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Geoelectric modelling with separation between 
electromagnetic and induced polarization field 
components 

P. Veeken' ", P. Legeydo", 1. Pesterev', Y. Davidenko/, E. Kudryavceva/ and S. Ivanov' 

Abstract 
Geoelectr ic methods map resistivi ty an d indu ced polarization Ul The subsurface . Th e dr fferentia lly normalized electro ­
magnetic metho d (DNME) detect s geoche mical a ltera tio n zones that give n se to an om alous resp onses. Such zon es are 
commonly situate d in sedimentary rocks some dis tance abo ve hydr ocarb on accu mu lations . Epigenetic mineral gro w th is 
st imulated by a change in pH of the pore fluid d ue to leak age of hydrocarbon s fro m a non -perfect top seal. DNME uses 
pa rticu lar geoelec tric par ame ters derived fro m pot enti al differe nce relaxation curves ob ser ved in The field. An elecrnc de pth 
mo del is establ ished by ID inversion with the Co le-Co le simulation p roced ure . Synrheric modelling shows tha r sepa rat ion 
of the elecrro rnagne nc and induced polar izati on com ponents of the tota l measured electr ic field is possible, Simula ted field 
responses at the recordin g sta tion are co mpared with thos e fro m two known 3D de pth models. The discrepancy or misfi t 
is less than 0 .2%. Th e effective ness of the wor kflow is dernon srrared on the Severo-C uljajevskaya case study Ul the Bar ent s 
Sea. The DN ME eva luatio n technique reduc es risks attached to dr illing new hydrocarbon pro spects and pro vides a berter 
ra nking at reason able co st. 

Introduction 
Elec tri ca l method s initi ally encountered so me problems in 

the identifica tio n and de linea tion of hydroc arb on-bear ing 
reservoirs. Suffic ien t con tras t between rbe regio na l back­

gro und resisriviry and the hydroca rbo n-bea ring reserv oir 
is a prereq uisite for maki ng a proper distinction poss ible. 
Un w anted arnbiguuies in the ana lysis occ ur when thi s is n ot 

the case. Geo physicists have long recognized the im portance 

of the in d uced pol ar izati on (IP) effec t and a ttempted to char­

ac ter ize hyd rocarbon accu m ulations by electrical inv est iga ­

tion methods (e.g ., Seigel, 1974 ; Dey and M orrison , 1973 ; 

Allaud a nd M arrin, 1977; Oeh ler and Sternoe rg, 1 984 ). 
T he techniqu e has also been applied in mining (e.g., Wynn, 
19 88) . Renewed in terest in these methods has been sh own 
by a n incr easing number of recent publicati ons on th e topic 

(e.g. , Ste rn berg, 1991 ; Berdi ch evskiy, 1995; Legeyd o et aI., 

1996, 2009; Tirov er al., 2002; Ulrich and Sla ter, 2004; H e er 

a!. , 2007; MacGrego t et al. , 2007; Siegel et a l., 2007; Strac k 

an d Pandey, 2007; Da vide nko et a l., 2008; Veeken et a!', 

2009; Davydych eva an d Ryk hlinski, 2009 ). 

The IP effect occurs when th e elec tric cu rrent is swi tched 
off and th e syste m goes back to the initia l s tare. It was 
discovered that this slow recovery is mor e pro nounced whe n 

low freq uency currents ar e utili zed . Spectra l IP is also applied 
in high resolution environmental survey ing (e.g ., Borner 

et al., 1996; Weller and Borner, 1996 ; Sla ter and Lesmes, 

2002). IP is also used in [he mining indu st ry w here th e Ti tan 

24 DA S (Dist ributed Acquisiti on Systems) is deployed , with 

its deep electrica l imaging capa bili ry (Hellyer a nd Hears t, 
2009 ). 

T he emp irica l model for elect ric co nductiv ity proposed 
by Cole an d Co le (194 1) was ap plied by Pelton er a!. (1978) 
to th e IP effec t. T he fo llowing eq uation is used : 

(1) 0'",=0'",(1- t yJ 
1+ uat 

where a~ is co nductiv iry (the recipr ocal of resist ivity] a t 
inf inite freq ue ncy, "IJ (or eta) is the polar ization coefficient, 
a lso kno wn as the intrinsic chargea bility of sedimen ta ry 
rock s, i:=';-l , w is th e circul ar frequency, 1: (or tau ) is the 

time decay consta nt of the IP po ten tial, and c is the relaxa­
tion co ns tant. Usually, c ranges from zero to one , but the 

constant for sedimentary rocks does no t exc eed 0 .1. The tim e 

decay con stant var ies fro m seconds to tens of seco nds in [he 

prese nce of electrically co nduct ive rock s (e.g ., ore de posits) . 

H owever, for ion ically co nd uctive rocks, it us ua lly does not 
ex ceed a few tenths of a seco nd (Ko rna ro v, 1980). Eq ua tion 
(1) forms the basis of the elec tromagnetic (EM) modellin g 
th at co ns ti tu tes an integr al pa rt of the d ifferentiall y no r­

maliz ed elec tro magnetic (DNME) workfl ow (Davydycheva 

e t a I., 2006; Daviden ko et a l., 2008; Veeken et a l., 2009) . 
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This workflow is designed to facilitate the interprerarion of 
the electric potential data and , in particular, to enhance the 
resolution power when the presence of hydrocarbons needs 
to be determined. 

At low frequencies, an EM field spreads into the geologi­
cal formations and is accompanied by EM and IP effects in 
the rocks (e.g., Olh oefr, 1985). These phenomena occur not 
only because of diffusion currents, described by the real part 
of the conductivity model, but also via currents stemming 
from IP (Veeken er al., 2009) . Due to the IP effect, polarized 
beds behave similarly to a giant capacitor; they store electric 
potential energy when the current is turned on and slowly 
release it again when the current is turned off. This is also 
why the electric field decay, after the current is switched off, 
is much slower in polarizable media than in non-polarizable 
media (Dey and Morrison, 1973; Mandelbaum er al ., 2002). 
Displacement currents appear only at very high frequencies. 
Currents with frequencies in the range 0.1-1000 Hz are 
typically considered in geoelectric invesrigarions. 

The DNME methodology was developed to resolve some 
critical resolution issues in connection with the delineation 
of hydrocarbon accumula tions. The presence of pyrite 
microcrystals in sedimentary deposits has previously been 
shown to influence the measured DNME response (e.g., 
Davidenko et al., 2008; Kudryavceva et al., 2009; Veeken 
et a!., 2009). In the laboratory, pyrite-induced anomalies are 
an order of magnitude greater than those caused by other 
materials (Krueger-Reimer, pers . comm.). Although a direct 
link between an IP anomaly and the presence of commercial 
hydrocarbons in the subsurface has not been proven in 
all cases, it still repre sents a useful working hypothesis, 
to be verified on a case-to-case basis. Cultural effects may 
negatively influence the IP effect related to rhe hydrocarbon 
accumulation (e.g., Carlson and Zonge, 1996), bur in many 
cases they can be raken care of. Also , magnetic anomalies 
associated with hydrocarbon occurrences have been reported 
(e.g., Ellwood and Burkart, 1996; Foote, 1996; Machel, 
1996). Vertical hydrocarbon leakage and reducing conditions 
at a shallower level in the overburden have been observed in 
a number of cases (e.g., Potter et al., 1996) . Diffusive leak­
age gives rise to typical local geochemical reactions in the 
pore spaces along the migration parh and the creation of a 
diagenetic alteration zone may be triggered, characterized by 
in situ mineral growth (Veeken et al., 2009). 

The DNME method can be applied onshore as well as off­
shore. The equipment can be man handled and the investigation 
costs are comparable to those of 2D seismic acquisition. The 
observations generally display good repeatability, and reliable 
modelling results are usually obtained with a COrrect prediction 
capability (Davidenko et al., 2008). Case studies show that the 
predicrive power of the method is high (Legeydo et al., 2009). 
DNME surveying represents an attractive option ro assist in 
the de-risking of hydrocarbon prospeas (Veeken et al., 2009). 
It is a complementary geophysical methodology that does not 
replace conventional hydrocarbon explorariou techniques. 

54 

In this article, a description of DNME surveying is given. 
The behaviour of the potential difference and its relation to 

the time delay is discussed for various DNME parameters. 
Subsequently, a hypothetical example is examined in closer 
detail, illustrating the response of two distinct earth models: 
•	 Modell, a resistive and polarizable body in a matrix of low 

conductivity at 3000 m depth . 
•	 Model 2, a resistive and polarizable body at shallow depth 

of 300 metres . 

The computed electric earth response for the two models is 
very similar, which illustrates the non-uniqueness of the geo­
electrical inversion problem. An elegant way to separate the 
EM effecr from the IP effect in the inverted model is presented. 
Their separation pro vides essential modelling information and 
allows a better discrimination of the most plausible scenario, 
retained as the solution, for the electrical inversion problem. 
Conventional EM studies often only consider the resistrviry 
parameter in the modelling of rhe earth response. 

IP logging and well cores have demonstrated that shal­
low pyrite enrichment zones really do exist (e.g., Karus , 
1986; Schumacher and Abrams, 1996; Moiseev, 2002; 
Kudryavceva er al ., 2009; Veeken et al., 2009). The se 
alteration zones are easily polarized and this effect is also 
measured by ocher EM methods. Many EM workers do 
not rake rhis into account in their modelling schemes. The 
DNME method avoids an over-simplistic approach by con­
sidering simultaneously the contriburions made by the two 
components of the total electric field. Finally, a real case 
history is described and some conclusions on the proposed 
methodology are drawn. 

Geoelectric DNME investigation method 
In rhe DNME rnerhod rhe electric respons e of rhe subsnr­
face is measured with the transmitter-receiver set up shown 
in Figure 1. A powerful current (up to 400-500 A with a 
power of 140 kW) is introduced into the earth via two inpur 
electrodes, placed 100-2000 m apart. The electric current is 
transmitted for a time period of 4 s and then turned off for 4 
s (or up to 8 s). The decay of the potencial difference at the 
receiver electrodes is registered during the period when the 
current is turned off. The receiver assembly is locared 1-10 
km away from rhe transmitter electrodes along the survey 
line. Several parameters are moni tored in time at the 
measurement station. These parameters are designed in 
such a way that they will bring out anomalies in JP. The 
workflow ensures that the right quality of data is retained 
and meaningful plots are produced in the field as well as 
in [he laboratory (Davidenko et al., 2008). 

Various elecrrical porenrial differences (LlU
J 

and LlUz) are 
measured simultaneously with a 0.25 ms sampling interval 
(Davidenk o et al., 2008). Davydycheva et al. (2006) gave a 
detailed description of the physica I and EM processes that 
occur when a layered medium conducts an electric current. 
They also provided a concise overview of the patented 
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The goo -electric acquisition for marine conditions : 
Input electrodes: A and B 

AB-MN with three rece iver offsets - I, II and Ill . Measuring electrodes: X1 ...X7 
Electrical current profile in time for entry electrodes. Potential difference: liU 
Measured voltage pattern for differential potential on receiver. 

Figure 1 The basic field acquisition set up for a geoelectric survey. Here a marine survey IS depicted. The current is passed through electrodes A and 8 and the 
receiver assembly is towed behind them. The receiver registers the potential differences between the pairs of electrodes MO ("'U ,) and ON ("'Ui Several receiver 
geometries that are registered simultaneously are Shown ;n this diagram. 

DNME workflow. Severa ) convenient and diagnostic param­ The Greek letter .1 indicates a quantity measured in the fie ld, 
erers are registered and monitored in tim e (Legeydo et al., while th e lerrer D indicates a computed quantity. T he suffix 

1996; see also Figure 1): zero specifies the po tential measuremenr that is made ar the 

time ins tant when rhe current is swirched off (i.e., at th e start 
AU =L),U j + L),U2 (2) of th e decay curve) . The letter P ind icates a DNME pa ram­

erer and f, den ores the time differenrial. 
D U =L),U/AUo (3) Severa l pararnerers are dererrnined from rhe decay func ­


rion rhat may reveal anomalies in the su bsurface behaviour.
 

du =L),U1 - L),U2 (4) Invers ion processing generates a preferred earth model, with
 

chargea biliry and resistivity depth secrions computed at the
 

D 2U =dU!AUo (5) same rime . Anomalous response of the decay function is 

often observed when hydrocarbon accumulations are present 

Po =!fUo!L),Uo (6) (e.g., Srem berg, 1991) . This is generally caused by a diage ­

netic altera tion zone wirh pyrite microcrystals (e.g., Snyder 

~ = A
2 
U! L),U (7) er al., 1981; Davydycheva et al., 2006; Kudryavceva et al ., 

2009) . T hese crysrals are eas ily polarized and rerain (heir 

Ps = (L),2U- d UoY(AU- L),Uo) (8) po larization for a short time when rhe current is turn ed off . 

Afterwards the crys tals go slow ly back to their neu tral sta te . 

D~ = i (d u )! : (AU )- Ps (9) This phenomenon results in a change in differential po tential 
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