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1 Intr oduction

Theseismo-electricnethodis anintegratedsurweying techniquéor theshallow subsuréceof the
Earth,in which seismicsourcesandelectromagneticeceversareused.Althoughthe existenceof
the seismo-electricornversionis known sincethe early 1930s[seethe review paperof Beamish
andPeart(1998)],thedevelopmenbf theseismo-electrimmethodhasbeengreatlyenhancedince
the publicationof the experimentalwork of ThompsorandGist (1993)andthetheoreticawork
of PrideandHaartsenPride,1994; Pride andHaartsen1996; Haartserand Pride, 1997). The
recentlyobtainedexperimentalresultsfor the shallov subsuraceof the Earthare very promis-
ing (Millar, 1995;Butleretal., 1996;Mikhailov etal.,1997;Russelletal.,1997;Zhuetal., 1999;
Beamish,1999; Garamboisand Dietrich, 2000). In all thesepaperst is shavn thatthe seismo-
electricmethods ausefultool to characteriz@arameterik efluid contentandfluid geochemistry
in the porousEarth’s subsurice;hence possibleapplicationgncludegroundvaterdetectionand
thedetectiorof pollutantmigration.

In measurementsvo distinct seismo-electrieffectsareobsenred: (i) the electromagnetidields
thataccompan the body and surfacewaves during their propagation(it exists only in the area
disturbedby the seismicwave andits apparentvelocity is that of a seismicwave) and (ii) the
independentlyropagatinglectromagnetizvavesgeneratedyy seismicwavesatinterfacesvhere
thereis a contrastin the mechanicalnd/orelectricparametersin this paperwe do not consider
the first seismo-electrieffect. Instead,we presentall the necessargquationgo calculatethe

reflectionandtransmissiormoeficients(in total 48 coeficients)belongingto aninterfacebetween
two porousmaterials. At the endof this paperwe presentsomenumericalresultsbelongingto

a seismo-electrigeflection(incident fast P-wave andreflectedelectromagnetievave) dueto a

permeability/porositgontrasior a contrasin ion concentration.

2 Electrokinetic coupling: completesetof seven equations

Accordingto Pride(1994)the seismicandelectromagnetigvave propagationn a homogeneous,
isotropic porousmediumis governedby a completesetof seven equations.This setis obtained
by applyingan averagingprocedureand,in the frequeng domain,thefirst two equationof this
setaretheelectromagnetitield equationgjivenby

V x H = jwee, E+ T, V xE=—jwuH, (2)

wherekE is the electricfield, H the magneticfield, J the inducedelectriccurrentdensity ¢, the
dielectricpermittiity of free spaceg, therelatve permittivity of the porousmaterial,andu the
magnetigpermeability(for mostporousmaterialsu is equalto the magnetigpermeabilityof free
space)Notethate, = ¢, + % (er — €5), Whereg is theporosity o, thetortuosity e; thedielectric
constanof theporefluid, ande; thedielectricconstanbf the solid skeleton.



Thenext threeequationsarethe mechanicafield equationgivenby

™" = (H - 2G)(V v )L+ C(V - w)I + G[Vu® + (Vur)7], @)
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wheret® is the bulk stresstensor P the porefluid pressureandI the unit tensor The density
ps =0ps + (1 — ¢)ps is thebulk density in which pr andp, arethe densitiesof the porefluid and
solid skeleton respectiely. Thevelocity w = juw = jw(uf —u®) is thefiltration velocity, where
u! andu® arethewave displacementi the porefluid andsolid skeleton respectrely. We further
notethatG is the sheamrmodulusof the porousmaterial,whereaghe Biot moduli H, C, and M
arerelatedto measurablguantitiesas(Biot, 1962;HaartserandPride,1997)
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whereKj is theskeletalgrainbulk modulus K theporefluid bulk modulusandKj, the“jacketed”
bulk modulusof theporousmaterialor dry framebulk modulusasdefinedn Mavko etal. (1998)].

After having giventhe electromagnetiandmechanicafield equationsyve notethatthe coupling
betweerthe electromagnetiandmechanicalvavefieldsis expressedy thefollowing two trans-
portequationgwhich arethelasttwo equation®f the completesetof sevenequations):

J=0E-L (VP — wzpfus) , w =LE — % (VP — wzpfus) , (6)

whereo andk arethe electricconductvity and dynamicalpermeabilityof the porousmaterial,
respectrely, andn the shearviscosity of the porefluid. Note that the electrokineticcoupling
coeficient £ determineghe degreeof couplingbetweenthe seismicand electromagnetieovave
displacements.

Accordingto Johnsoretal. (1987)thedynamicpermeabilityk is givenby
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wherek, is the steady-statpermeability M ~ 1 the so-calledsimilarity parameterw theangular
frequeny, andw, theroll-over frequeng. Recently Pride(1994)hasdervedrathercomplicated
expressionsor thefrequeng-dependenparameters and£; however, ournumericalkalculations
shawv thatmary termsin theseexpressioniave negligible influenceon the relevantresults. Of
course,in our numericalcodewe continueusingthe full expressiongor ¢ and £ asderivedby
Pride(1994),but we notethattherewill beanegligible changan thenumericallyobtainedresults
if onewould usethefollowing simplifiedexpressions:

k=k,
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O Oo

: (8)



whereo; is theporefluid conductvity and( theso-calledzeta-potentiafthe potentialdropacross
the outerHelmholtzdoublelayer at the interfacebetweenthe solid skeletonandthe porefluid).
Theporefluid conductvity is relatedto the bulk ion concentrations, as

o= nabaldal, (9)

whereg, is theion chage andthe positve parameteb, the ion mobility (ion drift velocity per
unit electricfield). An analyticalexpressiorfor the zeta-potentia{ hasrecentlybeendervedby
Revil etal. (1999)andthis expressionis consistentwith the empiricalrelationfor NaCl/quartz
and KCl/quartz as obtainedby Pride and Morgan (1991),i.e, with salinity C' = nyx, = ng or
C =ngk =nq thisempiricalrelationis givenby ¢(in mV) =8 + 261og,;, C(in mol/liter).

3 Twoindependentsetsof partial differential equations

At this point we restrictoursehesto a mediumconsistingof horizontalporouslayersin which
the waves propagateonly in the z-z plane(with the positive z-axisdirecteddownwardg. It is
thereforeconvenientto apply to the completesetof seven equationgshown in Egs.(1)—(3)and
(6)] a Radontransformalongthe z-axis. Consequentlythe dervativeswith respecto z in these
equationsrereplacedy —jwp (with horizontalslowness), whereaghederivativeswith respect
to y vanish;hencepneobtainghefollowing two independensetsof partialdifferentialequations:
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wherethevectorsQu = [72,, H,, E,, u;]T andQy = [i3, w,, 78, H,, E,, 72, —P, 48" (with
velocitiest® = jwu® andw = jww) containthe parametershat are continuousacrosshe inter
facesbetweerthe horizontalporouslayersfi.e., we apply the open-poréboundaryconditionsof
Deresiavicz and Skalak (1963)]. In addition, the matrices0,.»> and 04,4 are squarematrices

containingonly zerosandthe systemmatricesA; u, As u, A1, v, andA, y aregivenby
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in whichthe parameters\, pi, ande aredefinedas
A=HM—-C? o= €= eper + . (15)
Jw

NotethatHaartserandPride (1997)alsoobtainedthe two independensetsof differentialequa-
tionsgivenby Eqs.(10) and(11); however, sincethey usethe vectorsQyg = [u;, Tywr Ha, Ey}T
andQvy =[u}, u}, w,, T5,, To,, =P, Hy, EE]T insteadbf theonesgivenbefore theirexpressions

zz) zz)

for thematricesAy andAvy aremorecomplicatedhantheonesgivenin this paper

4 Coupling betweenSH-wavesand TE-waves

Whena horizontallypolarizedsheamwave (SH-mode)propagates the z-z plane,its propagation
is not coupledto the otherthreeseismicwavefields(the fastandslow P-wavesandthe vertically
polarizedshearwave); however, the SH-wave generate®lectriccurrentsin the y-directionand
thesecurrentscoupleto the electromagnetievavefield with trans\erseelectricpolarization(TE-
mode). As alreadyshavn by Haartserand Pride (1997)this SHTE-couplingis representedby
the setof differentialequationsgiven by Eq. (10). The systemmatrix Ay in Eq. (10) canbe
usedto determinehevelocitiesof the SH-wave and TE-wave in ahomogeneouporouslayerby
consideringhe caseof a horizontallypropagatingvave with velocity v =1/p. For this specific
casetheleft handsideof Eq.(10) becomegero(i.e., thereis no z-dependeng andthenon-trivial
solutionfor the resultinglinear setof equationds the one for which the determinanfAg| =

|A1 u||Ag u| vanishes. Consequentlysince|A, u| # 0, onesimply hasto find a horizontal
slownesgp = 1/v for which |A x| is zero,i.e.,onefinds (PrideandHaartsen1996)
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wherethe plussignis associateavith the velocity of the SH-wave (denotedby v,) andthe minus
signwith thevelocity of the TE-wave (denotedy vy, ).

Thewavefield representetly vectorQgy in Eq.(10)is decomposefor arbitraryp) in dowvngoing
andupgoingwavefieldsby usingthetransformatiorQy = LyDg, wherematrix Ly containghe
eigervectorsof matrix Ag. By usingtheresultsof PrideandHaartser(1996),we find thatmatrix
Ly isgivenby Ly = jwlal, af, a_, a_ ], in which

Fa.G
+¢nVn : Lpg(G — pgv?
ar = 4 with  ~, = pu( . ’OBZ”) ., where n={s,em}. (17)
—HYn (e — pu L) ppsvi — pt
1

Here, ¢, representshe two vertical slownesseselongingto the SH-wave and TE-wave [with
p’+q2 =1/v2 andIm(qg,) < 0]. Notethat+g, arethe eigevaluesof Ag; hence by combining
Eq. (10) with the relation Lz' AgLy = diad—¢s, —Gem, s, gem) ONefindsin a homogeneous
porouslayer

Dy : d exp(—jwgsz) _ d, exp(jwgsz)
Dy = H th D, = sh i d D; = sh i 18
" [ Dy :| " " [ dye exp(—jwlem?) an " Ay XD (jWGem?) |’ (%)

whereD;; andDy arethedowngoingandthe upgoingwavefield,respectiely. Notethatd], dg.,
d,, andd;, aredisplacemenamplitudeswvith dimensiorfmeter”.



5 Coupling betweenfast and slow P-waves,SV-waves,and TM-waves

Whena fastP-wave, slow P-wave, or a vertically polarizedsheawave (SV-mode)propagate

thez-z plane,it generateglectriccurrentsn thez-z planeandthesecurrentscoupleto theelec-
tromagnetiavavefieldwith transersemagnetigolarization(TM-mode). This PSVTM-coupling
is representedyy the setof differentialequationgyivenby Eq. (11) (Haartserand Pride, 1997).
Similarly to the SHTE-casen the previoussectionthesystenmatrix Ay in Eq.(11) canbeused
to determinahevelocitiesof thefastandslow P-waves,SV-wave andTM-wave: find ahorizontal
slownessp = 1/v for which |A; v| |A2 v|=0. As expectedthe solutionfor A, v| =0 results
in velocitiesfor the S\V-wave andTM-wave asgivenin Eg. (16), in which theplusandminussign
areassociateavith the S\V-wave (vs) and TM-wave (ve.n), respectrely. On the otherhand,the
solutionfor |A; v|=0 resultsin (PrideandHaartsen1996)

2 4 €PrPB . M eprg H C
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wherethe smallest|v| (in mostcasesassociatedvith the plus sign) is the velocity of the slow
P-wave (denotedby v,s) andthelargestoneis thevelocity of the fastP-wave (denotedy wv,y).

Similarly to the SHTE-casen the previous section,the vectorQy in Eq. (11) is transformedas
Qv = LyDy, wherematrix Ly containsthe eigervectorsof matrix Ay. By usingthe results
of PrideandHaartser(1996),we find thatLy = jw [b;, bl bl bl b, b b, b ], in
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Here,q, andg,, representhefour vertical slovnesse$elongingto the S\-wave, TM-wave, fast
P-wave andslow P-wave [p*+¢2 =1/v2 andIm(qg,) < 0; p*+¢2, = 1/v2, andIm(qg,,) > 0]. Note
that +¢,, and +¢,, arethe eigervaluesof Ay; hence,by combiningEq. (11) with the relation
Ly'AvLy =diag—gpf, —dps, —0s; —Gem> Gpf> dps, G, dem) ONEfindsin ahomogeneouporous
layer

d; exp(—jwaps2) d; exp(jwaps2)
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Again, the parametersl;f, .-+, dyy in the downgoingandupgoingwavefields(Dy; andDy,) are

displacemenamplitudeswith dimensiori‘meter”.



6 Reflectionand transmissioncoefficients

The resultsobtainedso far are usedto calculatethe reflectionandtransmissiorcoeficients be-
longingto aninterface(atdepthz = 0) betweertwo poroushalf-spacesThevectorsQg =LyDg
andQvy = Ly Dy arecontinuousacrosghisinterface,sooneobtains

D D D7 DY
L H,U =L H,L L V,U =L V,L 23
H,U|:DH,U:| H,L[ 02><1 :|7 V,U[DV,U:| V,L[ 04><1 :|7 ( )

where0,,; and0,,; arevectorscontainingonly zerosandthe subscriptsU andL referto the
upperandlower half-spacerespectrely. We further notethat (i) the incidentwavefield (D;_LL U
and Di;’ v) is adowngoingonein the upperhalf-space(ii) the reflectedwavefield (Dy ; and
Dy ) is anupgoingonein the upperhalf-spaceiii) thetransmittedvavefield(Ds; ;, andDy; )
is adowngoingonein thelower half-spaceand(iv) theupgoingwavefieldin thelower half-space
(Dy, . andDy; ;) is setto zero. ConsequentlythereflectionandtransmissiomatricesRy, T,
Ry, andTy arerelatedto theincidentandreflectedor transmittedvavefieldsas

D;; v = RaDy o, D}, . = TuDy u, (24)

D\_/,U = RVDQL,,U, D¢,L = TVD{FI,U- (25)

By combiningEqQs.(23),(24),and(25) in anappropriatevay we obtain

T}_II [ Ixo

RHTITII = LITI,lULHyL Os.s , (26)
Ty ] -1 [ Tyxa |

oot | = Tetolva | o™ |, 27)
i v ] | |

wherel,,, andl,, 4 areidentitymatrices NotethatthematricesRy, Ty, Ry, andTy containthe
reflectionandtransmissiortoeficientsbelongingto theinterfacebetweerntwo poroushalf-spaces
(in total 48 coeficients).For instancethereflectionmatrix Ry relategheincidentwavefieldwith
thereflectedwavefieldas

- - - - _ .
dpg Ry RN RY Ry, d
ds RY; RM RX RE, d, -
i | = | Ry Ry Ry Ry s, (28)
i RY Ry RY Raq dyra
- - - \- - v - - -J - - - -
Reflectedvavefield Reflectioncoeficients Incidentwavefield

where e.g..thecoeficient Rif correspondso anincidentfastP-wave andareflectedTM-wave.

7 Permeability/porosity contrast and contrastin ion concentration

To illustratethe analyticalresultsobtainedsofar, we now considerthereflectioncoeficient R}
belongingto aninterfacebetweertwo nearlyidenticalporoushalf-spaces,e., they differ only in
(i) permeabilityandporosityor (ii) ion concentrationn the pores. Both poroushalf-spacesre



characterizedy K, = 40 GPa, K;, =4 GPa, G =3 GPa, p; = 2700 kgm=3, €, = 4, anda, = 2,
andthe porefluids consistof Na" and Cl~ ions dissohed in water (K; = 2.2 GPa, p; = 1000
kgm=3, n =0.001 Pas, by, = 5.2 1078 m2s1V~1, by = 7.9 1078 m?s~ VL, ande = 80). An
incidentfastP-wave is convertedin areflectedTM-wave with propagatiornvelocity v, v dueto
a permeability/porositgontrastseeFig. 1a) or anion concentratiortontrast(seeFig. 1b). Note
thatin both poroushalf-spaceghe permeabilityk, and porosity ¢ arerelatedto eachotheras
k,x ¢* [Kozery-Carmarrelation(Mavko etal., 1998)].

By usingEgs.(27)and(28)thereflectioncoeficient Ry is calculatedasafunctionof thehorizon-
tal slownesg timesvelocity |vem, u|. Theregion 0 < p|vem, u| <1 correspondso reflectionangles
from zeroto ninetydegreesandfor p|ven, v| > 1 thereflected M-wave becomegvanescentSince
lvem, u| IS MuchlargerthantheincidentfastP-wave velocity |vye, u|, theregion 0 < p|vem, u| < 1
alsocorrespondso very smallincidentangles(much smallerthan one degree); althoughexact
normalincidencedoesnot resultin seismo-electriceflection,the non-ezanescenteflectedT M-
wavescomeonly into existenceat very smalldeviationsof this exactnormalincidence.ln mary
paperson seismo-electrigeflectionin nearsurfaceexperimentst is shovn that contrastsasin
Fig. 1 resultin ameasurableesponséaftersomesignalprocessingo improve thesignalto noise
ratio). The currentavailability of the reflectioncoeficient R (andall the other coeficients)
is especiallyusefulto acquiremore physicalinsightin the dependenciesf the seismo-electric
reflectiononthemary possiblecontrastsat interfacesbetweertwo porousmaterials.

8 Concluding remarks

Thework presentedhn this papercanbe seenasanextensionof thetheoreticawork of Prideand
Haartser(Pride,1994;PrideandHaartsen1996;HaartserandPride,1997). Startingwith Biot’s
equationgoupledto Maxwell’'s equationswve finally arrive at expressiongjivenby Eqs.(26) and
(27) thatcanbe usedto calculatethe reflectionandtransmissiorcoeficientsbelongingto anin-
terfacebetweertwo porousmedia.ln our currentresearchwe aremainly interestedn theseismo-

permeability/porosity contrast ion concentration contrast
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Figurel: IncomingfastP-wave andreflectedT M-wave with velocity vem, v (f =w /27 =100 Hz):
the reflectioncoeficient % asa function of the horizontalslownessp timesvelocity |vem, ul.
In upperporoushalf-space:salinity C = nx, = nci = 10~¢ mol/liter, porosity ¢ = 0.2, and
permeabilityk, = 0.16 Dargy. In lower poroushalf-spacei(a) ¢ =0.3 andk, =0.54 Dargy (solid
line) and¢ = 0.4 andk, = 1.28 Darcgy (dashedine) with C = 10~% mol/liter and(b) C =107°
mol/liter (solid line) andC = 10~* mol/liter (dashedine) with $=0.2 andk,=0.16 Dargy.



electricreflection R an incidentfast P-wave corvertsinto a reflectedTM-wave. By using
the analyticalresultspresentedn this paperit is now possibleto acquirea goodphysicalunder
standingof thedependenciesf Ry onthemary possiblecontrastsatinterfacesbetweerporous
materials.A lot of researctstill hasto be done,but the resultsobtainedoy mary researcherso
far make clearthat the seismo-electrienethodhasthe potentialto image permeability/porosity
contrastsand/orion concentratiortontrastsn the shallov subsuréceof the Earth.
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