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APPLICATION OF FREQUENCY AND TIME DOMAIN INDUCED
POLARIZATION — RESISTIVITY EFFECTS FOR EXPLORING AQUIFER AND
HYDROCARBON RESERVOIRS IN BAHIA, BRAZIL

Olivar A. L. de Lima and Hédison K. Sato

ABSTRACT. Two field surveys using the induced polarization (IP) — resistivity method, are presented as an effective tool to evaluate aquifer and hydrocarbon
reservoirs at shallow depths. First, the electrochemical mechanisms responsible for generating IP effects in reservoir rocks are reviewed. Then, theoretical developments
are proposed to reduce the inductive electromagnetic coupling from the underground IP effects, and to compute three fundamental electrical parameters, namely the
apparent DC-resistivity, the apparent chargeability and relaxation time, both for frequency (FD) and time domain (TD) data. These parameters are attributed to average
representative volumes of the subsurface geology, which depends on the electrode array and its characteristic depth of investigation. The studied structure includes: an
upper fresh-water sandstone aquifer of 60m average thickness; overlaying a 70m thick, prismatic sandstone oil-reservoir, sandwiched between shale sequences and
laterally confined by intersecting normal faults. The data acquisitions were made using dipole-dipole electrode arrays, with lengths a of 50 and 100 m, and separations
na, with nranging from 1 to 12 (FD), and 1 to 6 (TD). The 2-D inverted pseudo-sections exhibit small distortions, attributed to differences in resolution, terrain effects
and signal-to-noise ratios, but are consistent in outlining the following features: i) the detection of an upper resistive low IP layer, representing a water-table aquifer; ii) a
distinct electrical anomaly, related to the western bounding fault zone, depicted as a conductive chimney bordered by high resistive halos; iii) the separation of different
geo-electrical units within the shale sequence sealing the reservoir; and iv) the delineation of the top of oil reservoir, defined by a slight increase in resistivity and by
high IP values, at and above the oil reservoir.

Keywords: electrical resistivity, induced polarization, aquifers, oil reservoirs.

RESUMAO. Levantamentos geofisicos usando resistividade e polarizagdo induzida (PI) sdo apresentados como uma ferramenta eficaz para avaliar aquiferos e
reservatorios petroliferos em profundidades rasas. Primeiro, faz-se uma revisao dos mecanismos eletroquimicos geradores de Pl em rochas reservatorios. Em seguida,
propdem-se tratamentos tedricos para separar 0 acoplamento eletromagnético dos efeitos puros da Pl subterranea e calcular trés pardmetros aparentes fundamentais:
resistividade (p ), cargabilidade (my,,) € tempo de relagdo (ty,,), tanto no dominio da frequéncia (FD) quanto do tempo (TD). Esses parametros sdo atribuidos a
centros volumétricos representativos da geologia, que dependem do arranjo de eletrodos e de suas profundidades de investigagdo. A estrutura estudada inclui: um
aquifero arenoso superior, com 60m de espessura; sobreposto a um reservatdrio petrolifero prismatico de arenitos, com 70m de espessura, intercalado entre sequéncias
argilosas, e lateralmente confinado por falhas normais intercruzadas. Os dados foram adquiridos com arranjos dipolo-dipolo usando distancias entre eletrodos de 50 e
100 m, e separacGes na, com nvariando de 1a 12 (FD) e 1a 6 (TD). As segdes 2-D invertidas exibem pequenas distorgdes, atribuidas a diferencas de resolugdo, efeitos
de terreno e razao sinal-ruido, mas consistentes na identificagdo dos seguintes aspectos: (i) detecgdo de camada superior resistiva e baixo PI, representando o aquifero
fredtico; (ii) anomalia elétrica relacionada a falha do limite ocidental, revelada como uma chaminé condutora com halos de maior resistividade; (iii) separagdo de duas
unidades geoelétricas na sequéncia dos folhelhos selantes do reservatorio; e (iv) delineamento do topo do reservatdrio de dleo, definido por um ligeiro aumento na
resistividade e por altos valores de Pl no e acima do reservatdrio.
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INTRODUCTION

The electrical resistivity — induced polarization method has
played an important role in the exploratory efforts to discover
mineral deposits in the Precambrian terrains of North America,
Europe, Australia and Brazil (Bleil, 1953; Seigel, 1959; Sumi,
1961; Pelton etal., 1978; Palacky, 1987; Collett, 1990). The initial
works were focused on its physical basis and on the development
of field instrumentation. Others were concerned with theoretical
and experimental aspects involved with the assessment and
description of the electrochemical mechanisms generating P
phenomena in rocks (Vacquier et al., 1957; Wait, 1959; Marshall
& Madden, 1959; Madden & Cantwell, 1967; Dias, 1972; Zonge
& Wynn, 1975; Collett, 1990).

The success of electrical (EL) and electromagnetic (EM)
applications in oil exploration, measuring IP and resistivity,
are attributed to the following factors: i) their high sensitive to
changes in geologic materials, caused either by diagenetic and
structural alterations, or by redistribution of fluids in pores and
fractures of the reservoir, after migration or during the production
history of an oil field (Spies, 1983; Keller et al., 1984; Dias et al.,
2007; Zhangxiang et al., 2010); ii) the depth of investigation and
the resolution of the measurements were improved with modern
controlled-source EM systems (Zhdanov, 2010; Barker et al.,
2012); and iii) the reduction of unwanted distortions caused by
geological and cultural noises through the use of computational
procedures, such as automatic stacking, numerical filtering and
coherence signal analysis (Dias et al., 2007; Streich et al., 2011;
Barker et al., 2012).

The present work is part of a research project conducted
by the Center for Research in Geophysics and Geology from the
Universidade Federal da Bahia (CPGG/UFBA) in cooperation with
Petrdleo Brasileiro S. A. (PETROBRAS), which aims to test the
use of EL&EM methods in the exploration and production of
oil fields. Its main objectives are to review the basic aspects of
the induced polarization phenomena in rocks, emphasizing on
the source development, data analysis to separate EM coupling
from electrochemical effects, and their application to the direct
detection and delineation of aquifers and oil reservoirs in onshore
sedimentary basins.

The fieldwork was performed over a producing structural
oil field within the RecOncavo sedimentary basin, an important
oil province in Bahia state, Brazil. Two experimental setups and
different instrumentation were employed: i) one 1.9 km extent
FD tomographic transverse was surveyed with System 2000.nef
equipment from Phoenix Geophysics operating under the spectral

IP mode (FD-SIP), using a dipole length a = 100 m and na
separation from 100 to 1200 m. Its main purpose was to outline
an upper water-table sandstone aquifer, and a 70 m thick, dipping
prismatic oil-sandstone reservoir, confined between thick shale
sequences, and laterally bounded by subvertical normal faults;
i) another TD dipole-dipole section, covering the initial 1200 m
portion of the same line, using a VIP transmitter 3000 and ELREC
Pro receiver from Iris Instruments. The TD work had the main
purpose to detail the geometry of the upper aquifer structure,
using the same array acquisition at two dipole lengths (2 = 50
and 100 m) and n ranging from 1 to 6, represented along the
same |P-resistivity cross-sections.

THE IP PHENOMENON

Since its early history, the IP-resistivity method has been widely
applied for exploration of disseminated metallic mineral deposits
(Zonge & Wynn, 1975; Pelton & Smith, 1976). The method
has also been successfully applied for the environmental and
geotechnical characterization of the subsurface geology near
urban areas (Borner et al., 1993; Kemna et al., 2004; Boadu &
Seabrook, 2006; Boadu & Owusu-Nimo, 2010). More recently,
the method has started to be used in hydrocarbon exploration
(Zhangxiang et al., 2005; Davydycheva et al., 2006; Zhangxiang
gtal., 2007; Dias et al., 2012).

The method can be operated in frequency or time domain. In
the frequency domain (FD), the variation in the complex apparent
resistivity of the ground is measured as a function of the frequency
of an external current source. In the time domain (TD), the
phenomenon is observed as a relaxation of a secondary voltage
present in the ground, after the interruption of the primary current
Source.

Basically, the IP phenomenon in geological materials
is determined by distributed mineralogical sources acting as
ionic-charge separators. These effects are pronounced at the
interfaces between metallic or membrane-filtering particles,
and the pore-water electrolyte of rocks. Non-uniform charge
distributions around mineral grains are developed in response to
diffusive ionic fluxes and to active chemical reactions, involving
charge transfer between solids and fluid. Such combined
electrochemical phenomena are termed interfacial polarization
(Marshall & Madden, 1959; Dukhin & Shilov, 1974; Lima &
Sharma, 1992).

IP Sources in Rocks

An appreciable amount of electrical measurements made on rock
specimens and outcrops show that the electrical resistivity is
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frequency dependent or dispersive. At low frequencies (in the
range from 0.1 Hz to 1.0 MHz), its amplitude decreases smoothly
with the angular frequency e, up to a constant value that is higher
than half of its DC-value (Vinegar & Waxman, 1984; Lesmes &
Frye, 2001; Scott & Barker, 2003). These features result both
from microstructural and textural aspects of the rocks, which
determine the combination of the electrical properties of their
constituents, and from electrochemical effects at the interfaces
between minerals and the pore-space solution (Marshall &
Madden, 1959; Lima & Sharma, 1992; Dias, 2000).

On the solution side of any grain-water interface within a
heterogeneous porous rock a double-layer structure of electrical
charges develops naturally. The grain or crystal composition
and morphology, the salinity of the pore-water and the
physical/chemical conditions of the underground environment
control the behavior of this structure.

When an external alternating electrical field is applied
to such a heterogeneous mixture, the ionic double-layers are
distorted and the ionic fluxes to or from an interface will generate
excesses and deficiencies of ionic species on opposite sides of
the source mineral. Thus, a dynamic microscopic distribution of
electrical dipoles oriented in opposition to the applied field is
established (Seigel, 1959; Lima & Sharma, 1992; Dias, 2000).

Although this situation holds for any rock material, these
effects are particularly significant when the rock contains
disseminated metallic minerals, distributed clays or clay-coated
grains, or highly contrasting dielectric materials. The charge
separation along them is controlled by the geometry of the
interface and by the double-layer structure around the particles,
in addition to the electric field oscillating character. On basis of
the source elements, the IP is normally classified as electrode (or
metallic) polarization and membrane (or clay) polarization (Bertin
& Loeb, 1976; Angoran & Madden, 1977; Wong, 1979).

The electrode polarization is developed at interfaces
between metallic minerals (pyrite, chalcopyrite, magnetite, etc.),
where conduction takes place by electron transport, and the
electrolytic pore-solution, where conduction is predominantly
ionic (Marshall & Madden, 1959; Slater et al., 2006; Ishai et
al., 2013). Membrane polarization occurs at interfaces between
regions of different ionic transport restrictions, related to clay
minerals distributed inthe rock matrix (Angoran & Madden, 1977;
Wong, 1979; Lima & Sharma, 1992).

In the case of electrode polarization, the metallic grains and
their ionic double-layers act as barriers to the ionic fluxes within
the solution and to electron transport inside the minerals. Due to
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redox reactions at the interface, a carrier exchange from ions to
electrons may also occur across the interface. When an electrical
current is established in the rock, most of it will flow through
the pore-space solution. In the vicinity of a metallic grain, the
flow is distorted, causing more current to flow near and through
the metallic particle. At the interface, this flow delivers and
removes ionic particles from the solution. Thus, a disseminated
distribution of metallic grains has a net macroscopic effect that
manifest itself as a complex impedance.

This complex impedance depends on the electrochemical
reaction rates, the diffusive transport rate of the reactive ions
and the volumetric proportion of metallic particles disseminated
in the solid matrix. The essential features of these processes
are sketched in Figure 1a, in terms of averaged current lines
and zones of charge accumulation around the metallic minerals.
Several authors have shown that this impedance, known as
Warburg impedance, has a primary component whose magnitude
is inversely proportional to the concentration of reacting species
and to the square root of the frequency of the oscillating
field (Zwoc(ia))"/z) (Marshall & Madden, 1959; Dias, 1972;
Angoran & Madden, 1977; Wong, 1979).

In the case of clay membranes in shaly-sandstones, the
ionic blockages are especially concentrated at the pore throats,
where membrane filtration effects are more effective (Fig. 1b).
The electrical double-layers surrounding the pore-throat walls
allow the passage of cations but restrict the passage of anions.
In dilute solutions, the transport paths of the clay counter-ions
are preferably located inside the clay shells coating the sand
grains. Because anions and cations do not move independently,
membrane potentials may also be imposed between the free
solution in the pore bodies and that in the clay shells (Lima &
Sharma, 1992; Revil, 1999).

Clay platelets are assumed to uniformly coat a sandstone
channel wall. Under the absence of an external electric field,
its cationic double-layer compensates the charges on the clay
surfaces. Under the action of an electric field, the channeled
current component will develop differential ionic fluxes inside the
channels and around the coated grains (Fig. 1b). However, the
cationic selectivity of clays in a channel constriction will oppose
the transfer of anions. These barrier effects will change the ionic
distribution within the pore-space. A cationic depletion is induced
on one side of a grain and a concentration of the same species
is created on the other side, with the reversed situation for the
anions. Under a sustained DC-current, an equilibrium condition
is attained, and the concentration difference is mainly determined
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Figure 1 — Schematic representation of the main microstructural and textural elements responsible for the generation of IP effects in rocks.

by the perm-selectivity of the clays, the electrolyte concentration,
the coefficient of ionic diffusion and the magnitude of the applied
field (Dukhin & Shilov, 1974; Revil, 1999).

Figures 1a and 1b depict the main microscopic features
resulting from the described processes. For simplicity, only a
few characteristic current lines are outlined, along with their
dominant ionic pathways. The complex impedance related to
these mechanisms has been shown to be dependent of a diffusive
relaxation process operating around the coated sand grain
structure, and under the control of the electrical double-layer
around a coated sand grain (Dukhin & Shilov, 1974; Lima &
Sharma, 1992).

In the microscopic illustrations of Figure 1, the thicknesses
of the zones of excess cation and anion concentrations and the ion
sizes were exaggerated to highlight the macroscopic presence of a
volumetric distribution of electrical dipoles created by the applied
electric field.

IP Effects and Qil Fields

Two stages in the geological evolution of a sedimentary basin are
responsible for oil reservoir accumulation and the mineralogical
transformations that may create disseminated IP sources around
them, making their detection possible with EL&EM methods:
i) the mechanical compaction and the diagenetic alterations

of the sedimentary package, which occur during the cyclic
alternation between subsidence and uplift of the basin, under
strong tectonic and geothermal regimes; and ii) the mineralogical
transformations during the final uplift and erosion of a compacted
sedimentary fill under more stable, low tectonic influences
(Bjorlykke, 1988; Morad et al., 2000; Ketzer, 2002).

The spatial and temporal patterns in the distribution of
diagenetic alterations in sedimentary sequences result from the
combined action of a series of complex interrelated factors
(Bjorlykke, 1988; Ketzer, 2002; Lucia, 2004): a) the depositional
environment, the initial lithological composition and the tectonic
setting; b) the geothermal gradient, the subsurface pressure and
the tectonic stress; c) the time-depth history of burial and uplift
and the thermal residence-time under stable geologic conditions;
and d) the subsurface water flow patterns, the chemistry of the
interstitial water, and the hydrocarbon maturation and migration
in time.

In siliciclastic sequences, the main diagenetic alterations
include compaction and porosity reduction; mechanical
infiltration of clays into sandstones; formation of authigenic clay
minerals, carbonate cement, feldspar and quartz overgrowths;
and the precipitation of pyrite concretions and of other metallic
compounds caused by rock-fluid interactions that are enhanced
by organic matter and microbial activity (Brothers et al., 1996;
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Morad et al., 2000). The amount of metallic minerals so formed
may range from less than 1% up to almost 10% of the total
solids, as estimated by several authors (Surdam et al., 1989;
Ketzer, 2002).

These alterations are mostly developed in the early to
middle stage of diagenesis, where mechanical compaction of the
sedimentary fill promotes a grain rearrangement and the vertical
gjection of large quantities of mineralized water and other fluids.
The hydrothermal fluids with hydrocarbons migrate upwards to
the sandstone-rich sections. This primary vertical seepage may
be enhanced or modified along fault zones and bedding planes
within coarse lithologies (Bjorlykke, 1988; Surdam et al., 1989;
Ketzer, 2002).

Atter the formation of a hydrocarbon reservoir, some
quantity of light hydrocarbons may leak and seep upward to
the surface. These seeps lead to a reduced zone well above the
reservoir due to bacterial activity, even if this zone was previously
oxidized. Such reduced conditions can result in the precipitation
of additional disseminated metallic minerals (primarily pyrite and
magnetite). This type of alteration above oil reservoirs has been
detected by induced polarization surveys (Sternberg, 1991).

Based on the described evolution, Figure 2 summarizes the
main geological alteration zones developed around a structural
fault-controlled hydrocarbon reservoir typical of the Reconcavo
sedimentary basin. In fact, the sketched geological structure
represents the studied reservoir, and its main lithological
units. The outlined diagenetic zones were defined according to
geological and geophysical well log data supplied by Petrobras.

EXTRACTING THE EM COUPLING EFFECTS

An important aspect related to the IP measurements is
the distinction between the complex resistivity variation with
frequency (electrochemical effect) and the changes caused by the
inductive electromagnetic coupling between the electrical circuits
and the underground geology. The former effect is generally
described as a Debye relaxation phenomenon (Pelton etal., 1978;
Binley & Kemna, 2005). This theme has been the subject of many
studies and several de-coupling processes have been devised
(Hohmann, 1973; Pelton et al., 1978; Coggon, 1984; Johnson,
1990). Some were theoretically well supported, but difficult for
practical application. Here we develop two simple algorithms,
based on the correspondence to a homogeneous and isotropic
half-space of complex resistivity p *(e), for de-coupling both FD
and TD IP-resistivity data.

The physical basis or assumptions for the procedures are as
follows: i) the EM coupling and the IP effects are the superposition
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of two distinct processes, dominating different portions of the
frequency or time spectra used in the acquisition. This hypothesis
is supported by the works of Wait & Gruszka (1986) for FD data,
and of Johnson (1990) for TD data; ii) the complex apparent
resistivity values derived from the measurements, in the range
of fitting to the IP effects, are described by a relationship derived
for the complex resistivity of a rock sample, or of a polarizable
homogeneous terrain. This implies that the responses to be
fitted comes from a defined volume of the subsurface, in which
the apparent resistivity and chargeability, p,,m,, changes are
gssentially due to frequency or time, but not on the T-R array
and spacing; iii) the function-adjusted apparent parameters are
assigned to the centers of representative underground volumes, at
X, zcoordinates dependent on the T-R geometry and the distance
between them. This assumption is justified by the success in
representing EL&EM responses as 1-D or 2-D pseudo-section.

FREQUENCY DOMAIN

The complex resistivity ( p*) of a homogeneous, isotropic and
polarizable material may be written in the following forms:

p (@) = pr+ip =|p*|e?, (1)

where pg, p; are its real and imaginary parts, /p */the amplitude
and ¢ the phase of the complex function. Furthermore,

o= (p2+p2)", (2)
and
@ =tan”' % (3)
R

For an in-line dipole-dipole array, the mutual impedance
sensed above a homogeneous, polarizable ground is given by
(Wait & Gruszka, 1986)

p*(a))k{ 2 B
4w n(n+1)(n+2)ak (4)
—2G[(n+1)ak] + G (nak) + G[(n+2)ak]},

Z(w) =

where kis the wave number (k = \/io w, ais the dipole length,
and nathe separations between transmitter and receiver dipoles.
The function G(z) is defined by

G(z) = (1—1) e*1+z/j e;vdv. (5)

where zis a complex argument given between brackets in Eq. (4),
and v the integration variable.

Expression (4) may be interpreted as composed of two
main contributions, one attributed to the galvanic coupling, and
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Figure 2 — Geological depth-section showing the main litho-structural features and diagenetic zones that generate strong IP effects above underground oil reservoirs.

another due to inductive effects. In the limiting case as @ — 0,
Eq. (4) reduces to

Po
an(n+1)(n+2)a’

Zy= (6)
where p, is the medium DC-resistivity value.

Equation (6) is used as an effective approximation for
computing the amplitude and phase of the complex apparent
resistivity function for a dipole-dipole array, at a given frequency,
via the following equations

av

I

(7)

1Pa ()] = [Z(@)| [ (n+1) (n+2)a] = Kyq

(8)

where @, and ¢, are, respectively, the phase voltage in the
receiver and of the current recorded in the transmitter, and Ky,
the geometric factor for the dipole-dipole array.

To describe the complex resistivity of a homogeneous
ground we adopted the analytical model proposed by Dias (1972;
2000). Based on his circuital model, we devise a practical
procedure to approximately extract the IP effects in SIP field data.
The complex resistivity function for such model is expressed as

() — ol
p<w)_p°{1 [1 1+im’(1+;)]}7 9

Gp, = Pz = Qav — Q1.

where m is the chargeability, a parameter representing the
magnitude of the electrical polarization effect and defined by
Seigel (1959) as m, = (py - p..)/po. The parameter 7’is the
relaxation time for the polarization, i p is a complex parameter
(U = iot+ Viot), with T and £ ”as two additional relaxation
times used by Dias (1972) to explain the whole dispersion with

frequency.

Recently, Barreto & Dias (2014), using Heaviside’s theorem
for the ratio of two polynomials of the same variable, performed
a decomposition of Eq. (9) into three partial fractions. Based on
this decomposition Eqg. (9) was rewritten as

my,

P*(W)Pw_P()( -+

1+ (io7y)?2

) (10)

with 7, = [(t+ 1) /e7]’, 1, = ©0' /(T + ©), m,, = m1,, /T,
and m, = mt, /. Parameters 9, and 9, are dependent on
the roots and coefficients of the decomposition (For details see
Barreto & Dias, 2014).

According to Barreto & Dias (2014), each term in Eq. (10) is
related to a different dispersion mechanism acting to compose the
complex resistivity spectrum: i) the first is basically attributable
to the relaxation of the polarization, caused by ionic diffusion
around dispersed particles, causing IP and acting mainly in the
low frequency range (<100 Hz); ii) the second is a transitional

mgV, [(ia)rd)'/2 — 191,]

mq
5 T

1+ {1+(imd)% —19,,]2

+ 1
1+ [(imd)i - 19,,]
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regime, represented by the combination of conduction and
diffusion processes that occurs at intermediate frequencies (100
Hz to 1.0 kHz); iii) the third, expressed as a Debye polarization,
is primarily related to capacitive effects developed around the
source grains and occurs predominantly at high frequencies (>1
kHz). Thus, for most rocks the two last terms of Eq. (10) are
essentially manifested above 100 Hz. At this range, these terms
are intricately combined with inductive EM coupling, rendering
the distinction between the electrochemical polarization effects
and the effects of EM coupling difficult or impossible. Thus, only
the first and principal term of Eq. (10) should be used as the sole
representative term of the IP effects, which produces the following
simplified equation

p(w)ZPO{]_mw

1
]_1+(imw)”2H (1)

with /m,, representing the pure electrochemical chargeability and
7,, the relaxation time for this polarization. The time-constant z,,
has been shown to be dependent on the grain-size diameter and
on the ionic diffusion coefficient through the rock pores (Dukhin
& Shilov, 1974; Lima & Sharma, 1992; Barreto & Dias, 2014).

For the EM coupling reduction, we may use either the real
and imaginary parts or the amplitude and phase of the simplified
complex resistivity function given by Eq. (11). The expressions
for such components are explicitly computed from the following
algebraic equations

P [1 +2-m,)or,/2+(1—-m,) a)rw}

Pr(®) = 1+207, + 0T, ’
(12)
and
my,\/ 0T, /2
i (@) = — PV 0% (13
1+ owr1,+2y/01,/2
or

2
Po { [1 +(2—my)/oT,/2+ (1 —m,) anw] +mﬁ,wrw/2}

lp*|= 1+,/201,/2+ 01, 7
(14)
and
m,,+/ AT, 2
. Vor,/2 (15)

14 (1—-m,) 0T, +(2—m,) T, /2

Expressions (12) to (15) may be used to describe
experimental laboratory data and to model electrical soundings
and tomographic pseudo-sections. For interpretation purposes
they must be used, under the specified assumptions, to compute
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Poa, My, and t,,, through a best fit procedure to experimental
field data. A basic requirement is that the effective sampled
volume searched at a given sounding, in the low frequency range
of the used spectrum, changes little with frequency. Under this
condition p,, is inferred from the low frequency behavior of the
real part or amplitude of p”, and z,,, from the pick of its phase
distribution.

For a homogenous half-space the amplitude of p ()
expressed by Eq. (7) (with Zw) given by Eq. (4)) and Eq. (14),
have been computed, as a function of frequency, in the range from
0.01 Hz to 1 kHz. In Figure 4, we present values for |p ()|, for
a frequency sounding with a=100 m, 7= 6, and the following
specifications for p (o) py=10 Q.m; m, =0.25; and 7,,=0.5s.
The open diamond symbols are the synthetic results in which both
polarization and EM coupling are present (Eq. (7)). The black
circles represent the results in which EM coupling effects are
absent, with the amplitude and phase of p* being computed using
Egs. (14) and (15).

Certain features of these results are noteworthy: (i) The
curves for |p ()| and ¢ from Egs. (7) and (8) converge to
those of pure IP (Egs. (14) and (15)) at low frequencies; (ii)
The deviations between the curves become appreciable when
the frequency exceeds several tens of Hz. Therefore, an effective
procedure for data reduction, should use only the portion of
the IP data below a certain limiting frequency, and a specified
function to fit experimental data. Although it is difficult to define a
boundary between pure IP and EM coupling, it is possible, using
a trial-and-error procedure, to find the maximum frequency to be
used in the fitting process, as shown in the examples described
below. Using this procedure, it is possible to obtain the proper
values for the apparent parameters pg., Mya and T, to USe in
the inversion and interpretation of SIP data.

Time Domain

A TD induced polarization survey is analyzed considering the
transient curve Aq(t) obtained after interrupting the injection
of an active step-function current into the ground. This
curve describes the secondary electric field created by the IP
phenomenon. The main features of such curves are shown in
Figure 5. At the instant the transmission current is turned on, the
potential difference is Ag,.. This valug is difficult to measure in
practice due to the transient effects of the EM coupling. A@pc
is the potential difference measured at the end of the current
semi-cycle 7/2, which tends toward an approximately constant
value with increasing T The potential difference at the instant
of interruption of the current is Ag,. This parameter is also not
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Figure 5 — Sketch of the electrical potencial changes during a charging and discharging period of a

time domain IP field survey.

measurable, due to instrumental effects caused by the transient
shutdown.

According to the Seigel’s formulation (Seigel, 1959), the
intrinsic chargeability of a homogenous, polarizable half-space
observed with a DC-electrical system is given by

A(PDC_A(PaC
= Ao = A 16
m A (16)

In case of a heterogeneous half-space, Eq. (16) is used to
compute an apparent chargeability function.

In practice, a partial Ag,, (#;) is easy to measure at short A ¢
intervals for the ~window after the current shutdown (after a delay
time, ¢;). An apparent partial chargeability is calculated using the
gquation

Ag;
a t,‘ = . 17
ma (1) = 5o (1)
A global apparent chargeability is then calculated using the
expression

i1 My,

My, = AL (18)
where 1 is the number of windows in which m, values were
measured. The value of m,, may be expressed in % or mV/V.
The partial and the global chargeability provide information on
the subsurface electrical IP sources activated by the alternating
current flux (Vacquier et al., 1957; Bertin & Loeb, 1976; Binley &
Kemna, 2005).

According to Wait (1984), the time domain equivalent or the
Laplace transform of Eq. (11) may be written as

m(t) = mye'erfe K;ﬂ . (19)
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Equation (19) may be simplified, for large and small values
of £, by exploring the asymptotic values of e erfc(x) for large
and small x. Thus, for <7,

2[ 1/2
m(t) =m, [1_<7TTW> 1
and for >,

n (B L) ] e

which has a slower decay than one simple exponential function.

For TD data reduction, several authors have derived
analytical expressions to describe the phenomenon of transient IP
over uniform or 1-D conductive and polarizable terrains (Millett,
1967; Mocitaiba et al., 2017). Typically, the theoretical results are
represented by complicated mathematical functions, in the form
of integrals of Bessel functions, which require a lot of computation
for practical use. By analogy with the frequency domain IP, it is
proposed to represent the apparent chargeability decay given by
Eq. (21) as a sum of exponential functions in the form

(20)

m(t) =

m, (1) = Z’c,ve*’/"7 (22)
i=1

where ¢; are the time-intersects and t; the time-constant or

relaxation-constant for a component decay process. This type of

representation has been used before, as described in the literature

(Bertin & Logb, 1976).

Analysis of experimental curves for an apparent partial
chargeability function shows, in practice, that only two or three
exponentials are sufficient to represent a typical IP discharge
curve.
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Figure 6 — Experimental IP discharging curves for the first and last current dipole best fitted to exponential functions for separating EM coupling and true IP effects.

The curves depicted in Figure 6 were constructed using
the data for the first and last current dipoles of the 50 m
IP-TD survey line with n =1, as described. This special data
was acquired with two different charge-discharge regimes (7 =
1,000 ms and T = 4,000 ms), a time delay ¢,0f 20 ms, and
20 time-windows of different sizes, producing a clearly defined
interval of superposition. The discharge curves of Figure 5 appear
to consist of at least two distinct parts: i) a rapid initial discharge
with a small time-constant 7, which is predominantly caused by
EM coupling effects and typically lasts for tens to a few hundred
milliseconds; and ii) a slow discharge with a large time-constant
T,, Which is purely due to the effects of the subsurface IP.
These features describe a total chargeability that is dependent
on the used charging-discharging period. Based on the observed
behavior, the following reduction process is proposed.

Because the two main exponentials have quite distinct
time-constants, the first will decay rapidly, only the second will
remain after an arbitrary acquisition time t,,;,. Thus, by fitting the
experimental data to an exponential function above an estimated
fmin, the results will allow us to compute Ags and 7, for the
pure IP, which in turn leads to a more appropriate calculation for
M, (Fig. 6).

GEOLOGICAL SETTING

The RecOncavo-Tucano-Jatoba sedimentary basin developed
during the Juro-Cretaceous lithospheric rifting that accompanied
the breakup of Pangaea (Milani & Davison, 1988). The basin

formed as an asymmetric graben oriented from NE to SW, with
the deepest faults along its eastern border, with the strata dipping
to east. The basin substratum is composed of intensely sheared
Precambrian gneissic rocks, with extensive mylonite zones also
oriented along NE-SW.

The sedimentary basin fill was deposited in three main
tectonic phases: pre-rift, syn-rift and post-rift. During the pre-rift
stage, inter-layered shale and sandstone bodies were deposited
inside one elongated depression developed before the rifting.
During the rift phase, tectonic activity and subsidence were
intense, leading to the formation of inter-fingered lacustrine
deposits and conglomerates, along the edge of the faulted border.
In this stage, the organic matter preserved in shale bodies
deposited within depositional centers within the basin, matured
generating hydrocarbons that migrated upward and laterally. The
post-rift phase was characterized by marine and fluvial deposits,
unconformably overlaying the described stratigraphic sequence
(Figueiredo et al., 1994; Silva et al., 2007).

The pre-rift sequence includes three broad overlapping
cycles of fluvio-eolian sand deposits representing the main
hydrocarbon and aquifer reservoirs. Regional lacustrine deposits
separate these cycles and are dominantly represented by the
pelitic sediments.

The rift section includes three sequences: i) The lower
section includes shales, limestones and turbidity sandstones,
which represent the early stages of high subsidence rates; ii)
A quiescent tectonic phase was accompanied by an increase in
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sediment supply and contributed to the infilling of the depressed
areas within the basin. In certain depositional centers, this
deposition involved a large volume of gravity-flow deposits; and
iii) the upper sequence records the expansion of deltaic lake
systems, with a gradual southward retraction. During this time,
thick tabular shaly-sandstone bodies were deposited and were
inter-bedded with shale and fine-grained sandstones.

The local geology of the study area is relatively simple
(Figs. 2 and 3). The hydrocarbon reservoir body consists of a
succession of fluvio-eolian, coarse-grained shaly-sandstones of
the Agua Grande Formation, and the strata dips uniformly 10° to
southeast. These deposits overlie the extensive shale sequence
of the Itaparica Formation and are covered by the Candeias
Formation, another predominantly shale sequence. Candeias
Formation is the main hydrocarbon source-rock sequence in the
basin, being composed mainly of shale and lenticular sandstone
and limestone bodies. It is subdivided into two members: The
basal Taud Member consisting of dark-gray shales, and the Gomo
Member characterized by dark-gray to greenish-gray calcareous
and dolomitic shales. The reservoir is laterally bounded by
conjugate normal faults, oriented NE-SW and NW—-SE. In general,
these faults are impervious, either due to structural damage
along the faults or simply due to the juxtaposition of sandstones
against shale layers. Above an erosional disconformity, the
Tertiary deposits of Barreiras Formation, mainly composed of
inter-bedded sandstones and shale lenses, represent the main
aquifer system in the area. Thin fluvial Quaternary deposits cover
all the described sedimentary sequences.

IP FIELD EXPERIMENTS

Electrical surveys using IP-resistivity methods were conducted
on the area of a producing oil field in the Recbncavo basin,
Bahia state, Brazil. In plan view, the studied reservoir has a
wedge-shaped geometry, defined by the intersection of two
normal faultzones (Fig. 3). The work was performed alonga 1,900
m survey line oriented across the geological structure of the area.
Two overlapping IP-resistivity sections, one FD and the other TD,
were performed using dipole-dipole electrode arrays. The large
FD transverse was obtained using a dipole length 2= 100 m and
separations na, with n varying from 1 to 12. The smaller (1200
m) TD section, initiated at the same point (E-5) was made with
dipole lengths of 50 and 100 m, and n varying from 1 to 6.

Two geophysical instruments were used for these
acquisitions: i) a high-power System 2000.net from Phoenix
Geophysics, consisting of a TXU-30/RXU-TM transmitter of
20 kW and two V8 multifunction receivers, operating in the
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SIP mode; and ii) a low-power VIP 3000 transmitter of 3 kW,
and an ELREC Pro multichannel receiver, from Iris Instruments,
operating in time domain.

The transmitter system TXU-30 comprises: i) a three-phase
motor-generator of 30 kVA, used to energise the system; ii) a
multifunction current-source connected to a control unit for setup
and monitors waveforms, according to a programmed data stored
inaflash card memory; iii) a sensor and register unit for recording
the actual amplitude and phase of the current. To control and
measure the phase each part has a built-in GPS (Global Positionig
System) satellite-syncronized timing control.

The V8 is a multi-functional receiver and has three magnetic
channels and three electrical channels used to measure electrical
potential differences in the ground. It is permanently syncronized
to GPS time and is optimized to operate with a transmitter
similarly syncronized to GPS time. In SIP mode, only the electrical
channel are used, connected to the porous pot electrodes.

Aluminum plates of 0.80 x 0.50 cm dimensions, buried 80
cm deep in the soil and fully wetted with salty water mud, were
used as current source electrodes. Each current pair was then
connected to the TXU-30 transmitter system. Eight porous pots,
containing a lead electrode wire in contact with a PbCl, solution,
were used as potential electrodes, also buried in the topsoil. Two
V-8 multi-functional receivers were used for the simultaneous
acquisition of six dipole data. Finished the measurements, the
receivers, cables and porous pots were moved to complete
the first dipole-dipole sounding. The transmitter set was then
displaced to the next position to complete 17 electrical soundings
along the line.

The maximum output current from the VIP 3000 transmitter,
energized by a 4.5 KVA motor generator, is 5A. The receiver unit
ELREC Pro allows connecting 10 reception dipoles, performing
20 partial chargeability measurements with high accuracy.
Copper stakes 1m long and the same set of porous pots were
used as source and measuring devices. The source electrodes
were driven into the topsoil layer and flushed with salty waters
to reduce the contact resistances and to obtain reasonable
signal-to-noise ratios, even for the large values used for n.

The dipole-dipole array was selected due to its good spatial
resolution and capability to resolve narrow vertical structures
having contrasting electrical properties (Loke & Barker, 1996;
Dahlin & Zhou, 2004). However, instead of using the conventional
construction of a dipole-dipole pseudo-section, we adopt the
“effective” or median depth of investigation for the array, as
proposed by Edwards (1977). This concept allows not only to
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Figure 7 — Plots of the amplitude measurements, as a function of frequency, obtained at current dipole #4 and their fitting to Dias’ resistivity function (Eq. 14) for EM

coupling reduction.

place the imaged anomalous features in a more consistent vertical
position but, also, to combine data sets obtained with different
dipole lengths (TD a = 50 m and a = 100 m) into a coherent,
unique pseudo-section.

The FD Experiment

The acquired data sets for line L-2 were processed to reduce the
EM coupling from the IP effects using the procedure described in
subsection Frequency Domain. Figure 7 depicts several examples
of processed results from the FD field survey for the fourth current
dipoleand n=1, ... 12 Inthe least squares best fit to these data,

the GRAPHER package version 9 from Golden Software has been
used, with the option to define the fitting function in accordance
with Eq. (14). The curve legend shows the best fitted values for
the parameters of Eq. (14) and the corresponding coefficient of
determination R2. In general, the results are quite satisfactory,
although some noise may be present in the lower frequencies of
the acquisition interval.

Figure 8 contains the results obtained with the SIP method
along line L-2 in the form of pseudo-sections of apparent
DC-resistivity, apparent chargeability and apparent relaxation
time. The qualitative interpretation of these images allows
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Figure 8 — Geo-glectrical cross-sections of apparent resistivity and IP frequency domain parameters ( my , Tw) derived from the amplitude data of line L-2.

recognizing the presence of an upper layer of high resistivity and
low chargeability, representing the Barreiras sandstone aquifer.
Underlying this sand body is a thick shale sequence, with two
distinct ranges of apparent resistivity values: an upper one with
p.values ranging from 6 to 15 €.m, and a lower one with values
bellow 5 €.m. The apparent electrical images also show the West
Fault zone bounding the upper side of the reservoir block, in the
right portion of these sections.
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The geo-electrical sections of p, and m, were inverted
using the RES2DINV package from Geotomo Software, to
generate the actual resistivity and IP distribution models
(Geotomo, 2010; Loke, 2015). The 2-D models normally
used by this program, consist of a number of rectangular
blocks, whose sizes and distribution are automatically generated
from the data point distribution in a given pseudo-section.
A forward finite-difference or finite-element modeling scheme
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Figure 9 —2-D inverted electrical images for the true resistivity and chargeability parameters using the data of Figure 8. Absolute error 9.3% after 7 iterations.

is used to compute the values of the apparent electrical p,
and m;, functions along the profile. A non-linear least-square
optimization technique was used to best fit the observed data set.
Topographic data were incorporated into the inversion process of
the two cross-sections.

The inverted resistivity image is quite rich in geological
details (Fig. 9). The Barreiras aquifer is shown as a high
true resistivity layer (> 200 Q.m), and a thickness varying
between a few meters and more than 60 m. The West Fault
damage zone is depicted as a central narrow conductive
chimney (< 2 Q.m) bordered by more resistive belts, that
probably reflects the mechanical damages, the diagenetic
alterations caused by old migration paths of fluids and even the
presence of vertically distributed hydrocarbon pockets. Some low
conductivity lenticular shale bodies may be delineated between
stations 11 (300 m) and 16 (600 m) and between stations 25
(1000 m) and 35 (1500 m). Note a slight increase in resistivity at
the right of the fault zone, interpreted as the top of the oil reservoir.

The inverted chargeability model is less diagnostic
regarding the investigated structure. The image allows only to

recognize the fault trace by the lateral inflexions in the contour
lines, and the top of the reservoir, associated to a sharp increase
in my, up to a value > 0.8. The strong resistivity and moderate
[P anomaly in the left side of the fault surface, in an area that is
not being explored by any well, may also contain hydrocarbons
stored in shale fractures and in sandstones on the lower side of
the faulted block.

The TD Experiment

The superposed time domain [P-resistivity sections were
performed along line L-2, in its first 1200 m extension. Figure 10
contains the exponential fits to the TD partial chargeability data
obtained at the current dipole #4 (a= 50 m and n ranging from
1 to 6). Although some dispersion is observed with increasing
n, the data are reasonably described by the adjusted procedure
described in subsection Time Domain. The adjusted parameter
and relative errors are given inside the figure legend.

The apparent resistivity, chargeability and time-constant
pseudo-sections in Figure 11 were obtained by superposing
the dipole-dipole arrays with 2 = 50 m and a2 = 100 m

Brazilian Journal of Geophysics, 37(4), 2019
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Figure 10 — Experimental IP discharging curves fitted to large time exponential functions for reduction of EM coupling effects in TD measurements.

and n ranging from 1 to 6. Due to this combination, the
resultant pseudo-sections are more representive of the aquifer
and its substratum characteristics, to a maximum depth of
180 m. The lithological contacts and the fault trace delineated
over the apparent parameter sections of Figure 10 are only
approximations. The fault trace was drawn using both the
apparent resistivity and the chargeability contrasts. Note the
distinctive values of the apparent relaxation time, above 2.5 s
within the Barreiras sandstone, and bellow 1.8 s within most of the
shale cover. This may be a result from different mean size of the
sand clay-coated particles distributed in the aquifer, and a smaller
grain-size in the disseminated metallic minerals within the shale.

The apparent images show high p, and low m, values (p,
values between 500 and 1,000 Q.m and m, values of < 0.15)
up to depths of approximately 60 m, reflecting the sandstone
cover of the Barreiras Formation. Underlying this resistive layer,
a thick conductive layer (2 < p, < 10 Q.m) is related to the
shale sequence of the Candeias Formation. Note a slight lateral
resistivity contrast near the West Fault surface and an increase
in chargeability with depth below 100 m. In the m, image, the
Barreiras sandstones show low chargeability bellow 0.1 mV/V,
whereas some zones within the Candeias seal may reach values

above 1.5 mV/V.

The characteristics of the described IP anomaly can be
better appreciated by considering the curves in Figure 10, which
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show the patterns of variation in the partial apparent chargeability
values with time and depth of penetration of the electrical
currents. There is a notable increase in the total chargeability with
increasing n, as well as a greater variation in the relaxation times
of polarization.

The pseudo-sections were inverted with RES2DINV package
using again the robust constraint and allowing the number of cells
to exceed the number of data points. Due to the more detailed
data acquisition, the inverted images give a better definition of
the aquifer geometry and of its substratum.

In Figure 12, the inverted 2-D quantitative results for the
two upper pseudo-sections are shown in terms of the true
resistivity and chargeability distribution. From both images, it is
possible to observe that the Barreiras aquifer (high resistivity, low
chargeability) is a discontinuous sand-pack, interrupted or very
thin, after station 21 (850 m from origin). The damage zone of
the West Fault is shown as a vertically segmented structure, more
conductive and weak-polarizable than the hosting shales. Within
the Candeias shale sequence an increase in the true my, with depth
is also observed.

Notably, the thin vertical conductive tabular body, identified
in Figure 6, is also present bellow station 21 (800 m from the
origin) with the fault zone being revealed as an irregular surface
dipping to west. Large chargeability values are concentrated on
the footwall block, below the fault surface. The IP anomalies,
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Figure 11 — Geo-electrical cross-sections of apparent resistivity and IP time domain parameters ( m, o) derived from discharging data of line L-2.

larger than those of the Barreiras and upper portion of Candeias
formations, are attributed to metallic minerals precipitated along
conjugate fractures developed in the shale sequence below
the fault trace. A chargeability anomaly, also present in the
hanging wall block, may be taken as suggesting the existence of
hydrocarbons in the underlying sandstones migrated through the
Palmeiras Fault (see Fig. 3).

CONCLUSIONS

The comparison of data obtained using two IP-resistivity surveys
in the test oil field reveals small differences in resolution and
distortions in the inverted geological models. These differences

can be attributed to differences in power, variable water saturation
within the aquifer vadose zone, and different noise effects. The
distortions were large for the IP measurements, which are more
sensible to local heterogeneities such as well casings, electrical
transmission lines and underground pipelines. Although the
investigated structure is truly 3-D, its strike-length is at least 3
to 5 times the average depth to the reservoir, what makes the
2-D inverted results to be considered a satisfactory geological
approximation.

The derived information is consistent with the following
results: (i) the delineation of an upper resistive low chargeability
layer, representing the sandstone aquifer of Barreiras Formation;
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Figure 12 — 2-D inverted electrical images for the true resistivity and chargeability parameters using the data of Figure 11. Absolute error 7.3% after 6 iterations.

(i) the identification of distinct electrical horizons within the
Candeias shale sequence; (iii) the marked presence of the western
bounding fault zone and its subvertical damage structures,
depicted as a conductive chimney. The width of this zone is larger
than 100 m at the fault top, decaying to less than 50 m at the
maximum investigates depth; and (iv) the weak delineation of the
upper portion of the hydrocarbon reservoir, defined by a slight
increase in resistivity and a localized increase in chargeability
with depth above the reservoir extent.

Therefore, these results demonstrate the feasibility of using
the IP-resistivity method to explore for aquifer and hydrocarbon
reservoirs in continental areas, and at shallow depths. The main
requirement is that the reservoir dimensions and its depth extent
are well related to the sample spacing, such that it may be detected
by precise changes in electrical properties.

An important question regarding the application of EM
methods in geophysical exploration is that the IP and EM
propagation effects cannot be separated during the field
acquisition process. Fortunately, although they are transient
phenomena mutually interfering, their range of influence can
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be distinguished through an acquisition procedure involving a
large frequency spectrum or a long time interval. The separation
processes proposed here can be used in practice to compute the
main electrical parameters for the IP-resistivity interpretation.
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