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ABSTRACT.

Hydromechanical energy can be partially converted into electromagnetic energy due to
electrokinetic effect, where mechanical energy causes the relative displacement of the charged
pore water with respect to the solid skeleton of the porous material and generated electrical
current density. An application of this phenomenon is seismoelectric method, a geophysical
method in which electromagnetic signals are recorded and associated with the propagation of
seismic waves. Due to its coupling nature, seismoelectric method promises advantages in
characterizing the subsurface properties and geometry compared to independent employments of
seismic or electromagnetic acquisition alone. Since the recorded seismoelectric signal are
sensitive to water content changes this method have been applied for groundwater studies to
delineates vadoze zone-aquifer boundary since the last twenty years. The problem, however, is
that the existing governing equations of coupled seismic and electromagnetic not account for

unsaturated conditions and its petrophysical sensitivity to water content.

In this thesis we extend the applications of seismoelectric method for unsaturated porous
medium to several geophysical problems. (1) We begin our study with numerical study to
localize and characterize a seismic event induced by hydraulic fracturing operation sedimentary
rocks. In this problem, we use the fully-saturated case of seismoelectric method and we propose
a new joint inversion scheme (seismic and seismoelectric) to determine the position and moment
tensor of that event. (2) We expand the seismoelectric theory for unsaturated condition and show
that the generation of electrical current density depend on several important petrophysical

properties that are sensitive to water content. This new expansion of governing equation provide



us theory for developing a new approach for seismoelectric method to image the oil water
encroachment front during water flooding of an oil reservoir or an aquifer contaminated with
DNAPL. (3) Next, we present a test case which is the first-attempt analysis of seismoelectric
sounding measurements done on glacial environment of Glacier de Tsanfleuron through
numerical forward modeling. Here we treat the snow-glacial environment similar as with vadoze
zone-aquifer zone in unsaturated porous medium. (4) The modified governing equations also
provides us foundations to do another case study, which is characterization of seismoelectrical
events generated from water content changes in the vadoze zone measured using seismoelectric
sounding from NE England. (5) We finalize the thesis with an interpretation of electrical signal
generated from water injection experiment done on the top two meter of the soil surface (vadoze
zone) using inverse calculation presented on the first topic of the thesis. The fundamental
research presented on this thesis hopefully provides a basis for further advancement on
seismoelectric or joint seismic-electrical methods for applications ranging from hydrogeology,

volcanology and geothermal energy, and oil and gas cases.
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Sketch showing the motivation for the present work. a) The joint inversion
of seismic and electrical data may help reducing the uncertainty in the joint
inversion problem by providing information that is not contained in the
seismic data alone. b) The joint inversion is non-informative: all the
seismic-based inverted models are contained in the set of electrical-based
model. This can happens when the signal-to-noise ratio is much greater for
the electrical data than for the seismic data.

Sketch of the domain used for the modeling. It consists of two layers named
L1 (shallow layer) and L2 (deeper layer). A set of seismic and electrical
receivers (geophones and electrodes) is located at the ground surface (upper
boundary of L1).

Relationship between the effective excess of charge movable by the flow of
the pore water and permeability (modified from Jardani et al., 2007, Revil
and Jardani, 2010, and Jougnot et al., 2012, data from Scheffer, 2007,
Boleve et al., 2007, Pengra et al., 1999, Revil et al., 2005, Jardani et al.,
2007, Jouniaux and Pozzi, 1995, and Jougnot et al., 2012)

Snapshots of the vertical displacement of the solid phase during the
propagation of the seismic waves and the associated electric potential
distribution. DF: Direct field associated with the seismic source itself (Type
I electrical signal), CS: Coseismic P- and S-signals (Type III electrical
signal), SE: seismoelectric conversions at interfaces (Type III electrical
signal), and RE: reflected wave

Same as Figure 4 for later times. Note that electrical field present around
the seismic source and associated with the diffusion of the pore pressure
around the source (Type I electrical signal, which is dipolar in nature). CS:
Coseismic P- and S-signals (Type III electrical signal), SE: seismoelectric
conversions at interfaces (Type II electrical signal), RE: reflected wave
Horizontal and vertical seismic displacements responses. We can observe
(1) some signals are created from the mechanical P-S conversion
mechanism at the interface (P to S conversion), and (ii) the P-P and S-S
waves. The S-P interfacial signal is not visible on these time series because
of the minimum radiation pattern of S-P wave in (x-z) plane for horizontal
and vertical components of the seismic displacement

Horizontal and vertical electric field components (the vertical component is
taken at a depth of 5 m below the ground surface). We can see the P-P and
S-S coseismic electrical response and the coseismic responses associated
with the P-S and S-P waves produced at the interface between the two
materials. The occurrence of the direct field (DS) indicates the source time
t; = 0.15 s (see the horizontal component of the electric field). We can also
see the seismoelectric conversion (SC) from the interface L1-L2 at ¢ = 0.22
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S

Dipole Occurrence Probability (DOP) of the source using a normalized
cross-correlation of a dipole source with the signals obtained at the time of
the source at the 8 stations located at the ground surface (each pixel is 50 m
in x by 1.5 m in z). The maximum of the DOP (denoted by the star *) can
be used to provide a prior localization of the source assuming that the
subsurface has a constant (unknown) electrical conductivity. The black
filled star denotes the true position of the seismic source

Application of the McMC sample to determine the posterior probability
density of the 7 model parameters (including the source location, the
thickness of the first layer, the seismic magnitude, and the 3 components of
the moment tensor). Each dots correspond to one realization of the McMC
sampler. The solid horizontal lines correspond to the true values of the
model parameters

Posterior probability density function of the model parameters computed
from the noise-free seismic and electrical data. The model parameters
include the source location (x;, z), (i1) the thickness of the first layer, A4, the
seismic magnitude M,,, and the three moment tensor components (M., M,.,
M.;). The solid vertical bars indicate the true value of the model parameters.
The information content of the seismic and electrical data are the same
Posterior probability density function of the seven model parameters
computed from the seismic and electric data with 15% noise level. The
solid vertical bars indicate the true value of the model parameters. The joint
inversion of the seismograms and electrograms is performing a better job
than the inversion of the seismograms alone in getting closer to the true
values of the model parameters

True information content for the joint inversion problem. The electrical
field contains more information than the seismic field under the condition
that the same level of noise is applied to the seismograms and electrograms
Localization of the source current density distribution responsible for the
electrical potential distribution recorded at the surface stations (5% noise).
a) Type I anomaly associated with the seismic source. b) Type II anomalies
(seismoelectric conversions). (Iteration #8, data rms error 3%). The
horizontal line denotes the interface between L1 and L2 where
seismoelectric conversions takes place

Probability density functions of the three components of the moment tensor
determined from the AMA algorithm with the thickness of the first layer
and the position of the source determined from the tomographic approach
of Figure 3.13

Hydraulic fracturing test and resulting electrical potential (SP stands for
"self-potential") and acoustic emissions (AEs) data from the study of
Ushijima et al. (1999). a) Sketch of the position of the hydrofracturing. b)
Flow history with flow rate. ¢) Self-potential changes with respect to the
self-potential distribution at 9:40, prior to the hydraulic fracturing tests. d)
Hypocenters determined from the acoustic emissions and positions of the
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positive and negative poles inverted from the distribution of the electrical
potential distribution

The surface of clay minerals in contact with water is charged through three
types of surface sites: amphoteric sites on the edges, basal negative sites,
and because of negative charges due to isomorphic substitutions in the
crystalline framework on the minerals. The mineral charge is compensated
by counterions (M") and coions (A") forming a double layer. This double
layer comprises a layer of sorbed counterions (The Stern layer) and a
diffuse layer where the Coulombic interactions between the charged
mineral surface and the coions and counterions dominate

Sketch of the charge distribution and flow regime. There are four cases to
consider depending on the pore size with respect to the double layer
thickness and depending on the frequency. a) Thick double layer. The
counterions of the diffuse layer are uniformly distributed in the pore space).
b) Thin double layer (the thickness of the diffuse layer is much smaller than
the size of the pores). ¢) Viscous laminar flow regime occurring at low
frequencies. d. Inertial laminar flow regime occurring at high frequencies.
Quasi-static charge density (excess pore charge moveable by the quasi-
static pore water flow) versus the quasi-static permeability for a broad
collection of core samples and porous materials. This charge density is
derived directly from the streaming potential coupling coefficient using
equation (4.97). Data from Ahmad (1964), Boleve et al. (2007),
Casagrande (1983), Friborg (1996), Jougnot et al. (2012), Jardani et al.
(2007), Jouniaux and Pozzi (1995), Pendra et al. (1999), Revil et al. (2005,
2007), Sheffer (2007); Skold et al. (2012), and Zhu and Tokséz (2012)
Specific surface area of clay minerals (in m> g') as a function of the
(absolute) (in meq g with 1 meq g'=96,320 C kg™ in SI units) for various
clay minerals. The ratio between the CEC and the specific surface area
gives the equivalent total surface charge density of the mineral surface. The
shaded circles correspond to generalized regions for kaolinite, illite, and
smectite. Figure adapted from Revil and Leroy (2004). The two lines
corresponds to 1 to 3 elementary charges per unit surface area. Data from:
Patchett (1975), Lipsicas (1984), Zundel and Siffert (1985), Lockhart
(1980), Sinitsyn et al. (2000), Avena and De Pauli (1998), Shainberg et al.
(1988), Su et al. (2000), and Ma and Eggleton (1999)

High-frequency volumetric charge density versus the total charge density.
The high-frequency volumetric charge density is determined from electrical
conductivity measurements at various salinities (from the surface
conductivity and the formation factor) while the total charge density is
determined from the porosity and the cation exchange capacity

Comparison between Model A and B used to predict the value of the Books
and Corey exponent | from the saturation exponent. Data from Jougnot et
al. (2010), Revil et al. (2007), Brooks and Corey (1964), and Jun-Zhi and
Lile (1990). The Shannon sandstone is also known under the term “Hygiene
sandstone” in the literature. The data seem to favor Model A over Model B
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4.14

but more data are needed to test the models.
Comparison between the model proposed in the main text for the capillary
entry pressure assuming that the formation factor is related to the porosity

by F=¢" (classical Archie’s law, Archie, 1942) The experimental data

are from Huet et al. (2005). They correspond to 89 sets of mercury-
injection (Hg-air) capillary pressure data. Core samples include both
carbonate and sandstone lithologies. The permeability is expressed in mD.
Comparison between Model A and B to predict the value of the relative
streaming potential coupling coefficient as a function of the water
saturation. We use an irreducible water saturation s, = 0.2. Data is taken
from Revil et al. (2011), Vinogradov and Jackson (2012), and Guichet et al.
(2003). The data seem to favor Model A over Model B.

Comparison between experimental data and the prediction of the model
developed by Revil ef al. (2007) with the van Genuchten model (see also
Linde et al., 2007). The experimental data are from Mboh et al. (2012)
(Sample M, sand). Left panel: Relative streaming potential coupling
coefficient versus saturation. We used the measured value of the saturation
exponent (second Archie exponent) n = 1.87. Right panel: Capillary
pressure curve (non-wetting fluid: air).

Comparison between experimental data and the prediction of the model
developed by Revil et al. (2007) with the van Genuchten model (see also
Linde et al., 2007). The experimental data are from Revil and Cerepi
(2004) and Revil et al. (2007) (Sample E3). Left panel: Absolute and
relative streaming potential coupling coefficient versus saturation. We used
the measured value of the saturation exponent (second Archie exponent) n
= 2.7. Right panel: Fit of the capillary pressure curve with the same van
Genuchten parameters than obtained for the coupling coefficient (non-
wetting fluid: mercury).

Comparison between experimental data and the prediction of the model
developed by Revil ef al. (2007) with the van Genuchten model (see also
Linde et al., 2007). The experimental data are from Revil and Cerepi
(2004) and Revil ef al. (2007) (Sample E39). Left panel: Absolute and
relative streaming potential coupling coefficient versus saturation. We used
the measured value of the saturation exponent (second Archie exponent) n
= 3.5. Right panel: Fit of the capillary pressure curve with the same van
Genuchten parameters than obtained for the coupling coefficient (non-
wetting fluid: mercury).

Porosity and permeability map of an oil contaminated aquifer or oil
reservoir between two wells for a water-flood simulation

Six snapshots showing the evolution of the water saturation over time in a
150-m-thick oil aquifer or reservoir. The initial water saturation in the
aquifer is 0.25 (which correspond to 0.75 oil saturation). In this study oil is
considered to be the non-wetting phase

Sketch of the domain used for the modeling. The domain is a 350 m x 250
m rectangle. The shooting Well, A, is located at position x = 0 m and the
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4.15

4.16

4.17

4.18

4.19

5.1

measurement Well, B, is located at x = 250 m. The discretization of the
domain comprises a finite element mesh of 175 x 125 rectangular cells. We
put the seismic sources So(0m, 2216m) in Well A and 28 receivers (Crl to
Cr28 at the top) located in Well B. PML boundary conditions are used at
the borders of the domain.

Evolution of the seismic displacement and the associated electric potential
time series from receiver point Crl12 due to water-front changes (T1 — T6).
Here we show the p-wave arrivals in the seismic time series and the
seismoelectric conversions (SE) at interfaces (Type I electrical signal), and
CS: Co-seismic P-wave (Type II electrical signal) on the electrical
conterpart.

Snapshots of the horizontal displacement of the solid phase during the
propagation of the seismic waves and the associated electric potential signal
collected at Well-B receiver E16 (poroelastic approach, see properties in
Table 2). The main seismoelectric conversion (black box) is created in the
Fresnel zone of the saturation front. The fluctuations in the electrical
potential prior the detection of the conversion associated with the front
correspond to seismoelectric conversions associated with spatial variations
in the water content.

Seimogram and electrogram at an electrode (receiver Crl2 in Figure 4.14).
Here ty denoted the time of source ignition, or the delay time (30 ms).
Seismoelectric signals and the co-seismic / P-wave arrival time is denote as
t; and t,, respectively. The strongest signal on the electrogram corresponds
to the co-seismic disturbance associated with the P-wave propagation (see
Figure 4.16). The seismoelectric signal only occur on the electric time
series and this is associated with the seismoelectric conversions at
saturation changes on profile T4 (see Figure 4.13)

Evolution of the seismic displacement and the associated electric potential
time series from receiver point Cr12 due to water-front changes (T1 — T6).
Here we show the p-wave arrivals in the seismic time series and the
seismoelectric conversions (SE) at interfaces (Type I electrical signal), and
CS: Co-seismic P-wave (Type II electrical signal) on the electrical
conterpart.

Cross-plot of true waterfront position from the two-phase flow simulator
and position determined from the arrival time of the seismoelectric
conversion and using the mean velocity of the P-wave between the two
wells.

Field data collected using two dipoles located on either side of the shot
point (Kulessa et al, 2006). Each dipole consists of two electrodes where
electrode 2 and 3 serve as reference. Receiver-1 time series is plotted in
solid line and Receiver 2 in dashed line. From the two time series we have
Event 1 that is a longer period signal (LPC) possibly related to hammer
impact, Event 2 is a short period and in-phase signal (IPF) possibly from
dry-wet ice boundary, and Event 3 which is another short-period but out-of-
phase signal (OoPF) possibly from coseismic propagation or another
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54

5.5

interfacial conversion

Sub-glacier model for Glacier de Tsanfleuron consist of fresh snow layer
(LT) on top, dry Alpine glacier (L2), and wet Alpine glacier (L3), overlying
the limestone bedrock (L4).

Snapshots of the wave propagation and volumetric current density. We
identify coseismic direct wave (CS) and hammer-induced direct field effect
(DF) at 0.90 ms, electrokinetic interfacial response from L1-L2 interface
(SE1-2) at 4.87 ms, seismoelectric conversion from L2-L3 interface (SE2-
3) at 10.97 ms, a composite of reflected coseismic event from L[2-L3
intyerface and multiple waves trapped between L1-L2 on 19.23 ms, and the
seismoelectric conversion events from [.3-L.4 boundary on 27.85 ms (SE3-
4). We also show that the reflected seismic wave from L1-L2 boundary
creates secondary wave (Seis*) on the surface and propagates into the
subsurface later than the primary seismic wave (Seis). This generates
additional seismoelectric events notably the secondary coseismic wave
(CS*) and interfacial response along its propagation path.

Computed electrical data from the two dipoles and a synthetic seismc trace
on G(-1.5 m,0 m) location. The electrical responses from the two dipoles
are 180° out of phase as it was predicted on each opposite side of the
shopoint. We identify several events coming from interfacial and coseismic
response: Direct field effect from the hammer blow (DF), direct wave
arrival (DW) accompanied with its coseismic counterpart (CS), reflected
seismic wave from L1-L2 (RE1-2) and its coseismic counterpart (CS1-2),
interface response from L2-L3 boundary (SE2-3), reflected seismic wave
from from L2-L3 boundary (SE2-3) along with its coseismic response
(CS2-3), interface response from L3-L4 boundary (SE3-4), and the
reflected seismic wave from L3-L4 interface (RE3-4) with its coseismic
response conter part (CS3-4). Seismoelectric conversion event from L1-L2
boundary on 3.65 ms however is buried under the direct wave coseismic
response. We also notice additional seismoelectric interface response
coming from the secondary seismic wave (see Figure 5.3) that also creating
secondary seismoelectric conversion (such as SE2-3* SE3-4*) and and
coseismic response (like CS1-2*, CS2-3*, and CS3-4%*).

Extrapolation of seismic and seismoelectric signals if done in multi-channel
configuration. We apply 2 m spacing between geophones and also with the
midpoint of dipole electrodes. Source is located between geophone-dipole
12 and geophone-dipole 13. In the seismogram we detect the propagation of
direct wave (DW), and reflections from L1-L2 boundary (RE1-2), L2-L3
boundary (RE2-3), and L3-L4 boundary (RE3-4). In the electrogram we
detect the hammer induced direct field effect (DS), Coseismic response
from L1-L2 (CS1-2), L2-L3 (CS2-3), and L3-L4 (CS3-4) boundaries, as
well as the seismoelectric convertion events from L2-L3 (SE2-3), and L3-
L4 (SE3-4) boundaries. The Multiple arrival on the seismogram is not
related to the seismoelectric conversion multiple on the electrogram (SE
multiple) as it was coming from the L3-L4 origin-reflected wave
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penetrating the L2-3 boundary

Comparison between field data (blue line) and the modeled electrical
responses collected for receiver 1 and 2 (black line). We verify Event 1 is
coming from composite of direct field effect (DF) and direct-wave
coseismics (CS), while Event 2 is coming from L2-L3 interface response
(SE2-3), and Event 3 is a reflected coseismic wave from L2-L3 boundary
(CS2-3). We flip the polarity of receiver-2 so that it will be comparable
with the automatically flipped measured signal on dipole-2.

Comparison between extracted seismoelectric conversion / interfacial
response events after reduction of coseismic and direct field events with the
electric signal gradient of Kulessa (2006). We show at both time series the
existence of seismoelectric conversion from snow-dry glacier boundary
(SE1-2) on 3.65 ms, dry-wet interface (SE2-3) on 10.97 ms, and dry-wet
boundary multiples on 16.9 ms.

Volumetric water content-depth profile in the vadose zone (from West and
Truss, 2006), and root-mean-square (RMS) seismic velocities derived from
vertical seismic profiling (VSP; see geometries in Figure 6. 2). The water
table is located at ~ 14.5 m depth.

Field acquisition geometries. The four seismoelectric sounding locations
(SE1-SE4) were complemented by VSP surveys (see data in Figure 6. 1)
using borehole geophone spacings of 0.5 m down to the water table at 14.5
m, and hammer-and-plate shotpoints at VSP1 (for geophone deployment in
the northern borehole, BH-N) and VSP2 (for geophone deployment in the
southern borehole, BH-S). Only selected geophone positions are indicated
for figure clarity.

Recorded seismoelectric and seismic data (a) Raw seismoelectric sounding
data recorded at SE; (see Figure 6.1) for dipole antennas A and B,
respectively spanned by two electrodes at distances of 0.5 m and 2.5 away
from, and on opposite sides of, the shotpoint. (b) Corresponding split-
spread seismogram using 24 40-Hz vertical geophones spaced 1 m. In (b)
the locations of the seismoelectric electrodes are indicated by arrows, and
the shotpoint is indicated by a star.

Processed seismoelectric data revealing seismoelectric conversions in the
vadose zone. The arrow indicates the position of the groundwater table at ~
17.5 ms. Seismoelectric modelling (Figure 6. 9) identifies the
seismoelectric conversions and co-seismic arrivals of which this measured
signal is composed.

Voltage and volumetric water content versus depth. a. Seismoelectric
conversions from depths of 1.25-11.25 m following application of eqs (1)
and (2), with spherical correction applied and smoothed with a 0.25 m
running mean. b. Volumetric water content-depth profile from TDR
measurements.

Statistical relationship between principal spatial amplitudes (picked from
Figure 5) of volumetric water content against those of seismoelectric
conversions.
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6.7

6.8

6.9

6.10

6.11

7.1

7.2

7.3

7.4

Material properties distribution constructed for modelling. a. Permeability.
b. Volumetric water content. c. Electrical resistivity distribution. In addition
we use a constant porosity for the domain of interest (Table 1).

Numerical modelling results. a. Split-spread seismogram, showing direct
wave (DW) and two reflections (R1, R2). b. Corresponding electrogram,
showing direct field (DS), coseismic direct wave (CS-DW), two coseismic
reflections (CS-R1, CS-R2) and seismoelectric conversions (SE-CV). The
star marks the location of the shotpoint and the arrows mark the locations
of the two dipoles used in the field experiment together with polarity
conventions.

Numerical modelling results. a. Total seismoelectric signals, including
direct field effect (DE), coseismic response (CS) and seismoelectric
conversions. b. Coseismic signals only. c¢. Seismoelectric conversion
signals, obtained by subtracting coseismic signals (b) from total signals (a).
Red boxes outline seismoelectric conversions used in Figure 11.

Modelled seismoelectric conversions and measured volumetric water
contents versus depth. a. Seismoelectric conversions from depths of 1.25-
11.25 m following application of eqs (1) and (2), with spherical correction
applied and smoothed with a 0.25 m running mean. b. Volumetric water
content-depth profile from TDR measurements.

Statistical relationship between principal spatial amplitudes (picked from
Figure 6.10) of volumetric water content against those of modelled
seismoelectric conversions.

Inverted dc-resistivity section using least square method. The data is
collected using 32 electrodes with 50 cm spacing, and the injection hole is
built between electrode R17 and R18. The electrical resistivity values are
calculated using inversion software package Res2dinv with least square
method, and plotted in Matlab using triscatterinterp and contourf
commands.

Inverted dc-resistivity section after the sel-potential water injection
experiment. The electrical resistivity values in this section change +/- 40 %
from the background resistivity section, especially on the region near the
injection hole.

Schematics of the self-potential data measurements. Here we sceth the
Biosemi eletrodes configuration in respect to the position of the injection
well and the arrangements of the dc-resistivity electrodes. To do the
injection we use plastic hose and put in 65 cm from the surface. The data is
collected using 32-channels of Ag-AgCl electrodes with 7.5 cm spacing,
and the injection hole is built between electrode ch17 and chl18. The two
reference electrodes is located roughly 10 cm close to the injection hole,
but not collocated with the receiver line.

Self-potential time series from the water injection experiment. a) The raw
data indicates two events that are correspond to water injection time on 94-
98 s range and 143-150 s range. In order to remove the linear increase /
decrease of self-potential value through time (drifting) we apply a linear
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7.5

7.6

7.7

trend removal on the 50-150 time window using detrend command on
Matlab. b) The shape of the time series after trend removal.

Self-potential data on a) 96.68 s and b) 145.3 s after linear trend removal on
the full time series. Both data showing positive trend behavior between
16.25 — 16.75 m, that is close to the injection hole and probably show the
upward movement of the water.

Least square inversion result of self-potential data on 96.69 s. The positive
current density distribution indicates an upward movement of the water due
to lack of cohesiveness between injection hose and soil, causing water to
move upward along the hole. The positive anomaly distribution also
indicated cumulative source along the injection hole, creating a line source
behavior, rather than a point source.

Least square inversion result of self-potential data on 145.3 s. The positive
current density distribution indicates an upward movement of the water due
to lack of cohesiveness between injection hose and soil, causing water to
move upward along the hole. Deeper distribution of the inverted current
density shows deeper penetration of the water as the injection time of this
event is longer than the 96.68 s ones.
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CHAPTER 1

INTRODUCTION

Seismoelectric method has recently received a lot of attention because of its sensitivity to
heterogeneities in mechanical, hydraulic, and electrical properties (e.g., Hunt & Worthington,
2000; Fourie, 2003; Zhu et al., 2008; Jardani et al., 2010) and resonance effects in porous
formations (Revil & Jardani, 2010 for heavy oils and Jougnot et al., 2013, for the presence of
fractures). Since Pride (1994), most of the modeling efforts in computing the seismoelectric
effect (e.g., Garambois & Dietrich, 2002; Pride & Haartsen, 1996; Haartsen & Pride, 1997;
Haines, 2004, Hu et al., 2007) have been based on the following assumptions: (1) use of a Biot
theory (Biot, 1956a, b) solving the equations for the solid and fluid displacements vectors, (2)
solving the electromagnetic problem in the diffusive limit of the Maxwell equations, and (3)
using an electrokinetic theory based on the use of the zeta potential (a local electrostatic potential

defined inside the electrical double layer coating the surface of the solid phase).

Revil, Jardani, and co-workers (Jardani et al., 2010; Revil & Jardani, 2010, Araji et al.,
2012) have recently developed an alternative approach based on (1) solving the Biot theory in
terms of the solid displacement vector and the fluid pressure (a classical approach in mechanics,
e.g. Karpfinger et al, 2009, but curiously not used in the modeling of seismoelectric effects), (2)
solving the electromagnetic problem in its quasistatic limit of the Maxwell equations, and (3)
used an electrokinetic theory based on the charge per unit pore volume as an alternative to the
zeta-potential based-model. The advantages of this modeling approach are (1) the speed of the
forward modeling is increased considerably because we are solving the hydromechanical
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equations for 4 unknowns in 3D (6 unknowns in the approach used by Pride and followers). (2)
The speed of the electromagnetic forward problem is also drastically increased (solving a
Poisson-type equation is indeed much faster than solving a diffusion-based problem and
reasonably accurate for the seismoelectric problem). (3) The model based on the volumetric
charge density is using additional relationships between the charge density and the permeability,
decreasing the total number of unknowns in the petrophysical model. This allows, as shown
below, a straightforward extension of the theory at partial saturations. The gain taken in the
computational speed of the forward problem has been used to implement different inversion
algorithms based on complementary stochastic (Jardani et al., 2010) and deterministic (Araji et
al., 2012) methods. Recently, Sava & Revil (2012) have proposed to use a poroacoustic
approximation to speed up the computation of the seismoelectric problem for very complex
geometries. So far, all the seismoelectric theories (Pride, 1994 and Revil & Jardani, 2010) have
been developed in fully water-saturated conditions. While, unsaturated streaming potentials have
attracted some attention in looking at vadose zone transport properties (Mboh et al., 2012) and

CO2 sequestration (Vieira et al., 2012; Talebian et al., 2013).

In general, there are many applications where models of electrokinetic processes that
occur in unsaturated porous media are needed. In geosciences, examples include water transport
in unsaturated parts of the porous soils (Doussan et al, 2002; Darnet and Marquis 2004),
monitoring of the oil/water interface in reservoir engineering (Saunders et al, 2006; Singer et al,
2006), monitoring of CO2 sequestration in the ground, healing of cracks of unsaturated clay
rocks by electro-osmotic pumping in civil engineering, and the study of diffusion of ionic species
in unsaturated clay rocks used as host formations for long-term storage of toxic wastes.

Electrokinetic theory is also a backbone for seismoelectric governing equation (Pride, 1994;
2



Revil and Jardani 2010; Jardani et al, 2010), where applications and recent studies are mentioned

in the previous descriptions.

In order to solve problems of interest to environmental geosciences and oil and gas

reservoir production, we will describe three topics as the following:

(). The use of the seismoelectric method to localize hydrofracturing event in sedimentary
rocks. The stories behind this study are clear observations of electric signals (such as electric
voltage and electric and magnetic fields) associated with the source of mechanical perturbation
along active faults (see Park et al., 2007 for the San Andreas Fault) and in active volcanoes
(Byrdina et al., 2003, for Merapi volcano; Honkura et al., 2009) have been documented in the
recent literature. The existence of signals that are observed at the time of earthquakes, steam
injection in hot dry rock reservoirs, detonation of explosive charges in boreholes, or underground
nuclear explosions have been clearly demonstrated (e.g., Surkov and Pilipenko, 1997; Ushijima
et al., 1999; Yoshida, 2001; Ga et al. 2003; Yoshida and Ogawa, 2004; Soloviev and Sweeney,
2005; Moore and Glaser, 2007). Electric signal generation are also occurs during water injection
and hydrocarbon production operation in oil reservoir (Jackson et al, 2005; 2011; 2012) and the
occurrence of Haines jumps is also responsible for seismic and EM emissions (Haas and Revil,
2009).Various mechanisms have been proposed in the literature including the electrokinetic
mechanism associated with the drag of the excess of charge contained with the pore water with
respect to a Lagrangian framework associated with deformation of the skeleton of the porous
material (Ishido and Mizutani, 1981; Crespy et al., 2008). As explained in Crespy et al. (2008), it
seems that at least for the first two kilometers of the Earth crust, the electrokinetic contribution

appears to be the most plausible mechanism explaining the observed radiations of



electromagnetic disturbances.Hydraulic fracturing events are usually performed in oil and gas
tight formations to increase permeability and increase production. These events generate both
seismic and electromagnetic disturbances. These disturbances bring complementary information
to the receivers and are jointly inverted to determine the position and moment tensor of the

events.

(ii). Expansion of the seismoelectric theory by generalization of the coupled hydromechanical
and electromagnetic theory for unsaturated porous media. By this we could develop a new way
to image the interface between oil and water (oil water encroachment front) in sedimentary
rocks. During water flooding operations, the ability to monitor the migration of the oil water
encroachment front would provide key information pertaining to the optimization of the injection
process. During production processes, if fluid flow could be imaged, then similar crucial

information would be available to manage the oil reservoir.

(iii). Application of the proposed theory for several test cases. Firstly, we will do seismoelectric
forward modeling computation on the setting of cold-ice glacier and vadoze zone environment.
We will compare our synthetic electrical signals of electrokinetic nature with field measurements
data collected in Glacier de Tsanfleuron, Switzerland; and sand quarry near the village of Great
Heck, Yorkshire, England. At these locations, repeatable and strong seismoelectric signals were
recorded from the vertical sounding geometry. Secondly, using the unsarturated theory, we could
also describe water movement on soil after we do fluid injection into unsaturated soil. Here we
will do an inverse coumputation for estimating the movement of the fluid during water injection
experiment. The data for invese calculation are collected from dc-resistivity and self-potential

(SP) measurements in a private park near Genesee, Colorado.



The general objectives of the thesis work are basically to expand the application of
seismoelectric method beyond fully saturated conditions and meets current challenges in
subsurface monitoring operations. The traditional applications of active seismoelectric method
have been used mainly for groundwater table detection, and shallow geological layering
investigation. And recent studies start to expand the method for subsurface properties estimation
via Bayesian inversion method. In Chapter 2 we will describe briefly about these developments.
We will mention about the historical background of coupling seismic and electromagnetic
observation and follows the descriptions of seismoelectric governing equations that most studies

use in their modeling and experiment studies.

Moving on to the description of the first research topic, we want to show that source
localization and moment tensor characterization of a microearthquake event induced by
hydraulic fracturing operation can be improved by adding electromagnetic information related to
the initial time of the rupturing event into the inversion scheme. In Chapter 3 we will show this
using the fully-saturated seismoelectric governing equations and the energy partition the
earthquake energy into solid and fluid body inside the porous material. The theory then applied
into numerical forward modeling where we show the noise-free and noise influenced results. In
the second part of chapter 3 we describe the inverse modeling scheme via joint-seismic and
electromagnetic waveform inversion using stochastic approach and a hybrid deterministic and
stochastic inversion approach given the information from electromagnetic time series. This
chapter has been submitted and published in Geophysics as Mahardika, H., A. Revil, and A.
Jardani, B. (2012), Waveform joint inversion of seismograms and electrograms for moment
tensor characterization of hydraulic fracturing events, Geophysics, 77, 1-17, doi:

10.1190/GEO2012-0019.1.



In chapter 4, we will describe the expansion of seismoelectric method in unsaturated condition.
We will firstly describe the theoretical derivation of coupled hydromechanical and
electromagnetic energy from the assumption of capillary pressure and capillary head in
unsaturated conditions, followed by modification of Darcy’s and Ohm’s laws due to these
assumptions. Then we generalized the mechanical and Maxwell’s equations followed by
explanations on the generalization on the continuity equations and descriptions on implications
on electrical properties in unsaturated condition. In the second part we will describe the
seismoelectric forward modeling to show the usefulness of the new formulation and show that it
could be applied for water injection operation in removing contaminant in aquifer layer. The first
half of this chapter has been published in Water Resource Research journal as Revil, A., and H.
Mahardika (2013), Coupled hydromechanical and electromagnetic disturbances in unsaturated
porous materials, Water Resources. Research, 49, 1-23, doi:10.1002/wrcr.20092. The second half
of the paper also makes a submitted paper to Geophysical journal International as: A. Revil, H.
Mahardika, G. Barnier, M. Karaoulis, P. Sava, A. Jardani, and B. Kulessa (2013), Seismoelectric
coupling in unsaturated porous media: Theory, petrophysics, and saturation front localization
(submitted July 2013).

In Chapter 5 we describe the application of the unsaturated theory of chapter 4 for
seismoelectric experiment in glacial environment. Here, we show a constrained seismoelectric
forward modeling scheme could be develop to explain and closely-matched the field
measurements done in the European Alps environment. We will begin with the description of the
sounding measurement acquisition parameter and additional information on Glacier de
Tsanfleuron subsurface as it was explained in Kulessa et. al. (2006). Then we will show the

forward modeling results which mostly in-agreement with the initial interpretation and gives
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insight on the wave propagation and conversion mechanism. This chapter will make a paper
planned for submission to Water Resource Research as: Harry Mahardika, André Revil, Bernd
Kulessa, and Karl E. Butler, Seismoelectric conversion from dry-wet boundary at Glacier de

Tsanfleuron, Switzerland (in preparation for submission).

In Chapter 6 we present another case study of a first attempt on seismoelectric inverse
modeling to characterize moisture content in the vadose zone. In this case we will use the
processed-field measurements from Great Heck, Yorkshire. We will describe the geophysical
and moisture content measurement on the experiment location, and how the seismoelectric data
is processed. Then we will show one of many possible forward modeling results which mostly
related with the changes of moisture content on the vadoze zone. In the end will also mention the
limitations and benefits of this approach on further seismoelectric studies. Most of the content on
this chapter would constitute a paper submitted for Geophysical Journal International as B.
Kulessa, H. Mahardika, A. Revil, L. J. West, M. Karaoulis, A. Jardani, and P. McCarthy:
Seismoelectric coupling in unsaturated porous media. Application to the determination of the
water content in the vadose zone (submitted August 2013).

In chapter 7 we will do interpretation of self-potential data from water injection
experiment done in Genesee, Colorado. We describe the initial dc resitivity measurements before
water injection and the setup for the self-potential data. Then, at several water injection times we
will do an inverse computation of the electrical data to estimate the movement of water inside the
borehole and soil. The inverse computation for both resitivity and self potential data are done
using least-square based calculation. And lastly, Chapter 8 closes the thesis with a brief

conclusion summarizing the three research topic mention above.



CHAPTER 2

STATE OF THE ART

2.1 Development of seismoelectric method

Seismoelectric method is a geophysical method that measures electromagnetic excitations
associated with the conversion of the mechanical energy of seismic waves into electromagnetic
energy at macroscopic interfaces characterized by variation in the electrical, hydraulic, and/or
mechanical properties. This interface conversion is often referred to as the seismoelectric
conversion in the geophysical literature. Another type of electrical signal is the coseismic
electrical signal propagating with the seismic waves themselves. The seismoelectric method has
been used mainly in geophysical exploration (Martner and Sparks 1959; Migunov and Kokorev
1977; Kepic et al. 1995; Russel et al. 1997) but it is also a potential tool to image glaciers
(Kulessa et al. 2006), shallow buried objects (Haines et al. 2007), and the position of the water
table of shallow aquifers (Dupuis et al. 2007). The seismoelectric method is mainly used as a
surface geophysical method. However, this method has also been used in boreholes, as a logging
tool, especially for the detection of fractures and high permeability flow pathways (Zhu and
Toksoz 1998, Zhu et al. 1999; Mikhailov et al. 2000; Dupuis and Butler 2006; Hu et al. 2007;
Dupuis et al. 2009) or for cross-hole measurements as demonstrated by Zhu and Toksoz (2003).
The seismoelectric method is also used to characterize the texture of porous media (including

colloidal suspensions) in the laboratory (e.g. Zhu et al. 2008; Dukhin and Shilov 2010).

One of the challenges in the seismoelectric method is that it may be difficult to

distinguish between seismoelectric conversions (associated with conversion of the mechanical to
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electromagnetic energy when a seismic wave passes through an interface) and coseismic signals
associated with the propagation of the seismic waves themselves (e.g., Haines 2004). These
coseismic signals are associated with the relative displacement between the pore water (dragging
the diffuse part of the electrical double layer coating the surface of the grains) and the solid
phase (Haartsen and Pride 1997). The magnitude of this drag is frequency-dependent. Zhu and
Toksoz (2003) and Haines et al. (2007) proposed to separate the seismic sources from the
electrical receivers in order to temporally separate the seismoelectric conversions from the co-
seismic signals. To avoid separating the coseismic signals from the seismoelectric conversions,
Jardani et al. (2010) have recently developed a stochastic full-waveform inversion of surface
low-frequency seismoelectric and seismic data to determine the probability distribution of the
material properties of different geological units. In their approach, Jardani et al. (2010) assumed
that the position of the discontinuities is independently known and both the seismic,
seismoelectric and coseismic signals waveforms are used to invert the electrical, hydraulic, and
mechanical properties. In this research however, we take the complementary approach given in
Araji et al. (2012) and our objective below is to image the position and shape of the
heterogeneities between two boreholes regardless the value of the material properties. In this
case, we only use the seismoelectric conversions signals, avoiding the coseismic signals which
may arrive few milliseconds later in borehole setting (Zhu and Toksoz, 2003; Haines et al.,
2007). Going one step further and inverting for both the material properties (in this case water

saturation and porosity) and geometry simultaneously will be an area of future research.



2.2 Dynamic Poroelastic Theory

Dynamic poroelasticity is described by Biot theory (1956), which is the framework to
model the hydromechanical problem in the present research and in all papers dealing with the
seismoelectric coupling (e.g., Pride, 1994; Pride and Haartsen, 1996; Haines, 2004; Jardani et al.,
2010; Revil and Jardani, 2010; Araji et al., 2012). Indeed, because of the need to account for
pore water flow, the classical elastic theory alone is inadequate, as a framework, to be coupled to
the electrical field as discussed below. The Biot poroelastodynamic theory used in my research is
based on the following assumptions: (i) the porous material is isotropic, (ii) fully water-saturated
with a connected porosity, (iii) the pore fluid (water) is a viscous Newtonian fluid, and (iv) other
attenuation mechanisms like squirt-flow mechanisms are neglected. In the following, I assume an
e ! time dependence for the mechanical disturbances (j being the pure imaginary number, j*=-1,
o is the angular frequency, and t is time), the poroelastic equations of motion, in the frequency

domain, are (Pride, 1994; Pride and Haartsen1996),

—w?pu — w?p;w=V-T+F, (2.1)
T = [A,V - u+ CV-w]l + G[Vu + VuT], (2.2)
—w?prw — w?pru — jwbw = =Vp + f, (2.3)
—p=CV-u+MV-w, (2.4)

They correspond to (i) Newton's law, (ii) a constitutive equation for the bulk stress tensor T, (iii)
the momentum conservation equation for the pore fluid, and (iv) a constitutive law for the pore
fluid pressure p, respectively In these equations, w denotes the angular frequency, u represents
the averaged solid displacement vector (in m), w denotes the averaged fluid-solid relative

displacement vector (in m), and p (in kg m™) denotes the bulk density of material,
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p=(1—d)ps+ Ppy, (2.5)
and ¢ denotes the connected porosity, ps; and py denote the solid and pore solution mass
densities, respectively, I is the identity matrix, F is the body force vector acting on the bulk
porous medium, 4, is the undrained Lame constant, G is the shear modulus, b = ns/k, where
1y is the dynamic viscosity of the pore water and k,, is the permeability for quasi-static flow. The

mass density p; corresponds to the apparent mass density of the pore fluid defined by

pr =% (2.6)

F

where F is the electrical formation factor (ratio of the bulk tortuosity of the pore space divided

by the connected porosity). The Biot poroelastic modulus C, M, and H are defined,

—1_Kr
a= 2 (2.8)
Krks (2.9)

= Ky (1-b—Kyr /Ko + 0K

H =Ky +4G/3 + a’M (2.10)

respectively, where a is the Biot-Willis constant, K, K¢, and Ky denote the bulk modulus of the

solid phase, the (drained) modulus of the frame (skeleton), and the bulk modulus of the pore

fluid solution respectively. The modulus K;; represents the modulus of the material in undrained

conditions. This undrained bulk modulus is related to the porosity and to the elastic properties of
the components of the material by the Gassman relationship,

_ K (Ks—K )+ @K rr(Ks—K )

Ky Kr(1-¢-K¢r/Ks)+$Ks (2.11)
The undrained Lamé modulus A, is defined by,
Ay = Ky — (2/3)G. (2.12)
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The above poroelastic equations of motion, Equation (2.1) to (2.4), are typically solved
for the two displacement fields u and w which corresponds to four degrees of freedom in 2D and
6 degrees of freedom in 3D (Haarsten and Pride, 1997; Haartsen et al., 1998; Garambois and
Dietrich, 2002; Haines and Pride, 2006). In this chapter, we apply the approach given in Attalla
et al. (1998), Karpfinger et al. (2009), and Jardani et al. (2010) based on Darcy equation
providing a relationship between w and u and the pore fluid pressure p. Using this relationship
means that we neglect the electro-osmotic contribution to the Darcy velocity, a well-proven and
very precise approximation (the electroosmotic contribution is much smaller than the pressure
driven flow by several orders of magnitudes, see Pride, 1994 and Pride and Haartsen 1996). The

Darcy constitutive equation for a deformable poroelastic material is written as,

—jow = % [—Vp + w?pru+ f], (2.13)

where k(w) is the dynamic permeability of the porous material (in m?), and f is the averaged
body force acting on the fluid phase (in N). Inserting equation (2.10) into equation (2.1) to (2.4),

we can rewrite the poroelastic equation of motion as (Karpfinger et al., 2009; Jardani et al.,

2010)
—w?piu—6,Vp=V-T+F, (2.17)
T = [AV - u]l + G[Vu + VuT], (2.18)
T=T-apl, (2.19)
%+ V- [ko(Vp —w?ppu—f)]=—aV-u_ (2.20)

where p7, denotes an apparent mass density of the solid phase, 8, is the hydro-mechanical

coupling coefficient, T is the effective stress tensor, A is the drained Lamé coefficient (in Pa)
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A =Kg —2/3 G, and k,, is a permeability-related constant (not to be confused with the dynamic

permeability definition given above). These three coefficients are given by (Jardani et al., 2010),

1

ko = m, (2.21)
ps = p — w?pfke, (2.22)
0 = a — w?prky,. (2.23)

In the simulations performed in this chapter, we use this formulation with the pore fluid pressure

reducing the number of parameters to solve numerically in the forward modeling.

2.3 Dynamic Electrokinetic Theory

The electrokinetic theory described the generation of an electrical current associated with
the existence of an excess of electrical charge per unit pore volume in the pore space of a porous
material (Pride, 1994). This excess of charge counterbalances the charge located on the mineral
surface because of the chemical reactivity of the mineral surface in contact with water (Revil et
al., 1999; Leroy and Revil, 2004). The electrokinetic coupling in the seismoelectric response of a
poroelastic linear material is the result of the relative displacement of the pore water with respect
to the solid phase. The drag of the excess charge density contained in the pore water, Q, is
responsible for a net source current density (called the streaming current density) in a framework
attached to the solid phase. Two formulations exist in the literature, one based on the zeta
potential (Pride, 1994) and one based on an effective charge density (Revil and Linde, 2006;
Revil and Jardani, 2010). In the following, we use this second formulation, which has been
applied and useful for both laboratory and field study applications (Boleve et al., 2007; Revil et

al., 2007). We will also consider the electromagnetic disturbances in the quasi-static limit of the
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Maxwell equations as commonly done in self-potential studies (Suski et al., 2006; Jardani et al.,
2007). This assumption is considered valid only if the electromagnetic sensors (dipole antennas,
non-polarizing electrodes, and magnetometers) are located less than 1 km from the seismic
source. This assumption implies that we neglect the time required by the electromagnetic
disturbances to diffuse between the seismic source and the receivers (Revil et al. 2003; Jardani et
al., 2010; Revil and Jardani, 2010).

Using the electrokinetic coupling model developed by Revil and Linde (2006) and Revil
et al. (2007), the electric field E = - Vi (in V m™) and the magnetic field H (in A m™) are
obtained by solving the following Poisson equations (see details in Jardani et al., 2010; Revil and
Jardani, 2010),

V- (cVy) = V- (2.25)
V2B = —uvV X j (2.26)
where o and u are the electrical conductivity (in S m™) and the magnetic permeability (in H m™)
of the medium, respectively, and where the dynamic streaming current density j, is given by,
js = Qv w = —jwQuk,(Vp — w?ppu — f) (2.27)
where 1 is the electrostatic potential (E = —Viy in the quasi-static limit of the Maxwell
equations), B is the magnetic induction,

B = puH, (2.28)

2.3. Fundamental Equations for the Electrical Problem
Electrical signals of electrokinetic nature are due to the drag of the excess of electrical

charge contained in the pore water and resulting from the existence of the electrical diffuse layer
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at the pore water/mineral interface. In an isotropic but possibly heterogeneous medium, the total
current density is given by (Jardani et al., 2007; Boleve et al., 2007b)
j=—-0(S,)VY+Qyw (2.12)
where ¢ is the porosity, S, is the water saturation, j is the electrical current density (A m?), w
is the Darcy velocity (ms™), & is the electrical signal or SP (V), ¢ is the electrical conductivity
of the porous material (S m™), and Qy, is the excess charge (of the diffuse layer) of the pore water
per unit pore volume (C m™), which depends mainly on the permeability of the porous material
(Jardani et al., 2007). The continuity equation for the electrical charge is V - j = 0, resulting the
governing equation for the electrical problem given as
V-o(S,)Vy =V-(Q, w) (2.13)
In order to see the dependability of ¢ and w to S,,, | describe the followings. | consider a
clayey sand or a clayey sandstone that is water wet. The conductivity o of porous material as a

function of the water saturation can be written as

1 o
0 =250 (0w + s ) (2.14)

Sw
where n is called the saturation exponent (Archie, 1942), F (dimensionless) denotes the
formation factor which is related to the connected porosity ¢ (dimensionless) by Archie's law
F = ¢~™(Archie, 1942), m (>1, dimensionless) is called the cementation exponent, g,, denotes
the conductivity of the pore water (S m™), Bs (m* V! s) denotes the mobility of the cations of
the electrical diffuse layer and responsible for surface conductivity. Then, to see the connection
between w and S, | follow the single-phase water-saturated hydraulic continuity equation

(Jardani et al, 2007)
[Co+ SeS] 52+ V- =0 (2.15)

15



where H (m) is the pressure head, C, denotes the specific moisture capacity (m™) defined by
c, =08, /0H, S, is the effective saturation which is related to the relative saturation of the
water phase by S, = (S,, — S,)/(Ss — S,-) where S, is the residual water content. Then, with the
van Genuchten parameterization, | consider the soil to be saturated when the fluid pressure
reaches the atmospheric pressure (H = 0). The effective saturation, the specific moisture

capacity, and the relative permeability are given by

s, = {1/[1 + Icillfill“;]‘: ,H <0 (2.16)
1 L
Co= {22y —Sr)ss_2<1 ‘552> <0 247)
0,H=0
1\ %77
ko= 1St [1—(1—5;‘2> JH <0 2.18)
1,H=0

respectively, where a,, a, =1 —1/a, as, and L are dimensionless constants that characterize
the porous material.
The electric potential distribution® from equation (2.13) can be solved using Green’s

method of integration as,

Y(B) = [, KB, P)I(By)dV. (2.19)
where K(P,, B,,) denotes the kernel matrix, which depends on the distance between the location
of the current source B, and the location of the receivers B., the distribution of the electrical
resistivity, and the boundary conditions of the modeling domain. And the scalar component of

the current density is given by S(B,) =V js = V- (Qy w).
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CHAPTER 3
WAVEFORM JOINT INVERSION OF SEISMOGRAMS AND ELECTROGRAMS FOR
MOMENT TENSOR CHARACTERIZATION OF HYDRAULIC FRACTURING EVENT

3.1 Introduction

The study of the occurrence of electromagnetic associated with seismic disturbances via
the electrokinetic coupling mechanism has a long history in geophysics as an active method to
image the subsurface of the Earth (Thompson and Gist, 1993; Haines, 2004; Dupuis et al., 2007,
Zhu et al., 2008). This seismoelectric (seismic-to-electric) active method, first observed by
Ivanov (1939) and modeled later by Frenkel (1944), finds its origin in the electrical double layer
coating the surface of the minerals. The electrokinetic coupling is indeed controlled by the
relative displacement between the charged solid phase and the charged pore water (Frenkel,
1944; Pride, 1994).

In this chapter, we are interested to look at the seismoelectric method as a passive
method. Extracting hypocenter position and moment tensor solution are integral components of
classical earthquake seismology and passive seismic monitoring applied to hydraulic fracturing
(Aki and Richard, 2002; McGarr et al., 2002; Stein and WYysession, 2003). Several methods have
been developed in the past 50 years to simultaneously compute the point source mechanism and
source time function of seismic events (Zhao and Helmberger 1994; Ritsema and Lay 1995; Ji et
al. 2002; Sekiguchi et al. 2002; Weber, 2006). That said, in addition to the seismic signals
recordable remotely, there are several observations of direct electromagnetic disturbances
associated with seismic sources (e.g., Kuznetsov et al., 2001; Byrdina et al., 2003). In a recent
study, Gao and Hu (2010) demonstrated numerically that a seismic source is responsible directly

for several seismo-electromagnetic signals that can be recorded remotely. Their study opens the
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door to the possibility of extracting information about the seismic source location from the
collection of seismic and electromagnetic signals measured all together. Moore and Glaser
(2007) have developed a comprehensive set of laboratory experiments and modeling to explain
the occurrence of electrical fields associated with the hydraulic fracturing of crystalline rocks.
Wishart et al. (2008) performed a laboratory investigation of the use of passively recorded
electrical disturbances associated with pneumatic-hydraulic fracturing (see also Ushijima et al.,
1999).

Our work is the first study addressing the inversion of both passive seismic and electrical
information to invert the seismic source parameters (location, magnitude, and moment tensor
components). The paper is divided in 5 sections. In the first Section entitled "Problem
Statement", we present our motivation to develop a joint inversion method to extract the source
properties from a full-waveform inversion of synthetic seismic and electric responses associated
with the occurrence of a seismic point source. The underlying physics of the problem, the
description of the geometry of the synthetic experiment, the finite element modeling algorithm
are described in the next section entitled "Forward Modeling”. A stochastic joint inversion
algorithm based on the Adaptive Metropolis Algorithm is used to invert noise-free and noise-
contaminated data in the section entitled “Inverse Modeling”. A coupled deterministic and
stochastic approach to image the location of the source, the position of heterogeneities, and the
moment tensor is presented in the Section entitled "Hybrid Joint Inversion™. The applications and

implications of the present work to real case studies are discussed in the last section of the paper.
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3.2 Problem Statement

Classically, the inversion of seismic sources (magnitude, localization, and moment
tensor) is performed using seismic data alone and deterministic or stochastic inversion strategies
(e.g., Aki and Richard, 2002; McGarr et al., 2002; Stein and Wysession, 2003). That said,
seismic sources produce also electromagnetic signals. The key-question we want to answer in
this chapter is the following: is the joint inversion of seismic and electrical signal informative? In
other words, does the record of the electrical field bring useful information to the joint inversion
problem? In such a case, the electrical information can help to reduce the uncertainty in the
seismic source model parameters by comparison with the seismic data alone (Figure 3.1a). There
is however the possibility (shown conceptually in Figure 3.1b) that the electrical information is
non-informative. This is the case if all the inverted models based on the seismic data alone are
contained inside the models derived from the electrical data alone.

To reach this goal, we developed a simple model to compute, with the finite element
method, the seismic and electrical fields associated with a localized seismic source described by
a moment tensor. Because the electrokinetic coupling mechanism requires the computation of
the relative flow vector with respect to the solid phase, we use the Biot poroelastic theory to
describe the elastodynamic part of the problem. Limitations of this theory will be discussed at the
end of the paper.

To model the electrical response, we have the choice beween Pride theory (Pride, 1994;
Pride and Haartsen, 1996; Haines, 2004) and Revil and Jardani theory (Jardani et al., 2010; Revil
and Jardani, 2010; Araji et al., 2012). Pride theory is characterized by the following features: (i)
It is based on the zeta potential as a key electrokinetic variable and therefore requires additional

parameters to be defined in addition to those associated with Biot theory (the zeta potential is
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empirically related to the salinity of the pore water). (ii) The electromagnetic field equations are
solved in the diffusive limit of the Maxwell equations, which is a computationally intensive
effort. (iii) This theory neglects all effects associated with the Stern layer, which is a layer of
sorbed counterions on the mineral surface and therefore it cannot account correctly for surface
conductivity (see Block and Harris, 2006, their Figure 6 for an experimental check and both
Revil and Florsch, 2010, and Vaudelet et al., 2011, for a complete surface conductivity model).
(iv) Finally, the theory is only available for water-saturated conditions.

Revil and Jardani theory is characterized by the following features: (i) the electrokinetic
component of the theory is based on an excess of electrical charges in the pore water that is
empirically related to permeability (this relationship will be discussed below in more details). (ii)
The electromagnetic equations are solved in the quasi-static limit of the Maxwell equations,
which has been justified in several papers (see recently Araji et al., 2012). (iii) The theory
accounts for electrical conduction in the Stern layer and the partition of the counterions between
the Stern and diffuse layers coating the surface of the grains (see Revil and Florsch, 2010, for
more details). (iv) Finally, the theory is available for unsaturated conditions (Jougnot et al.,
2012). For all these reasons, we prefer to use the Revil and Jardani approach below.

The second point that needs to be discussed is the choice of the inversion method.
Whenever the information content of a dataset is questioned, it is better to use Bayesian theory
associated with a Markov chain Monte Carlo sampler rather than a deterministic-based approach
(Mosegaard, 2011 and references therein). Classical Monte Carlo sampler are however not very
efficient in retrieving the posterior probability density of model parameters because of the slow
convergence of the chain. In the present work, we will use the Adaptative Metropolis Algorithm

(AMA) (Haario et al., 2001, 2004) for the inverse modeling and we will discuss the advantages
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of this approach. We will also investigate how electrical data alone can be used to localized the
source and the heterogeneities that are present along the ray-paths between the source and the

receivers.

3.3 Forward Modeling
To test our forward and inverse modeling, we created a two layers earth model with two layers
L1 and L2 (L1 corresponds to the upper layer, see Figure 3.2).
3.3.1 Modeling Setup

The material properties of L1 and L2 are summarized in Table 3.1. The values of the
mechanical properties reported in Table 3.1 yield a P-wave velocity v, = 4322 m s™ and a S-
wave velocity vs = 2721 m s™ in L1, and a P-wave velocity of v, = 1932 m s™ and a S-wave
velocity vs = 1317 m s in L2. For the seismic source, we apply a moment tensor source
corresponding to a double couple on a normal fault (90° strike from the North direction, and 45°
dip angle from the horizontal plane). The seismic stations and electrodes are located close to the
Earth’s surface, at a depth of 5 meters (as explained below we impose a perfect matched layer
just at the top surface of the system). The modeling domain itself corresponds to a two
dimensional slab (1.2x1.2) km? The reference position, O(0,0), is located at the upper left corner
of this domain.
3.3.2 Theory

We described now the Biot dynamic poroelastic theory, which is the framework used to
model the hydromechanical problem in the present paper and in all papers dealing with the
seismoelectric coupling (e.g., Pride, 1994; Pride and Haartsen, 1996; Haines, 2004; Jardani et al.,

2010; Revil and Jardani, 2010; Araji et al., 2012). Indeed, because of the need to account for
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pore water flow, the classical elastic theory alone is inadequate, as a framework, to be coupled to
the electrical field as discussed below. The Biot poroelastodynamic theory used below (Biot,
1956) is based on the following assumptions: (i) the porous material is isotropic, (ii) fully water-
saturated with a connected porosity, (iii) the pore fluid (water) is a viscous Newtonian fluid, and
(iv) other attenuation mechanisms like squirt-flow mechanisms are neglected. In the following,

we assume an e " time dependence for the mechanical disturbances (j being the pure imaginary
number, j* =—1, w is the angular frequency, and t is time). We use the displacement of the solid

phase and the pore pressure as unknowns instead of the solid and fluid phase displacement
vectors like in most previous papers in seismoelectric modeling (with the exception of Jardani et
al., 2010; Revil and Jardani, 2010; Araji et al., 2012). The reason is that the number of
parameters to solve is reduced from 4 to 3 in 2D and 6 to 4 in 3D. It is therefore computationally
advantageous to use this formulation especially in the case where the forward modeling has to be
use thousands of time as this is the case below.

With this formulation, the poroelastodyamic equations of motion, in the frequency

domain, are given by (e.g., Attalla et al., 1998; Karpfinger et al., 2009; Jardani et al., 2010),

—o?piu+0.Vp=V-T+F, (3.1)
T=AV-wi+G|Vu+vu'], (3.2)
P
M+V~km(Vp-m2pfu-f)=—av-u , (3.3)

where | is the identity matrix, F is the body force acting on the bulk porous medium, and f the
bulk force acting on the fluid phase. These three equations correspond to (i) a macroscopic

momentum conservation equation for the solid phase, (ii) a constitutive equation for the effective

stress tensor T, and (iii) a momentum conservation equation for the pore fluid. In these
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equations, u represents the averaged solid displacement vector, w denotes the averaged fluid-

solid relative displacement vector, and p is the average fluid pressure in the pore water phase.
The coefficient M is one of  the Biot modulus defined by
M =KK,/[K (@-¢-K, /K)+¢K, |, where K, and K, denote the bulk modulus of the
solid phase and fluid phase, respectively, K, denotes the bulk modulus of the solid frame

(skeleton), and ¢ corresponds to the connected porosity.
Two mechanical properties enter into these equations: 4 is the drained Lamé coefficient

defined by A=K, —(2/3)G where G=G,, denotes the shear modulus of the solid frame
(skeleton). The density p; in equation (3.1) denotes an apparent mass density of the solid phase.
The coupling term in equation (3.1), 6_, denotes an hydro-mechanical coupling coefficient, and

k, in equation 3 is a permeability-related constant. These three coefficients are given by (Jardani

etal., 2010),
S =
ph=p-'pik,, (35)
0, =a-opk,. (3.6)

where b=n, /k0 where n, is the dynamic viscosity of the pore water and kK, is the permeability

for quasi-static flow. In the following we will note p (in kg m™) the bulk density of material

p (1-¢)ps+¢pf, ¢ denotes the connected porosity, p,and p, denote the solid and pore

solution mass densities, respectively. The Biot coefficient « is defined by:,
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Kfr
K

S

a=1- (3.7)

The Biot coefficient connects also the other Biot poroelastic moduli C and M by C=aM .

We turn now our attention to the bulk force f, which corresponds to the averaged body
force acting on the fluid phase. This source term is related to the bulk body force F. Indeed, the
main mechanism for the pore water flow (relative to to the solid phase) is driven by the seismic

disturbances itself (Pride and Haartsen, 1996). Therefore we decompose the total bulk force

generated by the seismic source as F=F, +f , where F, :(l—¢)F and f = ¢F, denotes the bulk

force acting on the solid phase and the bulk force acting on the pore fluid phase, respectively
(Huang and Liu, 2006). The relationship between F and the properties of the seismic source is
described below.

The dynamic electrokinetic theory describes the generation of an electrical current
associated with the existence of an effective excess of electrical charge per unit pore volume in
the pore space of a porous material. This excess of charge counterbalances the charge located on
the mineral surface because of the chemical reactivity of the mineral surface in contact with
water (see Revil et al., 1999; Leroy and Revil, 2004 for electrical double layer models for silica
and aluminosilicates). In our model, we note Q, the net charge of the pore water that can be
dragged along by the flow of the pore water (Revil and Linde, 2006; Boléve et al., 2007; Revil et
al., 2007 Revil et al., 2011, Jougnot et al., 2012). The drag of this net charge density is
responsible for a net source current density (called the streaming current density) in a reference

system attached to the solid phase. In this formulation, the excess of charge per unit pore volume

Q, is related to the quasi-static-permeability ko by the following empirical formula (Jardani et

al., 2007),



log,, Q, =—9.2349—0.82191l0g,, k, (3.8)
This empirical relationship provides a pretty good fit to existing data for a broad variety of
porous materials as shown in Figure 3. As shown recently by Jougnot et al. (2012), this
relationship holds in unsaturated conditions. This relationship implies also that for the same
magnitude of the hydromechanical disturbance, the generated source current density will be
roughly the same in shales and in sands. Indeed, in the first case the excess of charge per unit
pore volume is very high and the permeability controlling the Darcy velocity is very small while
in the second case the charge per unit volume is very small but the permeability is very high (see
Figure 3.3).
In the magneto-quasi-static limit of the Maxwell equations, the electric field E=-Vy
(in V m™) and the magnetic field H (in A m™) are obtained by solving the following scalar and

vectorial Poisson equations,

V-(oVy)=V-js (3.9
V2B = -1V x i (3.10)
where o and u are the electrical conductivity (in S m™) and the magnetic permeability (in H m"
1) of the medium, respectively, and where the dynamic streaming current density Js is given by

(Jardani et al., 2010, Revil and Jardani, 2010),
is (84)=QW=—jaQ k,(Vp-w’p,u-f). (3.11)
The insulating boundary condition at the ground surface is written as N-E=0 (A denotes the

normal unit vector to the ground surface) and therefore the normal component of the electrical

field at the ground surface is strictly equal to zero. However we will use later a perfect matched
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layer boundary condition at the ground surface (see Jardani et al., 2010 for details). In the
following, we will compute the vertical component of the electrical field at a depth of 5 meters.

When equations (3.9) to (3.11) are coupled to the poroelastodynamic equations, three
types of electromagnetic signals are generated by a seismic source. We use the following
nomenclature with roman numerals hereinafter:

(1) Type I corresponds to electromagnetic signals directly triggered by the seismic source,
which move the fluid with respect to the solid phase and therefore to the body force f in
equation (3.11) (e.g., Gao and Hu (2010). These signals can be described by a multipole
expansion (the leading term is expected to be the dipolar or quadrupolar term). Therefore the
amplitude of the Type | electromagnetic disturbances fall down quickly with the distance
between the seismic source and the receivers.

(it) Type Il denotes electromagnetic disturbances generated at heterogeneities in the
electrical, mechanical and transport properties (e.g., a geological interface), during the
propagation of the seismic waves themselves (e.g., Huang, 2006). These conversions are
therefore sensitive to the level of heterogeneities of the subsurface and they have broadly
recognized in the literature as seismoelectric conversions (e.g., Garambois and Dietrich, 2001). If
the subsurface is described with piece-wise constant material properties, these conversions are
created at the interface between homogeneous blocks and are sometimes called "interfacial”
conversions.

(iii) Type Il corresponds to the co-seismic electromagnetic signals. They are
electromagnetic signals propagating at the same speed as the P- and S-seismic waves (lvanov,
1939; Frenkel, 1944). They are due to the local fluid flow associated with the passage of the

seismic wave. This flow generates a source current density that is locally compensated by the

26



conduction current density in homogeneous materials. The Type Il electrical field is
proportional to the acceleration of the seismic wave with a local transfer function that depends
on the local electrical properties of the soil.

Because electrical source signals (Type I in the above nomenclature) are observed at the
receivers at the same time when the seismic source occurs (the travel time of the information is
vanishingly small), they provide the time of occurrence of the seismic event. We will see that the
electrical field information is therefore very useful to characterize a seismic source in addition to
the seismic information.

The bulk body force F described above is related to the moment tensor of the seismic

source by (Dahlen and Tromp, 1998, Aki and Richard, 2002; Udias, 2002)

F(r,0)=-M-V5(r-r,)S(w) (3.12)
where r,(X,,z,) denotes the source position, S(w) is the source-time function (written here in

the frequency domain), and § denotes the delta function. The moment tensor M is a quantity
that depends on the source strength. It also contains all the information about the source
properties. The distance between the source and the receiver needs to be much greater than the
dimension of the fault plane (Aki and Richards, 2002). This "localized source” assumption is
usually used to characterize seismic sources in the far-field. Classically, the seismic response is

inverted to retrieve the position of the source, its seismic moment M, the components of the

moment tensor component M., the time history of the source perturbation s(t), its dominant

ij ?
frequency f., and to some extend the amount of stress change associated with the seismic source

(Stein and Wysession, 2003). One example of the source-time function used below is a Gaussian

function,
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s(t)=e , (3.13)
S(w)=[ s(t)edt, (3.14)
where f, denotes the dominant frequency of the source, and t; denotes its initial time.

In 3D, the seismic moment tensor M is composed of a set of nine force couples (Aki and

Richards, 2002; Stein and Wysession, 2003). The tensor M is equivalentto M M; given by:

Mxx Mxy Mxz
M,M; =M | Myx Myy Myz |, (3.15)
Mzx Mzy Mzz

where M, is the scalar seismic moment.

3.3.3 Modelling Noise-free and Noisy Synthetic Data

We solve the poroelastodynamic wave equations and the electrostatic Poisson equation
for the electrical field in the frequency domain. We use the multi-physics modeling package
Comsol  Multiphysics 3.5a and the stationary parametric solver PARDISO

(http://www.computational.unibas.ch/cs/scicomp/software/pardiso/, see Schenk and Gaértner,

2004, 2006, Schenk et al., 2007, 2008). The problem is solved as follow: (i) we first solve for
the displacement of the solid phase and the pore fluid pressure and (ii) then we compute the
electrical potential by solving the Poisson equation coupled to the solution of poroelastodynamic
problem. In both cases, the solution in the time domain is computed by using an inverse-Fourier
transform of the solution in the frequency wavenumber domain (see Jardani et al., 2010).

In the frequency domain, we use the frequency range 1-100 Hz since the seismic wave
operates in this range and the associated electrical field occurs in the same frequency range

(Garambois and Dietrich, 2001). Then using this frequency range, we compute the inverse fast
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Fourier transform (FFT™) to get the time series of the seismic displacements u, and u,, and the
time series of the two components of the electrical field E, and E, .

The meshing option for the whole computation is a rectangular mesh with 10 m x 10 m
size is smaller with respect to the smallest wavelength of the seismic wave. This corresponds to

the smallest mesh for which the solution of the partial differential equation is mesh-independent.

The seismic source is located at S(x, = 650 m, z, = 700 m) with a magnitude of M, = 3.0
equivalent to M_ =3.98x10"* N m, and a source time function is generated (t, = 0.15 ms and f,

= 30 Hz). At the four external boundaries of the domain, we apply a 100 m thick CPML layer so
the whole domain is actually 1200 x 1200 m. The sensors located at 5 m deep are just below this
CPML layer and the sampled fields are therefore not influenced by the PML bounday condition.
The receivers arrangement mimics the acquisition that would be obtained with triaxial geophones
and dipole antennas. They are located at the 8 stations shown in Figure 3.2.

In order to see the potential advantages of the electrical field data in addition to the
seismic data inversion alone, we generated a noisy dataset by adding some noise with respect to
the maximum amplitude of the seismic and electrical signals. The construction of the noise

added to the noise-free data discussed in the previous sections is performed as follows. Given a
wavelet function w(t) and reflectivity series r(t), the noise is computed using the following
convolution product Noise(t) =w(t) ®r(t) = FT *[W(w)-R(w)] where W(w) and R(w) denote
the Fourier transforms of w(t) and r(t), FT™ denotes the inverse Fourier transform of the

signals in the frequency domain, and ® denotes the convolution product. The amplitude of the
noise is scaled to 15% of the maximum amplitude of the seismic and electrical time series and

the average of the noise is zero. We choose a Gaussian wavelet to simulate the noise with a



characteristic frequency of f, = 35 Hz. The reflectivity series is composed of randomly

distributed numbers in the interval (0,1) computed from a pseudo-random number generator.
Note that the reflectivity series here is not related with reflections related to the layering of the
medium. The resulting noise is added to the noise-free seismic and electric data investigated
above.

3.3.4 Results

Snapshots of the propagation of the seismic wave and the resulting electrical potential
distribution are shown in Figures 3.4 and 3.5. Note that the electrical potential distribution
associated with ground water flow at the position of the seismic source diffuses slowly over time
depending on the value of the hydraulic diffusivity of the medium. The left-hand sides of Figures
3.4 and 3.5 show the direct seismic waves and the receivers and the reflected waves. The right-
hand sides of Figures 3.4 and 3.5 show the three types of electrical disturbances. The Type |
electrical disturbance corresponds to a dipolar field associated with the diffusion of the pore fluid
pressure with time. After the occurrence of the seismic source, this field decreases exponentially
with time. The type 1l electrical disturbances correspond to the electrical field generated by the
arrival of the direct seismic wave at the interface between the layers L1 and L2. This field is also
dipolar in nature. The type Il electrical disturbances are accompanying the seismic waves.

The horizontal and vertical components of the seismic-solid displacements and two
components of the electric field are shown in Figures 3.6 and 3.7, respectively, for each of the 8
stations located in the vicinity of the ground surface.

We first discuss the seismic displacements time series shown in Figure 3.6. The seismic
displacements are created from the mechanical conversion mechanism at the interface between

L1 and L2 such as the converted P-S wave, as well as the direct P-P and S-S waves. The
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converted S-P wave is not visible on these time series because of the minimum radiation pattern
of S-P wave in the (x-z) plane for the horizontal and vertical components of the seismic
displacement (Aki and Richard, 2002; Gao and Hu, 2010).

We discuss now the electrical field time series shown in Figure 3.7. Note that the vertical
component of the electrical field is computed at a depth of 5 m. From these time series, we can

observe the direct field (Type | electrical disturbance), which occurs at the same time of the

seismic source (t, = 0.15 s). This direct electrical field is shown simultaneously at the eight

stations. The seismoelectric conversion (Type 1) is observed at t = 0.22 s when the wave arrives
at the interface between the two layers. This seismoelectric disturbance is also observed
simultaneously at the eight stations. For both Types | and Il anomalies, the diffusion of the
electromagnetic information is so fast that the signals are seem nearly instantaneously at the
receivers. The coseismic (Type Ill) electrical disturbance is observed at various times due to
geometrical spreading of the seismic waves. This includes the P- and S- waves and also the
converted P-S and S-P waves generated at the interface between L1 and L2. Following the
Snell’s law and wave propagation theory the S-P coseismic response is dominant at the region
“near” the source mid-point because L2 has a higher velocity compared with L1. This contrast
causes the S- wave to have less transmissivity at the interface and switch all its incidence energy
for critically-reflected wave along the L1 - L2 interface (Stein and Wysession, 2003). In other
words, farther is the conversion point at the interface, smaller the S-P coseismic wave amplitude.
From these synthetic data, we show that the electrograms contains much more information than
the seismograms. The information content of the seismic and electrical data can be appraised by

using a stochastic framework as shown in the next section of this paper.
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3.4 Stochastic Joint Inversion

Our goal is now to localize the position of a seismic source associated with hydraulic fracturing
and to characterize its moment tensor through a full waveform inversion of the seismograms and
electrograms.

3.4.1 Problem statement

Because we are interested by the information content of the two types of geophysical
signals, we use below a stochastic Bayesian approach to map the distribution of errors in the
observed data into the model parameter space (e.g., Jardani et al., 2010 for an example related to
seismoelectric modeling). In addition, this stochastic approach is able to deal with the non-
uniqueness of the inverse problem, which can be eventually observed in the posterior probability
distribution of the model parameters when dealing with noisy data.

The Bayesian solution to the inverse problem is based on the precept of combining
information from the seismograms and electrograms with eventually including some prior
knowledge in the problem. Bayesian analysis considers both the data vector d and the model
parameter vector m as random variables defined by probability density functions (Mosegaard
and Tarantola, 1995, Gelman et al., 1996; Haario et al., 2001). The objective of the inverse
modeling is therefore to update the information on m given d and prior knowledge of m.

3.4.2 Algorithm
We use now a Bayesian framework to estimate the posterior probability density of the

model parameters. We chose the following vector of seven model parameters
m:[m(xs),m(zs),m(hd),m(MW),m(MXX),m(MXZ),m(MH)]T where X, and z, denote the

coordinates of the source, h, represents the thickness of the first layer, and the other parameters
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represent the magnitude and the independent components of the moment tensor. Note that X, z,

, hyy M, M, M, and M,, are all independent variables. For m(x,), m(z,) and m(h,)

XX ! Xz !

we use m(x,)=log,,(x,), m(z,)=logy(z,), and m(h,)=log,,(h,), respectively, in order to
reinforce the positiveness of these model parameters. The other parameters are chosen as follow:

m(M,,)=M,, m(M,)=M,,m(M,,)=M

" o «» and m(M,,)=M,,. Then, the Bayesian
solution of the inverse problem is solved by combining the information from the data and the
prior information on the model parameters. The full waveform inversion of the seismic or
seismic plus electrical data is described in Appendix A and is called the Adaptative Metroplis
Algorithm (AMA).
3.4.3 Results with Noise-Free Data

A first-order solution is usually preferred to start the AMA sampler. There are many
ways to find a first-order localization of the seismic source ignoring the heterogeneity in the
seismic velocity or in the electrical resistivity distribution. In Figure 3.8, we used a cross-
correlation approach using only the electrical field distribution recorded at the 8 stations located
at the ground surface. The cross-correlation is performed using the approach discussed by Revil
et al. (2001) and briefly described in Appendix B. The subsurface is discretized in small
elements (50 m in x by 1.5 m in z) and for each element, we compute the value of the cross-
correlation function between the all the electrical fields measured at the ground surface and those
produced by a horizontal or a vertical dipole. The two values of the cross-correlation coefficients
for horizontal and vertical dipoles are combined into a dipole occurrence probability function,

DOP (comprised between 0 and 1). The maximum of this distribution provides a rough estimate

of the position of the source (see Figure 3.8). This result is used to provide starting values for the
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model parameters X, and z.. We start with M, = 1.0 as starting value for the sampler. The

other model parameters are chosen randomly inside their interval of occurrence 0 < h, <1 km,

and M M

XX ! Xz

and M,, are comprised between -2 and 2. We add also the following constraint
to the inversion z, > h, (the seismic source is located in the deeper layer). Without this

constraint, the solution of the McMC sampler was unstable.

We generated 1,000 realizations of the 7 model parameters of the source location, using
the data recorded in 8 geophones and 8 electrodes at only four frequencies (25, 30, 35, and 40
Hz). Figure 3.9 is showing the behavior of the AMA sampler for the 7 model parameters. The
true values of the model parameters are materialized by the solid horizontal bars. For the case
corresponding to the noise-free data and the joint inversion of the seismograms and electrograms,
the McMC sampler has converged after 521 realizations as determined by the variance of the
distribution of the realizations for each of the 7 model parameters (not shown here). The
additional realizations (inside the gray boxes of Figure 3.9) are used to compute the posterior
probability densities for each model parameter. These posterior probability distribution functions
are displayed in Figure 3.10 for the inversion of the seismograms alone and the inversion of the
seismograms and electrograms. The following conclusion can be reached: (i) In absence of noise

on the data, our algorithm is converging to the right solution and correct estimates are obtained

for the source location (X,,z,), the thickness of the first layer h,, the magnitude of the seismic
event, and the moment tensor components M;;. (ii) the posterior probability distributions for the

two problems are the same. In other words, the information content of the seismic data and the
electrical data are the same.

3.4.4 Results with Noisy Data
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We performed now the same exercice with the noisy data. The first inversion is done with
the seismic data alone and the second with the seismograms and electrograms taken together.
After convergence of the algorithm, the posterior probability functions for the 7 model
parameters are shown in Figure 3.11. We see clearly on this figure that the electrograms provides
a valuable information in inverting the source properties. In terms of information content, we can
draw the sketch shown in Figure 3.12: For the same level of noise, the information content of the

seismic data is smaller than the information content of the electrical data.

3.5 Hybrid Joint Inversion

Our goal is to provide here a more efficient algorithm that could applied to real data in
the near future.
3.5.1 Problem statement

The idea is to start with a deterministic algorithm to use the electrical data alone to invert
the position of the seismic source and the position of any heterogeneities located along the ray-
paths. Then, one the position of the source, the time of the source and the position of the
heterogeneities are estimated, we switch to the AMA algorithm to determine the posterior

probability functions of the independent component of the moment tensor.

3.5.2 Deterministic Tomography of the Source and Heterogeneities

In the present section, we show that the position of the source and the position of the
heterogeneities along the ray-paths between the source and the receivers can be imaged using
only the electrical potential signals. At each time, the seismic source or the resulting seismic

waves impinging on heterogenities are responsible for a source current density, which has
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compact support (i.e., the spatial distribution of sources at any given time is very sparse). We
have recently developed an algorithm presented in Araji et al. (2012) and based on previous
works by Minsley et al. (2007) to find the location of these volumetric source current densities.
The governing equation of the forward electrical model, equation (3.9), can be written in a
matrix form,
Kd=s. (3.16)
In equation (3.16), K denotes the kernel matrix, which depends on the distance between the
source of current and the receivers and also the distribution of the electrical resistivity. This
matrix corresponds to the discrete form of the operator V-oV and account for the boundary
conditions applied to the system. In this problem, we used Neumann boundary condition at the
interface between the model and the padding layer, and Dirichlet boundary condition in the outer
edge of the padding layer. The vector s is a vector containing the M source current density
terms (right-hand side of equation (3.9)), and d denote the vector of electric potentials observed,
at each time step, at N receivers locations. Araji et al. (2012) developed a method to invert the
source current density from equation (3.16) using compactness as a regularization tool.
If we assume that the resistivity structure and boundary conditions for the electrical field
are known (via downhole measurement and/or resistivity tomography), a stable solution of s, is

obtained by solving

(A"GTWIW,GA™ +al)s, = A"GTWW,d, (3.17)

where G = PK™ denotes the Green’s matrix (NxM) computed as a product of the inverse kernel

matrix times the sparse selector operator matrix P(NXM) that contains a single 1 on each row in the

comlumn that correspond to the location of the that receiver. The rows of G can be computed
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using reciprocity, which involves computing the forward response to a unit source located at
each receivers. Other variables such as A denotes the inverse-sensitivity weighting function that

accounts for the distance from the receivers as well as the resistivity structure formulated as
N % - -

A:diagKZGIf) , matrix W, corresponds to the selection operator related to the expected
i-1

noise level in the data, o is the regularization parameter, | is an identity matrix, and a modified
model vector s, which computed from s, =As. The calculation of s in the first stage of
inversion is important since we need to have an initial model to feed the source compactness
calculation.

Compact source distribution method is a relatively classical technique that suits the
electrical problem because the source current densities associated with the it tend to be spatially
localized. This method is basically computed from minimizing the spatial support of the source.
In order to get a compact source solution the model weighting parameter A is modified by

U
Q =diag| —*— (3.18)
Lk(i—u*B J
Using this modification, the problem now becomes linear by making the denominator of Q with

respect the previous solution at step (i-1) using an iteratively rewighted least square calculation.

The vector s, .. is the initial model used to compute the first solution of the compact source

(i-1)
method. Then, a new Q is determined for every compactness degree based on the previous

solution. Using the transformed parameters s, =Qs we minimize the new weighted objective

function written as
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2 M SZ
Y, :HWd(GS_d)H +0°Z 2 ‘ 2 (3.19)
ia S +P
to get the solution for s, from
(QAGTWI WG +al s, = QLG W W,d (3.20)

After a certain number of iterations, the final vector s,, transformed back to s using the original
relation s=Q7's . Araji et al. (2012) found that 8 iterations in the compactness algorithm is

usually a good strategy to focus the inverted source current distribution. The reader is directed to
their paper for further explanations.

We apply this algorithm to the electrical potential recorded at the 8 stations located close
to the ground surface and at three times. The assume that the resistivity model is perfectly known
and 5% noise have been added to the electrical potential data. The first time corresponds to the
time of occurrence of the source and therefore we locate a Type | anomaly. In Figure 3.13a, we
observe that the source current density responsible for the electrical potential distribution is
located in the vicinity of the true location of the seismic source. Then we applied the same
algorithms to the potential distributions at two later times for which the source current densities
are generated in the first Fresnel zone of the interface separating L1 and 12. Again the algorithm
is able to locate the source of current at the correct position along the interface. Therefore this
type of analysis can be successful in locating the source and the position of the heterogeneities in
the system.

3.5.3 Stochastic Inversion of the Moment Tensor
Once the thickness of the first layer and the position of the source have been determined from the

deterministic algorithm presented above, we can switch to the AMA algorithm to determine the
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probability densities of the different components of the seismic source tensor. We used again the
AMA algorithm with 1000 realizations. The posterior probability densities for the three
components of the moment tensor are shown in Figure 13: we see that the peaks of the
probability density functions are pretty close to the true model parameters materialized by the

solid vertical bars.

3.6 Discussion
The previous sections presented a proof-of-concept exercice as the model used above is not
intended to be directly applicable to real earth problems.
3.6.1 Limitations of the present approach

The first limitation of our approach lies in the use of the Biot theory itself, which needs to
be modified to account for the true quality factor of earth materials especially shales (Carcione,
2007). Modeling the quality factor of porous media is presently an area of fertile research (e.g.,
Gurevich and Lopatnikov, 1995; Gelinsky,et al., 1998; Muller and Rothert, 2006) and the
inversion of the intrinsic attenuation coefficient can be setup itself as an additional inverse
problem in using full-waveform inversion of the seismic data (e.g., Ravaut et al., 2004).
Regarding 2D/3D effects, they can be incorporated in the present approach (actually our code is
3D+time) but the forward problem is becoming quickly computationally expensive to solve it in
3D. This prohibits at this point the use of an McMC sampler to solve the inverse problem. That
said, the code can be parallelized and the McMC sampler strategy can be combined with the
deterministic approach discussed above in the Section entitled "Deterministic Inversion of the
Electrical data Alone™. Regarding the signal-to-noise ratio, the level of electrical noise is usually

higher at the ground surface than at depth and therefore the electrical field should be
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preferentially monitored in shallow wells. The optimization of the signal-to-noise ratio for
electrical monitoring network is a subject that has been broadly discussed in
electroencephalography (Grech et al., 2008) but not in geophysics.

3.6.2 Main potential applications

Electromagnetic disturbances have been observed at the time of earthquakes, seismo-
volcanic activity, steam injection in hot dry rock reservoirs, detonation of explosive charges in
boreholes, and underground nuclear explosions have (e.g., Surkov and Pilipenko, 1997; Ushijima
et al., 1999; Yoshida, 2001; Gaffet et al. 2003; Byrdina et al., 2004; Yoshida and Ogawa, 2004;
Soloviev and Sweeney, 2005; Honkura et al., 2009). Multiphase flow in porous media and more
precisely the occurrence of Haines jumps is also responsible for tiny seismic and electrical field
bursts (Haas and Revil, 2009). Therefore the study of shallow earthquakes especially in active
volcanoes, hydraulic fracturing in geothermal fields and hydrocarbon reservoirs, and the
secondary recovery of oil fields could benefit from the use of electromagnetic sensors to monitor
this type of activity.

An impressive example of the occurrence of electromagnetic signals associated with a
hydraulic fracturing experiment in a well has been documented by Ushijima et al. (1999) (see
Figure 3.15). The electrical potential changes recorded at the ground surface were analyzed by
Ushijima et al. (1999) in terms of a dipolar source associated with the plane of fracture and
consistent with the fracture localization using acoustic emissions (see Figure 3.15d). In the case
the injected fluid has a pore water conductivity that is different from the conductivity of the
ground water, there are two contributions to the source current density given by (e.g., Martinez-

Pagan et al., 2010.)
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kT
is :va—ﬁ<2t(+) -1V, (3.21)

Where k, represents the Boltzmann constant, T is the absolute temperature, F represents the

formation factor, e the elementary charge, t_, the microscopic Hittorf number of the cations

(+)

(0.38 for NaCl), and o, denotes the conductivity of the water. The first contribution to equation

(3.21) is the electrokinetic contribution investigated above and the second contribution represents
the diffusional current associated with the gradient of the conductivity of the water. In the case
study reported by Ushijima et al. (1999), the self-potential was inverted assuming that the source
is dipolar and the location of the source was found to be coincident with the fracture plane
illuminated by the localized acoustic emissions. Therefore the experiment reported by Ushijima
et al. (1999) show that recordable electrical signals can be measured remotely in association with
hydraulic fracturing experiments.
3.6.3 Next Steps

The next step will be to perform well-characterized hydraulic fracturing experiments in
the laboratory to check the physics and test how time-lapse inversion algorithms can localize the
source of the fluid flow associated with leak-off tests. Once the problem will be fully

characterized at the laboratory scale, we plan to test this approach in the field.

3.7 Conclusions
From this study we have obtained the following conclusions:
(i) We have developed a framework for the forward modeling of seismograms and

electrograms associated with a localized hydromechanical disturbance characterized by a
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moment tensor. The propagation of the seismic waves and electrical disturbances are done with
the finite element approach in the frequency domain. The forward model couples Biot theory
with an electrokinetic model based on the excess of electrical charges per unit pore water.

(it) The inverse problem is performed using the Adaptative Metropolis Algorithm, an
efficient McMC sampler. For noise-free data, the electrical data contains in principle more
information than the seismic data. That said, in our case study, the joint inversion of the seismic
and electrical data produces the same posterior probability density for the model parameters
(position of the seismic source, magnitude of the event, inversion of the component of the
moment tensor) than the inversion of the seismic data alone. For noisy data, the joint inversion
provides better constraints than the inversion of the seismic data alone to invert the model
parameters. One of the reason is that the electrical information can be used to estimate the time
of occurrence of the seismic source (type | disturbance in our nomenclature). Therefore, the
record of the electrical disturbances of electrokinetic origin in addition to the seismic information
can be a clear advantage in localizing hydraulic fracturing events in time and space.

(iii) We have used also a deterministic algorithm to invert the electrical data alone.
Assuming the resistivity model is known, this algorithm is used to retrieve the position of the
seismic source and the position of the heterogeneity. Then, the moment tensor is successfully

inverted using the adaptative Metropolis Algorithm.
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Table 3.1 Material properties of the two layers L1 and L2 used for the forward model.

Parameter L1 L2 Units
o 0.01 0.05 Sm?
Q, 4.2 1234.8 cm?
Ds 2650 2650 kg m™
t 1040 1000 kg m™
¢ 0.20 0.15 -
Ks 36.5 35.7 GPa
Kr 2.22 17.9 GPa
K 0.25 2.25 GPa
G 4.0 17.7 GPa
Ko 1x107*2 1x10™ m?
i 1.10° 1.10° Pas
Vp 1925 4322 ms™*
Vs 1310 2721 ms™
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a. Informative joint inversion case

Joint inversion
smaller uncertainty

/ All electric-based
source models

< Broad uncertainty >

All seismic-based
source models

[. True model ]

b. Non-Informative joint inversion case

All electric-based .
source models
All seismic-based
source models

Figure 3.1: Sketch showing the motivation for the present work. a. The joint inversion
of seismic and electrical data may help reducing the uncertainty in the joint inversion
problem by providing information that is not contained in the seismic data alone. b. The
joint inversion is non-informative: all the seismic-based inverted models are contained
in the set of electrical-based model. This can happens when the signal-to-noise ratio is
much greater for the electrical data than for the seismic data.

44



0 500 1000
|

1
01 02 03 04 05 06 o7 g Offset(m)
A A N A N ANAWIA A
0
5400 First layer L1
- Second layer L2
2
(@) Focal mechanism
S(650,700)
A Receivers
* Seismic source
1000

Figure 3.2: Sketch of the domain used for the modeling. It consists of two layers named L1
(shallow layer) and L2 (deeper layer). A set of seismic and electrical receivers (geophones
and electrodes) is located at the ground surface (upper boundary of L1).
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Figure 3.3: Relationship between the effective excess of charge movable by the flow
of the pore water and permeability (modified from Jardani et al., 2007, Revil and
Jardani, 2010, and Jougnot et al., 2012, data from Scheffer, 2007, Boleve et al., 2007,
Pengra et al., 1999, Revil et al., 2005, Jardani et al., 2007, Jouniaux and Pozzi, 1995,
and Jougnot et al., 2012).

46



a. Seismic Snapshots b. Electric Potential Snapshots
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Figure 3.4: Snapshots of the vertical displacement of the solid phase during the
propagation of the seismic waves and the associated electric potential distribution. DF:
Direct field associated with the seismic source itself (Type | electrical signal), CS:
Coseismic P- and S-signals (Type 11 electrical signal), SE: seismoelectric conversions
at interfaces (Type Il electrical signal), and RE: reflected wave.
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a. Seismic Snapshots b. Electric Potential Snapshots
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Figure 3.5: Same as Figure 4 for later times. Note that electrical field present around the
seismic source and associated with the diffusion of the pore pressure around the source
(Type 1 electrical signal, which is dipolar in nature). CS: Coseismic P- and S-signals
(Type I electrical signal), SE: seismoelectric conversions at interfaces (Type I
electrical signal), RE: reflected wave.
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Figure 3.6: Horizontal and vertical seismic displacements responses. We can observe
(i) some signals are created from the mechanical P-S conversion mechanism at the
interface (P to S conversion), and (ii) the P-P and S-S waves. The S-P interfacial
signal is not visible on these time series because of the minimum radiation pattern of
S-P wave in (x-z) plane for horizontal and vertical components of the seismic
displacement.
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Figure 3.7: Horizontal and vertical electric field components (the vertical component is
taken at a depth of 5 m below the ground surface). We can see the P-P and S-S coseismic
electrical response and the coseismic responses associated with the P-S and S-P waves
produced at the interface between the two materials. The occurrence of the direct field
(DS) indicates the source time t; = 0.15 s (see the horizontal component of the electric
field). We can also see the seismoelectric conversion (SC) from the interface L1-L2 at t =

0.22s.
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Figure 3.8: Dipole Occurrence Probability (DOP) of the source using a normalized cross-
correlation of a dipole source with the signals obtained at the time of the source at the 8 stations
located at the ground surface (each pixel is 50 m in x by 1.5 m in z). The maximum of the DOP
(denoted by the star *) can be used to provide a prior localization of the source assuming that
the subsurface has a constant (unknown) electrical conductivity. The black filled star denotes
the true position of the seismic source.
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Joint inversion of the seismic and electrical waveforms
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Figure 3.9: Application of the McMC sample to determine the posterior probability density
of the 7 model parameters (including the source location, the thickness of the first layer,
the seismic magnitude, and the 3 components of the moment tensor). Each dots correspond

to one realization of the McMC sampler. The solid horizontal lines correspond to the true
values of the model parameters.
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Posterior probability density of the model parameters
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Figure 3.10: Posterior probability density function of the model parameters computed from
the noise-free seismic and electrical data. The model parameters include the source
location (xs, zs), (ii) the thickness of the first layer, hy, the seismic magnitude My, and the
three moment tensor components (Myx, My, Mz;). The solid vertical bars indicate the true
value of the model parameters. The information content of the seismic and electrical data
are the same.
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Posterior Distribution Functions from Seismic and EM data with 15% noise
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Figure 3.11: Posterior probability density function of the seven model parameters
computed from the seismic and electric data with 15% noise level. The solid vertical bars
indicate the true value of the model parameters. The joint inversion of the seismograms
and electrograms is performing a better job than the inversion of the seismograms alone in
getting closer to the true values of the model parameters.
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Figure 3.12: True information content for the joint inversion problem. The electrical field
contains more information than the seismic field under the condition that the same level of
noise is applied to the seismograms and electrograms.
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Figure 3.13: Localization of the source current density distribution responsible for the
electrical potential distribution recorded at the surface stations (5% noise). a. Type |
anomaly associated with the seismic source. b. Type Il anomalies (seismoelectric
conversions). (Iteration #8, data rms error 3%). The horizontal line denotes the interface
between L1 and L2 where seismoelectric conversions takes place.
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c. Self-potential change (in mV)
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Figure 3.15: Hydraulic fracturing test and resulting electrical potential (SP stands for "self-
potential™) and acoustic emissions (AEs) data from the study of Ushijima et al. (1999). a.
Sketch of the position of the hydrofracturing. b. Flow history with flow rate. c. Self-
potential changes with respect to the self-potential distribution at 9:40, prior to the
hydraulic fracturing tests. d. Hypocenters determined from the acoustic emissions and
positions of the positive and negative poles inverted from the distribution of the electrical
potential distribution.
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CHAPTER 4

COUPLED HYDROMECHANICAL AND ELECTROMAGNETIC DISTURBANCES

IN UNSATURATED POROUS MATERIALS

4.1 Introduction

Revil et al. (2011) recently developed a new set of constitutive equations to model cross-
coupled transport phenomena in clayey sandstones, shaly sands, and clayey soils. This model
was however restricted to fully water saturated porous materials and was developed only for
quasistatic flow problems (inertial effects were neglected). The motivation of the present paper is
to extend the macroscopic generalized (cross-coupled) Darcy and Ohm laws developed by Revil
et al. (2011) to unsaturated shaly sands and soils and to account for dynamic effects (harmonic
pressure or harmonic electrical fields and inertial terms). The final equations should couple a
simple form of Biot's theory for unsaturated porous media to the Maxwell equations, the
coupling been electrokinetic in nature. It should also accounts for the phase lag associated with

the polarization of the porous material.

There are broad applications of such type of model. For instance, the record of the
electrical field of electrokinetic nature associated with the flow of water in unsaturated
conditions (see recently Jougnot et al. (2012)) can be a powerful method to investigate ground
water flow (Titov et al. (2000), Sheffer and Howie (2001), Revil et al. (2002, 2003), Rozycki et
al. (2006); Malama et al. (2009a, b), Boléve et al. (2009, 2011), and Revil and Jardani (2010)).

With a cross-coupled flow theory, it is also possible to model electroosmosis, which can be used

59



to move solutes and NAPLS/DNAPLSs in the vadose zone for remediation purposes (Acar and
Alshawabkeh (1993); Bruell et al. (1992); Han et al. (2004)) or to enhance the production of oil
and gas reservoirs e.g., in tight gas formations. The theory developed below is however more
general than any previously proposed modeling attempt and can be used to predict the
electroseismic (electric-to-seismic conversion) effect in a broad range of frequencies (from the
0.1 Hertz to 100 kHz). The electroseismic coupling is related to the generation of seismic waves
(hydromechanical disturbances) in response to a non-stationary electrical field (Reppert and
Morgan (2002), Thompson (2005), Thompson et al. (2005)). Alternatively the seismoelectric
(seismic-to-electric) effect corresponds to the generation of electromagnetic disturbances from
seismic waves (e.g., lvanov (1939), Frenkel (1944), Dupuit and Butler (2006), Dupuit et al.
(2009), Jardani et al. (2010)). Hydromechanical disturbance (e.g., Haines jumps in unsaturated
flow conditions, see Haas and Revil (2006)) can also be responsible for the generation of
electromagnetic disturbances and therefore they can be remotely monitored by electromagnetic
methods. To my knowledge, this is the first theory able to predict the electroseismic and
seismoelectric effects in unsaturated conditions with applications to vadose zone hydrogeology

(see Dupuit et al. (2007) for the collection of relevant field data).

4.2. Generalized Constitutive Equations

We consider below an isotropic porous material with connected pores (an idealized soil

with a representative elementary volume).
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4.2.1. Assumption

The surface of the minerals in contact with water is considered to be negatively charged
at near neutral pH values (5 to 8). There is therefore an excess of (positive) charges in the pore
space of the soil in an electrical double layer. Figure 4.1 shows that the electrical double layer
coating the surface of the grains is made of two layers: (1) a layer of (counter) ions sorbed onto
the mineral surface and (2) a diffuse layer where the electrostatic (Coulomb) force prevails. The
deficiency of charge of the mineral surface is usually mainly due to the clay minerals because of
their high specific surface areas. In the following, we will use the subscript a to describe the
properties of air (the non-wetting phase), and subscripts w and s for the water and solid phases,
respectively. Water is assumed to be the wetting phase. The term skeleton is used to describe the

assemblage of grains alone without fluids in the pores.

Another set of assumptions used below pertain to the capillary pressure curve. Hysteretic
behavior will be neglected and therefore the porous material will be characterized by a unique set
of hydraulic functions (the Brook and Corey (1964) model will be used below but other types of
capillary pressure/relative permeability functions could be used as well). We will work also with
the Richards model assuming that the air pressure is constant and equal to the atmospheric

pressure. This implies in turn that the air phase is infinitely mobile and connected to the

atmosphere. The capillary pressure p, (in Pa) is defined as the pressure of the non-wetting phase

minus the pressure of the wetting phase. In the present case, this yields (e.g., Bear and Verruijt

(1987)),

P. =P, — Py, (4.1)
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where p, and p, denote the average air and water pressures (in Pa), respectively. The capillary

head is defined as

y=—te - Pu=Pa (4.2)

Pu9 P9

In unsaturated flow conditions, the gradient of the capillary head is given by,

Vy = inW. (4.3)

PuY

This assumption is used to avoid dealing with the flow of the air phase. In unsaturated
conditions, the capillary pressure is positive, the capillary head (suction) is negative, and the
pressure of the water phase is smaller than the atmospheric pressure. The total head includes the

gravity force and is defined by y +z where z denotes the elevation. In the following, the model

will be restricted to the capillary regime (saturation comprised between the irreducible water
saturation and full saturation). Extending the present model below irreducible saturation would
require a unified water capillary curve model (including a water sorption isotherm) and a

description of film flow along the surface of the grains. This is outside the topic of the present

paper.

There are also many mechanisms of electrical polarization in porous media. In the Giga
to TeraHertz range, the main dielectric polarization corresponds to the three Z-polarization
mechanisms. One is due to the relaxation of the bulk pore water molecules (~17 GHz at 20°C,
Hasted (1961)), the second is due to the relaxation of the bound water coating the surface of the

grains, and the third is due to the difference of permittivity between the grains and the pore
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water. In the MHz range, the = -polarization represents the major contribution to polarization. It
corresponds to the Maxwell-Wagner (interfacial polarization) at the interface between the grains
and the pore water and corresponds to the discontinuity in the current displacement. At low-
frequencies (<1 MHz), the so-called = -polarization prevails (Revil, 2012). A model describing

these different contributions will be kept for a forthcoming paper.

Finally, attenuation of the seismic waves associated with squirt-flow dissipation
mechanisms will be neglected despite the fact that this mechanism is known to control the
attenuation of seismic waves in the frequency band usually used in the field for seismic

investigations (see Rubino and Holliger (2012) for a recent pore-scale modeling of this effect).
4.2.2. Generalized Darcy's Law

In saturated conditions, the (averaged) filtration displacement is defined as (e.g., Morency

and Tromp (2008)),
w=¢(u,—-U), (4.4)

where ¢ denotes the connected porosity, u, denotes the averaged displacement of the water

phase, and u denotes the averaged displacement of the solid phase. The disturbances are

considered to be harmonic of the form exp(—iwt) where @ = 2 x f denotes the angular

frequency (in rad s?), f = w/(27) the frequency (in Hertz), and i=«/—_1 the pure imaginary
number. In saturated condition, the Darcy velocity (filtration velocity) is defined as the time
derivative of the filtration displacement. In water-saturated conditions, the generalized Darcy's

law is given by (e.g., Jardani et al. (2010)),
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wz—ﬁ(vmpfmpf%vv—l:fj, (4.5)

7%

where ko denotes the quasi-static permeability of the porous material (in m?), F =« /¢ denotes
the electrical formation factor (dimensionless), which is the ratio of the bulk tortuosity of the
pore space to the connected porosity (see for instance Pride (1994)), F, denotes the body force
applied to the pore water phase (in N m?, e.g., the gravitational body force or the electrical force
acting on the excess of electrical charges of the pore water). The formation factor is related to the
porosity by the first Archie's law F =¢ " where m is called the cementation exponent (Archie

(1942)). To keep the notation as light as possible, we will not distinguish below the variables
expressed in the time-domain or in the frequency domain but it is easy enough to recognize if the
equation are written in the frequency domain or in the time domain, the switch from one domain
to the other being done by a simple Fourier transform and the associated inverse Fourier

transform.

In unsaturated conditions, the filtration displacement and the mass density of the water

phase are given by,
w, =s,4(u, —u) (4.6)
Ps :(l_sw)pg +Spra (47)

respectively, s, denotes the water saturation (s, = 1 at saturation). The mass density of the gas

phase can be neglected and therefore p, ~s,p,. From equation (4.4) the porosity can be
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replaced by s,¢ (of course, terms in (1-s,), dealing with the solid phase, remain unchanged).
The Darcy velocity associated with the water phase is given by,

W, = _%(va T p.s, 4 ps, % Fii, — ij , (4.8)

w

where k, denotes the relative permeability (dimensionless), 7, denotes the dynamic viscosity of
the pore water (in Pa s), and p,, is the pressure of the water phase (it will be replaced later by the
suction head, see equation (4.3) above). The ratio «,, / ¢ corresponds to the bulk tortuosity of the
water phase («,,) divided by the connected porosity. This ratio can be replaced by Archie second
law's Fs; where n is called the second Archie's exponent (n>1, dimensionless) (see for instance

Revil et al. (2007) for further details and Archie (1942) who developed first the concepts of first

and second Archie's laws). From now, the constitutive equations are described in the frequency

domain. Therefore W, can be replaced by —iwWw,,. The Darcy equation, equation (4.8), can be

rewritten as,

_k*(a))(

Vp, — @’ p,S,U— FW) , (4.9)
T

—low,, =

w

where k*(w) is a complex-valued permeability given by

kr k0

k*(w) = ,
(@) 1-iwrt,

(4.10)

and where the relaxation time is given by,
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— krkopr S 1—n. (411)

z-k W
T

The relaxation time z, represents the transition between the viscous laminar flow regime and the
inertial laminar flow regime. The critical frequency associated with this relaxation time is given

by,

ol o (4.12)
2nr, 27K K, p,F

Note that because n > 1 (Archie (1942)), n—1>0. Note the measurement of this relaxation

frequency can be used to estimate therefore the permeability of the material.

The two flow regimes in porous media are sketched in Figure 4.2. Low frequencies (
o1, <<1, f << f,) corresponds to the viscous laminar flow regime where the flow in a
cylindrical pore obeys Poiseuille law (Figure 4.2c). High frequencies (w7, >>1,f >> f,)

corresponds to the inertial laminar flow regime for which the pore water flow is a potential-flow
problem. Note that some authors (like Biot in his earlier works) prefers to include the inertial

effect in an apparent (or effective) dynamic viscosity n*(w) rather than in defining an apparent
(or effective) permeability k*(w). This choice (that is arbitrary) has been however abandoned

later on.

In poroelasticity, it is customary to define the following two variables (e.g., Morency and

Tromp (2008); Jardani et al. (2010) and references therein),

b=l (4.13)



ﬁw = pWF 1 (14)

where p, denotes an apparent pore water mass density. The relationship between the

permeability and the water saturation can be expressed with the Brook and Corey (1964)

relationship (see below equation (4.68) in Section 4.3.1),

k =s,* . (4.15)

Using equation (4.11) and equation (4.13) to (4.15), the following relationship between the

relaxation time and the saturation is obtained,

ﬂ-*—l—n ﬁ
’Z'k = SW A FW . (416)

In order to write a hydrodynamic equation coupled with the electrical field, the body

force F,, entering equation (4.9) should be expressed by Coulomb's law,
F,=Q *(»)E, (4.17)

where Q\,*(a)) denotes the frequency dependent excess of charge that can be dragged by the

flow of the pore water through the pore space of the material (dynamic excess charge density of

the pore space, see Appendix C) and E denotes the electrical field, in V m™. The charge density
Q\,*(a)) is frequency dependent because there is more charges dragged in the inertial laminar

flow regime than in the viscous laminar flow regime in agreement with the model of Pride

(1994). In the following, the parameters QS and Qj° are the volumetric charge density dragged
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in the low (wrz, <<1) and high (@7, >>1) frequency regimes, respectively. Because the transition
between low and high frequency regimes is governed by the relaxation time z,, the following

functional can be used to compute the effective charge density as a function of the frequency:

1 1 1 1 1
_— et = | 418
3, *(e) Q&”{Q@ Q@°L/1—iwrk (419

The form of this function is derived and explained further in Appendix C. We need now to find

expressions for the low and high frequency charge densities Q\‘,) and Qf :

(1) At low frequencies only a small fraction of the counterions of the diffuse layer are

dragged by the flow of the pore water and therefore Q@’ << Q(,” An expression to compute Q\?

from the low-frequency permeability k, is discussed further in Section 5a below.

(2) At high frequencies, all the charge density existing in the pores is uniformly dragged

along the pore water flow and therefore the charge density Qf is also equal to the volumetric

charge density of the diffuse layer. An expression to compute Q\j° from the cation exchange

capacity is discussed further in Section 4.5b below.

Depending on the size of the electrical double layer with respect to the size of the pores,

two cases can be considered:

(1) In the thick double layer approximation (see Figure 4.2a), Qjon? (all the

counterions of the diffuse layer are dragged by the flow whatever the frequency) and therefore
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A

Q *(@.s,) = %O (4.19)

w

(2) In the thin double layer approximation (see Figure 4.2b), one can expect Q(f’ >>(§§’

(see examples in Jougnot et al. (2012) and discussion in Section 5 below) and therefore (see

Appendix C)

Q *(@5,) ~Qs, *JL-io7,(s,) (4.20)

Introducing Coulomb's law, equation (4.17), into the Darcy equation, equation (4.9),

yields,

K5(0) (yp, —aps,)+ @U@ g (4.20)
T um
This equation shows the influence of three forcing terms on the Darcy velocity: (i) the pore fluid
pressure gradient (in which a gravitational component can be added if needed), (ii) the
displacement of the solid framework (through viscous drag at the pore water /solid interface) and
(iii) the electrical field (which corresponds to a body force per unit charge density) through
electroosmosis. Electroosmosis refers to the flow of the pore water in response to an electrical
field. Physically, the positive excess of charge is responsible for a net flow in the direction of the

electrical field through viscous drag of the pore water.
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4.2.3. Generalized Ohm's Law

We investigate now the macroscopic electrical current density J (amount of charges
passing per unit surface area of a cross-section of the porous material and per unit time). The first

contribution is the conduction current density given by Ohm's law,
J, =0*(w)E, (4.22)

where the conductivity o*(w) denotes the complex conductivity. For clayey materials, this

conductivity has been modeled recently by Revil (2012).

The second contribution to the total current density corresponds to the advective drag of
the excess of charge of the pore space by the flow of the pore water (hydromechanical

contribution of advective nature). If the Darcy velocity associated with the poromechanical

contribution is written as Wy, , the second contribution to the current density is given by,

J_=—iaQ, *(w)W". (4.23)

The mechanical contribution to the filtration displacement is given by the generalized Darcy's

law derived in Section 4.2.2 above,

k* (@)

(Vp, —@’p,8,u) - (4.24)
M

o
—iowy, =—

The total current density is given by the sum of the conductive and advective

contributions, which yields the following generalized Ohm's law,
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J :G*(a))E+w(pr—wzpwswu). (4.25)

w

A model for the complex conductivity is now required. The complex conductivity is first

written as,
o*=o'+ioc"= |0'| exp(ip), (4.26)

where |o*=(c"”+0c")"? denotes the magnitude of the conductivity and ¢ =atan(c"/ o)

denotes the phase lag between the electrical current and the resulting electrical field. For clayey
materials, the frequency dependence of the complex conductivity is usually very small and can
be neglected in the frequency range 0.1 Hz to 10 kHz (see Vinegar and Waxman (1984) and
Revil (2012) for an extensive discussion). This is important for field applications as this
frequency range is typically the frequency range used in the field. The following linear model is
used to describe the in-phase electrical conductivity as a function of the pore water conductivity
o,

a':éswnaw oy, (4.27)

where F denotes the formation factor introduced above (ratio of the pore space tortuosity by the

connected porosity), n is the second Archie's exponent discussed above in Section 4.2.2, and o

denotes the surface conductivity. If a linear model between the conductivity of the material and
the pore water conductivity is used, the surface conductivity is given by the model developed

recently by Revil (2012) (his Equation (19)):
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A ) n-1 N0
s :@SW BQr (4.28)
A 1 n-1
o, =M i a- 1), (429
where A( ¢, m) is defined by,
A(g,m) =m(F -1) = (1"”¢j (4.30)

Equation (4.29) means that the surface conductivity is controlled by the diffuse layer with

a fraction of counterions (1-f) (see Figure 4.1) and a mobility of the counterions f,, that is

equal to the mobility of the cations in the bulk pore water (Revil, 2012). Equation (4.27)-( 4.30)
can be seen as a variant of the Waxman and Smits (1968) model, which is known to be pretty

efficient in analyzing downhole resistivity measurements in shaly sand reservaoirs.

Following Revil (2012), the quadrature conductivity can be expressed as,

o= A(¢ ™ §, 751 Q, (4.31)

SR (LU "ﬁm(l fJQC’ (4.32)

F

where p=n -1, ﬁ(i) denotes the mobility of the counterions in the Stern layer. These equations

provide a simple and accurate model to describe the complex conductivity of shaly sands and
soils and generalize the Vinegar and Waxman (1984) model. As noted by Vinegar and Waxman

(1984) and Revil (2012), the frequency dependence of the quadrature conductivity is not explicit
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in equation (4.32). It should be mentioned that for quasistatic conditions, the quadrature

conductivity should go to zero in DC conditions,

limo"(e) =0, (4.33)

The typical frequency below which the quadrature conductivity becomes frequency dependent is
typically smaller than 0.1 Hz (see Revil (2012)) and is therefore no relevant to the seismoelectric
and seismoelectric problems. Note that the present approach includes therefore a complex
conductivity that agree with experimental data while the frequency dependence of the complex
conductivity in Pride (1994) is due to an electroosmotic contribution that is expected to be
negligible and therefore cannot explain the observed quadrature conductivity of porous clayey
materials (note that Pride (1994) stated very clearly in his paper that induced polarization was

neglected in his model).
4.2.4. Coupled Constitutive Transport Equations

The two constitutive equations for the generalized Ohm and Darcy laws are written into

the following matrix form:

] o* t*(w’ SW) E 30
. = *(w,s, , :
—low,, L*(CU, SW) L _(va —a)ZpWSWU)
where the cross-coupling coefficient L*(w) is defined as,
* N *
L*(@,5,) = @S H(@.5,). (4.35)

T
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The generalized streaming potential coupling coefficient is defined by the following equations in

the quasi-static limit of the Maxwell equations.

VxE=0=E=-Vop, (4.36)

. (op _ L*@s,)
C,*(@s,) = [ o, l_o;u_o o @s.)’ (4.37)
Cp*(a), SW):_k*(a)’ SW)Q/ *(0), SW) . (438)

7,0 (@,5,)

More explicitly, in the thin-double layer approximation, the dynamic streaming potential

coupling coefficient is given by,

C,*(@s,)~ G (4.39)

Jl-iwr, ’

50
Ko Q) . (4.40)

Co=lMCpl@,8,) » ——
UWSW ESW o, t0;

Similarly, the generalized electroosmotic coupling coefficient is defined in the quasi-
static limit of the Maxwell equations by the change of pore fluid pressure when the skeleton is at
rest and in absence of pore fluid flow by the ratio between the gradient of pore fluid pressure
divided by the gradient in electrical potential. For the thin-double layer case, this yields,

Coo *(,5,) = (%j __LH@s)m, (4.41)
P )0 k*(w,s,)
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Cos *(CO, Sw) = _Q\/ *(Cl)) ) (442)

C.. *(@,s,) ~—Q0s, ™ [1-iwz, . (4.43)

For the thick double layer case, the electroosmotic coupling coefficient is given by
C,. *(w) ~—Q /s, . Therefore, the electroosmotic coupling coefficient is simply a measure of

the excess of charges that can be moved by the flow of the pore water and that this excess of
charge increases with the frequency between the viscous laminar flow and the inertial laminar

flow regime. It also increases with the decrease of the water saturation. Note however that in
equation (4.34), this is L* (not Q, *) that controls the magnitude of the Darcy velocity and

therefore the intensity of the electroosmotic contribution to the Darcy velocity decreases with the
saturation, which is qualitatively in agreement with the observations made by Aggour et al.

(1994).

In unsaturated flow conditions, it is customary to use the capillary head gradient

Vy =Vp, ! p,9 instead of the pore water pressure gradient (see Section 4.2.1 above). Below

the relaxation frequency separating the low-frequency viscous laminar flow regime from the
high-frequency inertial laminar flow regime (true in the frequency range used for field
applications), equation (4.34) can be rewritten in the time domain using the pressure head and

including the gravitational field in the hydraulic driving force. This yields,
o* L*(s,)

o ¢
{ww} Lxis,) <Gk { gV +7)+ pusiil| (4.44)

w
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where the quasi-static approximation coupling coefficient L™ is given by,

L*(s,) = % . (4.45)

w=w

Equation (4.44) and (4.45) provides therefore a simple model for modeling the occurrence of

streaming potential and electroosmosis in porous media.

4.3. Description of the Hydromechanical Model

Now we describe the modification on Biot constitutive equation for unsaturated

condition..
4.3.1. Generalized Diffusion Equation for the Pore Water
The starting point is the following Biot constitutive equation in saturated conditions:

-p=CV-u+M\V-w. (4.46)

Equation (4.46) is also often written as,
-p=C, —M, (4.47)
where g, =V-u=0V /V (where V denotes the volume of the representative elementary volume)

denotes the volumetric strain of the porous body and ¢ =-V-w=¢(V-u-V-u,) denotes the

linearized increment of fluid content (e.g., Lo et al. (2002)). The parameter ¢ represents the

fractional volume of water flowing in or out of the representative volume of skeleton in response
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to an applied stress. The bulk moduli M, and C_, in saturated conditions, are defined as (e.g.,

Pride (1994)),

(4.48)

(4.49)

where a=1-K, /K, denotes the Biot coefficient in the saturated state and A is defined by

A=K, I¢K)[(L-¢)Ks—K,]. The Biot modulus M corresponds to the inverse of the

poroelastic component of the specific storage and is defined as the increase of the amount of

fluid (per unit volume of rock) as a result of a unit increase of pore pressure, under constant

volumetric strain. The following relationship is obtained C, =aM..

To extend these equations to the unsaturated case, we apply the classical change of

variables discussed in Section 2 above, that is p, =s,p0,,

w=w, =S,4(u,—u)). This yields

$=s,p, and

(4.50)

(4.51)

where 6 =s,¢ denotes the water content (dimensionless) and where, in unsaturated conditions,

the fluid increment is defined by,

77



{=-V-w,=¢s,(V-u-v-u,), (4.52)

(see Berryman et al. (1988)). Note that the term A= (K, / gK*)[(1- @)K —K ] depends on the
saturation because the compressibility of the fluid is given by the Wood formula
1/K;)=@A-s,)/K,+s, /K, (Wood, 1955; Teja and Rice, 1981) where K, and K, represent
the bulk moduli of air and water, respectively (K, =0.145 MPa and K, = 2.25 GPa, see Lo et al.
(2005))). In unsaturated condition, from Equation (4.50) and (4.51), C=¢,M and the Biot
coefficient ¢, is given by «, =S, where « denotes the Biot coefficient in saturated

conditions. That said, there should be no exchange of water below the irreducible water

saturation and therefore the correct scaling should be ¢, =s.a rather than ¢, =S, where s,

denotes the reduced water saturation s, is the effective saturation, that is related to the relative

saturation of the water phase by s, =(s,—s,)/(1—s,) where s, denotes the irreducible water

saturation. In other words (1/M)—0ass,—s,. In addition to the poroelastic change

corresponding to equation (4.51), there is also a change related to the

Generalizing equation (4.46) to unsaturated conditions yields,

1 06 C
i - =—V.u+V-w,_, 453
(M+apwj(pa Pu) M " v (4.53)

where 06/0p,, denotes the specific moisture capacity which is determined from the derivative

of the capillary pressure with respect to the water content (in unsaturated flow, the air pressure is

kept constant). From Section 4.2a above, the filtration velocity of the water phase is given by

78



ko)

Vp, — @ psu—F,). (4.54)
M

—low,, =

w

Therefore the filtration displacement is given by,

w, = K* () (Vp, - p,su—F, ). (4.55)
|6077W

Equation (4.53) and (4.55) yield,

(i—i_%j(pa — pw) = awv u+V |:k (a)) (pr —a)szSWU - FW)} . (456)
M  Jp, lon,

where the relationship C/M =¢,, has been used. equation (4.56) is a non-linear diffusion
equation for the fluid pressure. For this to be obvious, the terms of this equation need to be
reworked. Multiplying all the terms by (iamW / k*(a))), separating the pressure terms in the left-
hand side from the source term in the right-hand side and taking into consideration that the air

pressure is constant (unsaturated flow assumption), the following non-linear hydraulic diffusion

equation is obtained,

V.{k*(w) pr}+ iw£i+%j(pw -p,)= V.{k*(a)) (a)zpwswu)}—ia)awv.u+V-(k*(a)) ij
77W M apW w 77W

(4.57)

This equation by be written in the time domain using an inverse Fourier transform. Assuming
that the permeability is given by its low-frequency asymptotic limit (which is correct below 10
kHz) and using Coulomb law plus the gravity force as body force (the frequency-dependent

volumetric charge density is also taken in its low frequency limit too) yield,
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where ©=00/0t denotes the time derivative of the parameter ® and t represents time . The
origin of the three forcing terms on the right-hand side of this equation is now clearly
established: the first term is related to the acceleration of the seismic wave acting on the skeleton
of the material, the second term is due to the velocity of the seismic wave, and the third term (at
constant gravity acceleration) corresponds to the pore water flow associated with the
electroosmotic forcing associated with the drag of the pore water by the electromigration of the

excess of charge contained in the pore space of the material.

Another possibility is to write a generalized Richards equation (Richards, 1931) showing
the influence of the forcing term in this equation (we assume again that the air pressure is

constant). Starting with equation (4.58) and replacing the water pressure by the capillary head

defined by w =(p,— p,)/ p,9 (in m), the following Richards equation is obtained,

50
(pLng%]yﬁrV'[—KhV(z//Jrz)]=V-[KhS—WU}—aWVU—V[ K &EJ, (4.59)
M 81// g pwg SW
50
C, W v [ K, (Vy +D)]=—a,V-utV- Kh[s—WU— Q Ej , (4.60)
ot g S0
K, = KKoPu8 _y g (4.61)

um

where @, =s,a =5, (1-K /K;) and where K =K denotes the bulk modulus of the skeleton

(drained bulk modulus), Ky, denotes the hydraulic conductivity (in m s%), K, denotes the
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hydraulic conductivity at saturation, z denotes the elevation above a datum, and C. denotes the
specific storage term. This storage term is the sum of the specific moisture capacity (in m™) (also
called the water capacity function) and the specific storage corresponding to the poroelastic

deformation of the material. This yields,

c =90, P9 (4.62)
oy M

Usually in unsaturated conditions, the poroelastic term is much smaller than the specific moisture

capacity but the poroelastic term should be kept to have a formulation that remains consistent
with the saturated state. The hydraulic conductivity is related to the relative permeability k, and
K,, the hydraulic conductivity at saturation. With the Brooks and Corey (1964) model, the
porous material is saturated when the fluid pressure reaches the atmospheric pressure ( = 0 at

the water table). The effective saturation, the specific moisture capacity, the relative

permeability, and the water content are defined by,

) <
s, = (@) slia, (4.63)
1 y>1l¢,
% — _ﬁ‘ab (¢_€r)(abl//)7(/l+l)vl// S:I'/Olb (4 64)
oy |0,y >1/e,
2432 _2e30)
k = s, % = (ab(//) RV VA (4.65)
Ly >1/ ¢,
_ 0, +s,(¢-0.),w<lla, (4.66)
o.v >1l e ’



respectively, where o, denotes the inverse of the capillary entry pressure related to the matric
suction at which pore fluid begins to leave a drying soil water system, [ is called the pore size
distribution index (a textural parameter), 6, represents the residual water content (6, =s,¢).

Sometimes the residual water saturation is not accounted for and the capillary pressure curve and

the relative permeability are written as,

-2
Pe
S, = (pj Pe =P (4.67)
L p.<p,
2+34
k ={Su" +Pc> P (4.68)
L p.<pe

Because ¢, =S,a =5, (l—Kfr / KS), when the water saturation reaches the irreducible water

saturation, the two source terms on the right-hand side of equation (4.60) are null. Therefore
there is no possible excitation below the irreducible water saturation. In reality, this is not
necessarily true, and the model should be completed by including film flow below the irreducible

water saturation.
4.3.2. Newton's Law and the Definition of the Effective Stress

The hydromechanical equations are defined in terms of an effective stress tensor. As
explained in details in Jardani et al. (2010) and Revil and Jardani (2011), there is a computational
advantage in expressing the coupled hydromechanical problem in terms of the fluid pressure and
displacement of the solid phase (4 unknowns in total) rather than using the displacement of the

solid and filtration displacement (6 unknowns in total).
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In saturated conditions, Newton's law (which is a momentum conservation equation for

the skeleton partially filled with its pore water) is written as,

VT +F=-0"(pu+p,w), (4.69)

where T is the total stress tensor (positive normal stress implies tension, see Detournay and
Cheng (1993)) and F denotes the total body force applied to the porous material. In unsaturated

conditions, Newton's law is written as,
VT +F=- (pu+s,0,W,), (4.70)
where the filtration displacement of the pore water phase is given by,

*
=L£QWm—d%%wﬁﬁ. (4.71)
Ia)77w

W

w

Combining Equation (4.70) and (4.71) yields,

V.T +F = —? [pu +S,0, k (@) (Vp, — @ p,s,u~ FW)} : (4.72)
lon,,
— *
V-T+F=-0’pu—o’ {Swpwk. (@) (VPW—FW)}’ (4.73)
lon,,
where,
k*

pus) = p_(swpw)2 . (a)) a)z' (474)

ion,,

The effective stress in unsaturated conditions is taken as (this choice is justified below),
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T =T + Pl +s,a(p, —PT (4.75)

which is consistent with Bishop effective stress principle in unsaturated conditions and the Biot
stress principle in saturated conditions. The confining pressure and the effective confining

pressure are defined asas,

P= —%Trace'f , (4.76)

Py :—%Trace'Feff , (4.77)

respectively. This yields P, =P —p, —s,a(p, — p,) in agreement with the recent results by Lu

et al. (2010). Equation (4.73) and (4.75) yield,

kK* (@)

o,

\% -'Feﬂ +F-a’s,p, F,=-o’piu+6,.vp,, (4.78)

where the hydromechanical coupling term &, is defined by

*
9 =s, (0{ —a’p, klwg")) . (4.79)

The last fundamental constitutive equation needed to complete the hydromechanical
model in unsaturated conditions is a relationship between the total stress tensor (or the effective
stress tensor) and the displacement of the solid phase and filtration displacement of the pore
water phase. This equation is Hooke's law, which, in linear poroelasticity and for saturated

conditions, is given by
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T =(AV-Uu+CV-w)T +G(Vu+vu'), (4.80)

where £ =(1/2)(Vu+vu") denotes the deformation tensor, G =G, denotes the shear modulus
that is equal to the shear modulus of the skeleton (frame), and A, =K, —(2/3)G denotes the

Lamé modulus in undrained conditions ( K, denotes the undrained bulk modulus). In unsaturated

conditions and accounting for the air pressure, equation (4.78) can be written as,
T+p,l =(4V-u+Cv-w, )T +G(Vu+vu'). (4.81)

From equation (4.53) of Section 4.3.1. above, the linearized increment of fluid content is given

by,

1 C
-V-w, =—(p,—p,)+—V-u. 4.82
LY (pw pa) M ( )

Combining Equation (4.81) and (82) yields,

T+ paI::KKu —%GjV-u+C(—ﬁ(pw— pa)—aWV-uﬂI:+G(Vu+VuT), (4.83)

T+ pj:[(Ku —aWC—ngVU—aW(pW— pa)}I:+G(Vu+VuT) , (4.84)

where the following expression derived in Section 4.3.1 has been used for the Biot coefficient in

unsaturated conditions,

=s.a. (4.85)
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In addition, the bulk modulus is given by K=K, -¢,C and the Lamé Modulus is given by

A=K —(2/3)G. Equation (4.84) yields the following Hooke's law for the effective stress given

by

T+ pa|=+%(l3w—pa)|==/1(V'u)I:+G(Vu+VuT), (4.86)
T, =2(V-WT+G(Vu+vu'), (4.87)

where the effective stress is given by equation (4.75). Note that the effective stress is only related
to the deformation of the skeleton of the porous material by definition. This model generalizes

therefore the effective stress concept developed recently by Lu et al. (2010).

4.4. Description of the Maxwell Equations

Pride (1994) volume-averaged the local Maxwell equations to obtain a set of macroscopic
Maxwell equations in the thin-double layer limit. The same equations were obtained by Revil
and Linde (2006) for the thick double layer case. The general form of these macroscopic

Maxwell equations is,

VxE=-B, (4.88)
VxH=J+D, (4.89)
V-B=0,B=VxA, (4.90)
V-D=¢Q7, (4.91)
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where B is the magnetic induction vector, H is the magnetic field (in A m™), and D is the current
displacement vector (in C m?), A is the magnetic potential vector, and E=-Vp—A where ¢

denotes the electrostatic potential (in V). These equations are completed by two electromagnetic

constitutive equations: D=¢&E and B = 4H where & is the permittivity of the material and u
denotes its magnetic permeability. In absence of magnetized grains, u =y, where y, denotes

the magnetic permeability of free space.

When the harmonic electrical field is written as E=E, exp(—imt), and o is the angular

frequency with Eq is a constant electrical field magnitude and direction, the displacement current

density vector is given by J, = D = —iwsE . The total current density J, entering Ampere's law,

VxH=1J,, (4.92)
is given by,
J; =J+J,, (4.93)
o AA
J; = G*(O))E-FM(VF)W —a)zpwswu)— iweE , (4.94)
o AA
J; =(O‘*(a))—ia)8)E+M(pr—a)szSWU), (4.95)

w

and an effective conductivity can be introduced such as o,*=o0*(w)—iwe where

€l

o4 =0, +iwey 1S the effective or apparent complex conductivity and o, and ¢, are real

scalars dependent upon frequency. These effective parameters are the parameters that are
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measured during an experiment in the laboratory or in the field but these terms contain both

electromigration and true dielectric polarization effects. They are given by o, =o' and
&4 =0l w—&. Another paper will be dedicated to the description of these parameters in the

broad frequency range 1 mHz-1 GHz.

4.5. Determination of the Volumetric Charge Density

The goal of this section is to provide a way to estimate the two charge densities Q\j’ and

Q\‘f used in the previous sections. We first start by the low-frequency charge density and then we

provide a model to estimate the high-frequency charge density.
4.5.1. Determination of the Quasi-static Excess Charge Density

For a fully water saturated material, the streaming potential coupling coefficient is

defined as,
0
: K
C, =limC(m,s, =1) = Ko (4.96)
w—0 77WO-0
This equation provides a way to estimate the charge density Q\‘,) from the measurements of the

low-frequency streaming potential coupling coefficient, the low-frequency electrical

conductivity and permeability using,

A Co.0%

Q== (4.97)
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The estimate of the low-frequency volumetric charge density Q\? is reported as a function of the
permeability in Figure 4.3 for experiments performed with a broad range of porous materials at
near neutral pH values (pH 5 to 8). According to Jardani et al. (2007), Q\? can be directly

estimated from the quasi-static (saturated) permeability by (see Figure 4.3):

A

logio Q° = -9.23 -0.82 logso ko. (4.98)

This equation provides therefore a way to estimate directly the volumetric charge density from
the low-frequency permeability reducing the number of material properties to consider in the

simulations.

4.5.2. Determination of the High Frequency Excess Charge Density

We seek now a way to estimate the high-frequency charge density Q\‘f . At full saturation,

the surface conductivity is given by,

o~ MG
F

BQ . (4.99)

Therefore the determination of the surface conductivity and the formation factor (from the

measurements of the conductivity of the porous material at different pore water conductivities).
Therefore the high frequency excess charge density QJ" can be estimated to the surface

conductivity and the formation factor by,

A osF

L a— 4.100
N ByAlg,m) (199
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Indeed, at high frequencies, all the charge density existing in the pores is uniformly dragged
along the pore water flow and therefore the charge density QV‘” is also equal to the volumetric

charge density of the diffuse layer (Revil and Florsch, 2010),

A

Q =1-)Q, (4.101)

where f is the fraction of counterions in the Stern layer and Q, denotes the total charge density

in the pore space including the contribution of the Stern layer. This total charge density (Stern
plus diffuse layers) is related to the cation exchange capacity CEC (in Mol kg™) by (Waxman

and Smits, 1968),
Q =ps (%} CEC, (4.102)

where p, denotes the mass density of the grains. The CEC is another fundamental parameter

describing the electrochemical properties of the porous material, more precisely the amount of
active surface sites on the mineral surface at a given pH value. In SI units, the CEC is expressed
in C kg ?, but is classically expressed in meq g * (with 1 meq = 1 mmol equivalent charge, e.g., 1
x 107 e N, where e=1.6x10""° C and N is the Avogadro constant, 6.022x10%* mol™, 1 meq g™ =
96320 C kg™). The fraction of counterions f can be determined from electrical double layer
theory (see Revil and Florsch (2010)). For material with different types of clay minerals, the
average CEC is determined from the respective exchange capacities of the constituent clay types

using (Rabaute et al. (2003); Woodruff and Revil (2011)),
CEC=c,CEC, + ¢,CEC, + ¢,CEC,, (4.103)
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where ¢, represents the mass fraction of mineral i in the porous material and K, I, and S stand

for kaolinite, illite, and smectite, respectively, in the clayey material. The CEC of the clay
members are well-tabulated (see Figure 4.4). If there is only one type of clay minerals, the CEC

is given by CEC=gq, CEC. where ¢, denotes the clay fraction (in weight) of the porous

material and CEC =g, CEC, denotes the CEC,. of the clay minerals present in the material.

The data set of Vinegar and Waxman (1984) database was analyzed using the linear
conductivity model described above. The results (not shown here) are actually pretty close to the
results of the differential effective medium model used by Revil (2012) (see his Table 1). The
factor A(g,m) is typically comprised between 4 and 14. In Figure 4.5, the high frequency charge
density determined from surface conductivity is plotted as a function of the total charge density
estimated from the measured CEC using a titration method. From this graph, the fraction of
counterions in the Stern layer is comprised between 0.85 (85%) and 0.99 (99%). According to
Revil (2012), the maximum partition coefficients are reached at high salinities with f(kaolinite)=
0.98, f(illite)=0.90, and f(smectite)=0.85. Revil (1012) provides a way to compute the salinity

dependence of f.

According to Figure 4.5, QV°o is in the range 10° to 10 C m™ for permeability in the
range 10 to 10> m? (see Vinegar and Waxman (1984) and Revil (2012)). For this permeability

interval and according to Figure 4.3, the volumetric charge density Q\? would be in the range 1 to

1000 C m. Therefore, for most soils the assumption Q° >> Q° (with the exception of shales or

formations/soils extremely rich in clays) is justified.



4.6. Additional Scaling Relationships

In this section, we developed a unified set of scaling relationship between the hydraulic and
electrical properties in order to reduce the number of input parameters.
4.6.1. Relative Permeability

Three scaling laws are developed below, one for the relative water permeability, one for the
capillary entry pressure, and one for the streaming potential coupling coefficient. For each new
scaling law, we will show that it is in agreement with existing experimental data or empirical
scaling laws based on fitting experimental data.

The first type of scaling concerns the relationship between the electrical conductivity and
the permeability. It is customary to define the following canonical boundary value problem for
the normalized potential I" for a cylindrical representative elementary volume of porous material

of length L (see Pride, 1994),

V=0 inV, (4.104)

A-VI'=0o0nS$S (4.105)
Latz=L

I'= onS (4.106)
Oatz=0

In these equations, i denotes the unit vector normal to the pore water/mineral interface S and V,
corresponds to the pore volume. The boundary conditions defining the normalized potential I are
representative for the injection of an electrical current into a rock sample in the absence of
surface conduction along the pore/water interface (see Johnson et al., 1986, Avellaneda and
Torquato, 1991; Pride, 1994). The dynamic pore radius A and the formation factor F are defined

as (Johnson et al., 1986)
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o [Ivrfds
LI S (4.107)
A [ vt ay,
Vp
1 1 2
v jvplvrl v, , (4.108)

where V is the total volume of the considered representative elementary volume. The length scale
A corresponds therefore a weighted version of the hydraulic pore radius V, / S weighted by the
norm of the electrical field (normalized by the electrical field imposed from the boundary of the
material) and therefore A can be seen as the characteristic pore size of the porous body. From
Equation (4.27), 1/F appears as dynamic porosity as discussed by Revil and Cathles (1999).
Using a volume-averaging approach, Johnson et al. (1986) and Pride (1994) developed
the following equation for the electrical conductivity for a water-saturated rock:
Jzé(ow+%25), (4.109)
where A is a characteristic pore length scale defined above. Looking at influence of saturation on
several properties mentioned in Appendix D, we compare of equation (4.147) and equation
(4.148) [and also equation 4.27 in general], with Equation (4.149) implies that following scaling

laws for the dependence of the formation factor and length scale A with the relative water

saturation,
F<Fs, ™, (4.110)
A < As, (Model A), (4.111)
A< As," (Model B), (4.112)
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where n denotes the second Archie's exponent (Archie, 1942). The left-side of equations (4.110)
to (4.112) indicates the parameters used to compute the electrical conductivity in fully saturation
conditions, and on the right side, we have the scaling of the same parameters with saturation for
unsaturated materials.

The permeability k is related to the formation factor F and the dynamic pore radius A by

(Johnson et al., 1986)

k,(s,) = SFC) (4.113)

Therefore the permeability should scale with the water saturation as,
A2
K, (S,) :gsfn (Model A), (4.114)

2
k,(s,) = é\—Fsz" (Model B), (4.115)

Therefore according to this scaling the permeability can be computed as the product of the
permeability at saturation k, =A*/8F and a relative permeability that depends only on the

relative water saturation:

Ko (5) =Kk (s,), (4.116)

with,
k (s,)=5s"" (Model A), (4.117)
k.(s,) =5 (Model B), (4.118)

where we used the effective water saturation s, rather than the water saturation to enforce the
fact that the relative permeability is null at the irreducible water saturation. These equations can

be compared to the one proposed by Li and Horne (2005, their Equations 5 and 6) Kk, (s,) =S.S," -
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In the Brooks and Corey (1964) model, the relative permeability is also given by a power law
relationship (see also Purcell, 1949),

K (s,)= [%] —s (4.119)

e

2+31
7

(4.120)
where [ is called the pore size distribution index. Therefore we identify the following equality,
2
/1=—1, r=n+2 (Model A), (4.121)
n —

A=—2__ r—3n (Model B). (4.122)

3(n-1)

This result is very important because it provides an explicit relationship between a hydraulic
parameter and an electrical parameter. To our knowledge this is the first time that these
relationships are proposed despite some attempts to connect the resistivity index and the
capillary pressure curves (see for instance Li and Horne, 2005).

Figure 4.6 shows that Model A seems to agree better than Model B with experimental
data but more data are needed to check the predictive capabilities of the two models. These new
relationships mean also that the measurement of the second Archie's exponent can be used to
predict the capillary pressure curve and hysteretic behavior in the capillary pressure curve should
implies a hysteretic behavior in the value of n.

4.6.2. Capillary Entry Pressure
We turn now our attention to the capillary entry pressure. The capillary entry pressure

can be related to the length scale A by,
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P, =—, (4.123)

where  represents the surface tension between water and air (71.99+0.05)x10° N m™ and r,
represents the smallest pore of the set of largest pore percolating through the porous material
(Katz and Thompson, 1987). Katz and Thompson (1987) developed also a relationship between

the permeability and the percolation length scale r. using percolation principles:

ke =r’/(226F). A comparison with k, =A’/8F yields r. ~ 5.3 A. Using the relationship

between the length scale r. and the permeability at saturation, we obtain,

27y o5 (4.124)

" JzzeF

This equation can be compared to the empirical equation derived by Thomas et al. (1968),

p, =52k, ** with p is expressed in kPa and ks in mD. Archie's law can be used to compute F.
Taking m = 2.0 (a default value for soils) and a porosity ¢ = 0.20 (a reasonable average value),

we obtain p, =ak,"° with a = 61 with pe is expressed in kPa and ks in mD. We also obtain

P, = b¢/\E. The proportionality between the capillary entry pressure and the ratio ¢/\E is

checked in Figure 4.7. Therefore, Equation (4.124) is able to represent data but accounts
explicitly for the porosity dependence which is not the case of the empirical equation developed
by Thomas et al. (1968).
4.6.3. Relative Coupling Coefficient with the Brooks and Corey Model

The last coefficient we want to test is the streaming potential coupling coefficient, which

can be defined for a fully water saturated material as (Revil and Mahardika, 2013),
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. 3,k
C, = hm(a—‘”j _Qk (4.125)
@—0 ap s =0, n.,0

At high salinity, the conductivity can be approximated by,
ox—S, O,. (4.126)

We can now evaluate the effect of water saturation upon the streaming potential coupling
coefficient by substituting inside Equation (4.125) the volumetric charge density, the
permeability, and the electrical conductivity by their expressions in function of the saturation.

We obtain,
C,=C,C,, (4.127)
where C, denotes the relative coupling coefficient (a concept first introduced by Revil and

Cerepi, 2004) and where the streaming potential coupling coefficient at saturation is given by,

c, -k (4.128)

o
If Equation (4.128) is multiplicated by p,g (g being the acceleration of the gravity in m s?), the

coupling coefficient is expressed in V m™. The relative streaming potential coupling coefficient
IS given by,

C, ~s, (Model A), (4.129)

C, =s,”"" (Model B). (4.130)
In Figure 4.8, we compare the two models to the existing data replacing the water saturation by
the irreducible saturation to satisfy to the additional constrain that there is no flow at the

irreducible water saturation. Very clearly Model B is unable to explain these data. We will show

in the second paper of this series that is also true for the field data.
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Note that the general form of the relative coupling coefficient with the Brooks and Corey
model is,

C, =s, "Vs ¥, (4.131)
as proposed by Revil et al. (2007, their Equation 112). In the next section, we will see how this
equation needs to be modified if we use the van Genuchten model, instead of the Brooks and
Corey model, to represent the capillary pressure curve
4.6.4. Relative Coupling Coefficient with the Van Genuchten Model

An alternative to the Brooks and Corey model is the van Genuchten model (1980) (see

discussion in Linde et al., 2007; Revil et al., 2007). This model can be written as,

n O\ ™
S, =(1+ % J with m, zl—ni, P, =P, (4.132)
k(5,) =5, [1- (-5 ™)™ T, (4.133)

where n, and m, are the Van Genuchten exponents. Therefore the coupling coefficient is,

C, =5, "5, [1-@-s )" T (4.134)

Mboh et al. (2012) measured the relative streaming potential coupling coefficient of a

clean sand characterized by the following properties: 99.3% silica, porosity ¢ = 0.41, hydraulic
conductivity K = 8.25x10”° m s, mean grain diameter d = 160 um (Table 4.1). Their data are
exceptionally good in terms of quality. It is indeed difficult to get very good data in unsaturated
conditions because of the drift of the electrodes (see discussions in Revil and Linde, 2011;
Jougnot and Linde, 2013 for the drift associated with saturation effects and Petiau and Dupis,

1980, and Petiau, 2000, for other sources of noises). They measured a coupling coefficient at
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saturation of C =-3.3 mV m™ for a pore water conductivity of o, =0.044 S m™. The second

Archie exponent (Saturation exponent) was measured and found equal to n = 1.87. The van
Genuchten exponent was measured and was found equal to n, = 3.88 (by fitting the capillary
pressure curve). This yields m, = 0.74. A comparison between the data of Mboh et al. (2012) and
Equation (4.133) is shown in Figure 4.9. The best fit of the data yields m, = 0.69+0.05, therefore
very close to the value determined from the capillary pressure curve (see Figure 4.9). As
mentioned by Mboh et al. (2012), this implies that the values of the relative coupling coefficient
bears information regarding the van Genuchten parameters as suggested by Linde et al (2007)
and Revil et al. (2007).

In Figures 4.10 and 4.11, we reanalyzed the data presented in Revil and Cerepi (2004)
and Revil et al. (2007) correcting few mistakes in the unit conversions found in these two papers.
We analyzed the streaming potential coupling coefficient data of Samples E3 and E39 (dolomitic
limestones, see properties in Table 4.1). In both cases, the second Archie exponent (saturation
exponent) was independently determined using resistivity measurements. The van Genuchten
parameters were found to be roughly the same using the capillary pressure curves and the

relative streaming potential coupling coefficient data.

4.7. Application to a Remediation Problem

We show an application of the previous model to the detection of the oil water
encroachment front during the remediation of an oil contaminated aquifer or the production of an
oil reservoir. We used the approach developed in Karaoulis et al. (2012) to generate a 2D
heterogeneous aquifer in terms of porosity and permeability (see Figure 4.12). This
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heterogeneous aquifer is assumed to be initially saturated with 75% of oil (initial water saturation
of 0.25). Water-flooding of this aquifer is simulated by injected the water in a well (Well A) and
producing the oil in the second well (Well B). This produces the saturation profiles shown in

Figure 4.13.

A lot of work has been done recently in using low-frequency electrokinetics signals to
detect oil water encroachment fronts (see for instance Saunders et al., 2008). We illustrate first
the case of the detection of a saturation front and how seismoelectric conversions can be used to
localize in a very simple way the position of the front. We consider two wells crossing a
heterogeneous reservoir (see Figure 4.14). Well B is located 250 m away from Well A and the
total geometry of the model covers an area of 410 x 250 m (Figure 4. 7). The reference position,
0(0,0), is located at the upper left corner of this domain. The reservoir is initially saturated with
oil (oil saturation of 80%). During water flooding operations, water is injected in Well A and oil
is produced in Well B. We solve the two-phase flow equations as discussed by Revil and
Mahardika (2013) (this description will not be repeated here). The multiphase flow simulator
allows computing the saturation profiles, which are used to compute the P-wave velocity and
resistivity distributions. The P-wave velocity does not depend too much on the saturation and its
distribution is comprised between 4050 and 4300 m s™. The electrical conductivity distribution
of the 6 snapshots is shown in Figure 4.15 and varies over an order of magnitude. The influence
of the water saturation is much greater on the resistivity than on the P-wave velocity.

A single seismic source is located in Well A at position So(0 m, 2216 m). The seismic
source is a Gaussian (magnitude 1.0x10% N m, delay time t; = 30 ms, dominant frequency f. =

160 Hz). The receivers (triaxial geophones and dipole antennas) correspond to 56 pairs of
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seismic stations and electrodes vertically distributed in Well-B (labels WB-#1 to WB-#28). The
separation between these receivers is 4 m.

We solve the poroelastodynamic wave equations and the Poisson equation for the
electrical potential in the frequency domain. The material properties are described in Table 4.2.
We use the multi-physics modeling package Comsol Multiphysics 4.2a and the stationary
parametric solver PARDISO (see Revil and Mahardika, 2013 for details). We compute the first
poroelastic and electric properties distributions given the porosity, fluid permeability, and
saturation distributions, then we solve for the displacement of the solid phase and the pore fluid
pressure. Finally, we compute the electrical potential by solving the Poisson equation coupled to
the poroelastodynamic problem for the frequency range 8 to 800 Hz. This range is valid for our
problem since the seismic wave and the associated electrical field operates in the same frequency
range. We then compute the inverse Fourier transform (FFT™?) to get the time series of the
seismic displacements uy and u,, and the time series of the electric potential response.

The mesh is made of cell 2 x 2 m. The size of the mesh is smaller than the smallest
wavelength of the seismic wave. For this mesh size, we check that the solution of the partial
differential equations governing the seismoelectric problem is mesh-independent. At the four
external boundaries of the domain, we apply a 50 m thick Convoluted Perfect Matched Layer
(CPML, see Jardani et al. 2010 for further details on the implementation) and Figure 4.14 for the
position of the PML boundary conditions.

We first prove that the seismoelectric signals are coming from the saturation front. In
Figure 4.16, we create some snapshots of the horizontal displacement of the solid phase
propagating from Well-A to Well-B and the associated electric potential signal collected

instantaneously at receiver #16 in Well-B. These snapshots are created using the saturation
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distribution at the snapshot T4. The seismoelectric conversion (SE) is created when the seismic
wave crosses the saturation front in the Fresnel zone at time comprised between 57 and 65 ms.

In Figure 4.17, we compare the full electrical time series a receiver #16 with the seismic
record at a geophone placed at the same location. The seismic station record the arrival of the
seismic wave while the electrogram (electrical time-series) shows clearly two arrivals: Type |
denotes electromagnetic disturbances generated at the saturation front (seismoelectric
conversions, SE). Type Il corresponds to the electromagnetic disturbance that is co-seismic (CS)
to the arrival of the seismic wave. In Figure 4.16, we can see strongest signal record on the
electrogram corresponds to the co-seismic disturbance associated with the P-wave propagation
(at tcs = 88 ms). The smaller seismoelectric conversion signal arrives earlier at tsg = 59 ms. This
seismoelectric conversion signal is unique to the electric data and brings information that cannot
be found in the seismic data.

The complete evolutions of the electric potential time series recorded at Receiver #16 in
Well B for each of the 6 snapshots (T1 to T6) in the distribution of the saturation front are shown
in Figure 4.18. Seismoelectric conversions (SE) occur after the water injection started (snapshots
T2 to T6). It arrives later when the water front approaches Well B. The arrival times of the
seismoelectric conversion signal at Receiver #16 for each saturation profiles are tsg = 45 ms for
snapshot T2, tsg = 53 ms for snapshot T3, tsg = 59 ms for snapshot T4, tsg = 65 ms for snapshot
T5, and tsg = 71 ms for snapshot T6 (see Figure 4. 12).

Using the mean velocity of the P-wave (determined from the travel time between the
source in Well A and the first seismic arrival time in Well B), we can localize the position of the
saturation front using the arrival time for the seismoelectric conversion. In Figure 4.19, we show

the position of the front determined from the seismoelectric conversion with the true position of
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the front. We are clearly able to determine quite well the position of the saturation front, a point

that was not discussed in Revil and Mahardika (2013).

4.8. Concluding Statements

Previous modeling attempts of the electroseismic and seismoelectric coupling effects
were restricted to the thin double layer assumption (thickness of the double layer much smaller
than the size of the throats) and to fully water-saturated conditions. In addition, these models
were not accounting for the induced polarization of the material. We have provided the first
electroseismic and seismoelectric model valid for unsaturated clayey soils, sands, and sandstones
including the modeling of the induced polarization of this type of clayey materials. This model is
valid for porous materials with macropores and micropores with respect to the thickness of the
electrical double layer. It couples the Maxwell equations to a very simple version of Biot theory
for partially saturated porous material. Finally, we have shown that the seismoelectric ethod
could be used to locate the oil water encroachment front during the water flooding of a

contaminated aquifer or the production of an oil reservoir.

The next step will be to generalize this model to clayey soils and rocks partially saturated
by both oil and water investigating both the effect of oil saturation and wettability on the material
properties. In this case, we will have to use a complete Biot theory in a poroelastic material
saturated by two immiscible fluids, one being the wetting phase (see Lo et al. (2002, 2005) for

such a theory).
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Table 4.1. Petrophysical Properties of the samples discussed in the main text. M
corresponds to the sand sample investigated by Mboh et al. (2012) while Samples E3 and
E39 are dolomitic samples investigated by Revil et al. (2007).

Property symbol M E3 E39
Saturation exponent n(-) 1.87 2.7 3.5
Cementation exponent | m (-) - 1.93 2.49
Permeability k (m?) 8.4x10™ | 48.4x10" | 23.8x10™
Porosity ¢ (-) 0.41 0.203 0.159
Residual saturation S (-) 0.09 0.31 0.34
Grain size d (um) 160 - -

Pore size r (um) - 1.18 0.17

Table 4.2. Material properties used in the seismoelectric forward model.

Parameter Value Units  Reference

Ds 2650 kgm™ Mavko et al. (1998)
Dw 1000  kgm® Mavko et al. (1998)

Do 900 kgm™  Karaoulis et al. (2012)
Ks 36.5 GPa Mavko et al. (1998)
Kir 18.2 GPa Mavko et al. (1998)

G 13.8 GPa Mavko et al. (1998)
Kw 2.25 GPa Jardani et al. (2010)
Ko 1.5 GPa Charoenwongsa et al. (2010)
N 1.10°  Pas Jardani et al. (2010)
Mo 5.10% Pas Karaoulis et al. (2012)
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Electrical double layer of clay minerals
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Figure 4.1: The surface of clay minerals in contact with water is charged through three
types of surface sites: amphoteric sites on the edges, basal negative sites, and because of
negative charges due to isomorphic substitutions in the crystalline framework on the
minerals. The mineral charge is compensated by counterions (M*) and coions (A") forming
a double layer. This double layer comprises a layer of sorbed counterions (The Stern layer)
and a diffuse layer where the Coulombic interactions between the charged mineral surface

and the coions and counterions dominate.
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a. Thick double layer b. Thin double layer

c. Flow in the viscous laminar regime d. Flow 1n the inertial laminar regime
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Figure 4.2: Sketch of the charge distribution and flow regime. There are four cases to
consider depending on the pore size with respect to the double layer thickness and
depending on the frequency. a. Thick double layer. The counterions of the diffuse layer are
uniformly distributed in the pore space). b. Thin double layer (the thickness of the diffuse
layer is much smaller than the size of the pores). c. Viscous laminar flow regime occurring
at low frequencies. d. Inertial laminar flow regime occurring at high frequencies.

106



_"-\

Clayey solls (Casagrande, 1983, glacial tills (Friborg, 1996) \

sand (Ahmad, 1964)
Berea sandstone (Zhu and Toksoz., 2012)

Saprolites (Skold et al., 2012)

Glass beads, sand gravel, sand till (Sheffer, 2007)
Glass beads [Boleve et al. 2007, Pengra et al. 1999)
Limestones (Revil et al. 2007, Pengra et al. 1999)
Clayrock (Revil et al., 2005)

\®F
=N o
&R [><o00x4X00

8 ' Alluvium (Jardani et al. 2007) ]
Sandstones [Jouniaux et Pozzl 1995, Pengra et al. 1999)
Jougnot et al. (2012) Unsaturated conditions-WR Approach
Jougnot et al. (2012) Unsaturated conditions-RP Approach
6 - - -
Jardanietal. (2007) log,, OF =-9.23-0.82log,, k, )
E
=
[
= 4r )
<g
=1
o
=
3 2| :
=
[}
g
T
= or ]
a
E
w
ol 4
_4 1 1 1 1 1 1
=20 -18 -16 =14 -12 =10 -8 -6

Permeability log ml[ku.mz]l

Figure 4.3: Quasi-static charge density (excess pore charge moveable by the quasi-static
pore water flow) versus the quasi-static permeability for a broad collection of core samples
and porous materials. This charge density is derived directly from the streaming potential
coupling coefficient using equation (4.97). Data from Ahmad (1964), Boleve et al. (2007),
Casagrande (1983), Friborg (1996), Jougnot et al. (2012), Jardani et al. (2007), Jouniaux
and Pozzi (1995), Pendra et al. (1999), Revil et al. (2005, 2007), Sheffer (2007); Skold et
al. (2012), and Zhu and Tokstz (2012).
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; Specific Surface Area Ssp versus Cation Exchange Capacity CEC
10 .
[] Kaolinite/Chlorite

O Mlite

/\ Montmorillonite/Smectite
@® Shaly Sands

2 Smectite
1 charge nm

N

-2
3 charges nm

—
o
T

Specific surface area [m 2 g~

CEC[meqg™]

Figure 4.4: Specific surface area of clay minerals (in m? g™) as a function of the (absolute)
(in meq g™ with 1 meq g™ = 96,320 C kg™ in S units) for various clay minerals. The ratio
between the CEC and the specific surface area gives the equivalent total surface charge
density of the mineral surface. The shaded circles correspond to generalized regions for
kaolinite, illite, and smectite. Figure adapted from Revil and Leroy (2004). The two lines
correspond to 1 to 3 elementary charges per unit surface area. Data from: Patchett (1975),
Lipsicas (1984), Zundel and Siffert (1985), Lockhart (1980), Sinitsyn et al. (2000), Avena
and De Pauli (1998), Shainberg et al. (1988), Su et al. (2000), and Ma and Eggleton
(1999).
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Figure 4.5: High-frequency volumetric charge density versus the total charge density. The
high-frequency volumetric charge density is determined from electrical conductivity
measurements at various salinities (from the surface conductivity and the formation factor)
while the total charge density is determined from the porosity and the cation exchange
capacity.
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Figure 4.6: Comparison between Model A and B used to predict the value of the Books
and Corey exponent | from the saturation exponent. Data from Jougnot et al. (2010), Revil
et al. (2007), Brooks and Corey (1964), and Jun-Zhi and Lile (1990). The Shannon
sandstone is also known under the term “Hygiene sandstone” in the literature. The data
seem to favor Model A over Model B but more data are needed to test the models.
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Figure 4.7: Comparison between the model proposed in the main text for the capillary
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(classical Archie’s law, Archie, 1942) The experimental data are from Huet et al. (2005).
They correspond to 89 sets of mercury-injection (Hg-air) capillary pressure data. Core
samples include both carbonate and sandstone lithologies. The permeability is expressed in
mD.
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Figure 4.8: Comparison between Model A and B to predict the value of the relative
streaming potential coupling coefficient as a function of the water saturation. We use an
irreducible water saturation s, = 0.2. Data is taken from Revil et al. (2011), Vinogradov
and Jackson (2012), and Guichet et al. (2003). The data seem to favor Model A over
Model B.
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Figure 4.9: Comparison between experimental data and the prediction of the model
developed by Revil et al. (2007) with the van Genuchten model (see also Linde et al.,
2007). The experimental data are from Mboh et al. (2012) (Sample M, sand). Left panel:
Relative streaming potential coupling coefficient versus saturation. We used the measured
value of the saturation exponent (second Archie exponent) n = 1.87. Right panel: Capillary
pressure curve (non-wetting fluid: air).
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Figure 4.10: Comparison between experimental data and the prediction of the model
developed by Revil et al. (2007) with the van Genuchten model (see also Linde et al.,
2007). The experimental data are from Revil and Cerepi (2004) and Revil et al. (2007)
(Sample E3). Left panel: Absolute and relative streaming potential coupling coefficient
versus saturation. We used the measured value of the saturation exponent (second Archie
exponent) n = 2.7. Right panel: Fit of the capillary pressure curve with the same van
Genuchten parameters than obtained for the coupling coefficient (non-wetting fluid:
mercury).

114



Sample E39 Dolomite limestone | @ Experimental data (dolomilte)
_ —m,
6 — Model p. = p. [Se v —1]

1

5, =0.34+0.02, m, =0.55+0.02
2. =(1.28+0.12)x10° Pa,R =0.95

o
[a:]
T

-
o
&
T
o
[e2]
T

® Experimental data

o
B
T

log(capillary pressure, Pa)

Relative coupling coefficient C (mv/Pa)

10'? e Model 4 0.01
C, =5, "5, [1-0-5")" T
J 52

5, =0.34£0.02, m, =0.55£0.02

R =0.993
10'8....l....|....|....|....|....0_001 5....|

04 0.5 0.6 0.7 ) 0.8 09 1 03 0495 06 07 08 09 1
Water saturation, s w(-) Water saturation, s v (-)

Figure 4.11: Comparison between experimental data and the prediction of the model
developed by Revil et al. (2007) with the van Genuchten model (see also Linde et al.,
2007). The experimental data are from Revil and Cerepi (2004) and Revil et al. (2007)
(Sample E39). Left panel: Absolute and relative streaming potential coupling coefficient
versus saturation. We used the measured value of the saturation exponent (second Archie
exponent) n = 3.5. Right panel: Fit of the capillary pressure curve with the same van
Genuchten parameters than obtained for the coupling coefficient (non-wetting fluid:
mercury).
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Figure 4.12: Porosity and permeability map of an oil contaminated aquifer or oil reservoir
between two wells for a water-flood simulation.
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a)  Water Saturation after 0 Days (Reference - T1) b) Water Saturation after 200 Days (T2) c) Water Saturation afer 400 Days (T3)
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Figure 4.13: Six snapshots showing the evolution of the water saturation over time in a
150-m-thick oil aquifer or reservoir. The initial water saturation in the aquifer is 0.25
(which correspond to 0.75 oil saturation). In this study oil is considered to be the non-
wetting phase.
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Figure 4.14:Sketch of the domain used for the modeling. The total modeling domain is a
410 m x 250 m rectangle. Injector Well A is used, located at position x = 0 m, is also used
for the seismic source. Production and recording Well B is located at x = 250 m. The
discretization of the domain comprises a finite element mesh of 205 x 125 rectangular
cells. 28 receivers are located in Well-B, approximately 30 m away from the nearest PML
boundary (the PML boundary layers are shown in grey).
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Figure 4.15: Evolution of the electrical conductivity over time inside the 150-m-thick oil
reservoir for the 6 snapshots labeled T1 to T6. The electrical conductivity is strongly
controlled by the saturation of the water phase.
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Figure 4.16: Snapshots of the horizontal displacement of the solid phase during the
propagation of the seismic waves and the associated electric potential signal collected at
Well-B receiver E16 (poroelastic approach, see properties in Table 2). The main
seismoelectric conversion (black box) is created in the Fresnel zone of the saturation front.
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a. Seismogram at sensor E-16 (Well B), Snapshot T4.
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b. Electrogram at sensor E-16 (Well B), Snapshot T4.
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Figure 4.17: Seimogram and electrogram at an electrode (receiver Crl2 in Figure 4.14).
Here t, denoted the time of source ignition, or the delay time (30 ms). Seismoelectric
signals and the co-seismic / P-wave arrival time is denote as t; and t,, respectively. The
strongest signal on the electrogram corresponds to the co-seismic disturbance associated
with the P-wave propagation (see Figure 4.16). The seismoelectric signal only occur on the
electric time series and this is associated with the seismoelectric conversions at saturation
changes on profile T4 (see Figure 4.13).
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Figure 4.18: Evolution of the seismic displacement and the associated electric potential
time series from receiver point Crl12 due to water-front changes (T1 — T6). Here we show
the p-wave arrivals in the seismic time series and the seismoelectric conversions (SE) at

interfaces (Type I electrical signal), and CS: Co-seismic P-wave (Type Il electrical signal)
on the electrical conterpart.
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Figure 4.19: Cross-plot of true waterfront position from the two-phase flow simulator and
position determined from the arrival time of the seismoelectric conversion and using the
mean velocity of the P-wave between the two wells.
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CHAPTER 5

SEISMOELECTRIC CONVERSION FROM DRY-WET BOUNDARY AT GLACIER DE

TSANFLEURON, SWITZERLAND

5.1. Introduction

Observations on seismically induced electric signals have been done since the past 75
years (lvanov, 1939), and lead for the theoretical formulation of the coupled mechanical and
electromagnetic phenomena (Frenkel, 1944; Pride, 1994). It develops for near surface
geophysical purposes such as groundwater table investigations (Russel et al., 1997; Dupuis et al.,
2007), and geological layering detection (Garambois and Dietrich, 2001; Haines, 2004), and
petrophysical properties characterization (Jardani et al., 2010). In glacial environment
applications, however, seismoelectric method is not fully explored albeit it potentials in detecting
and mapping layers within and beneath ice masses, in characterizing the hydraulic or fluid
properties of such layers, and in monitoring a variety of glacial processes associated with ice
fracture or basal dynamics due to ice melting. In this chapter we do a numerical study and
comparison to the seismoelectric sounding data gathered in temperate glacial environment of
Glacier de Tsanfleuron, Switzerland (Kulessa et al., 2006), which can also applied for other types
of glaciers (such as polar glacier in Greenland and Antarctica). The general objective of this
study is to characterize the layering and possible properties exist beneath the Glacier de
Tsanfleuron subsurface and verify the findings with previous studies (Kulessa et al, 2006;
Hubbard et al, 2000; 2003). For the thesis work, however, we specify the objective to look for
one of many possible model of geometry and properties which can describe the origin of the

seismoelectric events measured by two-dipoles sounding experiment using a forward modeling
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computation. Here, we would use a model that is constraines by geometry and properties given
from previous geological and geophysical studies (Kulessa et al, 2006; Hubbard et al, 2000;
2003) and we would do sensitivity analysis for the seismic source properties and the subsurface
properties. In terms of events identification analysis, there are three signals of interest (Haines,
2004): firstly the direct field effect which is associated directly with the hydromechanical
response triggered by the seismic source. The second event corresponds to the electromagnetic
interface response (also called the seismoelectric conversion) occur when seismic wave Crosses
heterogeneity of the subsurface in terms of mechanical and or electrical properties. And the third
event is called as coseismic signal and basically an electric response that is traveling alongside

(at the same speed) as the seismic p-waves.

5.2. Seismoelectric Sounding

Seismoelectric sounding data were collected in spring 2004 in the northern part of the
upper ablation area at Glacier de Tsanfleuron in Valais region of Switzerland (46°19°28.5” N,
7°13°43.5” E). The vertical seismoelectric soundings were conducted with a Groundflow EKS
GF2500™. A PC console was used for digitally recording and displaying the raw field records,
and two pairs of dipole electrodes (noted as R-1 and R-2). In this system the signal recorded on
R-2 is automatically reversed. The four copper electrodes are configured as electrodes 1 and 4
are 2.5 meters away from the seismic source, while electrodes 2 and 3 are 0.5 m (see (Kulessa et
al., 2006) for complete descriptions on the field setup). In this setting electrode 2 and 4 serve as
reference for each dipole. The vertical seismoelectric sounding data (Figure 5.1) shows strong

long-period signal (Event 1 in Figure 5.1) are generally out-of-phase on opposite sides of the

124



shot point. Then, the shorter-term fluctuations variably had the same (Event 2 in Figure 5.1) or
reverse (Event 3 in Figure 5.1) phases on the opposite sides of the shot point. In Kulessa et al.
(2006), seismoelectric signal IPF considered to be generated from seismoelectric conversion
mechanism. This is inferred by the 180° out-of-phase polarity on the opposite sides of the shot
point, while other events appear in-phase, following interpretation of Beamish and Peart (1998).
This interpretation however is incorrect, since the measured electrical signal by two dipole
electrodes located on the opposite side of the shot point are dominated by the horizontal
component of the electric field. Hence, the direct field effect, seismoelectric conversions, and
coseismics response should all 180° out of phase on the opposite side of the shotpoint. This
behavior is shown in studies from field measurements (such as Butler et. al., 1996; Haines et. al.,
2007) and numerical modeling (such as Haartsen and Pride, 1997; Haines and Pride, 2006). In
the following, the term interfacial response, seismoelectric conversion, and electrokinetic
interfacial resnsponse (EIR) are basically corresponding to the same phenomena. In this
experiment we also assume that the dominant energy coming from the subsurface after the
passage of direct-seismic wave are created from the seismeoelctric conversion events, and less

from the reflected coseismics wave.

5.3. Modeling Results

From GPR information the glacier is 92.4 £ 2.8 m deep compose of pure (englacial) ice
and basal zone composed of ice-debris mixture overlying the limestone bedrock (Kulessa et al,
2006; Hubbard et al, 2000; 2003). Around 3.5 £ 1 m of the top surface is covered with fresh
snow layer. Preliminary analysis of cross-borehole seismic over 0-50 m depth reveals seismic

velocity has a mean of 3650 + 40 m s™ and where maximum velocity appears between 20 m and



25 m. Based on this information we create a subsurface model showed in Figure 5.2. This model
represents four layers composed of 3.5 meter thick of snow (layer L1), followed by 21.5 meter of
relatively dry alpine glacier ice layer on top (layer L2), followed by 67 meter of wet ice layer
underneath it (layer L3), overlying the limestone bedrock (L4). The physical properties, such as
bulk electrical resitivity o, porosity ¢, water resitivity o, Steady flow permeability ko, zeta
potential ¢, p-wave seismic velocities V, , water viscosity 7., water density py, and water content
6w values for each layer is given on Table 5.1 with their respective units. Additional values for
air properties, that is important for the two top layer, are given as air density pg = 1.25 kg m™, air
viscosity 77y = 5 x 10® Pa s, and air bulk modulus Ky = 0.140 MPa.

The numerical model is solved using the general partial differential (PDE) mode of
COMSOL Multiphysics™ 4.2a based on seismoelectric governing equation in unsaturated
condition given in Revil and Mahardika (2013) and mechanical and electrical properties relation
given in Kulessa et al (2012) and Revil (2013) (see our supplementary material for details). (i)
We first compute for the poroelastic and electric properties distribution for the given porosity,
fluid permeability, and saturation distribution of the ice, sediments, and limestone bedrock. (ii)
We solve for the displacement of the solid phase u and the pore fluid pressure p in the frequency
domain. (iii) The solution in the time domain is computed by using an inverse-Fourier transform
of the solution in the frequency wave number domain. We use the frequency range of 10-1000
Hz in correspond to the appropriate seismic wave band in this setting, where the associated
electrical field also occurs in the same frequency range. (iv) Using the same range, we compute
the inverse fast Fourier transform (FFT™) to get the seismic and electrical time series. We use a
0.25 m x 0.25 m rectangular mesh which at least 10 times smaller than the smallest wavelength

of the seismic waves. The seismic source is located at position So(0, 0) with magnitude of 120 N
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m, representative for a hammer blow source energy (Keiswetter and Steeples, 1995). We choose
a Gaussian source time function that has 250 Hz dominant frequency, after we done a frequency-
sweep wavelet test from 100 to 300 Hz. At the external boundaries of the domain, we apply a 5
m thick convoluted perfect matched layer (CPML, see Jardani et al. (2010) for further details on
the implementation of this approach).

After generating the seismic source on t; = 0.0 s, we create time snapshots of seismic
propagation and volumetric current density in Figure 5.3. We detect coseismic direct wave (CS)
and hammer-induced direct field effect (DF) at 0.90 ms, electrokinetic interfacial response from
L1-L2 interface (SE1-2) at 4.87 ms, seismoelectric conversion from L2-L3 interface (SE2-3) at
10.97 ms, a composite of reflected coseismic event from L2-L3 intyerface and multiple waves
trapped between L1-L2 on 19.23 ms, and the seismoelectric conversion events from L3-L4
boundary on 27.85 ms (SE3-4). The influence of 3.5 thick snow on top of modeling domain
creates reflection of seismic wave from L1-L2 boundary that bounce back to the subsurface and
creates secondary wave propagation (labeled as Seis*) following the propagation of the primary
seismic wave (Seis). Note that, definition of primary and secondary wave here is not the same
with the pressure-wave and shear-wave definition. The bonce back / secondary wave in turs also
generates additional seismoelectric events notably the secondary coseismic wave (labeled with
CS*) and interfacial response along its propagation path.

In Figure 5.4 we take the computed electrical signals on the two dipoles location we
compare the two time series with a synthetic seismc trace on taken on G(-1.5 m,0 m). The
synthetic seismic signal is used for analyzing the coseismic signal arrivals. Here, the electrical
responses from the two dipoles are 180° out of phase as it was predicted on each opposite side of

the shopoint (Butler, 1996; Haines, 2004). We identify several events coming from interfacial
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and coseismic response. The first is the direct field effect from the hammer blow (DF), followed
by direct wave arrival (DW) accompanied with its coseismic counterpart (CS), reflected seismic
wave from L1-L2 (RE1-2) and its coseismic counterpart (CS1-2). We show the first
seismoelectric conversion from L2-L3 boundary (SE2-3) on 10.97 ms, followed by reflected
seismic wave from from L2-L3 boundary (RE2-3) along with its coseismic response (CS2-3) on
19.23 ms, seismoelectric conversion from L3-L4 boundary (SE3-4), and the reflected seismic
wave from L3-L4 interface (RE3-4) with its coseismic response conter part (CS3-4). From this
time series we did not detect seismoelectric conversion event from L1-L2 boundary on 3.65 ms,
which is buried under the direct wave coseismic response. We also show the additional
seismoelectric seismoelectric conversion coming from the secondary seismic wave (such as SE2-
3*, SE3-4*) and the coseismic response (like CS1-2*, CS2-3*, and CS3-4%*).

The 180° out-of-phase relation of direct-field effect, coseismic response, and
seismoelectric conversion events becomes more evident in the extrapolation of seismic and
seismoelectric signals if done in 24-channel acquisition system (Figure 5.5). We create
hypothetical 2 m spacing between geophones and midpoint of dipole electrodes, where hammer-
impact source is located between geophone-dipole 12 and geophone-dipole 13. In the
seismogram we show the arrivals of direct wave (DW) that is clearly show with its time offset as
the distance from shot position increased, accompanied with reflectes seismic wave from L1-L2
boundary (RE1-2), L2-L3 boundary (RE2-3), and L3-L4 boundary (RE3-4). In the electrogram,
we show the out-of-phase relation between receiver on the opposite side of the seismic source
and detect the arrivals of hammer induced direct-field effect (DS), coseismic response from L1-
L2 (CS1-2), L2-L3 (CS2-3), and L3-L4 (CS3-4) boundaries, as well as the seismoelectric

convertion events from L2-L3 (SE2-3), and L3-L4 (SE3-4) boundaries. We also detect a multiple

128



event arrival on the seismogram at ~ 45 ms that is coming from trapped waves between L1-L3
boundaries. This multiple event, however, is not related to the seismoelectric conversion multiple
on the electrogram (SE multiple) as the later one is coming from the interfacial response created
by the reflected wave from L3-L4 boundary crossing the L2-3 boundary. From the synthetic
multi-channel seismogram and electrogram, we shows that distinction of seismoelectric events
could be done better compared to the two channel sounding measurement for future

electrokinetic studies.

5.4. Discussion

Taking our computed electrical signal from Dipole-1 and Dipole-2 on Figure 5.4 and
compare these with the field sounding data on Figure 5.1 we describe several interpretative
points as it is shown in Figure 5.6. Here blue line representing field electrical data and black line
is the modeling time series. Based on the wave propagation snapshot generated from this model,
we show the possibility of Event 1 is coming from a composite of direct field effect (DF) and
coseismic direct wave arrivals (CS). Next, the in-phase Event 2 represents the L2-L3
seismoelectric conversion (SE2-3) and Event 3 is a reflected coseismic wave from L2-L3
boundary (CS2-3). We flip the polarity of computed receiver-2, so that it will be comparable
with the automatically flipped signal on measured signal on dipole-2 by the EK GFS2500
system. The analysis of measured signal on both measured signals suggests that polarity of each
seismoelectric events is by nature out-of-phase at the opposite side of seismic source. One
anomaly is the measured coseismic event of on 19.23 ms that seems to be in-phase before the
polarity reversal. This is probably caused by the tertiary electrical effect, such as chemical

reaction from the melting snow, which induced extra electrical signal forming in-phase behavior
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of this particular signal. The melting of the snow, especially around the electrodes may be a
possible reason for the instability of dipole-2 time series, showed by the nonlinear trend along
time. In general, however, the 4-layer model that we propose here represents one of many
possible solutions of true subsurface model of Glacier de Tsanfleuron. We choose to stick with
the 4-layers model for our further analysis and interpretation since it is created based on GPR,
crosswell seismic, and geological studies done on the vicinity of the measurement site (see
Kulessa et al, 2006; Hubbard et al, 2000; 2003), and the resulting synthetic time series happens
to shows an arrival that matched the arrival of Events-2 in the field data.

In order to extract the seismoelectric conversion / interfacial response events from the
computed time series we do subtraction method from the synthetic signal. To do this we are not
using the averaging method as it was proposed in Kulessa et al. (2006). Instead, we subtract the
full events time series with another computed signal that contain only the coseismic energy. This
can be done by using the normalized amplitude of seismic wavefield that basically contain the
same coseismic energy, or by using the electrical time series and do a brute zerofication of
events following the direct-wave coseismic. Note that this method only works for analysis for
computed seismoelectric time series, while for real data separation of events are impossible to
done (see Haines, 2004 for further details). In Figure 5.7, we compare the extracted
seismoelectric conversion / interfacial response with the electric signal gradient of Kulessa
(2006). We show at both time series the possibility of interfacial responses existence such as
from snow-dry glacier boundary (SE1-2) on 3.65 ms, dry-wet boundary (SE2-3) on 10.97 ms,
and dry-wet boundary multiples on 16.9 ms.

The interpretations of the sounding data have several points need to address.

Seismoelectric measurement using sounding configuration is claimed to be appropriate for 1-D
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lithological studies since the strong coseismics signals only happens for the first few seconds on
the records, the measured signal dominated by the vertical component of the electric fields, and
the seismoelectric conversion events is 180° out of phase on the two receivers on the opposite
side of the shotpoint, while other events are in-phase (see Kulessa et. al, 2006; and Beamish and
Pearl 2004). These assumptions however, are irrelevant based on previous studies on
seismoelectric method. Firstly, strong coseismics signal could happen after the the seismic direct
wave passed the two dipole location, and it may come from the reflected seismic wave of
multiples trapped on the first layer of the subsurface. One illustration can be seen from a 24-
channels split-pread seismoelectric experiment from Garambois and Dietrich (2001). If the two
dipole electrodes on each side of the shotpoint can be seen as a sounding data, we can see that
the two time series still contain strong cosismic signals after the passage of the direct wave. This
is shows that even after the passage of direct seismic wave; we could still get strong coseismic
signal from various mechanism unless we assume or sure that the dominant energy stored in the
conversion process. Even in our glacial case example, the synthetic electric signal collected on
channel 12 and 13 of Figure 5.5 also contain some reflected cosismic signals that are stronger
than the seismoelectric conversions. In general, identification of the coseismics wave could not
done trivially for sounding measurement, unless we move to multi-channel electrodes (such as
24-channel modified seismogram) acquisition system. Here identification could be done by
looking at the time offset made by the coseismics signals (whereas it direct-wave or reflected
wave).

We also need to be critical about the behavior of the electric signal. In every surface
measurement (either it 2-dipoles sounding or 24-channel equipment) we deal with the existence

of air-soil (or snow) discontinuity. The consequence of this discontinuity it should give the
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vertical component of electric field on the surface equals to zero, while the electrical signal
measured by the electrodes on the surface measurements are none other than the horizontal
component of the fields (for conceptual illustration see Haines, 2004; and Butler et. al. 1996 for
examples from field data measurements). Also, if the electrodes arrangements of the two dipoles
are the same with Figure 5.1 then the 180° out-of phase relation for seismoelectric conversion
signals also exist for direct field effectd and the coseismics events. From these argumets,
therefore, we could see that the separation of direct field effect, coseismics, and seismoelectric
conversion signal from sounding measurement could not be done using averaging method
proposed in Kulessa et.al. (2006), and in general is not a trivial process (see Haines, 2004; and
Haines et. al., 2007; for examples of seismoelectric data processing and attempt on coseismics-

conversions signals separation on measured 24-channel data).

5.5. Conclusion

Through the numerical simulation, we show that a model could be created to explain the
seismoelectric response from dry-wet ice boundary collected from a real data from Swiss Alps
environment. In this case, the choosen model shows similarities with the shape and arrival times
of the measured seismoelectric signals, which suggests possible conversion mechanism close to
the interpretation of Kulessa et. al (2006). However, due to limitations of two-channel sounding
measurement, we should point that this model is only one of many possible solutions for Glacier
de Tsanfleuron. Regardless these restrictions, we could say that the proposed model is possibly
close to the true subsurface since it is constrained by the geometry and properties given from past
studies on the area. We show in the model that ice layer may comprise of dry and wet layers

indicated by the existence of the computed seismoelectric conversion signal on ~ 10 ms. On the
132



other hand, modeling results shows that measuring seismoelectric signal or electric data on
glacial environment in general could be challenging in term of fixing the electrodes position.
Instability of electrode position may happen due to snow melting around the receivers which
may cause shifting in the recorded time series. For further studies we would consider the usage
of multi-channel measurement system to give robust data and contrains for better interpretation.
We also propose repeatability for the seismoelectric measurements that would benefit the
monitoring operation on glacier properties changes. Potential applications of seismoelectric
method in cryospheric studies can be applied for local scale to regional scale observation. Active
seismoelectric techniques appear particularly well suited for detection and mapping of thin
water-bearing layers such as unlithified subglacial sediments or certain structures or inclusions
within snow and ice. These techniques also promise to allow estimation of layer permeability,

porosity, or water electrical conductivity.
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Table 5.1. Material properties used for the forward model of Glacier de Tsanfleuron.

Parameter

o

¢

Ow

Ko

L1
1.0x10™
0.6
1x10%
1.0x10°®
-100
960
1.0x10°
1000
1.8

L2
1.0x10°
0.04
1x10%
1.0x10"
-25
3600
1.0x10°
1000
0.12

L3
1.0x10°®
0.04
5x10™
1.0x10"
-25
3675
1.0x10°
1000
1.25

L4
1.0x10°
0.28
1x10%
1.0x10®
-15
4800
1.0x10°
1000
28

Units

Sm?

Sm

mV
ms
Pas
kgm
%
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Glacier de Tsanfleuron Electrical signal (mV/m)
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Figure 5.1:.Field data collected using two dipoles located on either side of the shot point
(Kulessa et al, 2006). Each dipole consists of two electrodes where electrode 2 and 3 serve
as reference. Receiver-1 time series is plotted in solid line and Receiver 2 in dashed line.
From the two time series we have Event 1 that is a longer period signal (LPC) possibly
related to hammer impact, Event 2 is a short period and in-phase signal (IPF) possibly from
dry-wet ice boundary, and Event 3 which is another short-period but out-of-phase signal
(OoPF) possibly from coseismic propagation or another interfacial conversion.
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Figure 5.2: Sub-glacier model for Glacier de Tsanfleuron consist of fresh snow layer (L1)
on top, dry Alpine glacier (L2), and wet Alpine glacier (L3), overlying the limestone
bedrock (L4).
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Figure 5.3: Snapshots of the wave propagation and volumetric current density. We identify
coseismic direct wave (CS) and hammer-induced direct field effect (DF) at 0.90 ms,
electrokinetic interfacial response from L1-L2 interface (SE1-2) at 4.87 ms, seismoelectric
conversion from L2-L3 interface (SE2-3) at 10.97 ms, a composite of reflected coseismic
event from L2-L3 intyerface and multiple waves trapped between L1-L2 on 19.23 ms, and
the seismoelectric conversion events from L3-L4 boundary on 27.85 ms (SE3-4). We also
show that the reflected seismic wave from L1-L2 boundary creates secondary wave (Seis*)
on the surface and propagates into the subsurface later than the primary seismic wave
(Seis). This generates additional seismoelectric events notably the secondary coseismic
wave (CS*) and interfacial response along its propagation path.
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Dipole—1 Glacier de Tsanfleuron, Electrical signal (mV/m)
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Figure 5.4: Computed electrical data from the two dipoles and a synthetic seismc trace on
G(-1.5 m,0 m) location. The electrical responses from the two dipoles are 180° out of phase
as it was predicted on each opposite side of the shopoint. We identify several events
coming from interfacial and coseismic response: Direct field effect from the hammer blow
(DF), direct wave arrival (DW) accompanied with its coseismic counterpart (CS), reflected
seismic wave from L1-L2 (RE1-2) and its coseismic counterpart (CS1-2), seismoelectric
conversion from L2-L3 boundary (SE2-3), reflected seismic wave from from L2-L3
boundary (SE2-3) along with its coseismic response (CS2-3), seismoelectric conversion
from L3-L4 boundary (SE3-4), and the reflected seismic wave from L3-L4 interface (RE3-
4) with its coseismic response conter part (CS3-4). Seismoelectric conversion event from
L1-L2 boundary on 3.65 ms however is buried under the direct wave coseismic response.
We also notice additional seismoelectric seismoelectric conversion coming from the
secondary seismic wave (see Figure 5.3) that also creating secondary seismoelectric
conversion (such as SE2-3*, SE3-4*) and and coseismic response (like CS1-2*, CS2-3*,
and CS3-4%).
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Figure 5.5: Extrapolation of seismic and seismoelectric signals if done in multi channel
configuration. We apply 2 m spacing between geophones and also with the midpoint of
dipole electrodes. Source is located between geophone-dipole 12 and geophone-dipole 13.
In the seismogram we detect the propagation of direct wave (DW), and reflections from
L1-L2 boundary (RE1-2), L2-L3 boundary (RE2-3), and L3-L4 boundary (RE3-4). In the
electrogram we detect the hammer induced direct field effect (DS), Coseismic response
from L1-L2 (CS1-2), L2-L3 (CS2-3), and L3-L4 (CS3-4) boundaries, as well as the
seismoelectric convertion events from L2-L3 (SE2-3), and L3-L4 (SE3-4) boundaries. The
Multiple arrival on the seismogram is not related to the seismoelectric conversion multiple
on the electrogram (SE multiple) as it was coming from the L3-L4 origin-reflected wave
penetrating the L2-3 boundary.
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Figure 5.6: Comparison between field data (blue line) and the modeled electrical responses
collected for receiver 1 and 2 (black line). With this model we show that Event 1 is related
with the arrival of direct field effect (DF) and direct-wave coseismics (CS), while Event 2
is possibly coming from L2-L3 seismoelectric conversion (SE2-3), and Event 3 is close to
the reflected coseismic wave from L2-L3 boundary (CS2-3). We flip the polarity of
receiver-2 so that it will be comparable with the automatically flipped measured signal on
dipole-2.
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Computed Interfacial Response Events after Coseismic signal Removal
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Figure 5.7: Comparison between extracted seismoelectric conversion / interfacial response
events after reduction of coseismic and direct field events with the electric signal gradient
of Kulessa (2006). We show at both time series the existence of seismoelectric conversion

from snow-dry glacier boundary (SE1-2) on 3.65 ms, dry-wet interface (SE2-3) on 10.97
ms, and dry-wet boundary multiples on 16.9 ms.
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CHAPTER 6

FIELD DATA INTERPRETATION: DETERMINATION OF THE WATER CONTENT IN
THE VADOZE ZONE

6.1. Introduction

Seismoelectric (seismic-to-electric conversion) and electroseismic (electric-to-seismic
conversion) techniques promise to be powerful methods in characterising the shallow subsurface
(e.g., Thompson and Gist, 1993; Dupuis and Butler, 2006; Dupuis et al., 2007, 2009; de Ridder
et al., 2009). Studies show that these methods are sensitive to various petrophysical properties of
interest including the permeability and the water content (e.g., Revil and Mahardika 2013).
While results from laboratory experiments are very encouraging (Zhu and Toks6z 2003; Zhu et
al. 1999, 2008; Bordes et al. 2008, 2009; Zhu and Toksdz 2012; Haas et al. 2013), its
hydrogeophysical applications in the field remain poorly-explored due to the difficulty of
recording seismoelectric signatures with adequate quality (Dean et al. 2012). Martner and Sparks
(1959) demonstrated that a seismic wave propagating through fluid-bearing subsurface media
generates two principal types of electrical field. The co-seismic electrical field is confined to the
seismic wave, and thus arrives at receiving surface electrical dipoles at the same time as the
associated compressional (P) or shear (S) seismic waves. Any electrical co-seismic signal
accompanying a seismic reflection received at the ground surface is therefore measured at the
two-way seismic travel time. From a hydrogeophysical perspective it is particularly significant
that a seismoelectric conversion event can be generated when a seismic wave impinges on an
interface across which the governing mechanical or chemical properties change (Martner and
Sparks, 1959; Thompson and Gist, 1993). In this case an electromagnetic wave is generated that
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is independent of, and diffuses to the surface nearly instantaneously compared to the travel time
of the seismic wave. Surface electrodes thus receive a seismoelectric conversion at the one-way
seismic travel time. The interfaces at which seismoelectric conversions are generated are usually
close enough to the surface that electromagnetic diffusion can be neglected and the problem
considered in the quasi-static limit of the Maxwell equations (Revil et al. 2003; Araji et al. 2012;
Revil and Mahardika 2013). In this case, the seismoelectric conversions can be treated as
transient streaming potentials generated at interfaces across which the electrokinetic coupling
coefficient changes (Chandler, 1981; Jardani et al., 2010; Araji et al., 2012; Sava and Reuvil,

2012).

Seismoelectric conversions are theoretically well-founded (e.g., Neev and Yeats, 1989;
Pride, 1994; Haartsen et al., 1998; Revil and Mahardika, 2013) and distinguishable in surface
seismoelectric data from diverse environmental settings (Butler et al., 1996; Mikhailov et al.,
1997; Russell et al., 1997; Garambois and Dietrich, 2001; Kulessa et al., 2006; Strahser et al.,
2007; Dupuis et al.,, 2007, 2009). The characteristics of seismoelectric conversions are
conceptually well-described by the coupling of the poroelastic Biot equations and the Maxwell
equations via a source current density of electrokinetic origin. Since the permeability, water
content, and electrical conductivity are governing parameters (Garambois and Dietrich, 2002;
Pain et al., 2005; Haines and Pride, 2006; Jardani et al., 2010), seismoelectric techniques emerge

as attractive tools in hydrogeophysics.

Seismoelectric method also promises to be uniquely sensitive to thin layers, which
conceptually can not only be detected down to thicknesses of ~ 1/20™ of the dominant seismic

wavelength, but should also generate much stronger responses than single interfaces (Haines and
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Pride, 2006). Unsurprisingly, seismoelectric conversions can therefore not only be produced at
the water table (e.g. Mikhailov et al., 1997; Dupuis et al., 2007), but also by saturation changes
in the vadose zone of unconfined aquifers (e.g., Dupuis et al., 2007) or within polythermal
glaciers (Kulessa et al., 2006). However, seismoelectric method is not normally used in
hydrological practice due to (i) simple and robust frameworks for inversion for hydrological
properties and processes are unavailable; and (ii) the acquisition and processing of seismoelectric

signals can be a daunting prospect (Butler and Russell, 1993).

The general purpose of this study is that we want to demonstrate that high-quality
seismoelectric data can collected using commercially available equipments. We propose a simple
but robust framework for the elimination of environmental and powerline noise, and demonstrate
how the amplitudes of seismoelectric conversions can be inverted to determine the water content
profile of the vadose zone. In this test case, we want to solve four fundamental questions based
on data acquisitoin on the Sherwood Sandstone aquifer in NE England: These questions are: (1)
How strong are seismoelectric conversions produced within the vadose zone compared to those
from the water table and possibly the saturated zone? (2) Is it possible to separate seismoelectric
conversions generated in the vadose zone of an unconfined aquifer from the co-seismic electrical
field and environmental noise? (3) Are vadose-zone seismoelectric conversions associated with
changes in water content, and if so, what is the relationship between the amplitudes of vertical
water-content changes and the corresponding amplitude of the seismoelectric conversions? (4) Is
it possible to model the relationship between watr-content changes and seismoelectric
conversions? For this chapter, however, we mainly want to search for one of many possible
model of geometry and properties which can describe the origin of the seismoelectric events

measured by two-dipoles sounding experiment. Using the forward modeling computation, we
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would propose a model that is constrained by geometry and properties given from surface
seismic, vertical seismic profiling (VSP), and moisture content data. As the procedure for the
glacial test case we would do sensitivity analysis for the seismic source properties and the
subsurface properties so that the synthetic seismoelectric conversion time series will be in close

agreement with the measured / processed seismoelectric conversion signals.

6.2. Field Site and Methodology

The physical, geological, hydrogeological, and hydrogeophysical settings of our study
area near the village of Great Heck, Yorkshire, along with a summary of previous work, is
described in detail in West and Truss (2006). In this site the glacial till cover was absent so that
the top of the 14.5 m thick vadose zone of the Sherwood Sandstone was directly accessible.
Furthermore, spatially highly-resolved (0.25 m intervals) moisture content-depth profiles down
to 11.25 m were available from borehole Time-Domain Reflectometry (TDR), as well as
lithological profiles derived from sandstone cores (West and Truss, 2006, their Figure 5). The
vadose zone on this site consists mostly of horizontally stratified deposits of fine to coarse
grained sandstones typically 0.3 to 1.5 m thick. Volumetric moisture content ranges from ~ 0.15
to 0.33 (Figure 6.1), as facilitated by substantial differences in the grain sizes of the sandstone
units (West and Truss, 2006). The water contents shown in Figure 6.1 are represented as the
arithmetic mean of nine repeat borehole logs acquired over a 10-month period between
December 2002 and October 2003. We expect the first few meter below the ground surface,
approximately, to be poorly cemented since our study site was previously used for sand

extraction in quarrying operations.
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Seismoelectric soundings conducted in July 2003 within 25 m of each other at four
locations centred on the axis spanned by two boreholes drilled 15 m apart to 30 m depth (Figure
6.2). We used the commercial Groundflow EKS GF2500™ (see www.groundflow.com) for
seismoelectric data acquisition. A sledge hammer blow on an aluminium plate was used as the
seismic source. An aluminium plate was used because it has the best shot-to-shot repeatability.
Respectively two 0.5 m long copper rods, spaced 2 m apart at 0.5 m and 2.5 distance from and
in-line with the shotpoint, served as the two receiving antennas (see Kulessa, 2006, for a detailed
illustration of acquisition geometries). At each of the four seismoelectric sounding locations ten
repeat shots were recorded. The seismoelectric experiment is complemented by two types of
seismic surveys. Split-spread surface seismic data were recorded simultaneously with the
seismoelectric data, using 24 (40-Hz) vertical geophones connected to a Geometrics Geode
seismograph (see www.geometrics.com). Geophone spacing was 1 m and the seismic array was
centred on the respective seismoelectric shotpoint, aligned parallel to the axis spanned by the
seismoelectric array at a distance of ~ 1 m. We do vertical seismic profiling (VSP) of the vadose
zone, using a 3-component Geostuff BHG-2 borehole geophone (see www.geostuff.com) and our
hammer-and-plate source. The geophone was lowered at 0.5 m intervals down the northern
borehole (labelled BH-N in Figure 6.2) and the plate was hit at the surface at a distance of 14 m
immediately adjacent to the southern borehole (shotpoint labelled VSP; in Figure 6.2), and vice
versa for geophone deployment in the southern borehole (BH-S) and shots adjacent to the

northern borehole (VSP,).
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6.3. Results

The seismoelectric traces, recorded with the two dipole electrodes located on either side
of the shotpoint typically had maximum absolute amplitudes of several tens of millivolts (Figure
6.3a). The characteristics of the received signals are similar to those reported previously by
Kulessa et al. (2006, their Figure 3). Strong, longer-period components commonly dominated the
first 15-20 ms of the measured signals, onto which many shorter-period in-phase (e.g., between ~
2-3, 5-6 and 10-11 ms in Figure 6.3a) and out-of-phase (e.g. between 11-20 ms in Figure 6.3a)
components were superimposed. After ~ 35 ms strong 50 Hz powerline noise dominated the
signals until the end of the recording period (Figure 6.3a), appearing in-phase across the two
dipoles on either side of the shotpoint. The associated split-spread seismograms were dominated
by direct arrivals and surface waves, while reflected or refracted arrivals are not readily apparent
(Figure 2b). The first four to six seismic channels were typically saturated with surface-wave
energy, confirming good shot coupling with the ground surface. Whilst good energy transmission
is favourable for the generation of seismoelectric conversions in the subsurface, it is
unfortunately also likely that the co-seismic electrical field is strong since the first six geophones
are co-located with the seismoelectric antennas (Figure 6.1). We therefore expect potential
seismoelectric conversions to be superimposed on strong co-seismic energy and powerline noise.
We also expect co-seismic reflected or refracted arrivals (such as e.g. the electrical field produce

by head waves proposed by Mikhailov et al., 1997) to be less pronounced or absent.

Assuming straight seismic ray propagation and horizontal stratification of sandstone
units, seismic velocities are readily determined from first-arrival VSP data and averaged for the

two boreholes to estimate a seismic velocity-depth profile for the vadose zone. Velocities have a
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mean of ~ 811 m s and decrease from maximum values of > 850 m s™ at around 1.5-2 m depth
to relatively low values of < 800 m s™* at around 8-9 m depth, whence increasing again to above-
average values closer to the water table (located at 14.5 m; Figure 6.1). Many smaller
fluctuations with metre-scale spatial amplitudes are superimposed on this general velocity trend.
The absolute value of the sharp near-surface velocity gradient, apparent as > 100 m s™ within the
first two metres of the ground surface (Figure 6.1), is debatable owing to the straight-ray
assumption. It is, nonetheless, consistent with our expectation of poor very near-surface

cementation of sandstone deposits owing to previous quarrying operations (see Section 6.2).

6.4. Interpretation of the field measurements

Since seismoelectric conversions are the focus of this study, our initial concern is the
elimination of the co-seismic and powerline-noise components from the total measured

seismoelectric signals.
6.4.1. Signal pre-processing

Seismoelectric conversions received by two antennas on opposite sides of a shotpoint (R-
1 R-2), the co-seismic arrivals, and the direct field effect induced by the hamme impact are
expected to be 180° out of phase (see Butler et al 1996, Haines and Pride 2006), while the
powerline noise are in phase. The in-phase powerline noise is, indeed, readily apparent in our
raw seismoelectric data (Figure 6.3a). In this study, the seismoelectric conversion signals are
extracted using averaging method given in Kulessa et al. (2006). Despite its simplicity, this

averaging method posse some controversies related to the assumption of the nature of
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seismoelectric signal. In later part of the chapter we will address the issue surrounding this
method, and we will also describe the problem with sesismoelectric sounding measurements in
general. We will also assume that after the passage of direct seismic wave on R-1 and R-2 the
measured dominant energy are mostly coming from the seismoelectric conversion mechanism

rather than the reflected coseismics signals.

For continuity of this chapter, however, we will assume that the resulting time series from
averaging method gives acceptable seismoelectric conversion signals that we can analyzed using
the forward modeling computation. We also assume the processed seismoelectric signal on
Figure 6.4 are created from convolution of wavelet function generated by the seismic source with
the seismoelectric transfer function / impedance that are mainly influenced by the moisture
content. We assume the convolusional behavior exists in the conversion time series, despite the
independent wavelet shape from each moisture changes are not visible in the data. Whether or
not the seismoelectric conversion time series contain convolusional waveform is not the main
objective of the current chapter. The dominant conversion event assumption is important for data
interpretation since in the seismogram (Figure 6.3b) — especially on the 6-seismic traces close to
the shotpoint - we could see strong arrivals even after the passage of direct seismic wave.
Although it sound not realistic, we assume that the traveling seismic wave in the subsurface can
not produce strong coseismics signals due to dominant mechanism for electric signal generation
ares coming from conversion effects. Then it is clear that seismoelectric conversion data is also
assumed to be free of coseismics response despite in most cases these two signals could not be
trivially separated (see Haines, 2004 and Haines et al. 2007 for example of signal separation
attempt). Seismoelectric conversion time series after noise-minimisation and stacked processing

(hereafter pre-processed seismoelectric signal) lacks a distinct signature from the water table,
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which we expect at ~ 17.5 ms one-way seismic travel time (marked by an arrow in Figure 6.4)
based on travel time-depth conversion using our VSP data (Figure 6.1). Indeed, while there is
also a remarkable lack of seismoelectric conversions received from the saturated zone (> 17.5 ms
in Figure 6.4), we observe that strong seismoelectric conversions return from the vadose zone.
These returns are characterised by shorter-term fluctuations, typically several milliseconds long,

superimposed on a longer-term positive background trend (< 17.5 ms in Figure 6.4).
6.4.2. Amplitude — water content relationship

Along with the transient pressure disturbances forced by a downgoing seismic wave,
seismoelectric conversions are sensitive to energy loss due to spherical spreading. We have
therefore spherically corrected our seismoelectric conversion, and additionally smoothed it with
a 0.25 m mean that corresponds to the depth interval over which the available volumetric
moisture contents are integrated. We have also removed the data from the first 1.25 m below the
ground surface since they were unreliable given the assumption of straight seismic-ray travel
(above). Comparison of the pre-processed seismoelectric signal (Figure 6.5a) with the volumetric
moisture content-depth profile (Figure 6.5b) readily reveals an inverse relationship. For instance,
the seismoelectric conversion increases over the first ~ 1-4 m as moisture content decreases,
followed by a series of predominantly inverse major fluctuations from ~ 4-9 m and respectively
the final decrease or increase in seismoelectric conversions and moisture content between ~9 m

and 11 m (Figure 6.5).

To quantify these observations we have picked the principal peak-to-peak positive and
negative changes in seismoelectric conversions and moisture-content amplitudes. A cross-plot of

these changes (Figure 6.6) confirms a statistically significant (R*> = 0.81) linear relationship
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between seismoelectric conversion and volumetric moisture contents. The description of the
statistical relationship / empirical model of the cross plot is given on Kulessa et al 2013
(submitted to Geophysical Journal International). Note that the least-squares regression line was
forced through the origin assuming that seismoelectric conversions cannot be generated in the
absence of moisture-content changes. Allowing for some natural and statistical variability we can
therefore infer that seismoelectric conversions are produced in close vertical succession within
the vadose zone. We emphasize that this relationship is robust within the combined study areas
of West and Truss (2006) and that reported here, which were co-located within some 50 metres
of each other. The relationship is robust because volumetric moisture contents were averaged
over several boreholes and several measurement periods (West and Truss, 2006), while the
seismoelectric conversions inferred here were averaged over some ten repeat shots at four
different sites. We can therefore conclude that seismoelectric sounding data, judiciously
processed for seismoelectric conversions, can serve as proxies for moisture content in the vadose

zone of unconfined aquifers.

In later section, we will show that using a numerical modeling experiment that this
capacity is due to the fact that the pre-processed seismoelectric signal is dominated by
electrokinetically-induced seismoelectric conversions at times later than ~ 4 ms, after which
coseismic energy returns effectively become negligible. As Haines & Pride (2006) demonstrated
that layers as thin as 1/20th of the dominant seismic wavelength should generate strong
seismoelectric conversions. In our case the mean seismic velocity in the vadose zone was 811 m
s and the dominant seismic frequency was 61 Hz, implying that layers as thin as ~ 0.6 m should
generate detectable seismoelectric conversions. Vadose-zone volumetric water contents typically

vary on this scale (Figures 6.1 and 6.5b), effectively representing vertically-successive thin
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layers each producing a strong electrical dipole. Our inference of a temporally continuous
seismoelectric conversion (Figure 6.5a), produced at the surface by the superimposed effect of

these dipoles, is therefore consistent with Haines & Pride (2006).

6.5. Discussion

The interpretations of the sounding data have several points need to address.
Seismoelectric measurement using sounding configuration is claimed to be appropriate for 1-D
lithological studies since the strong coseismics signals only happens for the first few seconds on
the records, the measured signal dominated by the vertical component of the electric fields, and
the seismoelectric conversion events is 180° out of phase on the two receivers on the opposite
side of the shotpoint, while other events are in-phase (see Kulessa et. al, 2006; and Beamish and
Pearl 2004). These assumptions are incorrect based on previous studies on seismoelectric
method. Firstly, stong coseismics signal could happen after the the seismic direct wave passed
the two dipole location, and it may come from the reflected seismic wave of multiples trapped on
the first layer of the subsurface. In general, identification of the coseismics wave could not done
trivially for sounding measurement, unless we move to multi-channel electrodes (such as 24-
channel modified seismogram) acquisition system. Here identification could be done by looking

at the time offset made by the coseismics signals (whereas it direct-wave or reflected wave).

Since the seismoelectric measurements are done as surface acquisition system (either it 2-
dipoles sounding or 24-channel equipment) we deal with the existence of air-soil discontinuity.

The consequence is the vertical component of electric field on the surface equals to zero, while
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the electrical signal measured by the electrodes on the surface measurements are none other than
the horizontal component of the fields (for conceptual illustration see Haines, 2004; and Butler
et. al. 1996 for examples from field data measurements). Also, if the electrodes arrangements of
the two dipoles are the same with Figure 6.2 then the 180° out-of phase relation for
seismoelectric conversion signals also exist for direct field effectd and the coseismics events.
From these arguments, we should understand that the separation of direct field effect, coseismics,
and seismoelectric conversion signal from sounding measurement could not be trivially done

using averaging method proposed in Kulessa et.al. (2006).

6.6. Seismoelectric Model

We present here a numerical experiment to complement our field study. Our goal is not to
reproduce exactly the field seismoelectric data, but to place the inferred empirical model, relating
seismoelectric conversions to volumetric water contents, on a solid physical grounding.
Therefore, the choice wavelet function and its frequency content for seismoelectric modeling is
different with wavelet properties that we can infer from the seismogram of Figure 6.3. We use
the theory developed in Revil and Makhardika (2013) and apply this to simulate the

seismoelectric conversion in the vadose zone.

We use the water content and VSP velocity data given in Figure 6.1, and the additional
material properties given in Table 1 to construct to construct the permeability (Pokar et al. 2006),
water saturation and electrical resistivity (Binley et al. 2002, their Figure 4) shown in Figure 6.7.

The area of interest corresponds to a 25 m x 25 m 2D subsurface model that matches the seismic
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split-spread acquisition (Figure 6.3b) and incorporates the seismoelectric and borehole VSP
geometry. We place a seismic source on the top surface at position SO (0 m, 0 m). The seismic
source is a Gaussian function with a magnitude of 120 N m that typifies a hammer blow on a
plate (Keisswetter & Steeples 1995), and the dominant frequency is fc = 500 Hz. Simulating the
geometry of the field experiment (Figure 6.3b), our numerical experiment used 24 geophones in
split-spread configuration, and four electrodes making up two sets of electrical dipole antennas.
The separation between the geophones is 1 m and the two electrodes are spaced 2 m apart at 0.5

m and 2.5 m distances from and in-line with the shotpoint.

We solve the poroelastodynamic wave equations and the Poisson equation for the
electrical potential in the frequency domain using the finite element method (Comsol
Multiphysics 4.2a). We compute the poroelastic and electric property distributions given the
porosity, fluid permeability and saturation profiles, before solving for the displacement of the
solid phase and the pore-fluid pressure. Finally, we compute the electrical potential by solving
the Poisson equation coupled to the poroelastodynamic problem for a frequency range of 10-
1000 Hz that is characteristic of seismic and seismoelectric measurements. We then compute the
inverse fast Fourier transform (FFT™) to get the time series of the seismic displacements u, and
Uz, and the time series of the electrical-potential response (see Jardani et al. 2010). The meshing
option for the whole computation is 0.25 m x 0.25 m grid-squares that are smaller than smallest
wavelength of the seismic wave, which corresponds to the smallest mesh for which the solution
of the partial differential equation is mesh-independent. At the four external boundaries of the
domain we apply a 2.5 m thick Convoluted Perfect Matched Layer (C-PML, see Jardani et al.

(2010) for further details on the implementation).
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6.7. Model application and results

The application of our numerical model follows a four-stage strategy (I to IV below).

() We compute the full 24-channel seismograms and electrograms (Figure 6.8),
dominated by the seismic direct wave as well as two seismic reflections (annotated in Figure
6.8a) that correlate with major changes in VSP-derived seismic velocities centred at depths of ~
4 m and ~ 7m (Figure 6.1). The associated electrogram is characterised by corresponding
coseismic returns from the direct wave and the two reflections, and additionally by a series of

seismoelectric conversions and a direct-field contribution (annotated in Figure 6.8b).

(1) We simulate the total seismoelectric signals as they would be received by the two
dipoles in our field experiment (Figure 6.9a; see dipole locations and polarity conventions
annotated in Figure 6. 8b), as well as the coseismic and direct field contributions to that total
signal (Figure 6.9b). The total modelled seismoelectric signals for dipoles 1 and 2 are
characterised by strong, longer-period components that dominate the first 4 ms, followed by
many shorter-period signals (Figures 6.9a and 6.9b). Given the dipole locations and polarity
conventions annotated in Figure 6.8b, we confirm that seismoelectric conversions and coseismic
and direct-field events are out-of-phase between dipoles 1 and 2 (Figure 6.8b and 6.9a). This
confirms the polarity behaviours inferred from field observations (Butler et al. 1996), theory
(Haartsen & Pride 1997) and numerical computation (Haines & Pride 2006), and first explained
conceptually in Butler et al. (1996). While the total seismoelectric signals at the two dipoles are
dominated by the direct field and strong co-seismic energy at early times (< 4 ms; annotated in
Figure 6.9a), seismoelectric conversions are dominant later in time (> 4 ms). Numerical

simulation of the coseismic and direct-field contributions only (Figure 6.9b) confirms that
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coseismic and direct-field contributions are strong only at times less than ~ 4 ms, with minor
contributions from coseismic energy at ~ 11 ms and ~ 17 ms caused by the two seismic

reflections.

(111) The modelled coseismic and direct field contributions (Figure 6.9b) are subtracted
from the total modelled seismoelectric signal (Figure 6.9a), emphasising the contribution of the
seismoelectric conversions to the latter (Figure 6.9c). The conversions are revealed to have
considerable amplitudes between the start of the time series and ~ 11 ms, and to continue
towards later times with smaller amplitudes (>> 20 ms) (Figure 6.9¢c). Similar to the field data
(Figure 6.6), the modelled seismoelectric conversion (Figure 6.9c) at the water table is small
compared to conversions in the vadose zone above it. It is highly significant that strong
seismoelectric conversions occur within the vadose zone (Figures 6.9a,c) at times (> 4 ms) when
the coseismic and direct-field contributions (Figures 6.9a,b) are small or negligible, and indeed
even at times when they are not (< 4 ms). This behaviour readily explains the statistically-
significant relationship between the principal amplitudes of the seismoelectric conversions and
vadose-zone volumetric water contents inferred from our field data (Figure 6.6), which used data
from times outlined by the red box in Figure 6.9c. We may thus hypothesize that modelled
seismoelectric conversions (Figure 6.9c) should likewise correlate well with vadose-zone

volumetric water contents.

(IV) Modelled seismoelectric conversions (Figure 6.9c) are therefore processed in the
same way as the field data, using egs (1) and (2) together with spherical correction and
smoothing with a 0.25 m running mean (Figure 6.10a). Processed seismoelectric conversions

(Figure 6.10a) are characterised by the same inverse relationship with volumetric water content
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(Figure 6.10b) as the field data. The computed seismoelectric conversions similarly increase in
amplitude over the first ~ 1-4 m as volumetric water content decreases, followed by a series of
predominantly inverse major fluctuations from ~ 4-9 m, and respectively the final decrease or
increase in seismoelectric conversions and volumetric water content between ~ 9 m and 11 m
(Figure 6.10). This allows the principal peak-to-peak amplitudes of the seismoelectric
conversions to be picked and plotted against those of vadose-zone volumetric water contents
(Figure 6.11), in exactly the same way as we did for the field data. Encouragingly, we obtain a
statistically-significant relationship (R2 = 0.76) between the conversion and water content
amplitudes (Figure 6.11), which confirms our hypothesis. Numerical modelling is therefore able
to place the empirically inferred seismoelectric conversion-volumetric water content relationship

on a solid physical grounding, as anticipated.

6.8. Conclusions

Through the numerical simulation, we show that a model could be created to explain the
seismoelectric response from moisture content changes inside the vadoze zone. In this case, the
choosen model shows similarities with the shape and arrival times of the measured
seismoelectric conversion signals. However, due to limitations of two-channel sounding
measurement, we should point that this model is only one of many possible solutions for this
field site. Regardless these restrictions, we could say that the proposed model is possibly close to
the true subsurface since it is constrained by the geometry and properties given from other
geophysical methods. From this experiment we conclude that (1) vadose-zone seismoelectric

conversions can be much stronger than those originating at the water table or within the saturated
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zone; (2) vertical changes in vadose-zone volumetric water contents produce seismoelectric
conversions that generate a continuous seismoelectric conversion signal at the ground surface.
Linear regression can calibrate seismoelectric conversion amplitudes in terms of those of
volumetric water contents; and (3) seismoelectric numerical modelling from fundamental
principles can reproduce the empirically inferred seismoelectric conversion — volumetric water
content relationship, thus placing it on a solid physical grounding by confirming that it arises
from transient streaming potentials generated by seismically-induced pressure disturbances, as
governed by the unsaturated electrokinetic coupling coefficient. Under favourable circumstances
and pending affirmation and refinement by future research, seismoelectric sounding at the
ground surface shows considerable potential to serve as a non-intrusive vadose-zone water
content sensor. Specific attention should be paid to the generation of seismoelectric conversions
at the water table, and the modulation of the amplitudes of such conversions by the capillary
fringe. For further studies we would consider the usage of multi-channel measurement system to
give robust data and contrains for better interpretation. We also propose repeatability for the
seismoelectric measurements that would benefit the monitoring operation on glacier properties

changes.
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Table 6.1. Material properties used in the seismoelectric forward modeling.

Parameter Symbol  Value Units
Matrix density grains Ds 2650 kg m™
Water density P 1000 kg m™
Matrix bulk modulus Ks 36.5 GPa
Frame bulk modulus Kir 0.65 GPa
Shear modulus G 0.09 GPa
Water bulk modulus Kw 0.20 GPa
Water viscosity Nw 1x10° Pas
Permeability Ko 1x107 Pa.s
Water conductivity Ow 6.8x107 Smt
Surface conductivity 05 1x10° Sm?
Air Density Py 1.205 kg m™
Air bulk modulus Kg 0.140 MPa
Air viscosity g 2x107° Pas
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Figure 6.1: Volumetric water content-depth profile in the vadose zone (from West and
Truss, 2006), and root-mean-square (RMS) seismic velocities derived from vertical seismic
profiling (VSP; see geometries in Figure 6. 2). The water table is located at ~ 14.5 m depth.
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Figure 6.2: Field acquisition geometries. The four seismoelectric sounding locations (SE1-
SE4) were complemented by VSP surveys (see data in Figure 6. 1) using borehole
geophone spacings of 0.5 m down to the water table at 14.5 m, and hammer-and-plate
shotpoints at VSP1 (for geophone deployment in the northern borehole, BH-N) and VSP2
(for geophone deployment in the southern borehole, BH-S). Only selected geophone
positions are indicated for figure clarity.

161



a 40 1

305H

20 1 Dipole A

I\

Voltage (mV)

-20 - Dipole B

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Time (ms)

Geophone Position (m)

b -10 -5 ¢ ¢4¢ * 5 10

20

Time (ms)
N
o
1

[e2]
o
1

80

100 -

Figure 6.3: Recorded seismoelectric and seismic data (a) Raw seismoelectric sounding data
recorded at SE3 (see Figure 6.1) for dipole antennas A and B, respectively spanned by two
electrodes at distances of 0.5 m and 2.5 away from, and on opposite sides of, the shotpoint.
(b) Corresponding split-spread seismogram using 24 40-Hz vertical geophones spaced 1 m.
In (b) the locations of the seismoelectric electrodes are indicated by arrows, and the
shotpoint is indicated by a star.
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Figure 6.4: Processed seismoelectric data revealing seismoelectric conversions in the
vadose zone. The arrow indicates the position of the groundwater table at ~ 17.5 ms.
Seismoelectric modelling (Figure 6. 9) identifies the seismoelectric conversions and co-
seismic arrivals of which this measured signal is composed.
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Figure 6.5 Voltage and volumetric water content versus depth. a. Seismoelectric
conversions from depths of 1.25-11.25 m following application of egs (1) and (2), with

spherical correction applied and smoothed with a 0.25 m running mean. b. Volumetric
water content-depth profile from TDR measurements.
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Figure 6.6: Statistical relationship between principal spatial amplitudes (picked from
Figure 5) of volumetric water content against those of seismoelectric conversions.
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