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On the Difficulty of Detecting Streaming Potentials
Generated at Depth
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Abstract— In order to investigate how a streaming potential coefficient measured in the laboratory, at
a typical scale of 10 cm, can be incorporated into a field model, with a typical scale of 1 to 10 km, we
measured the electric field induced by water flows forced at 150 m depth through a 10-m wide granite
fractured zone. The water flows were obtained by pumping cyclically 10 m of water from a borehole that
cut the fractured zone at depth, and contemporaneously reinjecting it into another borehole located 50 m
away. After one day a steady-state fluid flow regime was reached, with pumping cycles lasting 45 minutes,
indicating a hydraulic conductivity of 107> m s~! and a specific storage coefficient of 3.25 x 10~®m~". The
expected self-potential at the surface was an anomaly with two maxima of opposite sign and 2 pV
amplitude each, both located 160 m away from the middle of the borehole heads, the signal being divided
by two 500 m away from the middle of the borehole heads (in agreement with WURMSTICH and MORGAN,
1994). Instead, we observed an electrical signal of 8 mV midway between the borehole heads, and smaller
than 5 mV, 33 m away from the borehole heads. The discrepancy observed between the data and the model
can be explained by fluid flow leakages that occurred close to the water-table head, represented about 20%
of the total water flow, and activated smaller but closer electric sources. This experiment thus illustrates the
practical difficulty of detecting streaming potentials generated at depth. It shows in particular that in
fractured zones, and hence in the vicinity of a major active fault small water flows located distantly from an
energetic targeted source, but close to some of the electrodes of the network, can sometimes drastically
distort the shape of the expected anomaly. Models of possible electrical earthquake precursors therefore
turn out to be more speculative than expected.
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1. Introduction

It has long ago been suspected that low-frequency electro-telluric and magnetic
anomalies might sometimes precede tectonic events. Recently, such anomalies were
observed in association with volcanic activities at La Fournaise volcano, France
(ZrotNickI and LE MOUEL, 1990; MICHEL and ZLOTNICKI, 1998), at Mount Unzen
volcano, Japan (HASHIMOTO and TANAKA, 1995), as well as in other places (see
JOHNSTON, 1997 for review). Various magnetic or clectric anomalies were also
reported before major earthquakes (see PARK et al., 1993 for review), in particular
before the Mg 7.1 Loma Pricta earthquake (FRASER-SMITH et al., 1990; BERNARDI
et al., 1991; FENOGLIO et al., 1993) and, possibly, in Greece with the debated “VAN
method” (LIGHTHILL, 1996).

Three questions arise from these observations: (1) Do they correspond to
technical artifacts or to geophysical phenomena? (2) If they are of geophysical origin,
are they indeed correlated with the suspected tectonic events? (3) If they actually are
associated with tectonic events, which geophysical phenomena created them?

Measurements of long-term electro-telluric potentials are usually performed with
so-called “‘non-polarizing™ electrodes. A recent experiment conducted at Garchy,
France enabled a comparison of various electrode designs to be made in situ during
one year (PERRIER et al., 1997). It revealed that some designs and installation
methods are better than others, depending on the external conditions and the local
resistivity. Furthermore, it quantified the short- (< some hours), mid- (hours to days)
and long- (>days) term drifts of each design.

The validity of the correlations between the observations and the tectonic events
can sometimes be established without any doubt, for instance, when the excitations
and anomalies are repeated (see, e.g., ZLOTNICKI and LE MoUEL, 1990 at La
Fournaise volcano). But for scarce events like earthquakes, the correlations are
generally more difficult to establish (see, e.g., the purposed VAN correlations
between the Greek M > 4.5 earthquakes and the electro-telluric observations
conducted there by the VAN group, GELLER, 1996).

Many physical phenomena are known to induce electric or magnetic fields in
response to tectonic stresses (see JOHNSTON, 1997 and PARK et al., 1993 for review).
Among them, streaming potentials (ADAMSON, 1990) appear to be the best candidate
for explaining electric or magnetic anomalies induced by volcanic or earthquake
activity (see ZLOTNICKI and LE MOUEL, 1990 and ADLER et al., 1999 for the La
Fournaise volcano; HASHIMOTO and TANAKA, 1995 for the Mount Unzen volcano;
BERNARD, 1992, GRUSZOW et al., 1996, PINETTES et al., 1998, and PHAM et al., 1998,
1999 for the VAN observations; and FENOGLIO ef al., 1995 for the Loma Prieta
observations).

PERRIER ef al. (1998) and TRIQUE et al. (1999) recently observed repeated
electrical signals associated with recurrent pore pressure variations induced by
reappearing artificial lake level variations. They indicated that this observation can
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be explained with streaming potentials induced in a perched aquifer located below
one of the electrodes. A comparison between the streaming potential coefficient
required by their model and that measured in the laboratory with rock samples
coming from the site confirmed the interpretation. Streaming potentials can thus
generate observable potentials at the scale of hundreds of meters, with shallow
sources.

The results of PERRIER ef al. (1998) and TRIQUE et al. (1999) do not enlighten us
regarding the possible ability of streaming potentials to generate observable
anomalies with deep buried sources (>100 m). The physical conditions at depth
are generally far different from those in the laboratory (different pH, temperature,
pressure and characteristic lengths, etc.). Therefore the only way to model data
originating from such situations consists of extrapolating results from standard
laboratory experiments (e.g., ISHIDO and MIzZUTANI, 1981; MORGAN et al., 1989;
JouNiAuXx and Pozzi, 1995, 1997; LORNE et al., 1999a,b).

REVIL ef al. (1999a,b) recently derived a general formal theory of streaming
potentials in porous media. Their model depends on many assumptions. It is in
particular restricted to temperatures lower than about 100°C. BERNABE (1992)
conducted theoretical experiments to test the upscaling of electro-kinetic phenomena
for heterogencous media. He showed that several discrepancies are expected between
the micro- and macroscopic equations. Moreover, he found that the electrical current
and potential gradients should be considerably more localized in highly heteroge-
neous networks than in homogeneous ones. He did not investigate the effects of
temperature and pressure. Using a finite-difference approach for modeling steady-
state streaming potentials generated by standard oil well pumping in typical North
American reservoirs (500 m? day~!' pumpings of 100-m wide reservoirs buried at 500-
m depth with a streaming potential coefficient of 100 mV MPa~!, a permeability of
150 mD and a resistivity of 50 Q m), WURMSTICH and MORGAN (1994) showed that
bell-shape potential anomalies are expected at the surface, with a maximum of the
order of 500 uV close to the production well, and a rapid decay of the signal away
from the well (amplitude divided by 5 about 3 km from the well). IsHIDO and
PRITCHETT (1999) recently tested the effect of a dilatant strain inducing 20 MPa of
depressure 6 km around a vertical fault zone of 5-km width, 4-km height, 10-m
thickness and 7-km depth. They showed that signals up to 60 mV km™' are expected
at the surface, provided that a 0.1 S m~! conductive channel of 1-km width and 100-
m thickness is present from 100 m below the surface down to the fault zone depth.

None of these upscalings are presently controlled by direct in situ measurements.
In fact, the available data are restricted to poorly constrained experiments, such as
that of ISHIDO et al. (1983), who measured the self-potential generated at the surface
of hot water eruptions induced by sudden openings of head valves of 700-m deep
cased wells in the Takinoue geothermal area of Japan. They observed signals of the
order of 5 mV with electric lines located 20 and 150 m from the production wells.
This observed value is bigger than the calculations of WURMSTICH and MORGAN
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(1994), however the reservoir was deeper and thicker than that tested by WURMSTICH
and MORGAN (1994) (600 and 200 m, respectively). The permeability and resistivity
were furthermore ten times smaller than that tested by WURMSTICH and MORGAN
(1994). IsHIDO et al. (1983) explain their result with crude assumptions, for example
that the electrical currents are supposed purely horizontal and radial. They conclude
that the streaming potential coefficient at the source is 5 times smaller than that
tested by WURMSTICH and MORGAN (1994), but they do not confirm it with direct
measurement, and they do not investigate the effect of diphasic flows that are likely
to occur at depth and that are known to enhance the streaming potentials (e.g.,
MORGAN et al., 1989).

While theories extrapolated from laboratory experiments are in agreement with
field experiments when the sources are superficial, discrepancies thus still exist in the
case of buried electric sources, in particular when the media are heterogeneous or
fractured. Experimental studies enabling the signal generated at the surface by
streaming potentials induced at depth through fractured media to be constrained, are
therefore required.

The aim of the present study is to investigate this very last point. By presenting
the results of an experiment conducted in 1996, in a granite area, and consisting of
the measurement of the electric potential generated at the surface and at depth by
forced water flows induced at 150-m depth, through a 10-m wide subhorizontal
fractured zone. After a brief description of the experiment, we show that streaming
potentials were observed in association with the hydraulic excitations. A detailed
quantification of the model generally proposed for explaining them illustrates that
the surface measurements cannot be explained by the targeted deep electric source.
They were due rather to smaller but shallower streaming potential sources, incidently
activated and whose effects dominated at the surface. These results have fundamental
implications in earthquake precursors research.

2. The Mayet de Montagne Experiment of September 1996

The test site at the Mayet de Montagne is located in central France, 25 km to the
southeast of Vichy. It was originally chosen in 1984 for conducting large-scale in situ
experiments on forced water circulations in a granite area (CORNET, 1988). Eight
200 m or more deep boreholes were drilled in granite and cut a major subhorizontal
altered zone located at about 150-m depth (Fig. 1a). The average thickness of this
zone is 8 m, as attested by its thermal signature (Fig. 1b). At the surface, the distance
between the boreholes is of the order of 50 m (Fig. 2).

At the beginning of the experiment, the subsurface water level was —8.4 m in
borehole III-2 and —13.7 m in boreholes I1I-3 and III-8. The fluid circulation
through the altered zone was forced by pumping water regularly from borehole I11-2
and reinjecting it immediately in borehole I1I-8 via a standard plastic pipe installed



Vol. 159, 2002 On the Difficulty of Detecting Streaming Potentials 2633

FORCED FLUID 0 11 12 13 14 15 16 17 Teﬁp(OC)
\.—i/

o
I N e
L4 i: altered = 100 N
\;: zone || | YITTTTTTTTT NTTTTTTTTTT]
1
: V
=
& 150 b occmeea 2
R
B | g S G S D 200 fF--=========m——m— -
T A A A~ ——
Borehole
S0
Depth (m)
(a) (b)
Figure 1

(a) Schematic cross section of the aquifer and the instrumented boreholes. Less active subhorizontal
aquifers are present, though not represented. (b) Available thermal soundings at borehole I11-4 (1982/06/
03, 1982/09/14, 1983/04/27 and 1983/05/18). From CorNET (1984, Fig. 21).

between the borehole heads. The flow was driven by a down-hole electric pump
placed 29.9 m down borehole III-2. The pump was programmed to start pumping
automatically when the water level in this well reached —18.2 m, and to stop when
the water level fell to —28.2 m. The pump rate during the pumping periods was
constant and equal to about 2.151 s~!. One day and a half after the beginning of the
experiment, a steady-state fluid flow regime was reached, with pumping periods
lasting 101 s + 1 s, and pumping cycles testing 45'5” + 30 s.

In order not to induce excessive electric noise close to borehole I1I-2, the pump
was automatically isolated from the local 220 V power supply network whenever it
was off (i.e., 43'24” during each 455" pumping cycle, i.e., 96.3% of the time). The
pipe between boreholes I1I-2 and I11-8 was electrically insulated, and no permanent
water was present at the surface (either anthropogenic or as rainfall). Thus, there was
no electrical connection at the surface between boreholes I1I-2 and III-8, except
possibly during seconds when the pump was active and when water was forced to fall
from borehole 11I-8 head into the water table head there. Boreholes I11-2, I11-3, I11-4
and III-6 were not cased, and borehole I1I-8 was cased only from 165 m on (hence,
deeper than the altered zone).

The surface electrode network was sized according to the a priori characteristic
length of the experiment, that is the aquifer depth, 150 m (Fig. 2). In addition, two
electrodes were installed in borehole I11-3, at 137-m and 152-m depths, in order to
sample the vertical electric field. An active resistive barometer was installed 30 m
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Figure 2
Schematic view of the experiment. The electrodes are located in 5 m radius circles centered on the points.
The site was originally chosen for conducting large scale in sifu experiments on forced water circulations in
a granite area (CORNET, 1988).

down in borehole III-3 in order to measure the water level 8§ m to the southeast of
borehole I11I-8 (see Fig. 2). The activity of the pump was also recorded.

The electrodes were made of Pb/PbCl, with a kaolinite absorber (CLF-Na design
of PERRIER et al., 1997, Table 1). They were installed in opened plastic buckets filled
with local soil with NaCl in excess saturation, and buried at an average depth of
50 cm (PERRIER et al., 1997, Fig. 1b). The maximum possible drift is expected to be
of the order 5 pV/day (PERRIER et al., 1997, Fig. 4).

The voltage differences between each electrode and the reference electrode ERRO
were measured by an IOTech DaqBook 216. Fourteen of its single-ended inputs were
connected to its internal 16 bits over £ 5 V Analog-to-Digital Converter. The
instrument was programmed to work at 10 Hz, without anti-aliasing analog filters
between the electrodes and the analog input. The connection between the electrodes
and the acquisition system was ensured via wires soldered to the electrode wires and
protected by self-amalgamating strips. The input impedance presented to the
electrodes was that of the logger, i.e., 100 MQ in parallel with 100 pF (see full
specifications of the DaqBook 216 at IOTech web site: http://www.iotech.com/
catalog/daq/dagbook.pdf).
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The signals emanating from the barometer and the pump were digitized by
another data logger, a Data Electronics Datataker DT500. This logger had two
differential analog inputs connected to its internal 16 bits over £2.5 V Analog-to-
Digital Converter, and was programmed to work at 1 Hz (see full specifications of
the DTS00 at the Data Electronics web site: http://www.datataker.com/downloads/
products/DT500600new.pdf).

The data were saved in two passes: (i) At first, in real time, in the internal buffer
memory of the loggers; (ii) then with a delay of some seconds for the DagBook and
of some hours for the Datataker, in the hard disk of portable PCs that were
connected to the loggers via parallel ports. All the loggers and the PCs, as well as the
barometer, were powered by three 12 V 38 Ah batteries, whereas those of the PCs
were permanently on charge via standard 12 V car battery chargers connected to the
local 220 V power supply network.

3. Observations

The Mayet de Montagne site is located on farm land, with many electrical fences
active in the vicinity. In order to test the possible effect of these electrical fences on
the local electric noise, we stopped the closest one (located about 50 m to the
southeast of our experiment) for half an hour, and compared the signals measured
before and during the test. The corresponding data are presented in Figure 3 in terms
of power spectra. It can be seen that quite significant noise is present between 2 and
15 s, which is partially contributed by the electrical fences. This noise is however not
expected to produce aliasing of the data provided that the sampling frequency is
greater than 1 Hz, which is the case in all the data presented in this paper.

The power spectra from measurements between the electrodes in borehole 111-3
(EB31 and EB32) were also measured when the closest electric fence was connected,
and then disconnected. The results are similar to that of Figure 3. The noise observed
at the surface was therefore not significantly attenuated with depth, at least down to
150 m. This indicates either that an important part of the noise is generated close to
the aquifer (for instance close to a borehole filled with water up to the surface and
well connected with the aquifer at 150-m depth), or that it is induced in the logging
wires close to the surface.

The electric potential of all the electrodes referenced to electrode ENES is
presented in Figure 4 for the total duration of the experiment. Similar curves are
obtained when the reference is changed to any electrode, except ERE1 or ESSI. It
results that all the electrodes except ERE1 and ESS1 are stable and behave
compatibly with the observations of PERRIER ef al. (1997). The visible drift on
electrode ESS1 during the first three hours probably corresponds to a stabilization
problem. It is not important since it has a total amplitude of about 25 mV and
eventually vanishes. The long-term drift visible on electrode EREI is, on the
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Figure 3

Power spectrum of the voltage differences between electrodes ENEI and ERRO during 20 minute periods.
(a) Period during which the closest electrical fence was connected. (b) Period during which it was not
connected.

contrary, serious, since it has a total amplitude of about 200 mV and never vanishes.
The data issuing from that electrode are thus excluded.

The electric potentials expected at the surface in response to our excitations are
of the order of fractions of pV, as detailed later. Such signals clearly cannot be
detected directly in the raw data, where the noise level is thousands of times greater
in amplitude (Fig. 4). Indeed, an eye comparison in the time domain between the
pressure and electrical signals reveals no visible correlation between any electrical
signal and the pressure or pump signals. Yet, as our excitation is characterized in
the frequency domain by a single peak at 45 minutes plus its harmonics, a better
signal-to-noise ratio is expected in the spectral domain. We thus compared the
power spectrum of the pressure with the power spectra of some of the voltage
differences, and it revealed common peaks at 45 minutes for the pressure and all
the voltage differences that include electrode ERRO (Fig. 5). A less defined peak
could also be seen on ESWI-EB32 and ESWI1-EB31 data, once again at 45
minutes.

The signals detected at 45 minutes can be due either to streaming potentials
induced by the forced fluid circulations, or to artificial noises induced by possible
electrical leakage of the electric pump. In both cases the periodicity of the expected
noise is of the order of 45 minutes, however while in the former case its duration
should be governed by the duration of the fluid flows (i.e., 45 minutes), in the latter
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Figure 4
Electric potential of all the electrodes referenced to electrode ENES. The monitorings began on 1996/09/
25-18:45:50, after the steady-state fluid flow regime was reached. The data, originally sampled at 10 points
per second for the electric potentials and at 1 point per second for the pump and pressure signals, were
filtered at 50 s with a sixth-order nondephasing low-pass Butterworth filter and roughly desampled to 1
point every 10 seconds. The long-term drift visible on the pressure signal is not significant, since it is due to
the slow discharge of the standard 12 V battery that was powering the instrument during the experiment.
The long-term drift visible on electrode ERR1 on the contrary reveals a severe problem, which lead us to
reject the data. The slow stabilization visible on electrode ESSI1 during the first three hours of
measurements, as well as the high frequency noises visible during cycles number 2, 3, 8, 9, 10 and 15, are
not important, and did not imply rejection of the data.

case it should be governed by the duration of the possible electrical leakage (at
most 100 s, see Section 2). We examined the data in the time domain, after having
stacked them on each pumping cycle except the perturbed ones (cycles 2 3 8 9 10 15
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Power spectra of the pressure and some of the measured voltage differences between 1996/09/25-18:48:13
and 1996/09/26-06:05:09 (hence during the total duration of the experiment). The data, originally sampled
at 10 points per second for the electric fields and at 1 point per second for the pressure, were filtered at 50 s
with a sixth-order nondephasing low-pass Butterworth filter and roughly desampled to 1 point every 10
seconds, before the estimation of the spectra. Frequency picks at 45 minutes are clearly visible in the
pressure, ERRO-ENEI, ERRO-ESWI1 and ERRO-ESEI signals. Smaller picks appear at the same
frequency for ESW1-EB32 and ESWI1-EB31.
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of Fig. 4). The corresponding results are presented in Figure 6. The signal that
generates the peak visible at 45 minutes in the spectra is clearly visible on ERRO-
ENE1 and ERRO-ESW1 (Figs. 6a, b). It continues about 45 minutes, therefore it
cannot be due to the pump. It moreover cannot be due to a filter effect, as the data
were filtered at 250 s before the stack, i.e., at a period which is negligible compared
to the duration of the excitation (45 minutes). Consequently, it is very likely that
this signal corresponds to streaming potentials induced by the forced fluid
circulations.

No signal corresponding to the peak visible at 45 minutes in the spectra of ERRO-
ESE1 can be seen on ERRO-ESE1 (Fig. 6¢). We therefore cannot conclude whether
this peak is due to streaming potentials induced by the forced fluid circulations, or to
any other electric source.

The time signals corresponding to the 45-minute peaks appearing in the power
spectra of ESW1-EB32 and ESW1-EB31 are hardly detectable in Figures 6f and g.
Yet a close look at the data reveals a small signal that emerges slightly from the noise
during the first 7 minutes of the monitoring (Figs. 6f and g). As it persists longer than
250 s, it very likely corresponds to streaming potentials induced by the forced fluid
circulations.

The reason why the EB31-EB32 combination does not monitor any signal is due
to the fact that EB31 and EB32 are installed in the same borehole, close to each other
(15 m), so that they are permanently short circuited. Contrastingly, ESW1 and EB32
and EB31 are separated by the granite bedrock which is resistive enough so as not to
cancel the electric potential present between the electrodes.

The amplitudes of the signals detected in association with the forced fluid
circulations were of the order of 5 mV for ERRO-ENEI1, 8 mV for ERRO-ESW1 and
2.5 mV for ESW1-EB32 and ESWI1-EB31 (Figs. 6a,b,f and g).

4. Modeling

When a fluid is forced to percolate through a permeable rock, an electrical
current appears. It is called the convection current. It is proportional to the pressure
gradient

-— SXC e

Joons == X V(P)=CxaxV(P) , (1)

where ¢ is the dielectric constant of the fluid, { is the zeta potential of the fluid/rock
interface, # is the dynamic viscosity of the fluid and P is the pressure (C being the
streaming potential coefficient and ¢ the electrical conductivity of the fluid). Such an
electrical current creates an electric potential J, which in turn creates a second
electrical current, the conduction current, that is proportional to the potential
gradient
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Jeond = —0 % V(V) (2)

and that tends to cancel the convection current. The total electric charge is
conservative, thus when the permanent electric regime is reached, and in absence of
any other electrical current source, the divergence of the total electrical current is
equal to zero

ﬁ’[axﬁ’(m} :?[Cxaxﬁ’(m . (3)

Though the altered zone is intrinsically fractured, it can be approximated with an
equivalent continuous porous medium (DE MARSILY, 1986, pp. 65-72). The volume
fluid flow thus contains two terms. One is proportional to the gradient pressure

—

K —
JIparcy = ~ x V(P) , 4)

where « is the rock permeability. The other is proportional to the second force of the
system, the potential gradient

[ —
Josmo—electric X V(V) . (5)

According to the Onsager reciprocal relations, the coefficients in Equations (1) and
(5) must be the same (DE GROOT and MAZUR, 1962), so

Josmo—electric = C X 0 X ?(V) . (6)

In the altered zone of the Mayet de Montagne, x can be estimated to be of the
order of 10712 m? (Fig. 7), n about 1073 Pa s (the water was approximately at 20°C),
6=32x10"2Sm™! (measured directly in the field), C about 100 mV MPa~!
(IsHiDO and MIzZUTANI, 1981; MORGAN et al., 1989; JouniAux and Pozzi, 1995,
1997; LORNE et al., 1999, b), |V (P)|| between 102 MPam~' and 10 Pa m~'
(Fig. 8b and Eq. (1)), and ||V (V)| at most 0.6 mV km~! (Fig. 12 at 137 m depth).

HJDarcy ' and 10 nm s~!, while

always negligible with respect to HJDarcy

’ is thus expected to be between 10 pm s~

1

—_— . .
Josmo_electricH is expected to be at most of the order of 1.8 x 107 ms~!, ie.

‘. Hence, the hydraulic and electric

problems, can be solved independently.

<

Figure 6
Pressure and voltage differences stacked on each pumping cycle but the perturbed ones (cycles 1 2389 10
15 removed). The data, originally sampled at 1 point per second for the pressure and the pump
(respectively 10 points per second for the voltage differences), were filtered at 50 s (respectively 250 s) with
a sixth-order (respectively fourth-order) nondephasing low-pass Butterworth filter, and roughly desampled
to 1 point every 10 seconds. A signal continuing about 45 minutes is clearly visible on ERRO-ENE1 and
ERRO-ESWI1, and another one lasting about 7 minutes slightly emerges from the noise on ESW1-EB32
and ESWI1-EB31.



2642 Patrick Pinettes ez al. Pure appl. geophys.,

3 M —— Obgerved pressu

Al g,

< | /‘W
2

a

iy L
™

Ji Modeled pressurf YT
————— o T
0 ﬂ‘( -—
M Pump (on/off)
00'00" 07'31" 15'02" 22'32" 30'03" 3734" 45'05"
Figure 7

Modeled pressure after 14 fluid injections and for Sy = 3.25 x 107 m~! and Ky, =107 m s~! (that is for
Oeg 7 3.3 x 10710 Pa~! —s0 that ¢, X ff; < ag Whatever ¢, —and K.y ~ 1 D) and observed pressure after
stacking on 15 pumping cycles in borehole I11-3. The data are sampled at 1 point per second.

The altered zone behaves like a confined aquifer. With the hydraulic head %
defined as & = ﬁ + z, where P is the pressure, p the mass of water per unit volume, g
the acceleration due to gravity, and z the elevation measured positively upwards, it
therefore follows (DE MARSILY, 1986, Chapter 5.3) that

=2 S Oh QO
where Qs is the water flow rate per unit surface area withdrawn from the aquifer and
S=8Xe=pXxgXx¢px (ﬁf — B +%) x e the storage coefficient of the aquifer.
Here S; is the specific storage coefficient, ¢ is the porosity, f,, f; and « are the fluid,
mineral and soil compressibility coefficients, and ¢ is the aquifer thickness. The
parameter 7 =K X e = % X e is the aquifer transmissivity, where K is the
hydraulic conductivity.

No analytical solution of Equation (7) is known for the present geometry, with
two boreholes. But as noted by DE MARSILY (1986, pp. 190-191), CARLSAW and
JAEGER (1986, pp. 341-344) derived a particular solution for the analog heat
conduction problem with one borehole only. PApADOPOULOS and COOPER (1967)
adapted this solution to hydrogeology for » = a, when a constant fluid flow rate Q is
withdrawn from a confined aquifer of thickness e, storage coefficient S and
transmissivity 7, through a borehole of radius a. The hydraulic head then follows

()

%XS?QX Omdux[l—exp(——xa—tzxuzﬂ
XJO(gxu)><[uxYo(u)—2SxY1(u)]—n)(§xu)x[uxJo(u)—zstl(u)] ®)

12 x {[u % Jo(u) — 28 x Jy ()2 [u x Yo(u) — 28 x Y; (u)]z}
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Figure 8
(a) Hydraulic head derived from Equation (8) and Sy, =3.25x 107® m~! and K., = 107> m s!. (b)

Convection electrical current derived from Equation (1), the definition of the hydraulic head and #.,
curves of Figure 8a. (c) Equivalent electric charge density derived from Equation (11) and /., curves of
Figure 8a.

where J, and Y, are the Bessel functions of the first and second kinds, of the order v.
This solution is adapted to our problem since we want to estimate the first order of

the hydraulic head, and the induced hydraulic head step is equal to 10 m, while the

2643
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distance between the boreholes is equal to more than three times 10 m, i.e., it is
always large compared to the influence distance between one borehole and the other.

In the Mayet de Montagne, a = 8.25 cm, Q = 2.151s7!, and e = 8 m. The only
unknowns of the hydrogeological problem were thus the equivalent specific storage
coefficient Sy, and the equivalent hydraulic conductivity K, of the altered zone. We
determined them by comparing the pressure measured in borehole III-3 with the
results of numerical estimates of Equation (8) with S, varying from 1077 to
1072 m~!, and K, varying from 107 to 1072 m s~!. The best fit was found for
Sseqg =3.25x 107 m~'and K,, = 107> m s~! (Fig. 7). Takingn = 1.002 x 1073 Pa s,
g=98Ims' p=10"kgm>, f,=5x1071 f =2 x 107" Pa~! (DE MARSILY,
1986, p. 108), these values correspond to an equivalent soil compressibility
%o =33 x 10719 Pa=! and an equivalent permeability k., =1 D (so that
$eog X By < 0q Whatever the equivalent porosity ¢,,). This value of S, implies
that it is dominated by the soil compressiblity, thus the ability of the Mayet
de Montagne aquifer to store water is controlled by the rock matrix compressiblity
and not by the fluid or mineral compressibility. Such values of Sy, and K., are
realistic for a granite fractured zone (DE MARSILY, 1986, Chapter 5).

Two important points should be emphasized at this step of the modeling. It can
be seen in Figure 7 that the pressure measured into borehole III-3 does not
immediately grow after water is injected in borehole III-8. It first drops, by about
0.0025 MPa in about 15 s, before it finally grows, with a delay of about 1 minute
with respect to the modeled pressure. At the end of the pumping cycle the pressure in
borehole III-3 is equal to its level immediately before water was injected into
borehole I11-8. It is possible that the first minute drop may be due to fractures located
in the vicinity of borehole I1I-3, put in tension when water is injected into borehole
III-8 and sucking water from borehole III-3 when the drained regime between
boreholes III-8 and III-3 is not yet established (Fig. 9).

The second point that should be emphasized is the fact that the maximum
pressure measured in borehole I11-3 is equal to 0.016 MPa, while we expected a priori
a greater signal, of the order of less than 0.1 MPa, that is the height of water injected
in borehole III-8. The maximum pressure at » = @ deduced from the numerical
simulations of Figure 8a (0.02 MPa) confirms this impression, as it is considerably
smaller than the maximum pressure a priori induced in borehole III-8 (about
0.1 MPa). It shows that borehole I11-8 obviously does not behave like borehole I11-2,
probably because, unlike borehole I1I-2, it is drilled down to 780 m, so that it is
connected to deeper aquifers which clearly absorb a significant part of the water
withdrawn from borehole III-2. The induced fluid flow is therefore less symmetric
than expected.

In the altered zone, C and ¢ can be assumed constant. Equation (3) thus becomes

—)2 —>2

V (V) —CxV (P)=0 . 9)
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(@) (b)

Figure 9
(a) At first, during the first minute of the water injection in borehole III-8, the drained regime in the aquifer
is not yet established, and the fractures that are located in the vicinity of borehole I1I-3 are put in tension
and suck water from borehole III-3. The pressure in borehole III-3 drops down. (b) One minute after the
water injection in borehole III-8, the drained regime in the aquifer (or in fractures interconnecting
boreholes I1I-8 and III-3) is established, so that water is drained from borehole 111-8 to borehole I1I-3, and
induces the pressure in borehole I11-3 to increase.

By analogy with the standard Poisson equation (which is valid here because the
electric conductivity is of the order of 107> S m~! and the characteristic times are
greater than 1 min, so that -2~ > 1, where o is the pulsation), an equivalent
volumetric electric charge Peyy thus develops where the pressure Laplacian is not
negligible

2
Pey, = —eXCxV (P) (10)

that is, according to Equation (7) and to the definition of the hydraulic head

:—pxgxngx§x%. (11)

P €(r>ay) T Bt

In the case where there is only one borehole, Pe,,,, Can be derived from 4., curves
calculated with Equation (8) and Sy, =3.25x10°m™! and K,, =10 m s~
With C negative, Pei is positive close to borehole III-8 when the water is pumped,
and negative the remainder of time (Fig. 8c). An opposite surface electric charge
develops at the interface of the altered zone and the borehole so that the total electric
charge is always equal to zero. The electric charge Qy corresponding to this surface
electric charge is equal to the mean time of the volume integral of p,  in the altered
zone during the pumping cycles minus the pumping periods
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1
QO:mX / /// Pe,, X dr x rd0 x dz » x dt .

1€[102;2705) | r€[0.0825;+00],0€[0;27) z€[0;8]
(12)

In the case where there are two boreholes, the circumstances are more complex.
While the surface electric charge that develops at the interface of the altered zone and
the boreholes is unchanged, the volume electric charge p, » boreholes, ,, that appears in
the altered zone is the algebraic sum of the volume electric charge p, porehole Toya that
is generated there by the first borehole, and the volume electric charge p, porehole 2 )
(of opposite sign) that is generated at the same place by the other borehole (Fig. 10).
A priori, p, vorehole 1 - and p, porehole %, Cannot be derived from Pe,, calculated with
Equation (11) and 4, ;) curves calculated with Equation (8), since the presence of the
two boreholes prevents the assumption of axial symmetry made in Equation (8) from
being valid. Yet, as noted before, the characteristic length of the excitation (i.e., the
induced hydraulic head step, 10 m) is large compared to the influence distance
between one borehole and the other (34 m), so Pe,,, can be used for calculating
Pe borehole 1, and 0, porehole 2 a)? provided that the integration is limited to the
area between the boreholes (X € [+ 17] m, see Fig. 10), where the fluid flow is mainly
restricted in the steady-state regime. The resultant electric charge thus follows

1
& = 3505 — 102 / 2

1€[102;2705]

X /// peborehole l(r] 1) peborehole 2(r2 z)] x dr x rde X dz X dt (13)

€[0;17],z€[0;8]

where ry, 7, and X are given in Figure 10.

Pes pomtores T0.8) = Peyrenoie 1018) ™ P e (1)

Borehole 1 o'z Borehole 2

34 m

Figure 10
Geometrical conventions for the calculation of the electric charge that develops in the altered zone in case
of two boreholes (viewed from above).
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In practice, we truncated the integration in r (respectively 0) to [0;17] m
(respectively [0;7/2] Rad), so the given value of Q; is an underestimate of its real
value by at most the ratio between the total surface that should have been taken into
consideration in the integration and the surface that has actually been taken into
consideration, that is 3.

Qo and Q) can be concentrated at the barycenter positions of p, - and p,,, oo
for the estimation of their effect at the surface, distant from the sources. With Pe,, of
Figure 8c and Equations (12) and (13), we found that Q, is equal to 8.2 x 107> C
and concentrated at the center of the boreholes, while Q; is equal to 7.3 x 107!¢ C
and concentrated 4.4 m from the center of the boreholes. The corresponding electric
quadrupole is given in Figure 11.

The last step in the modeling consists of estimating how the electric potential
generated at depth can reach the surface. In the nucleation zone of an impending
earthquake, few data are generally available to constrain the electric structure. The
medium is generally assumed to be either homogeneous or horizontally stratified. We
thus decided to neglect, in the a priori model of Le Mayet de Montagne, the vertical
electric conductivity contrast between the conductive boreholes and the resistive
embedding rocks. The medium was rather assumed to be horizontally stratified, with
an electric conductivity of 1074 S m~! down to 150 m (typical conductivity for a
granite, see e.g., GUE GUEN and PALCIAUSKAS, 1994), 3.2 x 1072 S m~! between 150
and 158 m (conductivity of the water measured in the field), and 1074 S m~! below.
With these assumptions we found (see Appendix for details of the calculation) that
the voltage difference generated by the model is equal to 1 pV for ERRO-ENE1 and
ERRO-ESWI1, and 10 pV for ESWI1-EB32 and ESW1-EB31 (Fig. 12). These values
are appreciably smaller than what was actually measured in the field, by a factor of
about —5,000 for ERRO-ENEI, 8,000 for ERR0O-ESW1 and 250 for ESW1-EB32 and
ESW1-EB31.

Figure 11
Schematic representation of the electric quadrupole that contributes to the electric potential measured with
the surface electrodes.
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Figure 12
Electric potential expected at the surface and at depth by the electric quadrupole of Figure 11 embedded
in a horizontally stratified medium with an electric conductivity of 107 Sm~' down to 150 m,
3.2x 1072 S m~! between 150 and 158 m (measured directly in the field), and 107 S m~! below.
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5. Discussion

The assumption consisting of concentrating the electric charges at the density
barycenters is not realistic for the estimation of the effect of the targeted streaming
potential source 17 m above it, at 137 m depth. The discrepancy observed between
the data recorded with ESW1-EB32 and ESWI1-EB31 and the model predictions
there are thus due to the fact that our simplifications are too crude at depth. The
signals recorded with ESW1-EB32 and ESW1-EB31 therefore attest that a streaming
potential source located at 155-m depth has actually been activated. The question is
thus whether the source that created the surface observations is the deep targeted
one, or another one, incidently activated.

Two phenomena were neglected in the a priori model and perhaps led us to
underestimate the electric field generated at the surface. First, we did not allow for
vertical resistivity contrasts that exist between the boreholes (which were full of
water, and hence rather conductive) and the surrounding rocks (dry and resistive) in
the model. Such contrasts are known to trap the electric field between the source and
the surface, and to enhance the induced effects at the surface (see, e.g., ISHIDO and
PRITCHETT, 1999). WURMSTICH and MORGAN (1994) quantified this effect when they
studied the impact of casings on steady-state streaming potentials generated by
standard oil well pumping (about 500 m® day~!) in typical North American
reservoirs (100-m wide, 150 mD permeable, and 50 Q resistive at 500-m depth). They
showed that the distortions induced by the casings on the surface electric potential
contour lines are restricted to the vicinity of the borehole heads, within regions
delimited by at most 10 times the boreholes radii (WURMSTICH and MORGAN, 1994,
Fig. 3). In the Mayet de Montagne, the radii of the boreholes were equal to about
10 cm, and the electrodes were located at least 17 m from the borehole heads. The
effect of the vertical resistivity contrasts, if it existed, was thus limited to at most 1 m
around the borehole heads, consequently it is very unlikely to have generated the 5 or
8 mV monitored with ERRO-ENEI and ERRO-ESW1.

The second effect that may have led us to underestimate the surface electric field is
the fact that fluid flow leakages gathering up to 20% of the total fluid flow between
boreholes I1I-2 and I11-3 are known to occur close to the water table heads (CORNET,
personal communication, 1996). These leakages may have created smaller but
shallower streaming potential sources. Few constraints are available regarding the
location and geometry of the fractures that interconnect boreholes II1-2, III-3 and
I11-8. We know from visual coring analysis in borehole 111-4 that altered granite is
present from 6 to 8 m down in this borehole. In Figure 13 we test a plausible electro-
kinetic leakage source that we associate with this fracture zone. We assume that a
2-D horizontal fracture of 500-um width is present 6 m below the surface, and that it
generates an electric dipole of 1.75 x 10~1°C, representing 20% of the charge a priori
induced at depth. In order not to have a zero signal at ERRO, we locate the negative
charge below borehole III-8 and the positive charge about 5 m to the northeast of
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Figure 13
Electric potential expected at the surface by a horizontal electric dipole of charge Q = 1.75 x 10~* C and
length 22.5 m embedded at 6-m depth in a horizontally stratified medium with an electric conductivity of
107 S m~! down to 6 m—250 pm, 3.2 x 1072 S m~! between 6 m—250 pm and 6 m + 250 um, and
1074 S m~! below.

electrode ERRO. The electric potential generated at the surface has then a larger
maximum amplitude than the previous one, however it is more concentrated in space
(Fig. 13). The potential expected at ERRO is equal to 4 mV and the voltage
differences ERRO-ENEI and ERRO-ESW1 are equal to 0.3 and 0.5 mV. These signs
are in agreement with the measurements, while the amplitudes are 15 times lower
than the measurements. With a small displacement of one of the charges towards
electrode ERRO, or with the assumption that the fracture is 3-D and not 2-D, it is
possible to generate the measured surface electric potential. It is conceivable,
therefore, that the observations made at the surface were dominated by shallow fluid
flow leakages.

The effects of the shallow electric source at depth are very slight. In particular,
they are smaller in the vicinity of electrodes EB31 and EB32, than that of the
previous source. The electric potentials measured in borehole III-3 were thus
dominated by the deeply activated streaming potential source.

6. Conclusion

The main aim of the study was to determine whether streaming potentials
generated at depth can, in practice, be detected with a surface electrode network.
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We induced overpressures of 0.1 MPa at 150 m depth in a subhorizontal granite
fractured zone, and measured the electric potential at the surface and at depth. The
permanent fluid flow regime was reached after one day, indicating a hydraulic
conductivity of 107> m s~! and a specific storage coefficient of 3.25 x 107°* m~!. An
electric potential of about 5 mV was detected in association with the induced fluid
flow. We modeled the streaming potentials associated with the hydraulic excitation,
and found that a surface signal about 5,000 times smaller than the measurements
was expected. The uncertainties associated with the model are too insignificant to
explain the discrepancy. The electric potentials detected at the surface were thus
generated by another electric source, incidentally activated. We tested the effect of
a very shallow source (6 m depth), associated with fluid flow leakages that are
known to occur in the site, close to the water table heads. We found that it
generates a surface electric potential compatible with the measurements. Therefore,
it was considered likely that the observed surface electric potential was dominated
by shallow fluid flow leakage.

Two electrodes were installed at depth, in the vicinity of the targeted deep
streaming potential source. They recorded a signal associated with the forced fluid
flow, and obviously due to the targeted deep streaming potential source.

It is consequently an established fact that, although we did activate a deep
streaming potential source, our surface measurements were dominated by a smaller
but shallower source, incidentally activated. This result thus illustrates the intrinsic
difficulty of detecting streaming potentials generated at depth using surface electrode
networks, in particular in fractured areas where side sources like our leakage source
are expected to be numerous. It also points out that detecting streaming potentials in
a farm land is very difficult because of the high electric noise generated by the electric
fences present, nearby.

BERNARD (1992) estimated the surface electric potential induced by plausible
streaming potentials associated with hypothesized preseismic strains. He showed
that the electric potential decays very rapidly with distance (as the inverse of the
square of the distance), and cannot propagate far horizontally unless adequate
horizontal channels are present between the source and the electrodes. We now
add that electric potential is likely to be distorted by smaller but shallower
streaming potentials triggered by fluid flows on adjacent faults or fractures. Such
side sources are expected to be numerous close to major active fault zones, since
the distribution of fault sizes in such regions is known to be fractal. Models of
possible electrical earthquake precursors thus prove to be more speculative than
expected. In particular, even though it remains possible that assumed preseismic
strains could sometimes generate detectable streaming potentials at the surface,
using surface electrode networks to locate such sources appears to be very
difficult.
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Appendix: Electric Potential in a Horizontally Stratified Medium

Following BERNARD (1992) and PINETTES et al. (1998), we found that the electric
potential generated by a unipolar electrical current 7 buried at the depth z; in a
stratified conductive medium consisting of two horizontal layers of conductivities
from H =0 down to H,, and o, from H; down to H,, lying over a half-space of
conductivity a3 follows

Virz=0.cl0,)) = %Gl X /0+OO dk x Jo(kr)
(LR % sk )] 42 (1) x bl )]
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_ L /+Oodk x Jo(kr) x e " x (M — R)
216, 0
chlk(zo — Hy)] x ch(kHy) + 2 x shlk(zg — Hy) x sh(kH
[k(z0 — H1)] x ch(kH\) + 2 x shlk(zo — Hy) x sh( ])xe*"z, (15.d)

(1 R) x ch(kHy) + 2 x (1 - R') x sh(kH)

when H1 < Z0 < Hz,
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1

V(r,z=0,20€[H2 roo]) = 71(627—’_63

e
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B /Om dk x Jo(kr)

—k(z0—H))

(16-a)

" T R x ch(kH)) +

1

V(r,ze [0.H1],20€[Hr,40]) — m

e

Ax(1-FR
2

) sh(kH))

] X /+Oo dk x Jo(kr)
0

—k(z0—H))

“T+ R x ch(kH) +

V(r,ze [Hy ,H>] z0€[Ha 4])

I +00
— X dk x Jy(k
2n(oy + 03) /0 o(kr)

—k(z20—2H))

[ch(kHl) +2x

TR~ <) (160)

3 sh(kH)|

% e—kz

¢ (1+R) % ch(kHl)

[ch(kHl) 4o x 1

Z—;x(l—R

X sh(kHl)}

) x sh(kH)

Xekz

7k20
te T X UTR) ch(kHl)

Vi z€lt,+00) z0€ [Ha o))

1 1 1

ax(1-R

+
403 20)2 2n(oy + 03

_ 02 + 03
x 4 |2k 4 o2 _
203

24 (z—

1 -3Rr
S T e

g1 o
+02[(3 R) x TR

X sh(kHl)}/{(l +R') x ch(kH,) +

—2kH, _

) X Sh(kHl)
(16-c)

)/()+OO dk x J()(kr)

x (1 +R') x eZkHz} ch(kH,)

g7 + 03
20'3

x (1 —R') x e2kH2]

Ty (1-R) x sh(kHl)}

()
X e k0 i g7k (16-d)
when H, < z, with
rR=237"2 7 (17-a)
gy + 03
R =R x e K=t (17-b)

where J, and Y,are the Bessel function of the first and second kind, respectively, of

the order v.
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The source codes for programs corresponding to these solutions of the Laplace
equation as well as for Equation (8) can be downloaded at the Royal Observatory of
Belgium website: http://homepage.oma.be/patrickp/Softwares/Sources.html.
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