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S U M M A R Y 

The petrophysical properties of 41 volcanic samples from La Soufri ère volcanoe (Guadeloupe 
Island, Eastern Caribbean, France) are investigated. We first measure the complex conductivity 

spectra of these rock samples at 4 salinities (NaCl) at laboratory conditions ( ∼20 

◦C). For 
each rock sample, we determine the (intrinsic) formation factor, the surface conductivity and 

the Cole–Cole normalized chargeability. We also measure the compressional wave velocity 

(dry and saturated), the shear wave velocity in saturated conditions, the (dry and saturated) 
ther mal conductivity, the dr y specific heat capacity and the permeability of the rock samples 
as well as their cation exchange capacity (CEC) and connected porosity. The formation factor 
v ersus porosity obe ys Archie’s law with a cementation exponent of 2.16 ± 0.10. The surface 
conductivity and the normalized chargeability are proportional to each other and to the CEC 

di vided b y the tor tuosity of the material (product of the for mation factor by the connected 

porosity) as predicted by the dynamic Stern layer model. Permeability can be predicted from 

the normalized chargeability and the formation factor inside one order of magnitude. The 
thermal conductivity and the seismic properties can be e v aluated from the connected porosity 

of the core samples formation factors. A non-linear relationship is established between the 
shear wav e v elocity and the compressional wav e v elocity for the present data set and other 
data from the literature. Finally, we show on a specific example, how to convert an induced 

polarization surv e y on a stratovolcano into a seismic velocity model ( P - and S -wav es v elocity 

distributions). We perform a specific application to Papandayan Volcano, a stratovolcano 

located in Java Island (Indonesia). This work paves the way to the joint inversion problem of 
seismic and induced polarization surv e ys for volcanic unrest monitoring. 

Key words: Electrical proper ties; Per meability and porosity; Seismic velocities; Induced 

polarization; Volcanoes. 
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1  I N T RO D U C T I O N  

Volcanic activity is characterized by changes in temperature, fluid 
content, fluid pressure; petrology, deformation and stress (includ- 
ing fault reacti v ation) and topo graphy in responses to magmatic 
forcing. The spatial and temporal distribution of these variations 
are observed by gravity, electrical and seismic signals, as well 
as surface manifestations (emissions of magna, vapour and wa- 
ter) inducing thermal changes (e.g. Bonafede 1991 ; Rinaldi et al. 
2011 ; Fournier & Chardot 2012 ; Minami et al. 2018 ; Hill et al . 
2020 ). The modelling of these observations for volcanic unrest 
necessitates the non-intrusive characterization of magmatic and hy- 
drothermal effects through the use of geophysical methods and 
2376 

C © The Author(s) 2023. Published
numerical modelling approaches (Todesco & Berrino 2005 ; Jasim 

et al. 2015 ; Petrillo et al. 2019 ; Carbonari et al. 2019 ; Heap et al. 
2020 ; Stissi et al. 2021 ; Gola et al. 2021 Zhan et al. 2022 ). Such 
goal requires a consistent modelling of the petrophysical proper- 
ties of interest (e.g. Gottsmann et al. 2008 , 2020 ; Heap et al. 
2022a , b ; Iwamori et al. 2021 Watanabe et al. 2022 ) and to con- 
nect these properties to those measured or imaged through geo- 
physical investigations techniques (e.g. Revil et al. 2003 ; Fini- 
zola et al. 2006 ; Jardani & Revil 2009 ; Karaoulis et al. 2014 ; 
Navelot 2018 ). 

In the two first papers of this series (Revil et al. 2017a , b ), we 
hav e dev eloped a petrophysical model for the induced polarization 
of volcanic rocks. Then the model was applied to image the clay cap 
 by Oxford University Press on behalf of The Royal Astronomical Society. 
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Figure 1. Maps. (a) Guadeloupe archipelago (Digital Ele v ation Map, DEM, from IGN, Institut G éographique National). Inset map showing the geodynamic 
setting of the Lesser Antilles arc (after Favier et al. 2021 ; Feuillet et al. 2001 ; heat flow measurements from Manga et al. 2012 ). (b) Geological maps of Terre 
de Haut (from Varati et al . 2016 ). 
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Figure 2. Localization of the core samples and geological maps of Basse Terre (after Mathieu 2010 ; Navelot 2018 ). 
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of the hydrothermal system in volcanic areas (Revil et al. 2019 ) and 
to image shield volcanoes in terms of alteration and temperature 
distributions (Revil et al. 2021 ). One of the results obtained in these 
papers is that surface conductivity associated with conduction in the 
electrical double layer coating the surface of the grains cannot be 
neglected (see also Komori et al. 2013 ; Soueid Ahmed et al . 2018 ) 
despite the fact it is still often neglected even in recent papers (e.g. 
Matsunaga & Kanda 2022 ). A second observation is that surface 

art/ggad246_f2.eps
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Figure 3. Picture of the core samples used in this study (41 core samples shown here). They include fresh lava, fresh and altered debris flow and altered lava. 
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onducti vity, quadrature conducti vity, and normalized chargeability
an be related to each other. 

Our goal in this paper is to develop robust empirical relationships
etween petrophysical properties of interest including electrical
onductivity , normalized chargeability , the seismic compressional
nd shear wave velocities, the thermal conductivity, the specific heat
apacity and the permeability together with the cation exchange ca-
acity (CEC) and the connected porosity of the rock samples. In
rder to reach this goal, we further expanded a database of petro-
hysical properties (see https://petr ophysics.otelo.univ-lorr aine.f r )
y the acquisition of a novel data set using a set of 41 volcanic rock
amples from the stratovolcano of La Soufri ère (Guadeloupe Island,
astern Caribbean, France, Figs 1 and 2 ). Whenever possible, we
ill compare this data set to other available data from the literature,

specially those associated with andesites from stratovolcanoes. 
In the last part of this study, we investigate the relationship be-

ween induced polarization and P - and S- wave velocities at Pa-
anda yan stratovolcano (Ja va Island) in Indonesia as well as with
onnected porosity and CEC. We show that we can reconstruct seis-
ic tomograms from an induced polarization surv e y with an ap-

lication to Papandayan stratovolcano. Such a work could be used
or the development of future joint inversion schemes (for instance
etrophysics-based) for seismic and electrical/electromagnetic data
o monitor the volcanic unrest of active volcanoes. 

 P E T RO P H Y S I C A L  S T U DY  

n this section, we present the work done in acquiring a new data set
f petrophysical data on the same set of core samples. In the next
ection, these data will be analysed in terms of simple petrophysical
elationships. 

.1. Core samples 

e selected 41 core samples from La Soufri ère volcano (Figs 1
nd 2 ). The samples are lavas and debris flow deposits from fresh

art/ggad246_f3.eps
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Figure 4. Typical thin sections. (a) Fresh lava (FL). (b) Slight to mean altered lave (SML). (c) hydrothermalized lava (HL) (d) Fresh debris flow (FDF). (e) 
Slight to mean altered debris flow. (f) Hydrothermalized debris flow. (g) and (h) Fresh pyroclastic deposit. Abreviations: Cl, clay; chl, chlorite; Hem, hematite; 
Pl, plagioclase; Px, p yrox ene; Pr, porosity and Qz, quartz. 
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states to samples exhibiting different degrees of alteration (Figs 3 
and 4 ). 

Fresh lava core samples (labelled FL below) with various de- 
gree of vesicularity have phenocrysts of plagioclase, orthop yrox ene, 
clinop yrox ene and magnetite from 500 μm to 2 mm in size, these 
minerals are also present as microcrysts, and the glass phase amount 
is low. The slightly to moderate altered lava facies corresponds to 
vesicular lava, phenocrysts similar to the fresh facies are slightly al- 
tered, cracks and vesicles partly filled by secondary minerals Ti- Fe- 
Mn-oxydes, baryte, calcite, pyrite, chlorite and muscovite (Favier 
et al. 2021 ). Fresh debris flows (FSF) are formed by centimetric to 
decametric clasts englobed in matrix of different compositions. In 
clasts the composition and the texture are similar to those of fresh 
lava material. The matrix is composed by the same primary mineral 
assemblage with clay and oxides, their grains size could be largely 
low er (Na velot et al. 2018 ). For moderately altered facies, plagio- 
clases are generally not affected, and p yrox enes are largely dissolved 
and replaced by clayey minerals, actinolite, pyrite and quartz. For 
highly altered facies initial phenocrysts, mesostase, and glass matrix 
are recrystallized to clay, iron oxide, pyrite, calcite and quartz min- 
eral (see Navelot 2018 ; Heap et al. 2022a , b ). Among these minerals, 
pyrite can have a strong polarization. It seems however that the total 
amount of pyrite is small ( < 3 per cent weight) enough to be sure that 
the polarization of pyrite is not dominating the overall polarization 
response. 

The CEC measurements were performed with the cobalt hex- 
amine method using 2 g of crushed rocks and a calibrated spec- 
trophotometer working at 472 nm (see the procedure in Aran et al. 

art/ggad246_f4.eps
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Table 1. Properties of the core samples. The pH is the equilibrium pH of the solution for the cation exchange capacity measurements. 
Note that the pH of the solution in equilibrium with the core samples varies from neutral to strongly acidic, an expected results for 
stratovolcanoes. The quantity S sp denotes the specific surface area of the core samples. A qualitative description of the rock samples 
is: FL: Fresh lava, SMDF: Poorly altered debris flow, HDF: strongly altered debris flow, FDF: Fresh debris flow, FP: Fresh pyroclastic 
deposits, and SML: Poorly altered lava. The CEC is expressed in meq (100 g) −1 [1 meq (100 g) −1 = 963.20 C kg −1 in SI units]. The 
permeability k is the nitrogen-gas permeability. The surface conductivity is determined from the in-phase conductivity measured at 1 
Hertz. Some samples disintegrated in the course of the experiments. 

Full name Type Porosity φ (–) CEC ( meq (100 g) −1 ) pH (–) ρg (kg m 

−3 ) k (m 

2 ) F (–) σ S (S m 

−1 ) 

GD15 01 SML 0.0295 18.7 - 2540 3.80E-19 1499 0.0229 
GD15 03 SMDF 0.2906 18.5 5.05 2610 1.54E-15 20.1 0.0294 
GD15 06 SMDF 0.2501 18.3 5.80 2540 2.60E-14 50.3 0.0270 
GD15 07 FDF 0.3418 21.2 6.47 2490 - 14.9 0.0250 
GD15 09 FDF 0.3412 26.3 6.78 2570 1.40E-13 14.0 0.0430 
GD15 106 FL 0.0354 3.7 7.71 2690 1.10E-19 612 0.0074 
GD15 112 FP 0.5104 18.6 6.15 2640 2.84E-12 12.2 0.0476 
GD15 124 FDF 0.4350 17.7 6.31 2790 8.86E-14 108 0.0062 
GD15 130 FDF 0.3708 9.4 5.54 2640 1.30E-13 23.7 0.0107 
GD15 138 SMDF - 19.4 - 2650 1.40E-15 31.9 0.0274 
GD15 15 FP 0.2162 4.2 7.95 2720 1.10E-14 65.8 0.0022 
GD15 150 SML 0.2596 4.95 5.50 2630 4.40E-13 23.3 0.0170 
GD15 151 HDF 0.1189 6.7 8.96 2620 3.20E-16 112.6 0.0063 
GD15 152 FL 0.0239 13.5 6.27 2750 3.70E-19 4735 0.0019 
GD15 154 FDF 0.4476 25.2 7.30 ∗ 2460 4.10E-14 30.2 0.0210 
GD15 160 FL 0.1268 2.88 8.57 2740 2.10E-16 90.0 0.0039 
GD15 162 FL 0.1020 6.86 7.85 2810 1.70E-16 495 0.0017 
GD15 164 FL 0.0301 7.78 6.99 2610 4.10E-17 1372 0.0042 
GD15 166 FL 0.0322 7.80 8.49 2830 6.90E-18 714 0.0030 
GD15 19 FP 0.4196 18.9 6.69 2610 2.50E-13 10.6 0.0284 
GD15 23 FL 0.1239 9.1 - 2790 8.30E-13 98 0.0028 
GD15 26 FL 0.1137 4.6 8.00 2730 1.00E-15 105 0.0030 
GD15 35 SML 0.2666 25.0 5.64 2570 - 13.6 0.0662 
GD15 36 SML 0.0250 5.9 7.63 2660 1.00E-19 876 0.0083 
GD15 37 SML 0.0216 19.7 - 2620 2.10E-17 5453 0.0210 
GD15 40 SML 0.1254 5.8 7.44 2740 1.20E-15 41.8 0.0028 
GD16 03 HL 0.2605 24.0 - 2740 3.60E-14 34.3 0.0183 
GD16 05 HL 0.2288 14.4 - 2800 1.20E-17 58.5 0.0174 
GD16 08 FDF 0.1747 7.5 7.28 2770 1.10E-15 26.3 0.0063 
GD16 09 FDF 0.2295 22.0 6.86 2650 1.30E-15 25.7 0.0447 
GD16 10 HDF - 34.9 - 2650 5.06E-16 18.7 0.0480 
GD16 13 FDF 0.3115 15.3 5.72 2710 4.47E-15 65.8 0.0208 
GD16 16 FP 0.4477 13.9 5.60 2600 1.44E-12 16.1 0.0357 
GD16 18 FP 0.3815 14.0 6.05 2680 3.00E-12 24.2 0.0022 
GD16 19 FP 0.3633 21.6 7.22 2680 2.99E-13 21.0 0.0093 
GD16 23 FP 0.3682 15.2 5.94 2210 2.80E-13 28.1 0.0185 
GD16 26 FP 0.4389 19.2 5.74 2480 1.70E-13 46.1 0.0200 
GD17 09 SML 0.1797 3.1 6.71 2560 - 48.3 0.0293 
GD17 12 SMDF 0.2572 17.5 7.84 2650 - 8.6 0.0602 
GD17 13 SMDF 0.2622 21.2 5.74 2660 - 30.4 0.0662 
GD17 80 HDF 0.0295 29.6 4.28 - - 10.9 0.0209 
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008 , see also Revil et al. 2017a , b , for some specific examples
sing volcanic rocks). The CEC is an important parameter provid-
ng a proxy for the degree of alteration of these rocks especially
egarding the amount of clay minerals, illite, kaolinite, chlorite and
eolite (Revil et al . 2002 ). Since smectite is characterized by the
ighest high CEC ∼80 meq (100 g) −1 (Chiou & Rutherford 1997 ),
ts presence quickly dominates the CEC of the whole rock. The
EC values of our core samples are reported in Table 1 and ranges

rom 3 to 35 meq (100 g) −1 for the most altered specimens. The pH

f the solutions was not buffered and the values are also reported in 
able 1 . 

i  
.2. Induced polarization measurements 

nduced polarization is a geophysical method related to the polar-
zation of the electrical double layer coating non-metallic grains
Vaudelet et al. 2011 ). Frequency-domain induced polarization
easurements were performed over the frequency range 10 mHz–

5 kHz using the ZELSIP04-V02 impedance meter (Zimmermann
t al. 2008 , 2019 and Fig. 5 ). We used the core holder described
n Revil et al. ( 2022 ) and shown in Figs 3 and 4 . We measured the
omplex-valued impedance (amplitude and phase). The impedance
s then converted to a complex conductivity with a geometrical
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Figure 5. Spectral induced polarization measurements for the volcanic rock samples used in this study. (a) Sketch of the experimental setup for the core 
samples. The electrodes are self-adhesive carbon/Ag/AgCl electrodes with hydrogel used to get a low contact resistance between the core samples and the 
impedance meter. (b) Sketch of the ZELSIP04-V02 impedance meter used to measure the complex conductivity spectra. It operates in the frequency range 1 
mHz–45 kHz (see Zimmerman et al. 2008 , 2019 ). 
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factor depending on the position of the electrodes and boundary 
conditions for the electrical potential around the core surface exter- 
nal boundary (see Jougnot et al. 2010 , for details). 

For the core samples from La Soufri ère volcano, four saline 
solutions were used corresponding to the following pore water con- 
ductivities σw (NaCl, 25 ◦C) = 0.08, 0.49, 4.89 and 9.45 S m 

−1 . 
The samples were first washed in demineralized water to remove 
the salt. Then they were dried and saturated under vacuum at few 

Pascals with the brine at the lowest salinity (0.08 S m 

−1 ), which was 
first degassed. The spectra were done after two weeks to be sure that 
full saturation is obtained. Then the samples are immersed in a bath 
with the second salinity (0.49 S m 

−1 ). The conductivity of some 
samples is monitored until a plateau is reached ( ∼4 weeks). Then, 
again the spectra are measured. The same procedure is repeated 
until the highest salinity is reached. 

Fig. 6 shows complex conductivity spectra for one core sam- 
ple at different salinities (Figs 6 a and b). Figs 6 (c) and ( d) show 

the influence of the CEC on the complex conductivity spectra of 
three core samples characterized by distinct CEC values. Both the 
magnitude of the in-phase and quadrature conductivities increases 
with both the salinity and the CEC. This is consistent with pre- 
vious works using volcanic rock samples (e.g. Revil et al. 2022 , 
and references therein). The results are also consistent with an 
induced polarization model of the electrical double layer com- 
bined with speciation models for silicates and called the dy- 
namic Stern layer model (see Revil et al. 2022 , and references 
therein). 

In Fig. 7 , we show for some selected rock samples the influence of 
the pore water conductivity σw (S m 

−1 ) on the in-phase conductivity 
of the rock samples σ ′ (S m 

−1 , measured at 1 Hz). The in-phase 
conductivity has two contributions, one associated with the pore 
netweork saturated with the pore water and the second associated 
with the conduction in the electrical double layer coating the surface 
of the grains (Waxman & Smits 1968 ). The relationship between 
the two parameters is given by (e.g. Waxman & Smits 1968 ; Revil 
et al. 2017a , b ) 

σ ′ = 

σw 

F 

+ σS . (1) 

To determine the values of the (intrinsic) formation factor F 

(dimensionless) and the value of the surface conductivity σS (S 

m 

−1 ), we invert the data in the lo g–lo g domain to be sure the low 

salinity data are correctly accounted for in the determination of the 
surface conductivity. Therefore, we use the following non-linear 
relationship to perform the fit (see Fig. 7 a), 

Y = log 

(
10 X 

F 

+ σS 

)
, (2) 

where Y ≡ log σ ′ and X ≡ log σw . Eq. ( 2 ) is used in order to get a 
better estimate of the surface conductivity with respect to the deter- 
mination of this parameter based on eq. ( 2 ). The values of both the 
(intrinsic) formation factor and surface conductivity are reported in 
Table 1 for each core sample. As shown in Fig. 7 (b) (for five samples 
with the same formation factors but distinct CEC and porosity val- 
ues), the normalized conductivity ratio (rock conductivity divided 
by the pore water conductivity) is dependent on the ratio between 
the CEC, the porosity and the pore water conductivity. 

2.3. Other measurements 

The other properties of interest are the porosity, the grain density, 
the permeability, the thermal conductivity, the specific heat capac- 
ity and the shear and compressional wave velocities in saturated 
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Figure 6. Influence of the salinity and cation exchange capacity (CEC) on the complex conductivity spectra of the volcanic rocks from la Soufri ère volcano 
(Guadeloupe Island). (a) Influence of salinity on the in-phase conductivity [the CEC of GD15-164 is 7.78 meq (100 g) −1 ]. (b) Influence of salinity on the 
quadrature conductivity for the same core sample. (c) Influence of the CEC on the in-phase conductivity. (d) Influence of the CEC on the quadrature conductivity. 
The lines are guides for the eyes. 
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nd unsaturated conditions. The grain density was obtained with a
elium pycnometer (AccuPyc II 1340 of micromeritic R ©, see de-
ails in Anovitz & Cole 2015 ). The grain density was measured five
imes on the dry core samples and then averaged. It ranges from
500 to 2800 kg m 

−3 (the low values may indicate the presence
f non-connected porosity in the core samples). The relati vel y low
alues of the grain densities imply that the fractions of pyrite or
agnetite are small. 
The (connected) porosity of the core samples (reported in Ta-

le 1 ) was determined using the classical triple weighting method
RILEM norm, see Anovitz & Cole 2015 ). For this purpose, the
ore samples were first dried in the oven at 60 ◦C until they reach
table (dry) weights. Porosity values range 2–50 per cent, lower

alues are measured for fresh lava with low vesicular content. The G  
igh porosity values are obtained for fresh debris. The intermediate
alues concern the altered core samples. 

The gas permeability was measured on the core samples under
 confining pressure of 20 bars ( ∼2 MPa) using a nitrogen perme-
meter following the method prescribed by Rosener ( 2007 ). During
he experiment, compressed nitrogen was injected into the sample
t four pre-defined pressures from 1 to 18 bars ( ∼0.1–1.8 MPa).
nce steady-state flow is reached, the permeability is calculated
sing Darcy’s law at each pressure level. The values are reported in
able 1 . Permeability ranges from 10 −12 m 

2 ( ∼1 Darcy) to 10 −19 

 

2 ( ∼0.1 μD). The data shown in Table 1 are corrected for the
linkenberg effect. 
A thermal conductivity scanner (TCS) from Lippmann & Rauen

bR was used to measure the thermal conductivity and the thermal

art/ggad246_f6.eps
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Figure 7. Influence of the salinity and CEC on the in-phase conductivity 
data. (a) In-phase electrical conductivity of the rock samples versus the con- 
ductivity of the pore water (NaCl solutions, 25 ◦C, data at 1 Hz) for five 
samples with the same formation factor and different surface conductivities. 
The best fit of the non-linear relationship between the two parameters in a 
lo g-lo g scale (adapted from eq. 1 ) is used to estimate for each core sam- 
ple the (intrinsic) formation factor F and the surface conductivity σ s . (b) 
Normalized conductivity ratio versus the cation exchange capacity [CEC 

in meq (100 g) −1 ] normalized by the product of the porosity by the pore 
w ater conducti vity ( r 2 = 0.81, slope 0.0103). All the samples have the same 
formation factors in this example. 

additional data set from the literature. This is also consistent with 
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dif fusi vity of the rock samples under dry and saturated conditions. 
The measurement procedure was detailed in Popov et al. ( 1999 , 
2016 ); Boulanouar et al. ( 2013 ) and Haffen et al. ( 2017 ). The 
TCS method is a contactless optical scanning method developed 
by Popov et al. ( 1999 ). The Specific heat capacity was determined 
from the values of the ther mal conductivity, the ther mal dif fusi vity 
and the bulk density. The values of the heat capacity and the thermal 
conductivity of the rock samples are reported in Table 2 . 

The ultrasonic compressional wave velocity and shear wave ve- 
locity were measured for using a Punditlab pulse generator delivered 
by Proceeq R © (Chibati et al. 2022 ) in dry and saturated conditions. 
We used two piezoelectric transducers of 54 and 250 kHz for P - 
wave and S -wave acquisitions, respectively. Transducers are pressed 
against two parallel faces of a core sample (contact gel, depending 
on the w ave-type, w as applied to ensure a better connection between 
the core sample surface and the transducers). The velocity values 
are reported in Table 2 .XXX 

3  R E L AT I O N S H I P S  B E T W E E N  

P E T R  O P H Y S I C A L  P R  O P E RT I E S  

In this section, we discuss the relationship between the petrophysical 
properties and their dependence on two fundamental parameters, 
namely the connected porosity and the CEC. We propose simple 
relationships to connect the parameters of interest. 

3.1. Ar chie’ s law 

We first start by discussing the relationship between the intrinsic 
formation factor F and the connected porosity φ, a relationship 
known in the literature as Archie’s law (Archie 1942 ): 

F = φ−m , (3) 

where m is called the first Archie’s exponent or porosity exponent 
(sometimes the cementation exponent but this inadequate terminol- 
ogy for be forgotten). The fit of Archie’s law to our experimental 
data is shown in Fig. 8 . For our data set, we obtain m = 2.16 ± 0.02. 
As shown in Fig. 8 , our data set is consistent with other data sets 
obtained with core samples from various stratovolcanoes demon- 
strating again the robustness of this relationship for volcanic rocks. 
Since there is a lot of confusion in the literature regarding the for- 
mation factor, it is worth mentioning that the (intrinsic) formation 
factor is not the ratio of the pore conducti vity b y the conductivity 
of the rock samples (Waxman & Smits 1968 ). Here again, many 
studies forget about surface conductivity and use an inappropriate 
definition for the formation factor. The use of an apparent formation 
factor defined as the ratio of the resistivity of the rock divided by the 
resistivity of the pore water leads to inconsistent results (Erikson & 

Jarrard 1999 ). 

3.2. Surface conductivity nor maliz ed chargeability and 

CEC 

We analyse now the relationship between the surface conductivity 
σS (associated with conduction in the electrical doub le lay er) and 
the CEC. The CEC describes the concentration of exchangeable 
sites on the mineral surface per unit mass of grains. According to 
the dynamic Stern layer model, the surface conductivity and the 
CEC are related to each other by, 

σS = 

1 

F φ
Bρg CEC , (4) 

where F is the formation factor, φ the connected porosity, B an 
ef fecti ve mobility of the counterions in the double layer coating the 
surface of the grains [ B (Na + , 25 ◦C) = 3.1 × 10 −9 m 

2 s −1 V 

−1 ], 
ρg the mass density of the grains (2700–2900 kg m 

−3 ) and CEC 

denotes the CEC. According to eq. ( 4 ), the surface conductivity is 
therefore proportional to the CEC divided by the bulk tortuosity 
obtained by the product of the formation factor by the connected 
porosity. 

In Fig. 9 , we plot the surface conductivity data versus the inde- 
pendently measured CEC scaled by the tortuosity of the pore space 
gi ven b y the product F φ. As e xpected, we observ e a correlation in 
agreement with eq. ( 2 ), the study of Revil et al. ( 2022 ), and few 
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Table 2. Other physical properties including the dry and water-saturated thermal conductvities, λdry and λsat , respecti vel y, 
the thermal capacity of the dry and water-saturated core samples, C p dry and C p sat , respecti vel y, the seismic P -w av e v elocity 
of the dry and water-saturated core samples, Vp dry and Vp sat , respecti vel y, and finall y the shear w av e v elocity of the saturated 
core sample, V S sat . 

Full name 
λdry 

(W m 

−1 K 

−1 ) 
C p dry 

(kJ kg −1 K 

−1 ) 
λsat 

(W m 

−1 K 

−1 ) 
C p sat 

(kJ kg −1 K 

−1 ) 
Vp dry 

(m s −1 ) 
Vp sat 

(m s −1 ) 
V S sat 

(m s −1 ) 

GD15 01 1.6550 0.85600 1.7000 0.77500 4484.0 4965 2129 
GD15 03 0.93900 0.89100 - - 2416.0 - 1225 
GD15 06 0.96300 0.92900 - - 1751.0 - - 
GD15 07 0.73600 0.95800 - - 1697.0 - 1438 
GD15 09 0.60700 0.82500 - - 1697.0 - 516 
GD15 106 1.8840 0.82000 1.8750 0.69900 6233.0 5295 2830 
GD15 112 0.41600 1.1160 - - 1555.0 - 926 
GD15 124 - - - - - - - 
GD15 130 0.52200 1.1790 - - 2306.0 - 1182 
GD15 138 1.1790 0.92300 - - 2379.0 - 1334 
GD15 15 1.0020 0.82600 - - 3584.0 - 1701 
GD15 150 0.89700 0.90800 1.4540 0.94400 2891.0 3341 1486 
GD15 151 1.8060 0.71600 - - 3623.0 - 1937 
GD15 152 1.8780 0.73600 1.8100 0.65300 5638.0 5858 3448 
GD15 154 0.51500 0.77100 - - 2273.0 - 1109 
GD15 160 - - - - - - - 
GD15 162 1.7200 0.71000 1.5190 0.41500 5021.0 5651 2705 
GD15 164 1.8670 0.75000 1.8560 0.69400 5227.0 5260 2557 
GD15 166 1.8090 0.73400 1.8530 0.64000 5023.0 5672 2759 
GD15 19 0.49900 0.96600 - - 2093.0 - 1208 
GD15 23 1.3090 0.81200 1.6200 0.57500 4233.0 4843 2554 
GD15 26 1.4070 0.82000 1.7140 0.70500 4152.0 4829 2405 
GD15 35 0.87200 0.98400 1.4520 1.0570 1412.0 939 - 
GD15 36 1.7400 0.99500 1.7770 0.70900 5142.0 5569 2769 
GD15 37 1.8750 0.90900 1.8730 0.70400 4926.0 5155 2411 
GD15 40 1.3070 0.83300 1.3570 0.44500 3450.0 4039 1989 
GD16 03 1.5480 0.86400 2.2220 1.1030 1837.0 1486 872 
GD16 05 2.0180 0.62500 2.6250 0.92600 2660.0 2999 1702 
GD16 08 1.3570 0.70400 - - 3330 - 1898 
GD16 09 1.2580 0.76600 - - 2898 - 1601 
GD16 10 0.84900 1.6220 - - 790 - - 
GD16 13 0.74900 0.75300 - - 2180 - 1054 
GD16 16 0.34200 0.63300 - - 1465 - 878 
GD16 18 0.58800 0.93100 - - 2528 - 1397 
GD16 19 0.60000 0.79500 - - 1800 - 936 
GD16 23 0.66200 0.91300 - - 1871 - 1318 
GD16 26 0.51500 0.78700 - - 1511 - 914. 
GD17 09 1.0440 0.93100 - - 3164 - 1795 
GD17 12 0.92800 0.87200 - - 2055 - 1243 
GD17 13 1.0820 0.90100 - - 2215 - 1178 
GD17 80 - - - - - - - 
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he results shown in Fig. 7 (b) where the conductivity ratio σ ′ /σw 

epends on the ratio CEC / φσw (as expected from eqs 1 and 4 ). 
The normalized chargeability (obtained here by fitting the com-

lex conductivity spectra with a Cole–Cole model, see Revil et al.
022 , for a detailed description of the methodology) can be di-
ectly related to the quadrature conductivity as discussed in details
n Revil et al. ( 2017a , b) and references therein (see Fig. 10 ). The
ole–Cole normalized chargeability can be related to the CEC ac-
ording to (Revil et al. 2022 ), 

M n = 

1 

F φ
λρg CEC , (5) 

here λ is another ef fecti ve mobility related to the double layer
 λ(Na + , 25 ◦C) = 3.0 ± 0.7 × 10 −10 m 

2 s −1 V 

−1 , see Revil 2013 ;
evil et al. 2017a , 2022 for details]. It follows that the surface
onductivity can be related to the normalized chargeability by (Revil
013 ; Revil et al. 2017a , 2022 ), 

M n 

σS 
= 

λ

B 

≡ R = 0 . 09 , (6) 

here R is a universal dimensional parameter independent of tem-
erature and saturation or textural properties. The proportionality
etween the surface conductivity and the normalized chargeability
s demonstrated in Fig. 11 , checking in passing the value of the
imensionless parameter R . 

As a side note the apparent mobilities B and λ are related to the
ntrinsic mobilities of the counterions in the Stern and diffuse layers
y B = β( + ) (1 − f ) + β S 

( + ) f and λ = β S 
( + ) f , where f (dimension-

ess) denotes the partition coefficient (fraction of counterions in the
tern layer versus the entire double layer), β( + ) denotes the mobility
f counterions in diffuse layer, and β S 

( + ) describes the mobility of
he counterions in the Stern layer (see Revil et al. 2017c ). 
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Figure 8. Relationship between the formation factor and the connected 
porosity using Archie’s law in stratov olcanoes. F it of Archie’s law for the 
data set developed in this work for La Soufri ère de la Guadeloupe volcano. 
We have also provided the data from the recent study of Revil et al. ( 2022 ) 
using 10 additional core samples from the same volcano and core samples 
data from another stratovolcano, Papandayan in Indonesia, from the study of 
Revil et al. ( 2022 ). The data from La Montagne Pel ée volcano (Martinique 
Island, France) are from Bernard et al. ( 2007 ) with the exception of the 
pumices. 

Figure 9. Dependence of surface conductivity on CEC in stratovolcanoes. 
Surface conductivity (S m 

−1 ) versus the ratio CEC /F φ, where CEC denotes 
the cation exchange capacity [in meq (100 g) −1 ], F the formation factor and 
φ the porosity [1 meq (100 g) −1 = 963.2 C kg −1 ]. There are 135 samples 
in the plot including the 41 samples from this study. The slope is equal to B 

ρg . A comparison is done with various data set from Kilauea shield volcano 
(Hawaii). 

Figure 10. Cole–Cole normalized chargeability versus quadrature conduc- 
tivity (at 32 Hertz) for la Soufri ère stratovolcano. The fit of the data per- 
formed over the entire salinity data set ( r 2 = 0.96, 4 salinities) is consistent 
with the results recently obtained by Revil et al. ( 2022 ) for the slope, which 
is, according to the theory, universal. 

Figure 11. Relationship between the normalized chargeability (from a 
Cole–Cole fit of the data at the lowest salinity σw = 0.08 S m 

−1 , NaCl at 25 
◦C, see Revil et al. 2022 , for the methodology) and the surface conductivity 
σ S . The ratio between the two parameters is equal to the dimensionless pa- 
rameter R = λ/ B = 0.09 ± 0.01. We also added the data from La Soufri ère 
and Papandayan stratovolcanoes from the recent study of Revil et al. ( 2022 ) 
( M n obtained at salinity σw = 0.10 S m 

−1 at 25 ◦C, NaCl) as well as the 
data from the study of Revil et al . ( 2017c ) for smectite-rich soils (Cole–Cole 
normalized chargeability). 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/234/3/2376/7202314 by H

ainan Education and R
esearch D

igital Library user on 05 July 2023

art/ggad246_f8.eps
art/ggad246_f9.eps
art/ggad246_f10.eps
art/ggad246_f11.eps


Complex conductivity of volcanic rocks 2387 

Figure 12. Relationship between the permeability k and the Cole–Cole 
normalized chargeability (at the lowest salinity) and the formation factor F . 
The permeability data covers 7 orders of magnitude. 

Figure 13. Dry thermal conductivity versus connected porosity. Note that 
the thermal conductivity of air is 0.024 W m 

−1 K 

−1 . The plain line corre- 
sponds to a fit with the equation described in the main text. A comparison is 
made with the data set reported by Heap et al. ( 2020 ) for Merapi (Indonesia) 
and Ruapehu (New Zealand) volcanoes (andesites). 

3

T  

i  

s  

i  

t  

a  

Figure 14. Water-saturated thermal conductivity versus connected porosity. 
Note that the thermal conductivity of water is 0.63 W m 

−1 K 

−1 . The plain 
line corresponds to a fit with the equation described in the main text. For 
comparison, w e ha ve also added the data from Ruapehu volcano (New 

Zealand) from Heap et al. ( 2020 ) (water-saturated). 

Figure 15. Specific heat capacity of the (dry and water-saturated) rock 
samples versus the connected porosity. A similar plot can be obtained when 
plotted as a function of the CEC. We have added for comparison, the data 
from Heap et al. ( 2022a , b ) from La Soufri ère volcano. At first approxi- 
mation, the specific heat capacity is quite independent of both the porosity 
and CEC (we note a small increase with the porosity). The averaged heat 
capacity is 0.90 ± 0.30 kJ −1 kg −1 K 

−1 . 
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.3. Per meability, for mation factor and CEC 

he permeability can be connected to an ef fecti ve porosity related
tself to the formation factor and to a pore size. In turn, the pore
ize can be related to the surface conductivity and the normal-
zed chargeability (Revil 2013 ). Scaling relationships imply that
he scaling between the permeability k and the formation factor
nd the normalized chargeability should be, k = b/ ( M 

2 
n F 

3 ) where
 is a fitting constant. In Fig. 12 , we fit the data with the following
mpirical relationship: 

log k = −15 . 1 + 1 . 27 log 
(
M 

2 
n F 

3 
)
. (7) 

We obtain a fair correlation ( r 2 = 0.64), which will need to be
onfirmed by additional data sets in future investigations. It follows
hat induced polarization can be used to infer the permeability of
he rock matrix inside approximately more or less two orders of

agnitude. 
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Figure 16. Influence of the porosity upon the shear wave velocity and 
the P -wave velocity. (a) P -w ave anal ysis at saturation. The quantity G 0 

corresponds to the shear modulus of the solid phase. (b) Shear-wave analysis 
at saturation. K and G are the bulk and shear moduli, respecti vel y, whereas 
M is the modulus for the P -wav e v elocity. The quantity M 0 corresponds to 
the modulus of the solid phase. 

Figure 17. Influence of the porosity upon the P -wav e v elocity in dry state 
conditions. The quantity M 0 corresponds to the modulus of the solid phase. 

Figure 18. Relationships between the seismic velocity and the formation 
factor for La Soufri ère volcano. (a) Relationship between the S-wave velocity 
and the formation factor. (b) Relationship between the P -wav e v elocity and 
the formation factor. 

Figure 19. Shear versus compressional wave velocity. We have also added 
for comparison purpose the data from Wyering et al. ( 2014 ) using samples 
from the Taupo volcanic zones (NZ, New Zealand) with the alteration facies 
rich in smectite, illite and chlorite. Note that the relationship between the 
two properties cannot be linear as assumed by Wyering et al. ( 2014 ) except 
if the first point (for water) is not used in the analysis. The plot implies for 
instance that the clay cap is a low-velocity area. 
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Figure 20. Flow chart to compute seismic tomograms of a volcano from an 
induced polarization surv e y. The flow chart is showing how we can use the 
relationships developed in this study to transform an induced polarization 
tomogram into seismic wave tomograms. 
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.4. T her mal conductivity 

he thermal conductivity data are plotted as a function of the (con-
ected) porosity in Fig. 13 for the dry case and in Fig. 14 for the
ater-saturated case. We have added additional data from the liter-

ture using core samples from various stratovolcanoes. In all cases,
he data obey approximately a linear relationship between the ther-
al conductivity and the porosity. The thermal conductivity of the

olcanic rock samples can be therefore fitted by a linear relationship
aking the following form 

= 

{ 

λS 

(
1 − φ

φC 

)
+ λ f 

φ

φC 
, fo r 0 ≤ φ ≤ φC 

λ f , fo r φC ≤ φ ≤ 1 
(8) 

For the dry samples used in this paper (Fig. 13 ), w e ha ve λ f 

 0.024 W m 

−1 K 

−1 (thermal conductivity of air), a critical poros-
ty of φc = 0.55 and λS = 1.8 W m 

−1 K 

−1 (thermal conductiv-
ty of the solid phase). The same parameters can be used for the
ater-saturated case (Fig. 14 ) with λ f = 0.63 W m 

−1 K 

−1 (ther-
al conductivity of liquid water) and the same 2 other parameters

 φc = 0.55 and λS = 1.8 W m 

−1 K 

−1 ). The critical porosity is the
orosity value at which the thermal conductivity of the rock is equal
o the thermal conductivity of the pore fluid. In this paper, we do
ot investigate the effect of partial saturation (see Jougnot & Revil
010 ). 

The thermal conductivity of the solid phase can be compared
o the thermal conductivity of some minerals like plagioclase ( λS 

 1.9 ± 0.4 W m 

−1 K 

−1 ), biotite ( λS = 2.3 ± 0.2 W m 

−1 K 

−1 ),
mectite ( λS = 1.9 ± 0.2 W m 

−1 K 

−1 ), illite ( λS = 1.9 W m 

−1 K 

−1 ),
habazite (zeolite, λS = 1.2 ± 0.4 W m 

−1 K 

−1 , see Revil 2000 ,
nd references therein). The difference between the different sets
f samples could be due to slight variations of the petrographic
ompositions. The dr y ther mal conducti vity v alues at 0 per cent
f porosity are significative of these petrographic compositions.
he main regression lines present similar λS significative of the
etrographic of the core samples but we let this subtle effect on the
ide here. 

.5. Specific heat capacity 

he specific heat capacity data (obtained from the thermal diffu-
ivity and the thermal conductivity data) are plotted as a function
f the porosity in Fig. 15 . The data show a very slight increase
f the values with the connected porosity around a mean value of
.90 ± 0.30 kJ kg −1 K 

−1 (see also Heap et al. 2020 , 2022a , b ).
or practical applications, we can consider that the specific heat
apacity is constant, independent of both porosity and alteration. 

.6. Seismic velocities 

he seismic velocity data are plotted as a function of the porosity
n Figs 16 and 17 . Since the velocity depends on the mechanical
oduli and the density, we plot the product of the density by the

elocity squared as a function of the connected porosity. The data
hown in Figs 16 and 17 demonstrate a high level of correlation
ith the connected porosity. For the S -wave velocities V s , the shear
odulus is given by 

G = (1 − φ) ρg V 

2 
S . (9) 

We fit the shear modulus data such obtained with the following
elationship; 

G = G 0 exp 

(
− φ

φS 

)
. (10) 

For the shear wave velocity data, we obtain φS = 0 . 17 and the
hear modulus of the solid phase G 0 = 2.3 × 10 10 Pa (see fit in
ig. 16 a). This value can be compared to the shear modulus of
lagioclase (3.5 × 10 10 P a, P abst et al. 2015 ) and smectite (in the
ange 0.7 to 2.5 × 10 10 Pa, For the P -wave velocity V P in saturated
onditions, a similar analysis (Fig. 16 b), we have for the P -wave
odulus, 

M = ρV 

2 
P , (11) 

M = M 0 exp 

(
− φ

φP 

)
. (12) 

The best fit yields φP = 0 . 19 and the modulus of the solid phase
s gi ven b y M 0 = 1.0 × 10 11 Pa (Fig. 16 b). For the dry P -wave
elocity (Fig. 17 ), we have 

M dry = (1 − φ) ρg V 

2 
P , (13) 

M dry = M 0 exp 

(
− φ

φD 

)
, (14) 

ith φD = 0 . 15 and M 0 = 0.83 ×10 11 Pa (modulus of the solid
hase). As expected, the modulus M 0 does not depend on the state
f saturation. The three critical porosity entering eqs ( 10 ), ( 12 ) and
 14 ) are nearly the same with a critical porosity given as φC =
 . 17 ± 0 . 02 . 

In Fig. 18 , we plot the shear and compressional wav e v elocity
s a function of the formation factor. We observe a fair correlation
etween the seismic velocities and the log of the formation factor.
e can use these relationships to determine directly the P - and S -
av e v elocities from the determination of the formation factor itself
etermined from induced polarization data. Finally, in Fig. 19 , we
how that the P -wave and S -wave velocities are strongly related to
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Figure 21. Tomogram of the temperature obtained from the induced polarization measurements. (a) Cross-section. (b) Figure showing the isotherms in 3-D. 
For the two figures, a comparison can be made with the surface temperature data. 
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4  F RO M  I N D U C E D  P O L A R I Z AT I O N  T O  

S E I S M I C  P  -  A N D  S  - WAV E  T O M O G R A M S  

In this section, we discuss how we can convert an induced polariza- 
tion surv e y into a tomogram of the seismic v elocities. In our opinion, 
this is the first step in performing in the future joint inversion of 
electrical and seismic data on active volcanoes. The flow chart we 
follo w is sho wn in Fig. 19 . We first perform an induced polarization 
surv e y used to image the in-phase conductivity and the normalized 
chargeability. Then, we perform a temperature tomogram using the 
procedure described by Revil et al. ( 2022 ). 

Assuming Archie’s law with m = 2 to simplify a bit the relation- 
ships, the conductivity and the normalized chargeability as, 

σ ′ = φ2 σw + φBρg CEC , (15) 

M n = φλρg CEC . (16) 

If the pore w ater conducti vity is known, we have two unknowns 
to determine, the CEC and the porosity. So once a tomogram of 
the conductivity and normalized chargeability is obtained, we can 
determine cell-by-cell the porosity and the CEC using the following 
relationships, 
φ = 

√ 

σ ′ − M n /R 

σw 
, (17) 

CEC = M n /φλρg . (18) 

For eq. ( 18 ), a small temperature correction for λ is re- 
quired using the temperature tomogram and according to λ( T ) = 

λ( T 0 )( 1 + α( T − T 0 ) ) with α = 0.02 ( ◦C) −1 and ( λ(Na + , T 0 = 25 
◦C) = 3.0 ± 0.7 × 10 −10 m 

2 s −1 V 

−1 . Then, we can compute the 
P -wav e v elocity according to 

V P = 

√ √ √ √ 

M 0 exp 
(
− φ

φP 

)
(1 − φ) ρg + φρ f 

, (11) 

with φP = 0 . 19 and M 0 = 1.0 × 10 11 Pa, ρg = 2900 kg m 

−3 and 
ρ f = 1000 kg m 

−3 . V S is then computed from the P -wave velocity 
(see relationship in Fig. 20 ). 

We apply the previous transforms to the Papandayan stratovol- 
cano located in Java Island (Indonesia). Papandayan (2665 masl, 
metres above sea level) volcano is an andesitic stratovolcano in 
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Figure 22. Porosity and cation exchange capacity (CEC) tomograms obtained from the induced polarization tomogram according to the flow chart shown in 
Fig. 20 . (a) Porosity tomogram. (b) CEC tomogram. The high CEC subvolume reflects the high degree of alteration below the surface area characterized by a 
high temperature. 
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estern Java Island in Indonesia (Syahbana et al. 2014 ). This vol-
ano is characterized by an intense hydrothermal activity. This ac-
ivity is evidenced by sulfate mud pools, fumaroles and gas emis-
ion, and four active vents (the Mas, Manuk, Nangklak and Baru
raters). An induced polarization surv e y was performed in 2018. At
 apadayan, fiv e resistivity/induced polarization profiles were ac-
uired in the 1772 crater of this stratovolcano (Revil et al. 2022 ).
ach profile is characterized by 48 electrodes with an electrode
pacing of 30 m. The surv e y was acquired with a Czech ARES II
nstrument using a Wenner-alpha array and a window of 100 ms
from 105 to 205 ms after shutting down the primary current) for
he chargeability. The surv e y includes 240 electrodes and 1800
pparent resistivity and chargeability data. In addition, a Digi-
al Ele v ation Map w as used to build the geometry of the ground
urface. We use a conductivity of the pore water of 1 S m 

−1 at
5 ◦C from the high conductivity of the Spring that are present
ere. 

The temperature tomogram obtained from the induced polariza-
ion data is shown in Fig. 21 (see Revil et al. 2022 ). The results can
e compared to the ground surface temperature data obtained from
emote-sensing analysis (see details in Revil et al. 2022 ). Then, the
nduced polarization data are corrected for the temperature effect
n the ionic mobilities and we obtained the porosity and CEC tomo-
rams shown in Fig. 22 . The porosity ranges from 5 to 50 per cent
hereas the CEC ranges from 2 to 12 meq (100 g) −1 , both being

ealistic ranges. In Table 2 , the porosity ranges from 2 to 51 per cent
nd the CEC from 2 to 35 meq (100 g) −1 . Finally, these data are
onverted to P - and S -wave velocity tomograms shown in Fig. 23 .
hese tomograms could be used as a prior model to better localize
eismic source events and refine the velocity model through seismic
 ave tomo graphy. 

 C O N C LU S I O N S  

e hav e dev eloped a new data set of e xperimental data for 41
ock samples from la Soufri ère stratovolcano in Guadeloupe Island
F rance). F irst, we analysed the relationship from the geoelectri-
al parameters determined from the complex conductivity spec-
ra obtained in the frequency range 10 mHz–45 kHz. We show

art/ggad246_f22.eps
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Figure 23. Seimic velocity tomograms. (a) Compressional ( P -)wave velocity tomogram. (b) Shear ( S -)wave tomogram. These tomograms come from the flow 

chart shown in Fig. 20 using the porosity as input parameter. 
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that the formation factor can be related to the connected poros- 
ity via Archie’s law and that surface conductivity and normalized 
chargeability can be related to the porosity, formation factor and 
CEC. 

Then, we show that per meability, ther mal conductivity and seis- 
mic velocities can be derived from the CEC and the porosity or di- 
rectly from the geoelectrical parameters from induced polarization. 
As an example of application of our methodology, we transform 

a 3-D tomography of induced polarization into a seismic P -wave 
velocity tomogram, which could be used to start a seismic tomog- 
raphy from passive seismic data. By analysing both types of data in 
combination, we expect to gain a more comprehensive understand- 
ing of the internal dynamics of stratovolcanoes and the factors that 
influence their activity. 
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man, J.A., 2008. A high-accuracy impedance spectrometer for mea- 
suring sediments with low polarizability, Meas. Sci. Technol., 19 (10), 
doi:10.1088/0957-0233/19/10/105603. 
 by Oxford University Press on behalf of The Royal Astronomical Society. 

7202314 by H
ainan Education and R

esearch D
igital Library user on 05 July 2023

http://dx.doi.org/10.1093/gji/ggz207
http://dx.doi.org/10.1093/gji/ggab039
http://dx.doi.org/10.1029/2002JB001835
http://dx.doi.org/10.1016/j.jvolgeores.2011.07.008
http://dx.doi.org/10.1016/j.jvolgeores.2018.03.017
http://dx.doi.org/10.1186/s40623-021-01515-z
http://dx.doi.org/10.1016/j.jvolgeores.2014.05.005
http://dx.doi.org/10.1016/j.epsl.2005.09.016
http://dx.doi.org/10.1029/2010WR009310
http://dx.doi.org/10.1016/j.geothermics.2022.102361
http://dx.doi.org/10.2118/1863-A
http://dx.doi.org/10.1016/j.jvolgeores.2014.10.008
http://dx.doi.org/10.1016/j.epsl.2022.117524
http://dx.doi.org/10.1088/1361-6501/ab1b09
http://dx.doi.org/10.1088/0957-0233/19/10/105603

	1 INTRODUCTION
	2 PETROPHYSICAL STUDY
	3 RELATIONSHIPS BETWEEN PETROPHYSICAL PROPERTIES
	4 FROM INDUCED POLARIZATION TO SEISMIC P- AND S-WAVE TOMOGRAMS
	5 CONCLUSIONS
	DATA AVAILABILILY
	ACKNOWLEDGMENTS
	REFERENCES

