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A Technical Review on Principles and Practices of Self-potential Method Based
on Streaming Potential
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Abstract: Streaming potential (SP) arises from fluid flow through effectively connected pores. From this potential,
formation water information as well as fluid flow properties can be estimated. As micro particles being located in
boundary between subsurface porous media and fluid are charged to form electrical double layer, fluid flow caused by
several reasons generates SP, one of electrokinetic phenomena. Occurrence mechanism of SP is complex and signal
strength is relatively weak compared to noise. However, application of self potential survey using SP to monitoring of
formation fluid is expanding because of its’ convenience of exploration without artificial source and repetitiveness of
signal. This paper accounts for the occurrence mechanism of SP studied before, including governing equations and
analyzes previous various case studies of SP according to the change of physical properties of materials. It helps to
increase understanding about SP and also lays the foundations of the application of SP to fields.
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Nourbehecht (1963), Fitter-man (1978, 1979)9} Ishido (1981)
o oaf Aotd 3F M= AW F417] F’d(electrokinetic
phenomena) ¢] shtE A skrg 23lEo] Qe thad vz
oA A TEo] AL w A7]5HEE ZH 3 (electrokinetic
coupling)® &2 WAsh= A gjoltt. & tha-d Alst wid
o] eBo] R 7] olFFol FAHUS Wl A A7
ol IAZ FAE U= FolEt FHHeR &
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and Pozzi, 1995; Pengra et al, 1999). =+ Helmholtz-
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ANHEE] FPoR gol HER §5 A% 45 4%
AT AL 918 A48 gol Helslolof stk

55 AR 89l 2%, thgd WA Faslel wiss
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Sheffer and Oldenburg (2007)= & & A7 = A
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o oal] 13 $AYeZ 3 F M9 W Kot 2
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Fig. 1. Half-space heterogeneous model with water pumping well.

(a) is plan view of model and (b) is cross-section of the model.
Background of the model is silty sand and that has physical pro-

perties of K(lxlO’”ﬂ), ‘“’( %<107° ) and O'”’(SXIO’SE)
§ m

and more permeable zone(sand aquifer) that has different physical
properties is located on the center in the plan view. The pumping
well is located at the center of the sand aquifer and it’s pumping
rate is 500 m’/day (Sheffer and Oldenburg, 2007).
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Fig. 2. Vertical cross-sections of streaming current source density
about homogeneous and heterogeneous models. (a) is streaming
current source density about water pumping when the physical pro-

perties are same within whole model (K = 1x 10’6% L'“=1x10"

;‘% , 0= 5><10’3r£n). (b) is set in the model that has different
hydraulic conductivity, K (1x10™ % ). (c) is set in the model that
has heterogeneous hydraulic conductivity, K (1x10™ % ) and cross-

coupling conductivity, L (3x107° s;) (Sheffer and Oldenburg, 2007).
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Fig. 3. Surface plan map of SP about homogeneous and hetero-
geneous pumping models. (a) homogeneous half-space model, (b)
heterogeneous K half-space model, (c) heterogeneous K and L half-
space model and (d) heterogeneous K, L and o half-space model
(Sheffer and Oldenburg, 2007).

slok el 42 A 38 ) Aok K15
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Fig. 4. Surface profiles of SP at y = 500 m. (a) homogeneous half-
space model, (b) heterogeneous K half-space model, (c) hetero-
geneous K and L half-space model and (d) heterogeneous K, L and
o half-space model (Sheffer and Oldenburg, 2007).
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= zpo]7F ¥Rl d4= U] F(hydrothermal convection)ol] 2
3 A free] HAshs Ad A/ 5}7301]"1 2 55 &
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je=Lyu-oV¢ (15)

A BB % F AR(G)E The

AZVAM Ly(= Lpplhy= S5 33 AT A% (velocity cross-
1:

coupling conductivity, A==)°]™, u Z(velocity field,

S)elth A (150 Bk Hshd 9] dFgle] glons

% ARl ware 0o Hejw,

Vij,=V-(~Lyu-oV§ =0 (16)
(16)21= Fold Aol diel] gelsia vhaat ok
V-(oV$)=V-(-Lyu) (17)
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V-(oV@)=-L,V-u-VL,-u (18)

9 Holx] Swel R WAl B FALS S 4 AF A%

Sk AR ol A Al 5§ el @il 0ol of
d o) gelse], Z AE 79U

she ARgelth, WAl 3 A9

A FE /\l S /}}

3 A% Ao Wzt Sl v e AAA Aol
& 58 M9l 45 HeH S 5y
El 5 )

Ly(T) = Ly(1+C'AT), AT =T-T, (19)

71 Tye 71 E=(0), Lpe 7% &% A
T AR, C= °CT'Y BRE Zhe el o] o, A
C'= 0.019] Aoz AL 7Fs3lth(Morrison ef al., 1978;
Ishido and Mizutani, 1981; Lim et al., 2007). 2] (19)°14<}
Zol, mid W 2% HsPl APHoR Hsisithd 2% xjo]
= 47t (AT = Constant) Ly2] #H= A7F Fl2=2
Ly®l 712712 0°] H™(VL,=0), "1 WX 2% #s7t
APH o= WslelA] o™ Lygkel 37kl wt vistsiA =
u2 1,9 7187 00] ofyA "Tt(VL,#0).
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&<] PT E&(Pressure and Temperature module)Z} X 71H]#]
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W Algdold Fstal A% g A AHE AL 24
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ARl 817 52 4 Wi =% 2ol dS o
A= B zpolof ofsf WAYS H4 o F(hydrothermal
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FACY & X5} O|MLH PEAITE)
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TH(Pozdnyakova et al., 2001). Sharma and Baranwal (2005)
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Fig. 5. SP anomaly and resistivity profiling to compare results at
fracture zones in a hard rock. Resistivity survey was conducted to
use Wenner configuration with 150 m current electrode separation
(i.e. a=50 m) and SP response was measured along the same
profile line with a 10 m potential electrode separation. Positive SP
anomaly is interpreted to show groundwater flow in the fractured
formation (Pozdnyakova et al, 2001; Sharma and Baranwal,
2005).
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Fig. 6. SP distributions with 5 different time steps of water (white)
moving model toward the production well, which is located at 0 m
on the horizontal axis. (a) shows 2 snapshots of 231 days and 463
days of the saturation distribution within the reservoir layer. (b) is
SP about 1D horizontal section per different times. The peak of the
SP curve per each time is located at the water front of same time
(Saunders et al., 2008).
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potential reduced when the water front is close to the well
(Saunders et al., 2008).

ZAlA A7 FA43] sk FEE B vissl yet

UL Alde] el w4 A9 wel

A ARE A35e) dEt me
A9 ukgel ArE 2717k vl Fel
W, 55 A9 A7 3= #A¢] @9 pH, &% &
< e ek HollA] aiA ol ofEgo] AT, AlEE ol
% A9 Fof Y BAR HF HF A9 W B
= F3 F A H(Saunders ef al., 2006, 2008; Glover ef al.,
2012). =3k YR 2H3E X HolAe] A A9 A AR
24 (Giampaolo ef al., 2014), EOR (Enhanced Oil Recovery)
317 (Water Alternating Gas—WAG process)ol| 4] 2] &2 ¢
AgAdol ek B2 (Jaafar ef al., 2014) 5= FH = AT}

U.',

o, —1

24 2ok 2| Ald 55 ELEE

i, Al 2 A EeA 9
& A97F Aed 5 Aok SfellE 1980t FHkRE A
A A S AL I G AR A9 EARE B
o

o BRI 5

t
A7AE "ARE F7E B5EE HolA e ek
AZRA R GAPEE 7t B sk 7ol ek gAol &
FHol A5t §A BEOE Qg T AR BAL A A9
YA} Bk AT o] F g e) 45 nes SHow
Q8] We] 4 A= Al 8 SE Abal7E BOHOlivy er dl,
1969; Bogoslovsky and Ogilvy, 1970a, 1970b; Song et al.,

%3

Tzl

2000; Panthulu et al., 2001; Boléve et al., 2009). 5l 2]t
5 A9 WS 13} A1) 93 o g 9] S Ut
Azt | Uie] o) weba o) dtE i - U B

g A9 S 7] whlE S 542 KB 55
zZ

£ 93 RUHA 74 AF
<3 (Biising er al., 2016)°1 o] AElatdtt. olitstera
g A% Al olrksletirt A Fel FEE o] Akl &3y
H FA9] o] 27w } Eob H7IHEETE SVl =Y o]
of M mjde] A9 B4 Wske 35 9] vHeol= 2]
£ 7FH A EthBorner et al., 2016; Dafflon er al., 2013).
Biising et al. (2017)2 o|2tslera 75 2dlS #4517 23
A] Linde et al. (2007)° 2Jaf #A|<te 271¢] gl thgh {4
35 WA 5 AR A4S A Ak AL A8 ARRE
= €}
=

H
of AT AR A9 2L F ol usheh TE

ol

&0l 2 2AZ o

$H PYOR PADE ol

A frsel thell RS L& o k= Axe] AT, 74
B S AE T A% A 2 Aes] 224
oz M=z s lon ujdel 540 wket ol #hE 7
B2 g0l vy HY ks S8l wet A2 4ol
= olE&o] vk =3 ARl SA== A A9 ol 2
A 9471 well 9% ol FHoFsirt =fiele] B A9E
AL AR B 23 AARS, o, 43E, 4AF
5, B4 Eof 59| kst Eoklld 35 A9 w-g 5400
ek olBl=E £ = AU ol2|gt 7IEe] Sl Al &
A Al 718l FeA BN 2 g EF] et 2297 vl
HA oM o] HE5 50 o 55 A9 BUHY, 3F &



#) golul ohjet A ol sha: o8
RN AR A9 WAL Ag W B e ALHel AT

o] Fosk zlog JtEc)

o] A= FF “AF3E 2 -l 71N EAY
(2018002440005)3} “CO, A7 FA#AE 71& NTAMY
(201801810002)79] A& W35 ).

References

Archie, G. E., 1942, The electrical resistivity log as an aid in
determining some reservoir characteristics, Transactions of
the AIME, 146(01), 54-62.

Bear, J., 1972, Dynamics of fluids in porous media, Dover
Publications, Inc., New York.

Bodvarsson, G. S., 1982, Mathematical Modeling of the Behavior
of Geothermal Systems under Exploitation, Ph.D. Thesis,
U.C. Berkeley.

Bogoslovsky, V. A., and Ogilvy, A. A., 1970a, Application of
geophysical methods for studying the technical status of earth
dams, Geophys. Prospect., 18(s1), 758-773.

Bogoslovsky, V. A., and Ogilvy, A. A., 1970b, Natural potential
anomalies as a quantitative index of the rate of seepage from
water reservoirs, Geophys. Prospect., 18(2), 261-268.

Boleve, A., Revil, A., Janod, F., Mattiuzzo, J. L., and Fry, J. J.,
2009, Preferential fluid flow pathways in embankment dams
imaged by self-potential tomography, Near Surf. Geophys.,
7(5-6), 447-462.

Borner, J. H., Herdegen, V., Repke, J. U., and Spitzer, K., 2016,
Spectral induced polarization of the three-phase system CO,—
brine-sand under reservoir conditions, Geophys. J. Int.,
208(1), 289-305.

Biising, H., Vogt, C., Ebigbo, A., and Klitzsch, N., 2017,
Numerical study on CO, leakage detection using electrical
streaming potential data, Water Resour. Res., 53(1), 455-469.

Navarro, J., Raghuraman, B., Bryant, I. D., and Supp, M., 2006,
Streaming potential applications in oil fields, SPE Annual
Technical Conference and Exhibition, 24-27.

Corwin, R. F., and Hoover, D. B., 1979, The self-potential
method in geothermal exploration, Geophysics, 44(2), 226-
245.

Dafflon, B., Wu, Y., Hubbard, S. S., Birkholzer, J. T., Daley, T.
M., Pugh, J. D., Peterson, J. E., and Trautz, R. C., 2013,
Monitoring CO; intrusion and associated geochemical trans-
formations in a shallow groundwater system using complex
electrical methods, Environ. Sci. Technol., 47(1), 314-321.

Erchul, R. A., and Slifer, D. W., 1987, The use of spontaneous
potential in the detection of groundwater flow patterns and
flow rate in karst areas, Proc. 2nd Multidisciplinary
conference on sinkholes and the environmental impacts of
karst, 217-226.

9 S P A 2 g% 239

Fitterman, D. V., 1978, Electrokinetic and magnetic anomalies
associated with dilatant regions in a layered earth, J
Geophys. Res. Solid Earth, 83(B12), 5923-5928.

Fitterman, D. V., 1979, Calculations of self-potential anomalies
near vertical contacts, Geophysics, 44(2), 195-205.

Fitterman, D. A., and Corwin, R. F., 1982, Inversion of Self
Potential Data from the Cerro Prieto Geothermal Field,
Mexico, Geophysics, 47(6), 938-945.

Freeze, R. A., 1971, Influence of the unsaturated flow domain
on seepage through earth dams, Water Resour. Res., 7(4),
929-941.

Frenkel, J., 2005, On the theory of seismic and seismoelectric
phenomena in a moist soil, J. Eng. Mech., 13(9), 879-887.
Giampaolo, V., Rizzo, E., Titov, K., Konosavsky, P., Laletina,
D., Maineult, A., and Lapenna, V., 2014, Self-potential
monitoring of a crude oil-contaminated site (Trecate, Italy),

Environ. Sci. Pollut. Res. Int., 21(15), 8932-8947.

Glover, P. W., Walker, E., and Jackson, M. D., 2012, Streaming-
potential coefficient of reservoir rock: A theoretical model,
Geophysics, 77(2), D17-D43.

Ishido, T., and Mizutani, H., 1981, Experimental and theoretical
basis of electrokinetic phenomena in rock-water systems and
its applications to geophysics, J. Geophys. Res. Solid Earth,
86(B3), 1763-1775.

Ishido, T., Mizutani, H., and Baba, K., 1983, Streaming
potential observations, using geothermal wells and in situ
electrokinetic coupling coefficients under high temperature,
Tectonophysics, 91(1-2), 89-104.

Ishido, T., and Pritchett, J. W., 1999, Numerical simulation of
electrokinetic potentials associated with subsurface fluid flow,
J. Geophys. Res. Solid Earth., 104(B7), 15247-15259.

Jaafar, M. Z., Omar, S., Anuar, S. M. M., and Suradi, S. R.,
2014, Reservoir Monitoring of EOR Processes (WAG, Foam
and Polymer) Using Streaming Potential, Scientific Coope-
rations International Workshops on Engineering Branches, 8-
9.

Jardani, A., Dupont, J. P., and Revil, A., 2006, Self-potential
signals associated with preferential groundwater flow pathways
in sinkholes, J. Geophys. Res. Solid Earth, 111(B9).

Jardani, A., Revil, A., Barrash, W., Crespy, A., Rizzo, E.,
Straface, S., Cardiff, M., Malama, B., Miller, C., and Johnson,
T., 2009, Reconstruction of the water table from self-potential
data: A Bayesian approach, Ground Water, 47(2), 213-227.

Jardani, A., Revil, A., Santos, F., Fauchard, C., and Dupont, J.
P., 2007, Detection of preferential infiltration pathways in
sinkholes using joint inversion of self-potential and EM-34
conductivity data, Geophys. Prospect., 55(5), 749-760.

Jouniaux, L., and Pozzi, J. P, 1995, Streaming potential and
permeability of saturated sandstones under triaxial stress:
Consequences for electrotelluric anomalies prior to earth-
quakes, J. Geophys. Res. Solid Earth, 100(B6), 10197-10209.

Lim, S. K., Song, Y. H., Lee, T. J., Yasukawa, K., and Song, Y.
S., 2007, Three-dimensional SP Modeling at a Geothermal
Reservoir Site, J. Korea Inst. Mineral Mining Eng., 44(1), 9-
19 (in Korean with English abstract).



240

of

A%

Linde, N., Jougnot, D., Revil, A., Matthii, S. K., Arora, T.,
Renard, D., and Doussan, C., 2007, Streaming current
generation in two-phase flow conditions, Geophys. Res. Lett.,
34(3).

Minsley, B. J., Burton, B. L., Ikard, S., and Powers, M. H.,
2011, Hydrogeophysical investigations at hidden dam, Ray-
mond, California, J. Environ. Eng. Geoph., 16(4), 145-164.

Morgan, F. D., Williams, E. R., and Madden, T. R., 1989,
Streaming potential properties of westerly granite with appli-
cations. J. Geophys. Res. Solid Earth, 94(B9), 12449-12461.

Nourbehecht, B., 1963, Irreversible thermodynamic effects in
inhomogeneous media and their applications in certain geo-
electric problems, Ph. D. Thesis, M.I.T., Cambridge.

Ogilvy, A. A., Ayed, M. A., and Bogoslovsky, V. A., 1969,
Geophysical studies of water leakages from reservoir,
Geophys. Prospect., 17(1), 36-62.

Panthulu, T. V., Krishnaiah, C., and Shirke, J. M., 2001, Detection
of seepage paths in earth dams using self-potential and
electrical resistivity methods, Engineering Geology, 59(3-4),
281-295.

Park, K. G, 1994, Study on 3-dimensional resistivity modeling
by FEM and topography correction, Master’s thesis, Seoul
National (in Korean with abstract).

Pengra, D. B., Xi Li, S., and Wong, P. Z., 1999, Determination
of rock properties by low-frequency AC electrokinetics, J.
Geophys. Res. Solid Earth, 104(B12), 29485-29508.

Pozdnyakova, L., Pozdnyakov, A., and Zhang, R., 2001,
Application of geophysical methods to evaluate hydrology
and soil properties in urban areas, Urban Water, 3(3), 205-
216.

Revil, A., Naudet, V., and Meunier, J. D., 2004, The hydro-
electric problem of porous rocks: inversion of the position of
the water table from self-potential data, Geophys. J. Int.,
159(2), 435-444.

Russell, R. D., Butler, K. E., Kepic, A. W., and Maxwell, M.,
1997, Seismoelectric exploration, The Leading Edge, 16(11),
1611-1615.

Saunders, J. H., Jackson, M. D., and Pain, C. C., 2006, A new
numerical model of electrokinetic potential response during
hydrocarbon recovery, Geophys. Res. Lett., 33(15).

Saunders, J. H., Jackson, M. D., and Pain, C. C., 2008, Fluid
flow monitoring in oil fields using downhole measurements
of electrokinetic potential, Geophysics, 73(5), E165-E180.

Sharma, S. P, and Baranwal, V. C., 2005, Delineation of
groundwater-bearing fracture zones in a hard rock area
integrating very low frequency electromagnetic and resistivity
data, J. Appl. Geophy., 57(2), 155-166.

Sheffer, M. R., and Oldenburg, D. W., 2007, Three-dimensional
modelling of streaming potential, Geophys. J. Int., 169(3),
839-848.

Sill, W. R., 1982, Self-potential effects due to hydrothermal
convection-velocity crosscoupling, Utah Univ., Salt Lake City
(USA), Dept. of Geology and Geophysics.

Sill, W. R., 1983, Self-potential modeling from primary flows,
Geophysics, 48(1), 76-86.

g

Song, S. H., and Yong, H. H., 2003, Application of SP
monitoring to the analysis of anisotropy of aquifer, J. Korea
Inst. Mining Geol., 36(1), 49-58 (in Korean with English
abstract).

Song, S. H., Kwon, B. D., Yang, J. M., and Chung, S. H., 2002.
Application of SP Survey and Numerical Modeling to the
Leakage Problem of Irrigation facilities, Geophys. and Geophys.
Explor., 5(4), 257-261 (in Korean with English abstract).

Song, S. H., Lee, K. S., Kim, J. H., and Kwon, B. D., 2000,
Application of SP and pole-pole array electrical resistivity
surveys to the seawater leakage problem of the embankment,
J. Korea Inst. Mining Geol., 33(5), 417-424 (in Korean with
English abstract).

Song, S. H., Song, Y., and Kwon, B. D., 2005, Application of
hydrogeological and geophysical methods to delineate leak-
age pathways in an earth fill dam, Explor. Geophys., 36(1),
92-96.

Wanfang, Z., Beck, B. F., and Stephenson, J. B., 1999, Investi-
gation of groundwater flow in karst areas using component
separation of natural potential measurements, Environ. Geol.,
37(1-2), 19-25.

Wurmstich, B., and Morgan, F. D., 1994, Modeling of streaming
potential responses caused by oil well pumping, Geophysics,
59(1), 46-56.

22 A H7| 0IF5 X A SH| &y

Ak AstEo] e EY YA ¥HS B FHgE
hAE o] glon, ol wat A5k o] ooleo] Bk A}
FHel Fuo] FHe] H714 A} o] 7ke] &

Atolol] F5& ol FH 2714 HIFEE o] FE=d, o]
o]FZolgt gt

77] ol A o8] RdEo] ded, ¢4 2
< JEEA & Wt A7) ©]5% 299l Helmholtz ©]%
Z°] ATHFig. A-1(a)). ©] FL2 hHE YA} 2] 2Hzte]
sl gisl 1o 19] B2 gk o]o] M et
A7) o]55S ¥4l 743t Helmholtz B9 25

Wrsle] #akg-S 3188H= Gouy-Chapman 4t o]F5 &

T X3t 7] oless I T FoethFig. A-
1(b)). B3¢t Helmholtz =@} Gouy-Chapman®.d-& o2&
Ho}p Adddog wedk wdlo] Stern 24l o]THFig. A-1(c)).
Stern 2@ oA = 279321 stern layere} €4+520 Gouy layer
£ AAste] Al FRolmol A& 7hed ddH RdS
Aofsiint. o] Z2HE YAt FHOZRE Ao w} ol
I ol FX7F gEtAH ofol] met BAse H714 A
& Ae} A9l gt} T F2ol= FHO MedErt =
S5 oY Pl o AH o]FF] UMl &9 F
L7t &5, o2 At 25 Y50 gtk

1ok ZFo] A&} A 27]9] Aol Het] K] olsFS



55 A9l 128 A A9 PApyel

| \
Uk,
= B _ -
|
Colloid :
e
;[
= /4

I’&“
&

I/
4
-

-

I-I-I

Colloid

~
i~

+
i

Colloid

(©

Fig. A-1. Examples about three types of electrical double layer:
(a), (b) and (c). (a) is Helmholtz double layer that surface of
colloid is charged with negative ions and positive ions are
absorbed to negative ions symmetrically consisting layer. (b) is
Gouy-Chapman double layer. In this layer model, ions having
same charge with charge on the surface of colloid also consist of
diffuse layer. (c) is stern double layer. This system consists of two
layers of stern layer and Gouy layer. Stern layer is fixed and Gouy
layer is diffuse layer that can be moved. Three types of electrical
double layer are all electrical equilibrium state as long as there
aren't any external current sources or any other forces.
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T2 Aoske AP EBFREVE)e s AgET
& A9l 7] 712717F EEelH (B-13)49] ¢
A e FEATES) 107 ms Bk 2 39l ¥4 7
sk (Mitchell, 1991), s1E 7189 wet (B-13)2]2 Darcy?l
H2E wEth webA (B-13)2S EshE dEe] fA 5
Aelabr] 918 AgnEagae] tiYshd (B4)4e f28
4= Aok T3 AR @A E3hE v oMo 5 EAE
9] Aol Bxst -5 21 refsiFoiof gt

V-A{K(S,)Vh} = nagtw — Q6(r—ry)

(B-15)
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o] Ao FEHETE 2] Eslro] ol A A
52 AR FAl e AR Y e 72 U

V- (-oV¢-LVh)= —% + 1,6(r—r,) (B-16)

9 S P A 2 g% 243

o] wj, 8] &3} AlZH(hydraulic relaxation timey> 7] <3}
X7} (electrical relaxation time) BT} =7] wj&ol] A7) Ax A
SE A AR TP EE A7k whE Al sz
T2 00] Hr} 9] HAF o] givta & of £1¢]
°

olelst el )T & ek,

V-oV$=-V-LVh (B-17)
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