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The seismoelectric method - basic definitions

Seismic waves propagating in geological media induce measurable electrical potential distribution

Electromagnetic Sensors
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Seismoelectric signals — basic definitions

Combining seismic and electrical methods

The seismoelectric method is the measurements

of electromagnetic signals that arise when

seismic waves stress earth materials:

e Co-seismic signal (travel with the wave)

* Interface signal (EM response to a contrast in
rock properties)

* Mesoscopic signal (generated by WIFF)

Measurements
* 1, 2 or 3D imaging
* Borehole logging

e Time lapse
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Seismoelectric — cross-borehole example

lllustration with a numerical example (Araji et al., 2012)

Cross-boreholes seismoelectric investigation
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Araji et al. (2012)



Seismoelectric - cross-borehole example

Borehole #1 Borehole #2
lllustration with a numerical example (Araji et al., 2012) -
i ici igati T [ e |
Cross-boreholes seismoelectric investigation (t = 98 ms) Ll .
£ z
% S#5
-eco Coordinate x (in m)
Seismic snapshot Electrical current density Electrical potential at EI#25
Borehole #1 t=97.79ms Borehole #2 Borehole #1 =97.79 ms Borehole #2 § 1= 07.70 ms
0.06 9 000 g’ 0.1 T T T T T
-_8_ 006 = ;0‘08 |
004 = s B
§ 00s 2 é0.0G |
- g = 0.02 3 § 004 |
o & = o & 2om
_om-é- —0.02‘5' § 0
% 0045 B _002}
—0.04’§. 3 D
omg —006§ =) _004.
. -0.08 1 1 1 1 1
= = 006, 61 12218 244 306 366
100 150 200 250 300 350 400 450 100 150 200 250 300 350 400 450 S00 - -
X(m) X(m) Time (in s)

Araji et al. (2012)



Seismoelectric - cross-borehole example

lllustration with a numerical example (Araji et al., 2012)

Cross-boreholes seismoelectric investigation (t = 122 ms)
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Seismoelectric - cross-borehole example

lllustration with a numerical example (Araji et al., 2012) ’ B S—
Cross-boreholes seismoelectric investigation (t = 195 ms) £ 1s ) . .
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Seismoelectric - cross-borehole example

lllustration with a numerical example (Araji et al., 2012) ’ B S—
Cross-boreholes seismoelectric investigation (t = 220 ms) £ 1s ) . A |2
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Seismoelectric - cross-borehole example

Borehole #1 Borehole #2

lllustration with a numerical example (Araji et al., 2012)
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Cross-boreholes seismoelectric investigation (t = 293 ms)
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Seismoelectric - cross-borehole example

Depth (m)
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lllustration with a numerical example (Araji et al., 2012)
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b. Electrograms (Shot #5)
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Seismoelectric — towards a quantitative use of the signal

Seismoelectrical signal contains information on mechanical and electrical parameters

Real interest for resources and reservoir characterization

Seismoelectric signals Petrophysics

How to extract relevant and quantitative information about the geological medium of
interest (reservoir, critical zone, contaminated area) from seismoelectric signals ?

12



The electrokinetic nature of seismolectric conversion

Seismoelectric conversion is related to electrokinetic coupling phenomena
(e.g., Frenkel 1944, Packard 1953, Pride 1994, Revil et al. 2013, ...)

Mineral surfaces are charged (often negatively)

Electro-neutrality of
the system

_ Distributed in layers:
Excess of charges in the pore # - Stern layer
water - diffuse layer
Yy . i i Na* : I ! aAa |
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Petrophysical developments for seismoelectrics

Seismoelectric conversion is related to electrokinetic coupling phenomena
(e.g., Frenkel 1944, Packard 1953, Pride 1994, Revil et al. 2013, ...)

When the water flows in the pores the charges are dragged (relative fluid velocity)

Stern layer: immobile
diffuse layer: ~ mobile

Pore fluid velocity
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R Na ~ 1 HO-
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Q I\lja I Na* . | Na=—"0- . .
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A new up-scaling approach: from the nm to the REV scale

Up-scaling framework proposed in Jougnot et al. (2012) for self-potential (f = 0 Hz) and Jougnot (2019) for seismoelectrics

~1-10nnm Description at the interface scale

~10 nm -1 mm Description at the pore scale

~lcm-1m Description at the REV scale
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Description of the EDL

Up-scaling framework (Jougnot, 2019)

~1-10nnm [ Description at the interface scale }

16
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Description at the pore scale

Up-scaling framework (Jougnot, 2019)

~1-10nnm Description at the interface scale
l <€ Pore shape and size
~10 nm -1 mm Description at the pore scale
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Petrophysical developments for seismoelectrics

Effect of the frequency on the electrokinetic coupling

What’s happening at the pore scale ?

¢. Flow in the viscous laminar regime d. Flow in the inertial laminar regime
> 000009 38— 0—08—0TO_O—
® ® @ 8 ® @ @ @ ® ® ® @
S ® N\ 6 © ® o
® @® glo @)\°e @ ® @ e CPe
o o 9% @0 o ol© Jo oo
@ @ >
© 29 0% “eog © © 9 @ 0|® olg 9
|’€/ OO O O O O © |‘(/ OO O O O O ©
DC frequency (f = 0 Hz) High frequency (f = o= Hz)

Revil and Mahardika (2013)
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Petrophysical developments for seismoelectrics

Effect of the frequency on water velocity in a pore

Let’s consider pores as equivalent cylindrical capillaries

Analytical solution to Navier-Stokes equation for an oscillatory flow in the pore:

Soil Sample

A

Irregular Equivalent
Soil Pore Cylindrical
Capillary

Or et al. (2009)

Amplitude, Ivi[ms™"]

Distribution of water velocity in the pore:

vi(r,w)=
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Need for accurate dynamic permeability model
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Description at the pore scale

Excess charge, O,[C m™]

Pore velocity, v[ms ']
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10-10
vE(r,m)
C.
10715 . sl Y R B
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Distance from porewall, r [m]

Electrical Double Layer (EDL)

Description of the electrical charge
distribution in the EDL:

- diffuse layer: excess charge
- free electrolyte

>0Cm”>
=0Cm"~

0,
0,
Frequency dependent water velocity

Description of the water velocity distribution
in the pore

Frequency dependent effective excess
charge

I Qv (ryv*(r,w)rdr
OF (R.0)=""

We obtain the frequency
dependent effective
excess charge density for
a given pore radius

J v¥(r,o)rdr

r=0
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Description at the pore scale

Frequency dependent effective excess charge at the pore scale

Evolution of water velocity and effective excess charge density as a function of pore size

%
. V¥ (R,0)
10° ' '
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104 ¢ 10" Hz
102 Hz
s 10° Hz
w 10° ¢ .
£ 10% Hz
& 10° Hz
> _ 8l
s 10 10° Hz
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4
10714 : '
108 107 10 107 10
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e
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~
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)
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or'\> Oo

o
- A
o
&

O kRa)
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Capillary radius, R [m]

Very strong effect of the pore size
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Description at the REV scale

Up-scaling framework (Jougnot, 2019)
, Soil Sample

~1-10nm Description at the interface scale y . o "
. — I f}
<< Pore shape and size .
Irregular Equivalent
Soil Pore Cylindrical
Capillary
~ o Or et al. (2009)
10 nm -1 mm Description at the pore scale
. . . . 16 a |
<€ Pore size distribution £ 2T
é 10
g 8
g 6
~1lcm-1m B
¢ Description at the REV scale 0 |
107 10° 10! 10? 108
Radius [pm]

Jougnot et al. (2019)
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Description at the REV scale

Measurable parameter at the REV scale: the electrokinetic coupling coefficient (macroscopic parameter)

10 20
° (7@ ? (? o @ (a) —— Streaming potential

| | 8 = = -Fluid pressure difference || 16

| / ' / ----- Piston displacement ?
‘. AR K

/ / | | s ° £ g
[ / | E . fo £ ARV
~— 1 A 13 (%)
pi . 4 - AV VEAVE VAVE I
B - i : 3 4 3
- = B Vo ] 3 (]
= i I o M=z = — £ . / i/ \ 1 0%
g 7 /‘ ;’\ /;-_ ,’\ o
H o 1 < 1 t < -
e o t ¢ ¢ ! tf 4 3
E F Y ¢ 1 ¢ k a
[ ° 8 4h F v \ f s O
o 1 VF vF =
| b L ¥ k) =
6 14 Lt LA 12’3
[

) . B

20 Hz
-10 T T T T T T T -20
0.5 0.52 0.54 0.56 0.58 0.6 0.62 0.64

Time (s)

Measuring the electrokinetic coupling coefficient (at different
frequencies):
Ap,, (1)

Frequency dependent electrokinetic coupling coefficient 24



Description at the REV scale

Relating the effective excess charge to a measurable parameter: the electrokinetic coupling coefficient

The electrokinetic coupling coefficient at the REV can be obtained
from Revil and Mahardika (2013):

Let’s consider that one pore size drives the response

Dynamic parameters with respect to
quasi-static values (f = 0 Hz)

k'(w)= kK" (w)
O™ ()= 0°0"" (»)

(i.e. equivalent pore size assumption, see Packard 1953; Reppert et al. 2001)

Quasi-static parameters (0 Hz)

0
k"~ can be measured

A0

Qv can be measured or obtained from
the analytical solution of Guarracino
and Jougnot (2018)

Relative dynamic parameters (numerical model)

ol v (@
k [, ((1)): = (_)
v (w=0)

Arel * — Qf’*(w)
0, (w) 0% (@ =0)

25
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. "o 100 .

Description at the REV scale B 0 m
= 10°° m
: =~ 10° m
From the effective excess charge ' (@) % 1045 m
to the electrokinetic coupling g 10:‘;?
coefficient 2 133 m
Q. m

E: 10-5 -2 “I-1 0 1 2 3 4 5 6

We consider equivalent pore 10 10 10 10 10 10 10 10 10

size from 10°to0 103 m

\

Amplitude, |Q""*(w)| [C m™]
8—\
|

0
1010_2
«g 1
Frequency behavior consistent S oslk
with literature data . * _§¥ ool
Cpp()=- SO 7
n,0 (®) G
(e.g. Pengra et al. 1999, Tardiff et § 0.2} c.
al. 2012, Zhu and Toksov 2012) g 2)0_2 '

Jougnot (2019) Frequency, f [HZ]
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o
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o

-

o
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Imaginary part, Im(C_)[C m‘3] Real part, Re (Crcl) [C m‘3]

LA |

Im(C ¢ (0))

T T) IR P I i | A

Frequence, f [HZ]

Description at the REV scale - comparison with existing model

1

Packard (1953) proposes an
analytical solution for a given
capillary

We compare the models for equivalent
pore size from 10° to 103 m

The model of Jougnot (2019)
perfectly reproduces the complex
coupling coefficient (amplitude,
real and imaginary part) using a
different approach

27
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Description at the REV scale — comparison with water saturated data

>
Electrokinetic coupling coefficient of a Berea sandstone a ; | |
. - . . () B
at various salinity and various frequencies © 10" 00128m | a. .
. © — 0.048Sm
(Zhu and Toksov 2012) 2 0.095 S m"!
S O, 0.18Sm" —
Receiving/recording Transmitting 2 = 0.32Sm™ /////
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i X o 1n0 F — i
w ‘-S—)Tc—' ‘(:Sl:a?\‘grg?or 10 kHz-120 kHz g g 10 .
Digital ‘ ..%
Oscilloscope 8
‘ . E 1 1
Band-pass Pot'l/g?;\rmp Voltage: 100 V 103 10* 10° 108
Filter
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i 10 . .
* Hydrophone R b
* LC-43 .E _
V- V+ _g T
= 0o 107[
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© =
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/ |~ = 10-9 1 1
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R i Frequency, f [Hz]
NaCl solution Jougnot (2019) :

Safistfying results for water saturated porous medium 28



Description at the REV scale —partially saturated medium

Effective excess charge and electrokinetic coupling coefficient under partially saturated conditions

 The REV is a bundle of capillaries which sizes follow a fractal distribution
* agiven capillary is either water saturated either dry (larger dry first)
* An analytical solution is obtained for the effective excess charge and coupling coefficient

Drainage (S, ¥)
Soldi et al. (2019)

Frequency (%)

n A S
REV ,rel S — REV,sat e
Qv ( w) Qv krel ( Se)
AREV,rel S krel S
Con(5,)= O T 0
W Gre ( SW)
S

Ce(S,)=

Csat e
EK Grel (SW)

16 .a ! I
14
12
10F
8
6
4
2F
0
10 100 10° 10? 10°
Radius [pm]

Jougnot et al. (2019)

S, = effective saturation
o' = relative electrical
conductivity

A rather simple analytical solution for the electrokinetic coupling coefficient under partial saturation 29



Description at the REV scale - comparison with partially saturated data

Seismoelectric monitoring drainage and imbibition of a sand filled tank

Wood container

o

Acoustic foam

Stainless steel ball
hitting a
granite cylinder

Bordes et al. (2015)

Seismic sources

E
L
o
£
£
= £ i
o < ' :
< 05 0 0.5 1 15
™ (b) t(ms)
Seismic and electrical monitoring
Sensors Wells
mm Capacitance probe 4 'njection during imbibition
| Electrode ¥ Pumping during drainage

o Accelerometer
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Description at the REV scale - comparison with partially saturated data

Seismoelectric monitoring drainage and imbibition of a sand filled tank

Wood container

Acoustic foam

Stainless steel ball
hitting a 1
granite cylinder .-

Bordes et al. (2015)

Seismic records at various offsets

a) ! !

t (ms)

o] ~ (o)) wn H w N —
1 M 1 1 L 1 L L

—_
N
SN
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Description at the REV scale - comparison with partially saturated data

Seismoelectric monitoring drainage and imbibition of a sand filled tank

Wood container Seismoelectric records at various offsets

Acoustic foam

granite cylinder .8

, = | : _

p S b) 5

/ & i |
/ N
/ \
/ i
Stainless steel ball 74
hitting a = 5
6.
7+
8-

=

Bordes et al. (2015) 32



* 1D approximation

* analytical model based on fractal pore size distribution (Jackson 2010, Soldi et al. 2019)

Imbibition

L ¥ % Hi iﬁi iH ﬁ i Hi
. | == Dyn TF at 0.2m
Rt SRR ¥ APyt
Dyn TF at 0.3m|]
E : E i | ¢ offset=0.3m
| SR R—— A —DynTFato_4m-
5 5 : | v offset=0.4m

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Bordes et al. (2015)

(b)

-2

Ampl. ratios, [V.m

© © © © ©
w

Modeling the amplitude ratio of the transfer function (depending on coupling coefficient)

S 9 99O
2 0 o N

g

Next step: improving the dependence to the water saturation...

Drainage

DB SEME b ]

Frequency (%)

OK, but could be improved,
especially at low saturation...

Description at the REV scale - comparison with partially saturated data

Radius [pum]

10?

Jougnot et al. (2012) showed the
importance of pore size
distribution at low saturation
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Description at the REV scale — next steps...

Solazzi et al. (2020) propose a simple way to model the dynamic permeability of partially saturated media

a)
 REVis a capillary bundle
* Pore size distribution is user-defined

* Approach validated with the model of

Johnson et al. (1987) for saturated =Nl
conditions (with wetting and non o 20f
wetting fluid) < 5l

* We see that the equivalent capillary
changes with saturation

Next step:

=» Implement Solazzi et al. (2020)
model for dynamic permeability in
the upscaling framework presented
by Jougnot (2019)

=>» Use the resulting code as a
petrophysical brick in a fully
coupled seismoelectric modelling

Solazzi et al. (2020)

10* 10°
Frequency [Hz| Frequency [Hz|

o Johnson
et al. (1987)

o Johnson
et al. (1987)

34



Seismoelectrical modelling — next steps...

=» Use the resulting code as a petrophysical brick in a fully coupled seismoelectric numerical simulation

e.g., back to the exemple of Araji et al. (2012) Each cell of the numerical
cross-brohole study simulation, described by: 3
* porosity Y
— e dynamic permeability
% Seismic sources
© Recaivers ) a.Case study #1 * water saturation —
Borehole #1 Borehole#2 ) o =
0w a0 s Bw aw * electrical conductivity 3
.~ * mechanical properties &
100- / s (bulk & shear modulii)
¥ s# * effective excess charge . '[c N
i B N A iy * coupling coefficient 3 osl
E (un) u2) i . i
£ -300 § ¥ 2 =~ 9 : . . .
Za CD - 102 100 102 10% 106
x Frequency, f [HZ]
-400 =
o e =>» To obtain a fully mechanistically coupled seismoelectrical forward
R#SO model for porous media saturated by two fluids:
PML . . . .
600 . * reservoir characterization (oil, gas, CO2, H, ...)
Coordinate x (in m) )
\ \ » near surface (contaminated) area
Seismic source Electrodes .

35



Conclusions & perspectives

What we have :
* Seismoelectric method combines interest from seismic and electrical methods
« Signals related to properties of interest for reservoir or contaminated area characterization

« Good petrophysical model (frequency dependent EK coupling) is needed to quantitatively exploit

the signals

« Up-scaling approach validated in saturated conditions (match experimental data)

« Decent match with experiment for partially saturated conditions

What we need :
« Extend the model for partial saturation

* Implement the model in a larger framework for seismoelectric modeling
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Credits: R

i

Thank you for your (virtual) attention...
...any questions ?

Do not hesitate to visit:

s https://sites.google.com/site/damienjougnot/

@DamienJougnot
@SanSolazzi

e

avi Verma
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