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Fluid Saturation Effects on Electrical Anisotropy

I. Aigbedion

Department of Geophysics/Physics, Ambrose Alli University, Ekpoma, Nigeria

Abstract: This paper describes a simple model for calculating the coefficient of anisotropy as a function of
hydrocarbon saturation for a laminated formation composed of alternating layers dominated by macroporosity
and microporosity. The model is not limited to laminated sand-shale formations but applies generally to
formations with vertical variability in capillarity. The degree of anisotropy depends on difference in resisitivity
between the individual thin beds or laminations, which depends in part on their fluid saturation. 
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INTRODUCTION Model for saturation-dependent anisotropy: Considered

Electrical anisotropy and its influence of electrical of rocks dominated by macroporosity and microporosity.
logs and formation evaluation have been studied by a For example, the sequence could be laminated sandstone
number  of investigators, including Frisch et al. [1], and shale. A less extreme case would be sandstone with
Bonnie [2], Bittar and Rodney [3], Luling et al. [4] and alternating thin beds having differing sorting or gain size.
Jiangquing et al. [5]. None of these studies considers the The electrical properties of an anisotropic formation
explicit dependence of electrical anisotropy on fluid are described by the longitudinal and the transverse
saturation. resistivity [8]. Longitudinal resistivity is measured when

Electrical  anisotropy  originates  from  alternating current flows parallel to bedding; transverse resistivity
thin  beds  or  laminations of differing resistivity, where occurs when current flows perpendicular to bedding. The
the  individual  thicknesses  are  less than the resolution transverse and longitudinal resistivities are given by the
of whatever resistivity log is used [6]. Since the resistivity following equations: 
of the sand layers varies with hydrocarbon saturation, the
anisotropy of laminated sands and shales should also (1)
vary with saturation. Resistivity logs, while used
extensively in the oil industry for the determination of
water saturation profiles and, consequently for the (2)
quantification of hydrocarbon originally in place, are
strongly affected by environmental effects such as Where; M and µ denote macroporous and
borehole, mudfiltrate invasion dipping beds and electrical microporous layers, H is volume fraction (H  + H = 1) and
anisotropy. p is resistivity. The transverse resistivity is given by the

This paper proposes a simple model for describing series combination of the individual layer resistance. The
the dependence of electrical anisotropy on fluid longitudinal resistivity is obtained from the parallel
saturations. A necessary condition is the presence of combination of resistances. The coefficient of anisotropy
capillarity that varies more vertically than it does  is defined as:
horizontally. This model may explain why some horizontal
Measurement-while-drilling (MWD) 2-MH  resistivity (3a)Z

logs recorded in oil sands show effects consistent with
the presence of anisotropy [4, 7]. These effects consist of The effects of fluid saturation are included by
elevated values of amplitude and phase resistivity relative assuming that the resistivity of each layer can be
of values recorded in nearby vertical wells and phase described by Archie’s equation. The Archie equation for
resistivity that is much larger than amplitude resistivity. hydrocarbon rock states that;

here is a formation composed of alternating parallel layers
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(3b)

The formation factor, is given by:

Where; a and m are experimentally determined
constants. In porous formation, a is usually close to 1 and
m = cementation factor is close to 2 (Niger Delta-Nigeria).
The saturation exponent varies from 1.8 to 2.5 [9]. Usually
n = 2 was used in this research paper as stated earlier. 

For simplicity, the same coefficients of a = 1, m = 2
and n = 2 are used for both macroporous and microporous
layers. It would be a simple matter to use different
coefficients and to include clay conduction in the Fig. 1: Plot of capillary curves for two sandstone samples
saturation models, if appropriate. showing extremes in capillarity. The curve on the

Equations 4 and 5 give the transverse and left corresponds to a sample dominated by
longitudinal resistivities expressed in terms of water macroporosity; the curve on the right shows
saturation. significantly more microporosity

(4) the coefficient of anisotropy as a function of total water

(5) sandstone and shales. The capillary pressure data

Where: bearing sandstone dominated by microporosity.
H = Volume fraction of the macroporous layer M

H = Volume fraction of the microporous layer DISCUSSIONµ

R = Resistivity of water formation of thew,M

macroporous layer The data shown in Fig. 1 have been used to
R = Resistivity of water formation of the microporous determine individual water saturation in each of thewµ

layer porosity types at different capillary pressures. The total
a = Formation factor constant in a macroporous layer formation water saturation, S , at each step can then beM

a = Formation factor constant in a microporous layer determined, along with the coefficient of anisotropy usingµ

= Cementation factor (m) associated with Equations (3a) through (5). The calculations were carriedm
µ

microporosity out using R  = 0.10 ohm-m,  = 0.275 and = 0.169. The
= Cementation factor (m) associated with results are shown in Fig. 2 for three different proportionsm

M

macroporosity of macroporosity H . At high total water saturation the
= Macroporosity of the layer layers are slightly anisotropic; this is due to differences inM

= Microporosity of the layer porosity between the two layer types. As total waterµ

= Macroporous water saturation associated with saturation decreases, the macroporous layers desaturate
the exponent preferentially compared to the microporous layers, so that

= Microporous water saturation associated with S , becomes much smaller than S . The macroporous
the exponent. layers   thus   become   more   resistive   compared  to  the

Mercury  Injection  Capillary Pressure (MICP) data
are  used  for  each  of the lithology types to determine

saturation. A similar approach was used by Argaud [10]
in explaining nonlinear resistivity index curves. Sample
MICP  data  from  a  sandstone  reservoir are shown in
Fig. 1. The lithology is a layered sequence of interbedded

represent extremes between well sorted, clean sandstone
dominated by macroporosity and poorly sorted, clay-

wt

w M µ

M

w M w,µ
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Fig. 2: Dependence of the coefficient of anisotropy on coefficient of anisotropy reaching a value of almost 2. 
total water saturation for alternating layers of It is interesting to note that the results are
macroporosity and microporosity with capillary independent  of R ,  which  follows from Equation (3).
shown in Fig. 1. The calculations were based on The maximum anisotropy effect is attained when equal

= 0.275, = 0.169 and R = 0.10 ohm-m. Curves thicknesses of macroporous and microporous layersM µ w

are shown for macroporous layers comprising 50, present.
75 and 90% of the formation Figure 3 shows resistivity and apparent saturation

Fig. 3: The top plot shows desaturation curves for problem into a tensor petrophysical model. Geological
transverse and longitudinal resistivity and formations where distinct layers of sedimentary material
demonstrates the influence that anisotropy would are deposited can exhibit electrical anisotropy. That is
have on electrical properties measurements. These electrical  conductivity  in  one  direction  e.g. parallel to
results are based on the assumptions listed in the a  layer,  is  different  to  in another e.g. perpendicular to
caption for Fig. 2 with equals amounts of a  layer. This  anisotropy  property  is  used in the gas
macroporous and microporous layers. Apparent and  oil industry  to  identify  hydrocarbon  bearing
values of n are shown in the bottom plot sands in sequences of sand and shale. We can see that

microporous layers. The coefficient of anisotropy
therefore increase  with decreasing S  and for thiswt

example reaches a maximum for S , near 0.30, where thewt

macroporous layers are close to irreducible saturation.
Further decreases in S  to values below 0.30 require thatwt

the microporous layers desaturate preferentially. The
values  of  S    and   S    begin  to  converge,  as  do thew,M w,µ

macroporous and microporous resistivites. The coefficient
of anisotropy therefore decreases as S  reaches valueswt

less than 0.30.
Figure 2 shows that the coefficient of anisotropy is

dependent on the fluid saturation of each of the layers.
Please note that the dependence on saturation would also
be affected by the electrical properties of each of the
layers, which are assumed here to be the same. Also, the
magnitude of the effect for this example is large, with the

w

exponent n plotted versus water saturation for the
longitudinal and transverse cases and for equal amounts
of macroporous and microporous layers, H  + H  = 0.5.M µ

The curves were computed using Equations (4) and (5).
The model data for the longitudinal case is close to what
would be observed in laboratory studies with an isotropic
core plug, with an average value of n = 1.82. The data for
the transverse case show more pronounced results, with
greater variability in apparent n and greater nonlinearity.
The average value of n for the transverse data was 2.67.
All the values of apparent n are different form the actual
value of n = 2 that was used to describe the properties of
the individual layers in the model. 

We conclude that electrical anisotropy is the
macroscopic effect of thinly layered sedimentary
formation  in which logging tools have insufficient
vertical resolution to properly resolve individual beds or
laminae. Utilizing anisotropy in the oil industry saturation
analysis transforms the classic low resistivity shaly sand
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electrical anisotropy may affect the estimation of oil and 4. Lulling, M., R. Rosthal and F. Shray, 1994. Processing
gas in place. and modeling 2-MHz resistivity tools in dipping,

CONCLUSIONS Annual logging symposium Transactions: Society of

Electrical anisotropy may result form differences in 5. Jiangqung,  Z.,  Z.  Ding, L. Xuewen, C. Ruihua and
fluid saturations of alternating rock layers with different Y.  Chunsheng,   1994.   Laboratory  measurement
capillarity. The presence of anisotropy may explain the and  applications   of  anisotropy parameters of
response of some 2-MH  amplitude and phase resistivity rocks, paper LLL, in 35  Annual Logging SymposiumZ

logs observed in horizontal wells, as described in the Transactions: Society of Professional Well Log
introduction. Pronounced electrical anisotropy in porous Analysts, pp: 10. 
sands implies the presence of hydrocarbons and may 6. Klein, J.D., 1993. Induction log anisotropy
offer a means of detection of very thinly bedded corrections: The Log Analyst, 34: 18-27. 
hydrocarbon reservoirs. 7. Klein,  J.D.,  1996.  The  effects  of  rock anisotropy
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