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S U M M A R Y

Series of experiments were performed to study the spectral induced polarization (SIP) response

of sands fully saturated with water, into which gaseous CO2 or N2 was injected, in the frequency

range 0.5 Hz–20 kHz. Three main observations were made. (1) SIP parameters were always

most affected by gas injection when the frequency of the injected signal was in the intermediate

range (1 < f < 20 kHz). This point emphasizes the interest of broadening the frequency range

of SIP surveys toward intermediate frequencies. It also implies that more work is needed in

order to understand and quantify the parasitic effects that occur at this frequency range (EM

coupling and electrode polarization). (2) Through all the experiments performed, we were able

to distinguish the parameters variations caused by a reduction of the water saturation level

(invasion of a resistive gas phase in the porous space) from those resulting from dissolution

processes (increase of the electrical conductivity of the saturating water). (3) The quadrature

conductivity σ ′′, which is mainly linked to the capacitive properties and inductive response of

the media, always shows relative variations stronger than the resistivity of the media, hence

demonstrating the interest of the additional information provided by the SIP method as against

the classical resistivity method.

Key words: Electrical properties; Hydrogeophysics; Permeability and porosity.

1 I N T RO D U C T I O N

Carbon capture and storage (CCS), which consists of storing carbon

dioxide (CO2) in deep, structurally adapted geological formations,

is considered today as a viable strategy to reduce the increase of

anthropogenic CO2 emissions in the atmosphere. To ensure the

long-term efficiency of CCS and prevent environmental impacts

associated with CO2 leakage into nearby aquifers, it is imperative

for the technical and scientific community to develop and display

on-site monitoring tools that allow the detection and quantification

of any CO2 transfer out of the targeted geological formation.

Several approaches are possible (e.g. Liu 2012). Geochemical

analysis can be applied to monitor the presence of dissolved species

that could result from CO2 dissolution in water and/or its consequent

acidification (e.g. Carroll et al. 2009). In aqueous environments

(lake, ocean), sonar-type methods can be used to detect bubble

stream flow through water (e.g. Brewer et al. 2006). When high

permeability zones are precisely located (well bores and faults),

atmospheric monitoring chambers can be displayed at the surface

to detect any abnormal CO2 flux originating from the soil (e.g.

Edwards & Riggs 2003; Madsen et al. 2009). Most monitoring

strategies also include the use of geophysical methods to perform

time-lapse monitoring of various physical properties of the shallow

subsurface, in an indirect way. Among them, geoelectrical methods

are of particular interest since they show a good sensitivity to the

nature, composition and repartition of fluids in the subsurface and

because they exhibit a much lower cost of implementation than

seismic methods, which are often used by the oil and gas industry.

To date, many studies have highlighted the capacity of the elec-

trical resistivity tomography (ERT) method to detect a CO2 transfer

in the subsurface. Some of them consisted of laboratory scale in-

vestigations (e.g. Nakatsuka et al. 2010; Breen et al. 2012) and

others of field-scale experiments (e.g. Xue et al. 2006; Kiessling

et al. 2010; Auken et al. 2014). Most of these studies emphasize

the fact that the ERT signals show a good sensitivity to liquid/gas

saturation levels, thus allowing the detection of saturation variations

induced by the presence of a gaseous plume in the subsurface, that

is, a CO2 leakage path (e.g. Bergmann et al. 2012; Carrigan et al.

2013). Other shows that the ERT methods are also capable of detect-

ing CO2 and/or mineral dissolution in the saturating water if these

processes bring significant changes to the saturating fluid electrical

conductivity (EC; e.g. Peter et al. 2012; Vialle et al. 2014).

The spectral induced polarization method (SIP) is another geo-

electrical method that allows a broader geophysical characterization

of geomaterials since it consists in the simultaneous measurement of

the electrical resistivity of the ground and of a parameter generally
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called phase that can be used to describe the capacitive properties of

the ground. The SIP method consists of studying the magnitude of

these two parameters and their dependence on the frequency of the

injected electrical signal. In many cases, the additional information

provided by this method permits a more complete and precise in-

terpretation of the structural and mineralogical composition of the

subsurface compared to ERT surveys alone (e.g. Kemna et al. 2004;

Schmutz et al. 2011), and a better understanding of the interactions

existing between the solid matrix and the saturating fluid. SIP pa-

rameters have been proved to be sensitive to the saturation level of

rocks (e.g. Ulrich & Slater 2004; Cosenza et al. 2007; Breede &

Kemna 2012) and the chemical composition of the saturating fluid

(e.g. Lesmes & Frye 2001; Skold et al. 2011; Vaudelet et al. 2011;

Weller et al. 2011). Other studies have also shown that SIP signals

could be related to structural parameters of the rock such as the

main grain diameter (e.g. Leroy et al. 2008), the mean pore throat

size (e.g. Scott & Barker 2003; Binley & Kemna 2005) and the

specific surface area (e.g. Weller et al. 2010).

This paper aims to assess whether the additional information

provided by SIP measurements make this method relevant for the

monitoring of CO2 transfers in the subsurface, and for the imple-

mentation of SIP measurements as part of a monitoring network. To

the best of our knowledge, Dafflon et al. (2013) were the first to ap-

ply induced polarization measurements to monitor a CO2 intrusion

in the shallow subsurface. However, they limited their study to the

case of an intrusion of water saturated with dissolved CO2, neglect-

ing the case of a gaseous CO2 transfer. Furthermore, the frequency

dependence of SIP parameters was not studied.

In this paper, we present the results of a set of metric scale

experiments, performed in controlled conditions, aiming at studying

the impact of a gaseous CO2 injection on the SIP response of well-

characterized unconsolidated granular media fully saturated with

water. It is important to point out that our purpose is to study

the capacity of the SIP method to detect a CO2 leakage in the

shallow part of the subsurface, not its capacity to monitor the deep

storage area itself. By working with a relatively simple medium,

but still representative of the kind of material one can encounter in

the subsurface (such as sandy aquifers), we aim to understand the

first-order physicochemical phenomena induced by a CO2 leakage

in the shallow subsurface and observe whether they may have a

consequent impact on SIP parameter magnitude. In a companion

paper (Kremer et al. 2016), we present an extended modeling work

that brings valuable elements toward a better understanding of the

experimental data presented here.

2 M AT E R I A L S A N D M E T H O D S

2.1 Spectral induced polarization

In the subsurface, electrical current circulates thanks to the move-

ment of ionic or electronic charges through conductive phases. De-

pending on the frequency of the electrical signal injected, current

injection can lead to different polarization processes which basically

result from the accumulation of these charges at the interface be-

tween the different components of the ground. In the low-frequency

range (f < 100 Hz), in the absence of metallic particles, the dominant

mechanisms are the polarization of the electrical double layer that

exists at the interface between the fluid and the mineral (e.g. Revil &

Florsch 2010), and the mechanism known as membrane polarization

(polarization over multiple grain length; e.g. Marshall & Madden

1959). For higher frequencies (f > 103 Hz), the dominant polariza-

tion mechanism becomes the Maxwell–Wagner polarization (e.g.

Chen & Or 2006a,b). It takes place at the interface between soil

components that present different dielectric permittivity and EC

values.

In the laboratory, SIP measurements can be performed using

a four electrode setup, where an alternative electrical current of

amplitude I is injected through two electrodes and the potential

difference �V is measured between the two other electrodes. If the

studied medium polarizes, it results in a delay between the injected

current and the measured voltage, which is generally expressed as

an angle and therefore called the phase ϕ (in radians). The complex

conductivity σ ∗ of the medium is then given by:

σ ∗ =

∣
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where k is a geometric factor linked to the position of the four

electrodes and i is the pure imaginary number.

The complex conductivity can be expressed as:

σ ∗ = σ ′ + iσ ′′ (2)

where σ ′ is generally called the in-phase conductivity and σ ′′ is

known as the quadrature conductivity. These two scalar quantities
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In SIP studies, it is particularly interesting to work and reason

with the in-phase conductivity σ ′ and the quadrature conductivity σ ′′

because these parameters reflect, respectively, the ohmic conduction

properties of the sample and the capacitive properties and inductive

response of the sample. In SIP studies, one important objective is

to compute these two parameters and particularly to assess their

magnitude and their dependence on the frequency of the injected

signal.

At low frequencies (f < 100 Hz), one of the main difficulties

associated with the implementation of the SIP method is related to

electrode stability over time. Indeed, the acquisition period being

longer when the frequency is low, it is imperative to ensure that the

SIP parameters measured on an unchanged system do not vary with

time.

At intermediate frequencies (102 < f < 105 Hz), some parasitic

effects can alter the measurements. They result from the electro-

magnetic (EM) inductive and capacitive coupling between the mea-

suring and injecting cables and the studied sample (e.g. Hallof 1974;

Zonge & Wynn 1975; Pelton 1977). The magnitude of these effects

depends mainly on the kind of cable used, their respective geomet-

ric display and the contact resistance of the electrodes (Zonge &

Hughes 1985). Note that we save the denomination ‘high frequen-

cies’ for dielectric spectroscopy studies where the frequency of the

injected signal is above 105 Hz.

Finally, another parasitic effect that can impact the signal mea-

sured over the whole frequency range results from polarization pro-

cesses occurring at the interface between the electrode and the

sample. If too great, these effects may overlap the response of the

sample itself and complicate the interpretation of the measurements.

Several experimental techniques can be applied to overcome them

(e.g. Schwan 1968; Chelidze et al. 1999; Ishai et al. 2013), the

main one being the use of non-polarizable electrodes instead of

metal electrodes for potential measurements.
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Figure 1. Sketch of the experimental setup. Gas injection is performed thanks to a porous diffuser located at the bottom of the cylindrical tank and is controlled

by a flowmeter. Non-polarizable electrodes are located around the tank in threaded holes. C and P represent current and potential electrodes, respectively.

2.2 Experimental setup

All SIP measurements were performed using a SIP FUCHS III

system (Radic Research). To conduct the experiments, we used a

40-cm-high, 30-cm-diameter cylindrical tank made of polyvinyl-

choride. Such dimensions allow investigation of a volume large

enough with respect to the electrodes dimensions and spacing, and

large enough to be representative of a field case, while keeping the

tank filling and emptying process sufficiently short (about 1 hr) for

daily experimentations. A hole is punched in the bottom of the tank

to allow the connection between the gas inlet pipe and a 5-cm-high

and 12-cm-diameter porous ceramic diffuser located at the bottom

of the tank (Fig. 1). This diffuser enables a uniform and evenly

spread distribution of the gas during the injection. Gas flow rate is

controlled by a flowmeter with floating body located on the injection

line.

The tank filling procedure was performed as follows for all the

experiments. The container is first half filled with water. Next, the

sand is deposited slowly using a sieve, whose mesh size is slightly

larger than the largest grain size. When sand deposit reaches a 3-

cm-thick layer, a manual packing procedure is applied, ensuring that

the sand surface stays flat and that no air bubbles are trapped. Then

another 3-cm-thick layer is added, packed with the same protocol,

and so on, until reaching a sand height of z = 35 cm. Throughout

this procedure, sand is always underwater to ensure total saturation

of the pore space. At the end of the sand packing procedure, the

superficial water layer is removed, and only a thin free water layer of

about 1 mm remains. We deliberately preserve this free water layer

because monitoring its evolution helps us estimate the effective gas

volume trapped in the medium during the experiment (gas invasion

in the porous space triggers an increase of the superficial water layer

thickness).

Non-polarizable electrodes are set up around the tank in threaded

holes. For all the experiments, we used the same electrode config-

uration, as described in Fig. 1. Injection and measurement dipoles

are located in the same plane at height z = 21 cm. They are parallel,

and each dipole forms a 120◦ angle with the centre of the cylinder

(Fig. 1). We chose this specific electrode setup after performing a

numerical sensitivity study using the forward modeling software

R3t (Binley 2015). Details of this study are given in Appendix A.1.

It allowed us to visualize the sensitivity distribution of different

electrode configurations. In the end, we chose the ‘120◦ configu-

ration’ because it is characterized by a particularly homogeneous

sensitivity distribution. As we had no certainty about what would

be the spatial repartition of the CO2 to be injected, we preferred a

configuration showing a homogeneous sensitivity distribution.

To limit as much as possible parasitic effects resulting from the

EM inductive coupling between the injecting and measuring ca-

bles, we used shielded coaxial cables for potential measurements.

However, their extremity was not shielded and classical cables were

used for current injection, which might still produce EM coupling

effects. Several measurements were performed on silica sand fully

saturated with water using a different cable display for each of them.

All measurements produced the same results, indicating that the EM

coupling effects are either negligible, or at least constant whatever

the cable display.

2.3 Non-polarizable electrodes

As mentioned in Section 2.1, one of the sensitive issues of SIP

measurements lies in the need to reduce as much as possible parasitic

effects caused by polarization processes occurring at the electrode–

sample interface. For this purpose, we used custom-made Cu/CuSO4

non-polarizable electrodes for both current injection and potential

difference measurements (Fig. 2). A copper wire is immersed in a

polyethylene tube filled with a saturated solution of CuSO4 solidified

with gelatin. The electrode is closed at the outer end by a plug of

cyanoacrylate glue, and is put in contact with the media through a

porous filter (by Dionex) saturated with the electrolyte, that allows

electrical current to flow through and preserves the integrity of the

gelatinous mixture. We waited for at least 12 hr before using the

electrodes, to ensure that the gelatinous mixture was well solidified

and that the electrode structure was therefore stable.

2.3.1 Durability of the electrodes

To estimate the durability of our electrodes, we monitored the

contact resistance between two electrodes with an LCR-meter

(ST2821A by Sourcetronic) everyday for a period of 6 d.
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Figure 2. Sketch of the Cu/CuSO4 non-polarizable electrodes.

Measured values remained in the range 0.9–1.3 k�, which corre-

sponds to the contact resistance of two lead–lead industrial chloride-

sodium/chloride Petiau electrodes (PMS9000 by SDEC) that are

commonly used for self-potential and induced polarization field

measurements. The physical integrity of our electrodes remained

unchanged during this period: no air bubbles, leakage or oxidation

of the copper wire was observed. Based on these observations, we

chose to renew our set of electrodes every 5 d during the experi-

mental campaign.

2.3.2 Measurement on water

The phase spectrum measured on water (Fig. 3), whose EC value is

273 mS m–1, exhibits values very close to 0 for frequencies below

100 Hz, as expected from a non-polarizable material such as water.

It means that the non-polarizing electrodes used are efficient and

that no polarization phenomena occurred at the interface between

the electrode and the electrolyte. However, non-zero phase values

were measured at frequencies above 100 Hz. This phenomenon is

likely due to the strong impedance of the non-polarizing electrodes

(Tirado et al. 2000; Abdulsamad et al. 2014; Huisman et al. 2014)

and/or to EM inductive and capacitive coupling effects (Zonge &

Wynn 1975; Pelton 1977).
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Figure 3. Phase spectra measured on cylindrical tank filled with only water

with an electrical conductivity value of 273 mS m–1 (NaCl). Phase values are

very close to zero for frequencies below 100 Hz and increase progressively

for frequencies above 100 Hz.

2.3.3 Geometrical factor stability test

To assess the ability of our electrodes to measure electrical potentials

and inject electrical current, we performed resistivity measurements

using the same cylindrical tank used during the experiment, filled

with water of known EC. Various water EC values were used, and

measurements were performed using non-polarizable electrodes and

stainless steel electrodes. For each acquisition the geometric factor

associated with the 120◦ electrode configuration was calculated.

Its value was also estimated through a modeling work, using the

inverse and forward modeling code R3t (Binley & Kemna 2005).

All the measured and simulated geometric factors show similar

values, with a mean measurement uncertainty of 1.8 per cent. We

therefore estimate that our non-polarizable electrodes have a good

capability for injecting electrical current and measuring potential

differences.

2.3.4 Measurement stability over time

We evaluated the stability of our electrodes through time by per-

forming several successive SIP measurements on a media similar

to those studied during the experimental campaign. The cylindri-

cal tank was filled with pure silica sand fully saturated with water

whose EC value was calibrated to 40 mS m–1 by dissolving NaCl

into deionized water. This value corresponds approximately to the

EC of drinking water. We waited 24 hr to allow the medium to

reach chemical equilibrium, and performed successive SIP mea-

surements during a period of 5 hr. All values of the measured phase

and bulk conductivity (σ bulk = |σ |) were stable over time for the

whole frequency range (Fig. 4). Bulk conductivity values were all

between 12.4 and 12.5 mS m–1 (which is equivalent to 80.6 and

80 � m in terms of resistivity), and phase value variations were

always lower than 0.2 mrad, whatever the frequency of the injected

signal, indicating a good measurement repeatability (Fig. 4b).

2.4 Materials

Experiments were performed with two types of sand. The first one

was a natural siliceous sand composed of 98 per cent mass of sil-

ica and 2 per cent mass of feldspars and micas. Through sieving
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Figure 4. Stability along time of measurements on silica sand fully saturated with water whose electrical conductivity is calibrated to 40 mS m–1. Each colour

represents a given frequency in the range 0.05 Hz–20 kHz. (a) Bulk conductivity values. (b) Phase values.

Table 1. Summary of the experimental parameters relative to each of the

12 experiments performed.

Experiment number Sand type Gas type Water EC σw (mS m–1)

E1 Silica N2 15

E2 Silica N2 40

E3 Silica N2 100

E4 Silica CO2 15

E5 Silica CO2 40

E6 Silica CO2 100

E7 Carbonate N2 15

E8 Carbonate N2 40

E9 Carbonate N2 100

E10 Carbonate CO2 15

E11 Carbonate CO2 40

E12 Carbonate CO2 100

operations, we restricted the grain size distribution to the range

100–250 µm. Porosity and permeability (to water) were estimated

using a macro-permeameter device whose functioning is described

in Clavaud (2001). Measured porosity value was 0.42 and the mean

permeability to water obtained with a set of three measurements was

12.1 ± 0.3 D. The second sand is an artificial carbonate sand whose

molal composition is 98 per cent calcium carbonate (CaCO3) and

2 per cent magnesium carbonate (MgCO3). Grain size ranged be-

tween 50 and 400 µm, measured porosity was 0.32 and permeability

to water was estimated to be 4 ± 0.33 D.

The initial EC of the saturating water was controlled by dissolv-

ing NaCl into deionized water. Three values were used during the

experiments: 15, 40 and 100 mS m–1 corresponding, respectively, to

the EC of fresh water, drinking water and low concentration brine.

Two types of gas were used during the experiments. Nitrogen (N2),

which presents a very low solubility in water (0.016 volume per

volume at a temperature of 0 ◦C), and does not react with the solid

phase; and carbon dioxide (CO2), whose solubility in water at 0 ◦C

is 0.88 and which can react with the solid matrix. Our experimen-

tal campaign consists of combining all the parameters described

previously, which resulted in the realization of 12 different experi-

ments, denoted from E1 to E12, whose experimental parameters are

summarized in Table 1.

These different experiments are designed to study in the labo-

ratory several cases that could be encountered in the field. Experi-

ments with carbonate and silica sand can respectively bring insights

about the electrical response of CO2 leakage into a calcareous or a

sandy aquifer. Using three values for the saturating water, EC allows

consideration of three types of water that could be encountered in

the ground (fresh, drinking and low concentration brine). Finally,

gaseous CO2 flowing through earth material can either dissolve

into the saturating water (e.g. Carrigan et al. 2013) or invade the

porous space in gaseous form and locally decrease the water satu-

ration level (e.g. Auken et al. 2014). Thus, experiments involving

gaseous N2, which cannot dissolve in water, serve as a reference

experiment to study the effect of water saturation variations alone,

without considering dissolution processes.

2.5 Experimental protocol

Every experiment was carried out as follows. The tank filling pro-

cedure was performed 12 hr before the beginning of the experiment

in order to allow the studied medium to get as close as possible

to a chemical equilibrium state. A reference acquisition was per-

formed before the beginning of gas injection, to obtain the initial

SIP parameter values. Then, gas was injected first at a flow rate

Q1 = 3 L h–1 during a period of between 2 and 6 hr, depending

on the experiment, while SIP acquisitions were performed regularly

(with a time interval ranging between 5 min and 1 hr depending

on the experiment). The gas injection rate was then increased to

Q2 = 8 L h–1 for a period of 1–2 hr, and acquisitions were per-

formed regularly until the stopping of gas injection, that is, the end

of the experiment.

During all experiments, the effective gas saturation level in the

media was estimated by monitoring the increase of the superficial

water layer thickness (see Fig. 1). The chemical composition of the

saturating water was also monitored. Water samples were collected

from the medium three times during the experiment: before the be-

ginning of gas injection, before the increase of the injection rate,

and at the end of the experiment. The samples were extracted from

the centre of the media using a thin graduated pipette plunged into

the tank, and were submitted to chromatographic analysis, and pH

and EC measurements (Table 2). Additional measurements were

performed to ensure that water-sampling processes (plunging and

removing the pipette, and water extraction) did not change the mea-

sured phase and resistivity values.

Note that these experiments were conducted on an open system,

which means that when the gas reached the surface of the sand

cylinder, it escaped directly into the atmosphere and did not accu-

mulate in the medium. Given the relatively high permeability of the

sands used, gas migration up to the surface occurred quite quickly.

In about 30 s to 1 min, the gas migration pathways were set and
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Table 2. Water EC, pH and ionic concentrations obtained from the anal-

ysis of water samples taken during experiments E10, E11 and E12. The

value of [HCO3
–] corresponds to the total dissolved carbonate species

concentrations.

Experiment Time (h) σ f pH [HCO3
–] [Ca2+]

(mS m–1) (mmol L–1) (mmol L–1)

0 27.0 8.70 0.49 0.45

E10 4.5 40.2 7.21 1.23 0.68

7 65.0 6.21 13.0 5.75

0 51.1 8.80 0.22 0.31

E11 7 105 6.07 7.37 8.04

9 110 6.02 7.94 7.66

0 125 8.55 0.36 0.40

E12 7 170 6.19 16.4 8.18

9.5 190 6.17 22.4 6.98

relatively stable. From this moment on, the effective gas satura-

tion level in the media did not change until the injection rate was

increased.

3 R E S U LT S

3.1 Reference acquisition

The SIP parameters spectra measured at the initial state on two me-

dia composed of carbonate sand or silica sand (Fig. 5), both fully

saturated with water of identical EC value (σ w = 40 mS m–1),

are of good quality. Several measurements at the initial state

were performed to study the stability of the acquisition. They

are not shown here, but demonstrated an excellent repeatability,

comparable to the data presented in Fig. 4. Even at low fre-

quency (f < 1 Hz), the repeatability is very good despite what

the high error bars calculated by the acquisition device sug-

gest. Note that Weller et al. (2011) showed that the error bars

produced by the SIP FUCHS III system (Radic Research) are

overestimated.

The bulk conductivity values measured are similar whatever the

nature of the sand (between 12.3 and 12.6 mS m–1, which correspond

to resistivity values of respectively 81.3 and 79.4 � · m, Fig. 5a). A

slightly stronger dependence on frequency is observed for the silica

sand, for which the percentage frequency effect (see definition in

Lesmes & Frye 2001) is 0.88 per cent versus 0.15 per cent for

the carbonate sand. The shape of the phase spectra is similar for

both sands (Fig. 5b), but a clear shift is observed between the two

spectra for the low-frequency part (f < 100 Hz). In this frequency

domain, phase values are around 0.1 mrad for the carbonate sand

and around 1 mrad for the silica sand. In both cases, these values

are lower than or equal to the limit resolution of the SIP FUCHS

III measuring device, which is around 1 mrad according to Radic

(2004). These low values indicate that little information can be

retrieved from the low-frequency part of the phase spectra, except

that polarization processes have a weak magnitude in this frequency

range. For higher frequencies (f > 100 Hz), a better confidence in

the data is obtained since measured values are always higher than

2 mrad.

From the measured conductivity and phase values, we derived

the in-phase conductivity σ ′ and the quadrature conductivity σ ′′

spectra (Figs 5c and d). The in-phase conductivity spectra and the

quadrature conductivity spectra have a very similar shape to the

bulk conductivity spectra and the phase spectra respectively. These

similarities indicate that the measured phase values are mainly rep-

resentative of the capacitive properties and inductive response of

the medium and that the bulk conductivity values are mainly related

to ohmic conduction.

- P
h

a
s
e

 (m
ra

d
)10-1

100

101

102

10-2

σ
b

u
lk
 (

S
.m

-1
)

10-1.90

10-1.91

10-2 10-1 100 101 102 103 104

10-6

10-5

10-4

10-3

10-7

σ
’ 
(S

.m
-1
)

σ
’’ (S

.m
-1)

10-1.90

10-1.91

carbonated sand

silica sand

carbonated sand

silica sand

silica sand

carbonated sand

carbonated sand

silica sand

Frequency (Hz)

10-2 10-1 100 101 102 103 104

(a) (b)

(c) (d)

Figure 5. Measured and calculated SIP parameters obtained from acquisitions on silica sand and carbonate sand, both fully saturated with water whose

electrical conductivity is 40 mS m–1. (a) Measured bulk conductivity spectra. (b) Measured phase spectra. (c) Calculated in-phase conductivity spectra. (d)

Calculated quadrature conductivity spectra.



1264 T. Kremer et al.

T
im

e

10-2 10-1 100 101 102 103 104

σ
b

u
lk
 (

S
.m

-1
)

10-1.8

10-1.9

Frequency (Hz)

10-2 10-1 100 101 102 103 104

10-1.7

10-1.8

10-1.9

10-1.7

E5 - silica sand, CO
2

E11 - carbonated sand, CO
2

E2 - silica sand, N
2

E8 - carbonated sand, N
2

(a) (b)

(c) (d)
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3.2 Signal evolution during gas injection

3.2.1 Bulk conductivity

All the bulk conductivity spectra measured during experiments E2,

E5, E8 and E11 (Fig. 6) are flat, showing that σ bulk = |σ | is nearly

independent of frequency. The magnitude of σ bulk decreases very

slightly during experiments E2 and E8 (Figs 6c and d), for which the

injected gas is N2. During experiments E5 and E11 (CO2 injection),

σ bulk follows an increasing trend with time, which is stronger when

the studied material is carbonate sand (Fig. 6d).

3.2.2 Phase evolution during experiments

As shown previously (Fig. 5b), the phase response of the studied

medium depends on the frequency of the injected signal. Figs 7

and 8 show the evolution of the phase spectra during gas injection

for the experiments E2 and E11, respectively. We chose these two

experiments as examples because they represent the two ‘extreme’

cases in terms of gas-sand system reactivity. E2 involves a nearly

totally non-reactive system whereas E11 is the most potentially reac-

tive system. The considerations that follow are however observable

on any of the 12 experiments. We see from these figures that the

phase magnitude evolution is also dependent on the frequency of the

injected signal. Three frequency domains showing three different

behaviours can be distinguished.

At very low frequencies (f < 1 Hz), no clear trend can be observed

for either of the experiments, the phase values measured during the

experiments are dispersed randomly.

For what we call the low frequencies (1 < f < 100 Hz), the ob-

served variations are weak (e.g. Fig. 7) and seem also partly random.

The variation pattern between two neighbouring frequencies is not

always the same (e.g. Figs 7 and 8, left subplots). In this frequency

range, we are again confronted with ‘erratic behaviour’.

We call the third frequency domain ‘intermediate’

(102 < f < 2.104 Hz), saving the denomination ‘high fre-

quency’ for dielectric spectroscopy studies where the frequency of

the injected signal is above 105 Hz. In the intermediate-frequency

range, the phase values always follow a systematic variation pattern

(Figs 7 and 8, right subplots). Measurement uncertainty is very

weak in this frequency range. We can therefore consider that the

observed trends result from a physical modification of the studied

media triggered by the gas injection.

3.2.3 Evolution of σ ′ and σ ′′ at intermediate frequencies

In this section, we show the evolution over time of the medium

in-phase conductivity σ ′ and of the quadrature conductivity σ ′′ cal-

culated for intermediate frequencies. Parameter σ ′′ is mainly repre-

sentative of the capacitive properties and the inductive response of

the medium, and therefore allows close monitoring of the evolution

of the polarization processes magnitude.

The evolution in time of σ ′ and σ ′′ values measured at the fre-

quency f = 12 kHz, for all the experiments, is shown in Fig. 9.

In each graph, the first orange vertical line on the left indicates

the beginning of gas injection (at a rate of 3 L h–1), and the sec-

ond one indicates the increase of the gas injection rate from 3 to

8 L h–1. We note that σ ′ and σ ′′ globally evolve in the same way,

either decreasing or increasing together. A diminution of the con-

ductive properties of the media is systematically accompanied by

a diminution of the capacitive properties, and vice versa if the pa-

rameters increase. Three different behaviours can be observed.

When the injected gas is N2 (Figs 9a, b, c, g, h and i), an inert gas,

σ ′ and σ ′′ decrease quickly after the gas injection starts, and keep

decreasing during the experiment, sometimes with a stronger fall

when the gas injection rate is increased. In most cases, σ ′ and σ ′′

values tend to stabilize when approaching the end of the experiment.
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When the injected gas is CO2 and the sand studied is composed

of carbonates (Figs 9j–l), σ ′ and σ ′′ increase continuously during

the experiment.

Finally, when the injected gas is CO2, and the sand is composed

of silica (Figs 9d–f), a hybrid behaviour is observed. Parameters

σ ′ and σ ′′ drop quickly after the beginning of CO2 injection, after

which they both follow an increasing trend until the end of the

experiment.

4 D I S C U S S I O N

4.1 Results interpretation

The stability of the measurements with time has been demonstrated

in Section 2.3 on an unchanging media (Fig. 4). Considering that

the instrumental setup remains the same during the experiment, it

follows that all the signal variations observed are necessarily related

to physicochemical variations occurring inside the studied media.

During experiments involving the injection of N2, which is a gas

nearly non-soluble in water, the main trend observed is a decrease

of the measured in-phase conductivity and of the quadrature con-

ductivity. It is then assumed that this evolution should be attributed

to the diminution of the water saturation level caused by gaseous

N2 invasion in the pore space (invasion of a resistive phase). Such

behaviour has been reported in many published studies (e.g. Ulrich

& Slater 2004; Binley et al. 2005; Cosenza et al. 2007; Jougnot

et al. 2010; Revil 2013).

For experiments E7, E8 and E9 (N2 into carbonate sand), we

monitored the EC value of the water to assess whether carbonate

dissolution was occurring during the experiment. Variations are

always lower than 3 per cent, indicating that dissolution processes

are very weak, hence supporting the hypothesis that in the case of

an N2 injection, it is the water saturation level variations that control

the diminution of σ ′ and σ ′′. This assumption is supported by visual

observation. In each experiment, a slight increase of the superficial

water layer thickness can be observed quickly after the beginning

of gas injection, and also sometimes when the gas injection rate

is increased. This elevation implies that part of the porous space

has been invaded by gas, reducing the effective water saturation

level Seff. According to our observations, Seff does not evolve much

during the experiments. When the main gas pathways are set up

and have reached the surface, Seff stabilizes. We estimate, for every

experiment, the mean effective saturation level reached when the

medium is stabilized to be 98 per cent, which is very low.

For experiments E10, E11 and E12 (injection of CO2) into car-

bonate sand, the main behaviour is a continuous increase of the con-

ductivities σ ′ and σ ′′. Chemical analysis performed on water sam-

ples extracted from the studied media at regular intervals showed

that strong dissolution processes are occurring (see Table 2). The

injected CO2 is progressively dissolving in the saturating water,

leading to its acidification, which itself enhances the dissolution of

carbonates, as shown by the increasing concentration of Ca2+ ions.

As increasing ionic concentrations necessarily leads to increasing

in-phase conductivity, we can safely attribute the observed increas-

ing trend followed by σ ′ and σ ′′ to the dissolution processes that

occur. These aspects are consistent with many published studies

reporting an increase of the quadrature conductivity σ ′′ with in-

creasing water EC (e.g. Garrouch & Sharma 1994; Lesmes & Frye

2001; Revil & Skold 2011; Weller et al. 2011).
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These considerations also explain the hybrid behaviour observed

for experiments E4, E5 and E6 (CO2 injection into saturated silica

sands). A drop of σ ′ and σ ′′ values is observed quickly after the

beginning of the experiment. Then, as the CO2 progressively dis-

solves into water, σ ′ and σ ′′ follow an increasing trend. Silica being

nearly non-soluble in water for this pH range, a lower amount of

ionic species is brought to solution than with the carbonate sand,

which explains why the magnitude of the increase is lower with

silica sands than with carbonate sand.

4.2 Magnitude of variations

As shown previously, the reduction of the water saturation level in

the media due to gas injection results in a decrease of the in-phase

and quadrature conductivity values. When significant dissolution

processes occur, for instance due to the dissolution of CO2 and/or

carbonate sand, it results in an increase of both σ ′ and σ ′′ val-

ues. These two behaviours occur with different magnitudes. Fig. 10

shows the evolution of σ ′ and σ ′′ values measured at the frequency

f = 12 kHz during experiments E2, E5, E8 and E11, that is, for each

of the four sand/gas systems studied. These figures highlight the fact

that variations are much stronger during experiments involving car-

bonate sand and CO2, that is, when important dissolution processes

are involved. Changes caused by desaturation processes are much

lower and are hardly visible. This last point could likely be linked

to the fact that desaturation processes are not very significant. Ac-

cording to our calculations, the minimal bulk water saturation level

reached during these experiments is never lower than 0.98 (maxi-

mum reduction of 2 per cent).

In any case, it is important to note that despite their very different

magnitudes, the variations of σ ′′ due to dissolution or desaturation

processes all correspond to phase variations at least equal and supe-

rior to 2 mrad, which is twice the resolution limit of our measuring

device. This indicates that the capacitive properties of the medium

are indeed modified due to physical processes (desaturation and

dissolution), and are not the result of random instrumental effects.

4.3 Additional information provided by SIP

measurements

As expected, the bulk conductivity σ bulk classically measured by

resistivity surveys is also affected by the physical modifications

of the medium caused by gas injection. However, another impor-

tant observation can be made when comparing the magnitude of

the relative changes sustained by σ bulk and σ ′′ parameters. Even

though they systematically evolve in the same direction, it can be

noted that the quadrature conductivity σ ′′ (measured at the fre-

quency f = 12 kHz) is always more affected by the physicochemical

phenomenon occurring in the medium than is the bulk conductivity.

Fig. 11 highlights this point for experiments where the main physical

process occurring is desaturation (Fig. 11a) as well as for experi-

ments where the main processes are dissolution processes (Fig. 11b).
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Figure 10. Evolution along time of the variations for the in-phase conductivity σ ′ and the quadrature conductivity σ ′′ measured at the frequency f = 12 kHz,

during experiment E2, E5, E8 and E11. The initial conductivity of the water was 40 mS m−1.

Figure 11. Comparison between the magnitude of the bulk conductivity relative variations and the quadrature conductivity relative variations observed when

the main physicochemical phenomenon is desaturation (a: experiment E1, E2 and E3) or dissolution (b: experiment E10, E11 and E12). The quadrature

conductivity is always more affected by gas injection than the bulk conductivity.

The absolute relative percentage variations are always greater for the

quadrature conductivity than for the bulk conductivity. This point

has been verified systematically for each of the 12 experiments, and

this comparison is meaningful since both the bulk conductivity and

the quadrature conductivity follows variations whose magnitude is

way above the resolution limit of the measuring device (1 mrad

for the measured phase and 0.1 � for the measured resistance, see

Radic 2004). This result suggests that the capacitive properties of

the medium (in the intermediate-frequency range) are more strongly

affected by gas injection than the ohmic properties.

4.4 Origin of the intermediate frequency SIP response

The results obtained during this series of experiment suggest that

the intermediate frequency domain (102–105 Hz) is the frequency

range for which the quadrature conductivity σ ′′ is the most sensi-

tive to gas injection into saturated granular media. In this frequency

range, it is generally accepted that the dominant polarization mech-

anism is the Maxwell–Wagner effect (e.g. Chen & Or 2006a,b),

which takes place at the interface between two materials of dif-

ferent electrical properties. In this study, two main processes have

been distinguished. If the water saturation level decreases and that

no dissolution processes occur then σ ′′ values decrease (e.g. injec-

tion of N2). If significant dissolution processes occur, they generate

an increase of σ ′′ values. Those behaviours are in accordance with

several studies showing the Maxwell–Wagner effect dependence

with fluid conductivity and saturation level (e.g. de Lima & Sharma

1992; Garrouch & Sharma 1994; Leroy et al. 2008), which makes

plausible the hypothesis of a significant Maxwell–Wagner contribu-

tion on the signals observed during this study. Other authors, such as

Revil (2013), are in disagreement with the idea of an intermediate-

frequency range dominated by the Maxwell–Wagner polarization

and favour a low-frequency (Stern layer) polarization mechanism.

However, even though there is not a total agreement on what is the

dominant mechanism, all authors observe the same signal depen-

dence with fluid conductivity and saturation level as in this study.

4.4.1 Electronic environment

The intermediate-frequency range is often disregarded in SIP stud-

ies, partly because many parasitic effects can be affecting the mea-

sured values: the influence of the electronic environment in the

laboratory, the influence of the measuring device’s own electron-

ics, or the influence of the EM coupling between the measuring

cables and the injection cables (e.g. Schmutz et al. 2014). In some

cases, and particularly if the measured signal is weak, these external

factors can affect significantly the measurement results.

In order to estimate the influence of such instrumental effects,

we conducted a series of measurement on pure ohmic material

(resistors), for which the measured phase values are supposed to be
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0 at all frequencies. We used resistors ranging from 30 to 660 �, so

that we cover the same resistance range as during the experiments.

Details of the results are given in Appendix A.2. We found that

non-zero phase values were observable, testifying to the existence

of instrumental effects, and that their magnitude increases with fre-

quency and with the resistance value. However, we showed that

these instrumental effects cause variations always 1 or 2 orders of

magnitude lower than the actual observed variations, indicating that

the influence of instrumental effects is negligible, and therefore,

that the observed variations result from physicochemical changes

in the studied media (desaturation or dissolution processes). There-

fore, in these experiments, the use of the SIP method, particularly in

the intermediate-frequency range, produces supplementary infor-

mation compared to what would have been retrieved from ‘simple’

resistivity monitoring.

4.4.2 Electrode effects

SIP measurements performed on water (Section 2.3) showed that

non-zeros phase values were observed for frequencies above 100 Hz,

despite the non-polarizable nature of water. We have shown that the

electronic environment of the experiment could not be considered as

a significant contribution. Some authors suggest that this behaviour

could be due to the electrode impedance contribution (Tirado et

al. 2000). In recent studies, Huisman et al. (2014) observed that

these effects become significant in the intermediate-frequency range

(f > 1 kHz), which could be consistent with the data presented here,

and Abdulsamad et al. (2014) indicate that the magnitude of these

effects increases with contact impedance value.

The issue of electrode effects has not yet been much addressed

quantitatively in published studies, but is likely to play a significant

role in the behaviour observed in this experimental study, and should

therefore be investigated more deeply in future work.

5 C O N C LU S I O N S

Through the different experiments performed in unconsolidated

porous media, we have been able to distinguish the variations caused

by changes of the effective water saturation level in the porous

space from those resulting from the augmentation of dissolved ionic

species in the saturating water, resulting from various dissolution

processes.

This series of experiments therefore highlights the fact that the

SIP technique is of significant interest for the monitoring and detec-

tion of CO2 transfers in a water-saturated unconsolidated granular

media. In the intermediate-frequency range (102–105 Hz), the ca-

pacitive properties of the studied media are particularly affected by

CO2 injection, with a larger magnitude than conductive properties.

The SIP method could easily be used in the field instead of classical

ERT surveys. Although the method is promising, work still needs

to be done to better understand the origins of the SIP response in

the intermediate-frequency range, and particularly to estimate the

contribution of electrode effects.
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A P P E N D I X A . 1 – N U M E R I C A L

S E N S I T I V I T Y S T U DY

It was conducted as follows. We numerically generated a homoge-

neous synthetic resistivity distribution of 25 � m that has the same

geometry as our cylindrical reservoir. Using the forward model-

ing software R3t, we simulated a resistance measurement using

a given electrode configuration. We repeated the process on the

same resistivity distribution in which we included a high resistivity

(100 � m) cylinder (Fig. A1a). From the two resistance values

obtained, we calculated the resistance increase percentage δR% gen-

erated by the inclusion. Calculating δR% for several lateral positions

of the cylindrical inclusion leads to an evaluation of the sensitivity

spatial distribution for a given electrode configuration (Fig. A1b).

These processes were applied to all the possible electrode configura-

tions for a cylinder instrumented with six electrodes displayed on the

same horizontal plan, each of them forming a 60◦ angle with their

closest neighbour and the central axis of the cylinder. Among all

the configurations tested, the so-called ‘120◦ configuration’ proved

to show the best compromise between high sensitivity values and

homogeneity of the sensitivity spatial distribution over a horizontal
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Figure A1. Evaluation of the sensitivity distribution of a given electrode configuration. (a) Inclusion of a 100 � m cylindrical inclusion embedded in a

25 � m homogeneous cylinder. (b) 2-D sensitivity distribution of the ‘120◦ configuration’, that was chosen to perform the experiments.

section of the cylinder (Fig. A1b). The homogeneity constraint was

particularly important since we had no certainty about what would

be the spatial repartition of the CO2 that was injected.

A P P E N D I X A . 2 – M E A S U R E M E N T S

O N R E S I S T O R S

Fig. A2(a) shows the phase spectra measured in the frequency range

0.5 Hz–20 kHz, on five resistors of different values, going from 30

to 660 �, which corresponds to the resistivity range observed during

the different experiments.

It reveals that the phase spectrum is not flat when approaching

the intermediate-frequency range. Small phase values (<1 mrad) are

measured, indicating that some instrumental effects are disturbing

the measurements. Even though the exact nature of these instrumen-

tal effects is not determined, their magnitude seems to be correlated

with the resistor value (see Fig. A2b). This correlation means that

during the experiments, resistivity variations can cause a change in

phase measurement (and hence on σ ′′ values) that originate from

instrumental effects, and not from a physical modification of the

medium. It is therefore necessary to check whether this instrumen-

tal influence is significant regarding the magnitude of the variations

observed during the experiments.

At the frequency f = 12 kHz, a simple power law can fit rea-

sonably the data (adjustment coefficient r2 = 0.997). Using this

power law, we estimated the influence of resistivity variations on

the measured phase. We concluded that for all processes (desatura-

tion drop or dissolution increase), the instrumental effects generated

variations always 1 or 2 order of magnitude lower than the actual

observed variations, indicating that the influence of instrumental

effects was negligible, and therefore, that the observed variations

resulted from physicochemical changes in the studied medium, that

is, desaturation or dissolution processes.
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Figure A2. (a) Phase spectra measured on ohmic resistors for five different values in the frequency range 0.5 Hz–20 kHz. Measured values tend to increase

when approaching the intermediate-frequency range, and increase with the resistance value. (b) Representation of the dependence of the measured phase value

with the resistance value, for the specific frequency 12 kHz. The evolution can be fitted with a simple power law.


