation, and to check what results could be achieved with
only a small number of current injection.

We consider a synthetic 3D domain covering a volume of 5km x
5 km x 1km. On the ground surface, we consider that the acquisition is
performed by a set of 49 stations, separated from each other by 700 m
(Fig. 9). In practice, we use two current electrodes A and B whose posi-
tions can be switched during the acquisition. For each current bipole (A,
B), the two components of the electrical field E, and E, are recorded on
all the stations, resulting quickly in a high amount of data (the normal
component of the electrical field to the ground surface is zero because
of the insulating boundary condition at this interface). For our synthetic
test, we used the true electrical conductivity distribution shown in Fig.
10a. As we are working on a flat ground surface, we did not use unstruc-
tured grids for our inverse modeling. We instead discretized the simula-
tion domain into a 10 x 10 x 10 cubic cells (10 cells in each direction).
This gives 1000 unknowns and we perform 6 current injections only.
The distance between the current electrodes is 6646 m for bipoles (1, 2)
and (3, 4), 4700 m for bipoles (5, 6) and (7, 8), 2828.5 m for bipoles
(9,10) and (11, 12). The forward problem is solved on an unstructured

650000

Fig. 19. Furnas volcano, Azores, Portugal. This volcano is characterized by several monogenetic domes such as the 1630-dome and the 1439-43 dome also called Gaspar dome. The green
line denotes the position of the magnetotelluric (MT) profile shown in Fig. 21 and the blue dots denote the position of the electrodes used for the electrical resistivity tomography.
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tetrahedral mesh. We recall that here, the measurements are the elec-
trical field components and not the apparent resistivities as for classical
electrical conductivity surveys. The total number of measurements ac-
quired for the synthetic tests is 300. A 5% white Gaussian noise was
added to the simulated data. Modeling parameters are summarized in
Table 1.

We launch the inversion process with an initial conductivity model
that represents the geometric mean of the true conductivity model.
We are interested in seeing if, despite the small number of performed
current injections, we are able to reconstruct the main subsurface struc-
tures. The convergence criterion was to stop the inversion when the ab-
solute value of the difference between the objective functions values of
two successive iterations is smaller than 0.001. Such condition was met
after 5 iterations, resulting in the 3D tomogram shown in Fig. 10b. The
algorithm has converged at iteration 4 (see Table 1).

The major anomalies of the true conductivity field are well recov-
ered by the tomogram. The upper domain is well-retrieved with the
correct range of conductivity (1073S. m™ and 1072°S. m™!). The lower
part of the investigated domain appears smoother than the true distri-
bution because of a loss of sensitivity related to our electrodes configu-
ration and also the limited number of current injections (comparing Fig.
10a and Fig. 10b). The scatterplot of the true conductivities versus the
estimated ones clearly shows a linear 1:1 trend showing generally a
good reconstruction in the domain (Fig. 11). Therefore, in field condi-
tions, even with a small number of current injections, we can recon-
struct the major structures of the subsurface.

4. Applications

In this section, we show how electrical conductivity tomography can
be an asset in characterizing the 3D structures of volcanoes and identi-
fying their hydrothermal systems. We demonstrate the robustness of
the code that we developed by applying it to three different case studies
that have been chosen because of their complementarity: (i) The first
test site corresponds to a vapor dominated area in Yellowstone National
Park. Our initial goal was to provide a high-resolution 3D electrical con-
ductivity image of the subsurface. Such tomography was a first step to
obtain new insights on the processes controlling the transport of heat
and mass in Yellowstone's dynamic hydrothermal system. The results
also provide a baseline for tracking future changes in hydrothermal ac-
tivity. (ii) The second case study corresponds to a monogenetic dome on
Furnas volcano. Furnas volcano was chosen because the dome is cur-
rently cold and there has been no recent fumarolic activity. We wanted
to see if the feeding conduit of the dome was associated with a conduc-
tive body that would represent the effect of alteration. (iii) The third
case study corresponds to the summit area of Kilauea volcano, which
hosts an active lava lake and a vigorous geothermal system. In addition
to the field data, we used 50 samples from Yellowstone, 3 samples from
Furnas, and 21 samples from Kilauea to further interpret the field data.

4.1. Investigation of the northern boundary of the Yellowstone caldera

The first dataset is located within the silicic volcanic province of Yel-
lowstone National Park (Fig. 12). This volcanic province was shaped by
several episodes of caldera formation (at ~2.1 Ma, ~1.3 Ma, and
~0.64 Ma) associated with the deposition of ash flow tuffs and subse-
quent formation of massive rhyolitic and smaller basaltic lava flows
(see Fig. 12 and also Christiansen, 2001). Seismic tomography by
Huang et al. (2015) indicates the presence of partial melt reservoirs in
the upper and lower crust beneath Yellowstone National Park, that pro-
vide the heat for its well-developed and complex hydrothermal system.
This system displays at the surface both liquid-dominated, neutral to
basic thermal areas, typically located at low elevation and vapor-domi-
nated. In addition, we have acid-sulfate thermal areas located in topo-
graphically high areas along the boundary of the 0.64 Ma Yellowstone
caldera (e.g., Fournier, 1989). In these later areas, steam and heat rise

from deep boiling waters and either condense beneath a low permeabil-
ity cap layer and then descend down fractures (heat pipes), or discharge
through fumaroles either to the atmosphere or into pools (White et al.,
1971; Pasquet et al., 2016).

To better understand the geometry of the ascending vapor plumes
and their relation to geologic structures, an electrical conductivity sur-
vey was carried in the Solfatara Plateau vapor-dominated thermal area
along the northern boundary of the Yellowstone caldera (Fig. 13). This
area is located at an elevation of ~2500 m on a massive rhyolite flow
(Solfatara Plateau flow dated from ~0.11 Ma) partially covered by glacial
deposits of sandstones and conglomerates composed of altered rhyolite
debris (Christiansen, 2001). At the time of the survey, the thermal area
(~500 x 500 m), was displaying a small mud pool and several small fu-
maroles with visible native sulfur deposits.

The electrical conductivity survey was performed using a cable with
a spacing of 10 m between the electrodes. The survey comprises 205
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Fig. 20. Geometry of the 1630-monogenetic volcanic dome on Furnas volcano. a. 3D
representation of the simulation domain. The topography close to the dome represents
the tuff/pumice ring. b. Location of the electrodes. We used a 3D rendering of the
observed topography with the force gradient superimposed grey shades.
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Fig. 21. Example of multiscale resistivity survey combining shallow galvanometric
electrical conductivity data with deeper 3D conductivity imaging using the magneto-
telluric (MT) method. The depth is referenced to the sea level. The upper figure shows
the 3D electrical conductivity tomography of the 1630-monogenetic volcanic dome at
Furnas volcano (Sdo Miguel Island, Azores) using ECT-3D. Note the presence of localized
conduit-like structures from the conductive body at depth and the monogenetic
volcanic domes. The color scales were chosen for each dataset to maximize the
information content of each given dataset.

electrodes, 352 resistance data, and the subsurface is discretized into
52,984 elements. The data were acquired along 2D lines and the data
with a high standard deviation (>10%) were removed from the consid-
ered dataset. The measurements were performed with an ABEM-LS in-
strument using the Wenner configuration. The topography and the
position of the electrodes are shown in Figs. 13 and 14. The 3D inversion
is shown in Fig. 15 and the algorithm has converged at iteration 5 (see
Table 1). The electrical conductivity covers a broad range of values,
from 0.1to 1074Sm™ ™.

In order to further interpret the field conductivity data, we per-
formed laboratory experiments using ~50 cores drilled in samples col-
lected in the field (see location in Fig. 13) and from drill holes Y2 and
Y8 drilled in YNP in the 60s (see location on Fig. 12, White et al.,
1975). Fig. 16 shows how the conductivity of two core samples changes
with the conductivity of the pore water. The samples have been fully
brine-saturated under vacuum and left to rest for several weeks before
performing the measurements. We observe that the data conform to the
linear trend predicted by Eq. (1). Fitting the data with Eq. (1) yields a
value, for each sample, of the (intrinsic) formation factor and surface
conductivity. The CEC was measured with the cobalthexamine method.
The petrophysical results are shown in Figs. 17 and 18. In Fig. 17, we
show that the formation factor is related to the porosity by a power-

law relationship and the surface conductivity is controlled by the cation
exchange capacity. More precisely and despite some scatter in the data
at low CEC-values, the relation between the surface conductivity os and
the normalized cation exchange capacity, CEC/F¢, is fairly consistent
with the data. The slope of this trend b (defined by os = bCEC/F¢) is ob-
served tobe 1.4 x 107> kg m~' s~! V™! consistent with the value given
in Section 2 (1.2 x 107> kg m~! s~ V). Comparing the surface con-
ductivity data of the most altered samples (Fig. 17) to the field data,
we can see that the surface conductivity can easily explain the high con-
ductivity path observed in the electrical conductivity tomogram.

The spatial variations of conductivities observed in the model repre-
sented on Fig. 15 reflect variations in the lithology and in fluid satura-
tion associated to the hydrothermal system. The lowest conductivity
(close to 107* S m™!) is observed in the Eastern part of the survey. In
other areas, where glacial deposits are outcropping conductivity values
range from about 5 x 107> to 0.1 S m™ . The largest values of conductiv-
ity are observed within a conduit beneath the location of the mud-pool
and the fumaroles. Within this conduit, the conductivity is larger than
the surface conductivity measured on glacial deposit samples (4 x
1074 to 1072 S m™ ') collected in the survey area (see Fig. 13 for the
sample location) and on rhyolite flows (3 x 1073 t02 x 1072Sm™!)
from drill holes Y2 and Y8 (see Fig. 12 for the drill hole location)
which are however outside the study area and within different rhyolite
flow units than the one beneath our survey. The conductivity of this
conduit suggests the presence of a multi-phase thermal plume beneath
the mud-pool.

In Fig. 18, we plot the conductivity of the rock samples from the test
site together with the range of in situ conductivity values determined
from the sulfate-rich hydrothermal waters from the Yellowstone Na-
tional Park (see Lewis et al., 1998). Values of the Total Dissolved Solid
(TDS) of the ground water are comprised between 155 and 2017 ppm
(pH between 2 and 4). The TDS in ppm is then converted to a pore
water conductivity in pS/cm using o,, = TDS/0.67. We see clearly
from this plot that the surface conductivity plays an important role in
the overall electrical conductivity of the rocks from this area.
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Fig. 22. Conductivity versus the pore water conductivity for the core samples from the
Furnas. We have also shown (in yellow) the range of pore water conductivity (at 25 °C)
for the meteoritic water in this area.
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Fig. 23. Kilauea volcano in Hawai'ii. a. General context of Kilauea volcano in Hawai‘ii. We
used a 3D rendering of the observed topography with the force gradient superimposed
grey shades. b. Google Earth extract on the summit caldera showing the lava lake
(approximately 130 m in diameter), which formed in 2008 within the Halema'uma'u pit
crater. We also show the position of the geothermal well from which the 21 samples
have been extracted. ER stands for the East Rift Zone and SWRZ for the SouthWest Rift
Zone.

4.2. Study of a monogenetic dome on Furnas volcano

Furnas volcano is a quiescent central volcano with caldera located in
the Eastern side of Sao Miguel Island, the biggest and most populated is-
land of the Azores volcanic archipelago. Located in the triple junction of
the North America, Eurasia and Nubia tectonic plates (Searle, 1980), the
Azores are crossed by numerous active tectonic structures with main
WNW-ESE and NW-SE directions (Carmo et al., 2015; Madeira et al.,
2015). In fact, one of the most important fracture systems identified at
Furnas crosses the volcanic edifice with a WNW-ESE trend and shows
a clear normal dip-slip component. Conjugate faults with N-S and (N)
NE-(S)SW trends are well evident on the South flank of the volcano. Ex-
tensional fractures with NW-SE direction, parallel to the Terceira Rift
regional fault system, are also possible to observe, as well as some E-
W faults suggested by the orientation of some valleys (Guest et al.,
1999; Carmo et al., 2015). Furnas volcano comprises an impressive sum-
mit depression 5 x 8 km wide formed by two nested calderas (Guest et
al., 1999, 2015) and volcanic products up to 100,000 years BP were
dated by Moore (1990) (Fig. 19).

Furnas volcanic activity has been characterized by several eruptive
styles, ranging from mid-effusive activity to the caldera-forming explo-
sive events (Guest et al., 1999, 2015). Ten intracaldera moderately

explosive trachytic eruptions occurred in this volcano in the last
5000 years, two of which occurred in historical times (1439-43;
1630) (Guest et al,, 2015). These historical subplinian/phreatomagmatic
eruptions formed two tuff/pumice rings with central trachytic domes
and its deposits mantle the caldera floor. The 1630 eruption was respon-
sible for the death of about 200 persons mainly in the southern flank of
the volcano. Gravity studies performed at Sdo Miguel Island (Camacho
et al., 1997; Montesinos et al., 1999) are consistent with low density
magma bodies located at about 4-5 km depth below Furnas volcano,
and minimum density values were also observed below Pico do Gaspar
tuff ring, formed during the 1439-43 eruption, between 1 and 1.5 km
depth (Camacho et al.,, 1997). A recent magnetotelluric study by Hogg
et al. (2018) images an extended conductive body at the same location.
Seismic tomography studies carried out in the central area of Sao Miguel
Island agree with the gravimetric models indicating a P-wave low veloc-
ity zone at Furnas volcano that should extend 6 km below sea level
(Zandomeneghi et al., 2008).

Nowadays volcanic activity at Furnas volcano is characterized by
secondary manifestations of volcanism, which comprise low tempera-
ture fumaroles (95 to 100 °C), steaming ground, thermal and cold
CO,-rich springs, as well as soil diffuse degassing areas (e.g., Caliro et
al., 2015; Viveiros et al., 2010; Silva et al., 2015). The caldera of Furnas
volcano also contains several monogenetic trachytic domes in addition
to the historical ones. Recent study carried out by Jeffery et al. (2016) in-
dicate that Furnas trachytes are mainly derived from fractional
crystallisation of alkali basalt parental magmas, at depths between

Fig. 24. Geometry of the summit area of Kilauea volcano. a. 3D representation of the
simulation domain. b. Location of the electrodes around the Halema'uma'u pit crater,
which contains the lava lake. The profiles were organized to force the electrical current
to go below the crater in order to probe the plumbing system of the lava lake. We used
a 3D rendering of the observed topography with the force gradient superimposed grey
shades.
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approximately 3 and 4 km. Our goal in this paper is too see if the chim-
neys associated with these domes are characterized by a high conduc-
tivity because of the alteration of the surrounding materials, and for
this the most recent formed trachytic dome will be used as study case.

The electrical conductivity survey was performed using a 1.26 km
cable with a spacing of 20 m between the electrodes and 64 electrodes
along the cable. The survey comprises 268 electrodes, 1688 resistance
data (acquired long the 2D lines), and the subsurface is discretized
with 53,111 elements. The data were acquired with the Wenner-alpha
array along 2D profiles (typically 472 measurements with 64 elec-
trodes). Data of poor quality (negative apparent resistivity data and
data with standard deviation >10% were removed from the dataset).
The contact resistances were decreased using salty water at the position
of the electrodes. The topography and electrodes array are shown in Fig.
20. The measurements were performed with an ABEM-SAS1000 instru-
ment using the Wenner-a array. The tomography is shown in Fig. 21
(upper part) and displays conductivities in the range 003 to 10~
S m™". Since the dome has cooled down, the high conductivity is here
purely associated to the alteration of the volcanic rocks. Interestingly,
the pore water in the hydrothermal system of Furnas volcano are
only meteoritic waters (Caliro et al., 2015), so with a relatively low
mineralization and conductivity. This implies in turn that the conductiv-
ity of the volcanic rocks is largely influenced by surface conductivity and
therefore alteration.

Z(m)
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1000

In addition, Fig. 21 shows a comparison between the conductivity
structure of the 1630-dome with a large scale survey based on mag-
neto-telluric (MT). The survey was carried out by Hogg et al. (2018).
In both cases, we see a more or less vertical conduit likely associated
with alteration around the feeding conduit of the dome.

The average conductivity of the water measured at different sites of
Furnas crater lake is 1.6 x 1072S m™! (see Andrade et al., 2016). Since
the upper part of Furnas is saturated by meteoritic water, we think that
this value can be considered as representative of the pore water conduc-
tivity in the upper part of Furnas. In Fig. 22, we plot the conductivity of
the core samples from Furnas versus the brine conductivity together
with the in situ range of pore water conductivity. It is clear that surface
conductivity is expected to play a big role in the overall conductivity of
the volcanic rocks at this site.

4.3. Upper portion of the Kilauea caldera

Sitting on the south-eastern slope of Mauna Loa Volcano on the Big
Island in Hawai‘i, Kilauea volcano (Fig. 23), is one of the most docu-
mented and active volcano in the world. Presently in a shield-building
stage, it is characterized by two rift zones, one intensely active to the
east (East Rift Zone, ERZ) and the other, less frequently active, to the
southwest (South West Rift Zone, SWRZ), diverging both from a caldera
4.5 x 2.5 km in diameter, at an altitude of 1200 m. Within this caldera,
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Fig. 25. Kilauea caldera conductivity tomography using ECT-3D. a. 3D volume plot of the electrical conductivity field. b. 3D isosurfaces of the electrical conductivity field. These isosurfaces
show a conduit of high conductivity just above the crater. A more conductivity anomaly (around 20-30 Ohm m in resistivity) can also be observed at a more shallow area of the crater. This
may possibly correspond to the feeding system of the lava lake and the alteration around the magmatic conduits.
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(intrinsic) formation factor, and ¢ the connected porosity. Measurements reported at 10 Hz.

the Halema'uma'u pit crater (1 km in diameter), formed in the mid
1800's (Fig. 23b).

In terms of composition, most of its surface is covered with homoge-
neous tholeiitic lava (Wolfe and Morris, 1996). Holcomb et al. (1986)
have established, mostly using paleomagnetic measurements, that 70%
of Kilauea surface is younger than 500 years and 90% younger than
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Fig. 27. Conductivity versus the pore water conductivity for the core samples from Kilauea.
We have also shown (in yellow) the range of pore water conductivity (at 25 °C). It is clear
that the alteration of the basalts and the in situ range of pore water conductivity implies
that in this case the rock conductivity is dominated by the surface conductivity.

1100 years. Kilauea activity is marked by a complex history with both
effusive and explosive cycles (Swanson et al., 2014). The present caldera
dates from the 18th century, but was preceded by at least one earlier
caldera that developed about 1500 years BP and was subsequently filled
by common effusive activity (Swanson et al.,, 2012).

Activity is currently concentrated 1) along the ERZ, and 2) in the
Halema'uma'u crater, which is hosting, since 2008, a continuously active
lava lake ~130 m in diameter (Fig. 23b). Activity at this vent has since
been marked by variations in the depth of the magma column, sustained
outgassing, small explosions at its surface emitting Pele's hairs, spatters
and, less frequently, large explosions triggered by collapse of the walls
of the crater in the lake (e.g., Wooten et al., 2009; Patrick and Witzke,
2011; Orr et al,, 2013). The upper part of magma column is highly vesic-
ulated as suggested by both gravity (Poland and Carbone, 2016;
Carbone et al., 2013) and sample studies (Carey et al., 2012; Gailler et
al.in prep). The geometry of the magma column is difficult to determine
at depth. Another feature of the summit area is the presence of exten-
sive and vigorous hydrothermal activity. It is marked at the surface by
alteration areas, persistent fumaroles (Macdonald et al., 1983) and ther-
mal anomalies (Patrick and Witzke, 2011). The hydrothermal activity is
mostly concentrated along the buried limits of the previous caldera,
eruptive fissures and in Halema'uma'u pit crater. The water table is lo-
cated at ~490 m below the caldera floor (Keller et al., 1979), reaching
probably its highest level during the past few hundred years (Hurwitz
et al., 2002, 2003).

Kilauea volcano therefore offers a unique opportunity to study in de-
tail the magmatic and hydrothermal systems in terms of extent or ge-
ometry, as well as their interactions. In this context, a large
geophysical survey was carried out in 2015 within the caldera close to
the lava lake. The electrical conductivity tomography survey was carried
out using a 2.50 km cable with a spacing of 40 m between the electrodes
and 64 electrodes along the cable. The survey comprises 465 electrodes
(see position in Fig. 24), N = 3859 resistance data, and the subsurface is
discretized with M = 58,918 elements (Table 1). The data acquisition is
done along the lines and all the data are then inverted in 3D. The contact
resistances were decreased by using both salty water and clays at the
position of the electrodes. The measurements were performed with an
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ABEM-SAS4000 instrument using the Wenner-a array. The tomogram
is shown in Fig. 25. The conductivity covers on a very broad range of
values from 10™" to 107> S m~ . The most conductive area is located
below the crater probably around the magmatic conduit feeding the
lava lake. The rocks around the conduit are probably very altered and
the temperature increases also the conductivity. At the opposite, fresh
basalts near the surface and in some deeper parts of the system show
very low conductivity on the order of 107> Sm™".

Here again, in order to better interpret the field data, we conducted
experimental resistivity data on 21 samples, measuring the conductivity
to four brine salinities to determine the intrinsic formation factors and
surface conductivities of the core samples. The core samples are from
a 1262 m-deep borehole drilled on the summit of Kilauea in 1973 and
located approximately 1 km south of the edge of Halema'uma'u crater
(Keller et al., 1979, see Fig. 23). The rock corresponds to olivine basalt,
with minor amounts of olivine diabase, picrite diabase, and olivine-
poor basalt. The basalts from the upper half of the well are relatively
fresh, whereas they are quite altered below ~480 m.

The petrophysical data are reported in Figs. 26 and 27. We see that
the fit provided by the relationship F = a ¢ ™ (Winsauer et al., 1952)
is consistent with the previous datasets with a =~ 2.3 and m = 2.0. The
surface conductivity Os is proportional to the ratio CEC/Fé. The slope
of this linear trend b is observed to be 1.6 x 107> kg m~! s~ V™!
slightly higher than the value given in Section 2 (1.2 x 107> kg m ™!
s~ V1), As shown in Fig. 26, the electrical conductivity of altered
volcanoclastic materials can be higher than 0.1 S m™! (and higher at
higher temperatures). It is therefore clear from these experimental
data that the high conductivity below the Halema'uma'u crater can be
largely explained by the effect of alteration as shown in Fig. 27. In this
figure, the range of conductivity of the pore waters in t upper of Kiluea
are from McMurtry et al. (1977), Tilling and Jones (1991), and Evans et
al. (2015) with a typical range of pore water conductivity between 1
x 1072 t02.6 Sm™! (pH between 7.6 and 8.7).

5. Discussion and future directions

The conductivity of volcanic edifices is difficult to interpret because
electrical conductivity depends on a broad number of parameters in-
cluding two rock properties (the porosity and the cation exchange ca-
pacity), two properties of the pore water (the salinity and the
saturation) and finally the temperature. In addition, the effect of the
pH may change the cation exchange capacity and this may have an ef-
fect on the surface conductivity as well. This makes the interpretation
of electrical resistivity tomograms a difficult exercise. This has been
also the source of much confusion in the literature regarding the use
and abuse of Archie's law without taking in proper consideration the ef-
fect of surface conductivity and alteration. To illustrate this point, we
come back to the Kilauea case study. Our conclusions contradict the
analysis made by Keller et al. (1979) who used Archie law without
any consideration for the effect of surface conductivity. They came to
the conclusion that the cementation exponent m was close to 0.9 (a
value physically impossible since m > 1) and that the shallow aquifers
were filled with brackish water with a higher salinity than sea water.
Considering that the conductivity of the rock is controlled by surface
conductivity and assuming F = a ¢~ (see Winsauer et al.,, 1952), the
conductivity is given by:

~ <g)¢’”*1CEC‘ (12)

Now we see clearly that for a given level of alteration, the conductiv-
ity depends on the porosity at the power (m™'). Therefore using m = 2
(our study), we see that the conductivity depend on the porosity at the
power 1 explaining therefore the exponent obtained by Keller et al.
(1979) without using a physically unreasonable value of the cementa-
tion exponent.

In order to separate the conductivity associated with the pore water
from the conductivity associated with the effect of alteration, electrical
resistivity can also be measured in concert with another method called
induced polarization. Induced polarization looks at the ability of the ma-
terials to get polarized in a low-frequency electrical field. Induced polar-
ization complements electrical resistivity data in a variety of ways. The
most obvious of them is the fact that surface conductivity and quadra-
ture conductivity (the imaginary component of the complex conductiv-
ity) are proportional to each other. Therefore induced polarization
tomography could be used to separate the bulk conductivity and the
surface conductivity. In turn, this may have strong implications in volca-
nic areas to image alteration (see discussion in Revil et al., 2017, 2017).
This will be discussed in a future contribution.

The second point we want to discuss is the use of techniques to im-
prove the quality/resolution of the resistivity tomograms. New tech-
niques have been indeed recently developed to merge prior geological
information and geophysical resistivity data (Farquharson, 2008;
Leliévre and Oldenburg, 2009) or using joint inversion of geophysical
data (Gallardo and Meju, 2004; Bouchedda et al., 2012). Along this
line, it is worth mentioning the use of image guided inversion that use
prior geological information to guide the inversion of the resistivity
data using a locally-adapted regularization (e.g., a locally based rough-
ness matrix) based on prior geological structures or seismic data
(Zhou et al., 2014).

The future direction of electrical conductivity tomography is to-
wards the 4D monitoring of volcanic structures. This involves the
setup of permanent arrays of electrodes with independent galvanomet-
ric stations combined with magneto-telluric stations. The development
of future arrays that would measure both the galvanometric and induc-
tive responses of the Earth (involving the combined used of electrical di-
poles, inductive loops, and the three components of the magnetic field)
will be an asset for such monitoring. The data from such types of array
could be inverted on a continuous basis and allow the forecast of
near-future volcanic activity using data assimilation techniques such
as those used in weather forecasting including the possibility to have bi-
furcation in the non-linear behavior of the system. The interpretation of
such datasets would require also the coupling with multiphase flow
modeling (see for instance Rinaldi et al., 2011, for some first steps in
this direction). This could allow in turn the use of fully coupled inversion
techniques such as those classically used in hydrogeophysics to deter-
mine the transport properties of shallow aquifers (Jardani et al.,, 2013).

6. Conclusion

The electrical conductivity of volcanic rocks typically vary over 4 or 5
orders of magnitude while the conductivity of magma bodies may vary
over 6 orders of magnitude. Electrical conductivity tomography is a
powerful technique when it comes to image volcanoes. Three examples
are studied in this paper at different scales (few hundred meters to
2.5 km and a maximum depth of investigation of 600 m). Unfortunately,
electrical conductivity depends on too many parameters (salinity, water
content, temperature and alteration) to make electrical resistivity to-
mography a stand-alone technique. The future of electrical conductivity
tomography is in the use of a complementary method known as in-
duced polarization, which can be recorded with the same instruments
used for resistivity tomography. Finally, 4D monitoring of the conduc-
tivity change of active volcanoes could be used to forecast their activity
especially temperature and saturation changes as well as damage and
healing/sealing processes.
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