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A large amount of hydrocarbon reservoirs in the world are in the secondary recovery stage and improving this
step in the exploitation of these reservoirs would greatly benefit the oil industry. Secondary recovery involves
injecting brine in some wells in order to maintain reservoir pressure. The injected water moves mainly through
the channels with higher permeability of the reservoir rock. The identification of these channels would allow the
development of technical strategies to close them. In this context, the ability to detect brine flow pathways after
injection is a goal of thiswork. Given the high electrical conductivity of brine, the use of geoelectricalmethods can
be useful to detect and monitor flow evolution. The limitations in the application of this method are due to the
characteristics of the target: a very conductive fluid is usually contained in paths with dimensions that are
much smaller than the depth at which it is located. Therefore, our objective is to overcome these constraints in
order tofind the strategies required to successfully detect and eventuallymonitor themovement of brineflowing
from injection wells.
In this work, we studied the feasibility of detecting brine in an oil reservoir with surface-downhole electrical
measurements. To achieve this, we designed an electrical model of the reservoir fromwell data and numerically
simulated the forward geoelectrical response to determine the conditions under which the anomaly, i.e., the
accumulation of brine, can be identified. Our results show that once the initial location of the brine is known,
by installing potential electrodes in a single well the direction of brine migration can be determined, even in un-
favorable conditions with relatively few surface measurements. In the case of a well equipped with permanent
electrodes, this could be an efficient method to monitor the evolution of the brine plume.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The exploitation of a hydrocarbon reservoir is typically conducted in
three successive steps. The first one is primary recovery, when the res-
ervoir pressure is high and hydrocarbon production is achieved through
the use of pumps. The second step is secondary recovery, when brine is
injected in some of the wells in order to maintain reservoir pressure,
and water and oil production is carried out in adjacent production
wells. The third step is tertiary recovery, also known as EnhancedOil Re-
covery (EOR), when hydrocarbon production requires a more complex
production strategy. EOR usually implies the injection of carbon dioxide
(CO2), solvents, and polymers, or the use of thermal methods. Due to its
high cost, this phase is implemented when the prices of crude oil are
economically favorable.

Most of the world's reservoirs are currently in the advanced primary
or secondary recovery stage. Therefore, any optimization strategy that
ongiovanni).
can improve the secondary recovery stage is very important to the oil
industry. In the secondary phase, the injected fluid is composed of
brine in order to avoid damaging the porosity network of the reservoir.
However, due to rock heterogeneities which cause porosity and perme-
ability variations along different volumes in the same layer, and because
brine and hydrocarbon have different mobility values, the amount of
rock by which either oil or water occupies will vary spatially. Taken
together, heterogeneity and mobility could cause inefficiencies for the
brine injection if the injected solution bypasses the majority of the oil-
filled pores. The identification of high permeability channels allows
the development of technical strategies to close them, e.g., by injecting
cross-linked polymers to form a gel that will occlude the channel, by
modifying the injection pattern, or by drilling a new production well.

Since brine has a high electrical conductivity, geoelectrical methods
can be useful to detect and evenmonitor flow evolution. The limitations
in the application of thismethod lie in the characteristics of the target: a
very conductive fluid usually contained in paths whose dimensions are
much smaller than the depth atwhich it is located. Therefore, our objec-
tive is to overcome these constraints in order to find the strategies
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http://dx.doi.org/10.1016/j.jappgeo.2015.03.013
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required to successfully detect and eventuallymonitor themovement of
brine flowing from the injection wells. In a previous work, Bongiovanni
et al. (2013) performed an electrical conductivity study on the detection
of brine saturation in an oil reservoir located at depths of 500 to 600 m.
For that particular case study, the wells were already in operation and
had not been instrumented with permanent electrodes. Different sce-
narios were numerically simulated and it was found that by placing a
few embedded electrodes, each one within the formation at approxi-
mate 200m depth, and laterally separated according toWenner config-
uration, the fluid could be detected. Though theworkwas successful, its
application was limited and embedded electrodes far from the injection
well were necessary.

Taking into account the above considerations, we now propose to
combine sensors on the surface with sensors in the injection well. This
methodology has been successfully applied for shallow fluidmonitoring
(e.g., Rucker et al., 2014) aswell as for deeper characterization of a resis-
tive fluid (CO2) (Schmidt-Hattenberger et al., 2011; Bergmann et al.,
2012), but there is no evidence of this method having been used to de-
tect brine for secondary recovery of oil. Therefore, the main objective of
the present work is to study the feasibility of detecting brine in an oil
reservoir with surface-downhole measurements. To achieve this, we
have designed an electrical model of the reservoir from the well data,
and numerically simulated the forward geoelectrical response. The
modeling was conducted to specifically determine the conditions
under which the anomaly, i.e., the accumulation of brine in a volume
of small dimensions with respect to its depth, can be identified. The ad-
vantage of the method is that the anomaly can be detected with poten-
tial electrodes in a single well and its coverage can be mapped
effectively by deploying several lines of current electrodes on surface.

2. Background

At shallow depths, monitoring saline fluid migration by means of
electrical resistivity tomography (ERT) is a well-established method
and valuable information on the spatial variability of solute transport
processes can be obtained (e.g., Slater et al., 2000; Perri et al., 2012).
The geoelectrical method has received consideration as a tool for per-
manent monitoring of saline storage reservoirs due to its high sensitiv-
ity to compositional pore fluid changes and, therefore, has been the key
methodology applied for saline tracer imaging (e.g., Binley et al., 1996).

The sensitivity and resolving power of ERT depend on the type of
acquisition methodology. Operating from the ground surface only,
although it is a non-invasive methodology, could lead to severe limita-
tions in terms of resolution. Typically, surface ERT can monitor exten-
sive regions but, as its resolution decreases markedly with depth, it
tends to be used only for shallow saline tracer systems. The monitoring
of tracers in the subsurface via surface ERT has been conducted by
Cassiani et al. (2006), Monego et al. (2010) and Robert et al. (2012).

As technical developments allow also the use of downhole electrodes,
ERT applications are not constrained strictly to near surface investiga-
tions. ERT can also be used to monitor dilution and displacement of a
saline tracer plume with electrodes in a borehole, as demonstrated by
Slater et al. (2000), Binley et al. (2002) and Wilkinson et al. (2010).
Furthermore, it is known that sensitivity and resolution measures show
a reasonable capability of imaging saltwater intrusions if surface elec-
trodes are used in combination with a few downhole electrodes. Results
of a saline tracer test experiment using both surface and cross-borehole
configurations can be found in Kemna et al. (2002), Daily et al. (2004)
or Perri et al. (2012).

It is alsoworth noting that an innovative idea is currently being test-
ed for using ERT to monitor fluid flow using steel well casings as very
long electrodes (called LE-ERT: long electrode electrical resistivity to-
mography). A near-surface application concerning leak detection
around a nuclear waste tank, at depths of roughly 10 to 15 m, was con-
ducted by Rucker et al. (2011). More recently, the LE-ERT method was
applied in deeper formations (around 100 m) by Ronczka et al.
(2013). In the latter work, the authors developed a monitoring system
using boreholes as electrodes in order to detect saltwater intrusions
that threaten fresh water aquifers.

The problem arises when going to depths exceeding 300 m, as the
possibility to detect saline tracer from the surface is practically null
and the lateral range of detectability by borehole electrodes is typically
limited by their coverage. For example, in Picotti et al. (2013), an electri-
cal resistivity array located in awell was used formonitoring CO2migra-
tion. The electrical imaging allowed characterizing the distribution of
the fluid but the range of lateral penetration was limited by the elec-
trode separation. In the case of monitoring brine in an oil reservoir,
this constraint has worse effects. Typically, the porousmedia containing
the hydrocarbon in the reservoir has a thickness of tens of meters.
Therefore, the number of electrodes that can be located in the section
inside the reservoir is limited and their separation prevents large-scale
lateral investigation. This limitation can be partially overcome by
using cross-borehole data. Nevertheless, reservoir monitoring at great
depths is not straightforward and its success depends on the number
and location of the sampling wells. The installation of electrodes deep
in a reservoir should be implemented in a cost effective manner during
the completion of production/injection wells (Prevedel et al., 2008).

3. Electrical model of the reservoir

A hydrocarbon reservoir contains oil, water, and often a gaseous
phase, supported by a geological structure that does not allow these
products to escape to the surface. The oil is confined in a porous medium
of sedimentary origin, such as sandstone or limestone, with different de-
grees of consolidation. The reservoirwe aremodeling is an oilfieldwith a
depth of around 500m, located in thewestern part of Argentina. The res-
ervoir is currently under secondary recovery operations and we focused
our study on an area of approximately 1 km2, containing six injection
wells and eight production wells. The mean distance between the wells
is 300 m.

To build the model, we used electrical data acquired from boreholes
when drilling, as well as porosity values from rocks belongingmainly to
the reservoir togetherwith their geological interpretation. Due to the ir-
regular terrain, the top of the geological formation containing the reser-
voir is located from approximately 475 to 515 m depth, depending on
the location of the wells. Therefore, to assign suitable resistivity values
to the reservoir, we used Archie's law (Archie, 1942), which provides
the relation between the actual resistivity of a rock and itswater content
(Bongiovanni et al., 2013):

Rt ¼ a∅−mS−n
w Rw ð1Þ

where Rw and Rt are the resistivities of thewater andof the rockpartially
filled with water, respectively; ∅ is the porosity of the rock; Sw is the
fraction of the pore volume filled with water; m is the cementation
factor; n is the saturation exponent and a is the tortuosity factor. We
used the values a=0.62 andm=2.15 as given by the Humble formula
for the formation factor suitable for many granular rocks (Telford et al.,
1990). To complete the formula, a value of n=2was also used (Telford
et al., 1990). The data obtained from thewells showed that the porosity
of the formation lies between 25% and 30% and that the brine con-
centration was 30,000 ppm. The brine resistivity at 500 m depth with
a temperature of around 40 °C is 0.15 Ω·m (Serra, 1984). After the
primary and secondary oil extraction, there is about 65% to 75% of oil
remaining in the formation. We assumed that the pore space left free
is completely occupied by the brine. That is to say, from 25% to 35%,
respectively of the pore volume is filled with brine, and Sw takes a
value between 0.25 and 0.35. With these values substituted into
Archie's law, the formation resistivity takes a value between 14 and
29 Ω·m. We assign an expected value of ρ = 21 Ω·m and a thickness
of 100 m for the reservoir layer.
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Combining this information with the electrical values obtained from
the electrical logs, we built up the layered model shown in Fig. 1. The
first resistive surface layer (A) has a mean value of ρ = 300 Ω·m. The
next two layers (B and C) have a value of ρ = 20 Ω·m and ρ =
7Ω·m, respectively. Below C there is a layer of ρ=4Ω·m, correspond-
ing to the caprock, which is the impermeable layer mainly composed of
clays, whose top is around 300mand bottom at 480mdepth. Below the
caprock we find the geological formation (E) containing the reservoir
(mean value of ρ = 21 Ω·m and a thickness of 100). Finally, the
model is completed with a last layer F of ρ = 6 Ω·m.

4. Designing the synthetic experiment

Although there are several wells in this site, we considered the pos-
sibility of detecting the spreading of the plume using 15 electrodes
mounted in an electrically insulated pipe (see e.g., Schmidt-
Hattenberger et al., 2011 for a technical description of the devices)
using a single well. We assumed that the initial location of the brine,
after being injected through perforations in the casing of the injection
well, is known and we want to determine if a preferential direction of
propagation can be detected. Therefore, we simulate the brine as a con-
ductive anomaly within a circular sector form of 90° and a radius of
212 m that represents the flow of the brine in a specific direction. It
has a thickness of 8 m centered in the continuous horizon of layer E,
from 532 m to 540 m depth, where the logs, cuttings and original core
sampling show a permeable layer of sandstone. Views of the geometri-
cal shape are shown in Figs. 2 and 3. As our aim was to determine the
limits of detectability, the resistivity values of our numerical models
were 0.5 and 5 Ω·m for the anomaly zone. This allowed us to study
the possibility of detecting the plume using different brine concentra-
tions, which implies a contrast with the surrounding medium of one
and two orders of magnitude.

The next step is to calculate the geoelectrical response of this model
for different electrode configurations. The usual modeling codes use fi-
nite elements or finite differences to calculate the electrical potential
at the points where the electrodes are placed, with the constraint that
the grid density cannot be freely varied and the elements used are usu-
ally rectangular. At this point, we have to bear inmind that the problem
we have to solve is a case of a very conductive anomaly, embedded in an
also conductive medium, and whose dimensions (lateral extension and
thickness) are much smaller than its depth. In order to resolve the ge-
ometry, these characteristics require the grid of themodeling algorithm
to be dense over a wide area, requiring a large number of elements.
Moreover, tetrahedral (4-sided) elements are required in order to in-
crease the density of the grid near the region of interest, and reduce it
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Fig. 1. Electrical model of the reservoir; layer E corresponds to the formation containing
the reservoir. Depths and electrical resistivities of each layer were obtained from electrical
logs and geological information. The brine anomaly is located at the center of the area, is
8 m thick and is located at a depth of 532 m.
gradually away from the main target area (Pepper and Heinrich,
1992). This kind of mesh allows flexibility in the shape of elements pro-
viding complex model geometries of arbitrary shapes. In order to fulfill
these requirements, we used the Abaqus (2009) code, which is a
general-purpose 3D finite element program that can be used to calcu-
late physical responses of media characterized by a refined mesh,
supporting a large number of cells, including tetrahedral elements.

We adapted the code to generate the geoelectrical response of our
specific model. To do so, we calculated the electrical potential in the
media produced by the transmission of DC current by means of a pair
of point sources (usually called electrodes A and B). ΔVMN is
representing the potential difference between a pair of electrodes locat-
ed in the well, named N and M for convention. VN and VM are the elec-
trical potentials at the respective points. This forward problem is
governed by the continuity equation:

∇ � σ∇Vð Þ ¼ −I δ r−rAð Þ−δ r−rBð Þ½ � in Ω ∈R3 ð2Þ

where V is the electrical potential at r for a given conductivity σ (x, y,
z) in a 3D domain Ω (x, y, z) and δ is the Dirac's delta. The current I is
transmitted through point-source electrodes at positions rA and rB.

The simulation was designed according to the electrical model de-
scribed in Fig. 1, which covers an area of 3 × 3 km2 and 700 m depth.
The boundary conditions for lateral walls and the bottom are simulated
as an infinite medium of null potential, while the surface boundary is
simulated as an insulated interface for electric current.

We designed themeshwith smaller elements (higher element den-
sity) in regionswhere the potential gradients are expected to be high, in
order to improve the accuracy of the solution. Different grids were de-
veloped for themodel and it was seen that grid refinement significantly
improved accuracy. As an example, Fig. 2a illustrates the distribution of
the electrical potential due to the current injection located at points A
and B, together with the designed finite element mesh. Fig. 2b shows
a zoomed view of the zone corresponding to the modeled anomaly
and Fig. 2c shows a more detailed zoomed view of the mesh in this
zone, where we can see the densification of tetrahedral cells, as well
as their smaller sizes when approaching the center of the anomaly.

An additional advantage of the code is that it allows setting the cur-
rent transmission value. Some codes do not establish a current value, as
they use the ratio V/I. Setting the current is very important in the pres-
ent work, as we need to find the detectability limit, not the apparent re-
sistivity. Hence, we need to change the current injection in order to
obtain an adequate response in voltage to be measured by commercial
resistivity systems. From a given response obtained by the program
and due to the linearity of the problem, it is possible to infer the current
that should be injected so that the voltage becomes detectable.

To numerically simulate the geoelectric response, we used a surface-
downhole configuration, with injection surface electrodes located along
profiles parallel and perpendicular to the anomaly. For each profile, six
current electrodes were placed at the surface at 500 m intervals (see
Fig. 3). As the required depth penetration was about 500 m, the injec-
tion was performed using a current electrode separation of 1000 m
(for each line, there are four pairs: A1–B1, A2–B2, A3–B3 and A4–B4,
as shown in Fig. 3).

The distribution of the electrical potential was calculated for each
position of electrodes A and B (as shown in Fig. 2). In order to simulate
the potential electrodes, we extracted the potential values from 15
nodes placed at 5 m intervals, from 500 to 570m depth along the verti-
cal direction in the borehole P0. All the potential differences at the
nodes corresponding to the position of the potential electrodes were
calculated.

Each current transmission setup along electrodes A and B was
performed in a one-step program. Due to the large number of elements
(4,000,000) present on the designed grid, the total CPU time was
approximately 10 h, using a 64-bit PC with 12 GB RAM.



Electric Potential (V)

−2.111e+01
−1.763e+01
−1.416e+01
−1.068e+01
−7.203e+00
−3.727e+00
−2.514e−01
+3.225e+00
+6.701e+00
+1.018e+01
+1.365e+01
+1.713e+01
+2.060e+01

A
(-250, 250, 0)

B
(750, 250, 0)

-535 m -

(-150, 100, -532)

(0, -50, -532)

(150, 100, -532) −2.278e−03
−2.166e−03
−2.053e−03
−1.941e−03
−1.828e−03
−1.716e−03
−1.604e−03
−1.491e−03
−1.379e−03
−1.267e−03
−1.154e−03
−1.042e−03
−9.295e−04

Electric Potential (V)

b)

a)

Electric Potential (V)

Electric Potential (V)

212 m300 m

c)

-  -532 m

-  -580 m

Fig. 2. a) Cut view of the finite elementmeshwith the resulting distribution of electrical potential. This case corresponds to a current injection at points A–B indicated in the figure. b) Cut
view of the anomaly in an appropriate scale; the extension of the anomaly is indicated. c) Viewof themesh around the anomaly, with greater density of tetrahedral elements in the region
of interest.

218 M.V. Bongiovanni et al. / Journal of Applied Geophysics 116 (2015) 215–223
5. Detectability criterion

The dimension of this problem requires transmitting enough input
current to penetrate a depth of approximately 600 m and producing a
voltage response above the noise level. The maximum input current of
commercial resistivity instruments ranges from 1 A (SARIS, Scintrex)
to 2.5 A (SYSCAL Pro, Terraplus Inc. and Terrameter LS, ABEM). In the re-
search project at the Ketzin Site, a Vertical Electrical Resistivity Array
(VERA) was used and the current injection was performed by a TSQ-4
(Scintrex) power source with electrical current input up to 11 A, except
when the electrode configuration was cross-hole. In this case, the elec-
tric current was limited to 3 A in order to avoid damaging themulticon-
ductor cables (Bergmann et al., 2012).

The input voltage resolution varies from a theoretical 0.03 μV (GDP-
32II, Zonge), 0.6 μV (SARIS, Scintrex), to about 1 μV (SYSCAL Pro,
Terraplus Inc.). Aswe have to take into account the presence of environ-
mental noise, we assume that at each location the electrical current is
repeatedly transmitted in order to obtain repeated data sets whose
standard deviation can be calculated. This approach has the advantage
of removing random features that are unrelated to the fluid migration
process, greatly reducing error. To achieve this, we have theoretically
calculated the precision we can obtain in the voltage signal with differ-
ent numbers of samples and levels of random noise. We can assure a
precision of 10 μV with n = 30 samples adding a 5% Gaussian random
noise, or n = 60 samples adding a 7% Gaussian random noise, or n =
75 samples adding an 8%Gaussian randomnoise. Therefore, we decided
to adopt the error estimation based on theminimum resolvable voltage.
Then,we established that the potential differences should be larger than
the resolution of the instrument.We then added an error of 5% toΔVMN,
taking into account that the standard deviation usually increases as the
measured voltage approaches the threshold resolution, and analyzed if
these values were significant. The precision of 10 μV was considered
for grid construction, since accuracy improves with grid refinement.
The mesh was considered appropriate when the change in the number
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of elements produced a change in the measured voltages much lower
than 10 μV.
6. Results of the synthetic experiments

At first, we have analyzed cases where the anomaly resistivity value
was ρ=0.5Ω·mwith an input current of 3 A. In order to determine the
detection zones, we have calculated the responses along parallel and
perpendicular lines with respect to the Cartesian axes, following the
scheme shown in Fig. 3. Lines labeled x-13, …, x0, …, x13 comprise
the 27 lines along the x axis, located every 50 m between
y = −650 m and y = 650 m. Similarly, y0, …, y13 are the 14 lines
along the y axis, also located every 50 m between x = 0 m and
x = −650 m. An additional diagonal line was performed, as indicated
in Fig. 3 named diag.
We have calculated the potentials at the electrodes in the borehole
using Eq. (2)where it is considered the zero potential at infinity. In prac-
tice, this would be equivalent to measuring the potential at one elec-
trode of the well with respect to another electrode located far enough.
We have also calculated the potential differences between consecutive
potential electrodes in the borehole for the different current transmis-
sions. Fig. 4 shows the potential in the electrodes as a function of
depth, obtained from current injections in the dipoles A1x–B1x, A2x–
B2x for x0, A1y–B1y, A4y–B4y for y0 and A1–B1, A4–B4 for diag. They
are shown without noise a), with 5% of noise b) and 7% of noise c).
The lines x0 and y0 are located at x = 0 m and y = 0 m, respectively,
and the line diag is at 45° between them. All these lines pass across
the well location, P0. In all cases, the potential values are above 10 μV
which is the limit of detectability. In Fig. 4a,we observed that the poten-
tial values decrease steadily with depth, but when they reach the first
electrode within the anomalous zone (at 535 m depth), the potential
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Fig. 4. Rawpotentials (a, b and c) and potential differences (d, e and f) (in volts) at electrodes located inwell P0. Vertical scale indicates the depth of each electrode, separated 5m. Results
are shown for line x0 with current injections at A1x–B1x and A2x–B2x; for line y0with current injections at A1y–B1y and A4y–B4y and for line diagwith current injections at A1–B1 and
A4–B4. a), b) and c) show raw potentials calculatedwithout noise, with 5% of noise and 7% of noise, respectively. d), e) and f) show the corresponding potential differences without noise,
with 5% of noise and with 7% of noise, respectively.
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gradient decreases. The potential value in the next electrode (at 540 m
depth) remains almost the same to the previous one. The very low gra-
dient is causedby the fact that both electrodes are embedded in the con-
ductive plume and this fact would indicate the presence of the anomaly.
That is to say, the potential gradients are high in zones close to the
anomaly but low inside it. Carefully observing the slopes in this figure,
it may realize that the maximum slope in line y0 corresponds to the in-
jection at A4y–B4y, indicating that the preferred direction of the saline
flow, which is this one, can be detected. The responses at line x0 due
to injections at A1x–B1x and A2x–B2x are similar for symmetry to
A4x–B4x and A3x–B3x, respectively. In the same figure we also show
the responses at line diagwith injections at A1–B1 and A4–B4. Analyz-
ing the results obtained for both lines, x0 and diag, the same behavior
of the slopes as y0 can be observed. Once again, the largest ones corre-
spond to the cases in which the current transmission are done at posi-
tions close to the anomaly. That is to say, that we could locate the
anomaly by searching for the largest slopes in the responses.
The above analysis was made without considering noise in order to
interpret the raw potential measurements. By adding an error of 5% to
7%, the remarkable effect of the raw potentials within the anomaly
cannot be seen (Fig. 4b and c, respectively). This behavior occurred
in all lines and different configurations that were subsequently
made. That is why we consider showing the potential differences.
Fig. 4 also shows the potential differences between consecutive
electrodes as a function of depth, without noise d), with a 5% of
noise e) and a 7% of noise f). It may be observed that regardless the
noise level, the gradients decrease significantly in the presence of
the anomaly, at an approximate depth of 532 m. At this depth, due
to the conductive anomaly, the differences are very low. In all
cases, the potential differences are detectable with increasing
depth but near the anomalous zone, the values become below the
limit of detectability. When taking measurements in field, the
extreme drop in the potential gradient can be considered as a criterion
of detectability.
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For the potential differences, the largest effect can be observed
between the first electrode inside the anomalous zone (the one at
535 m depth) and the closest above it (the one at 530 m depth). This
effect depends on the location of the injection electrodes in the way
that the response becomes lower as the injection approaches the
anomaly.

When considering the lines located farthest from the anomaly, we
have obtained similar results as seen in Fig. 5. This figure shows the
potential differences between consecutive electrodes. All these figures
are plotted as a function of depth without noise a), with 5% of noise
b) and c) and 7% of noise. The potential differences were obtained
from the current injection in the dipoles A1x–B1x, A2x–B2x for x13
and x-13, A1y–B1y, A4y–B4y for y13 and A1–B1, A4–B4 for line diag. It
can be seen that the potential differences in Fig. 5a, b and c become
very low in the anomalous zone, as expected.
0.00E+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04 2.50E-04

500-505
505-510
510-515
515-520
520-525
525-530
530-535
535-540
540-545
545-550
550-555
555-560
560-565
565-570

(m)

Potential Differences (V)

X-13   A1x-B1x

X-13   A2x-B2x

X13    A1x-B1x

X13    A2x-B2x

Y13    A1y-B1y

Y13    A4y-B4y

10 microV

0.00E+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04 2.50E-04

500-505
505-510
510-515
515-520
520-525
525-530
530-535
535-540
540-545
545-550
550-555
555-560
560-565
565-570

(m)

Potential Differences (V)

X-13   A1x-B1x

X-13   A2x-B2x

X13    A1x-B1x

X13    A2x-B2x

Y13    A1y-B1y

Y13    A4y-B4y

10 microV

0.00E+00 5.00E-05 1.00E-04 1.50E-04 2.00E-04 2.50E-04

500-505
505-510
510-515
515-520
520-525
525-530
530-535
535-540
540-545
545-550
550-555
555-560
560-565
565-570

(m)

Potential Differences (V)

X-13   A1x-B1x

X-13   A2x-B2x

X13    A1x-B1x

X13    A2x-B2x

Y13    A1y-B1y

Y13    A4y-B4y

10 microV

a)

b)

c)

Fig. 5. Potential differences (in volts) at electrodes located in well P0. Vertical scale indi-
cates the depth of each electrode, separated 5 m. Results are shown for line x13 with cur-
rent injections at A1x–B1x and A2x–B2x; for line x-13 with current injections at A1x–B1x
and A2x–B2x and for line y13 with current injections at A1y–B1y and A4y–B4y. a), b) and
c) show potential differences without noise, with 5% of noise and with 7% of noise,
respectively.
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Fig. 6. Potential differences (in volts) at electrodes located in well P0. Vertical scale indi-
cates the depth of each electrode, separated 10m. Results are shown for line x0, with cur-
rent injections at A1x–B1x and A2x–B2x; for line y0 with current injections at A1y–B1y
and A4y–B4y and for line diag with current injections at A1–B1 and A4–B4. a), b) and
c) show potential differences taken at electrodes spaced 10 m, without noise, with 5% of
noise and with 7% of noise, respectively.
Figs. 6 and 7 show the same lines as Fig. 4 and 5, respectively. The
difference in these figures is that the potential differences were taken
in electrodes spaced 10 m. We can see that increasing the distance
between electrodes, even though similar effects in the potentials are
obtained, the potential differences increase by a factor of two. This fact
makes the detection in the field easier.

In order to compare results from a greater contrast with the
surrounding medium we illustrate in Fig. 8 the results obtained for
line x0 for injections A1x–B1x and A2x–B2x, with ρ = 5 Ω·m and
ρ = 0.5 Ω·m. To interpret these results, we conducted a simulation of
the layered model in the absence of the anomaly, which we called the
homogeneous case. The potential differences as a function of depth,
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Fig. 7. Potential differences (in volts) at electrodes located in well P0. Vertical scale indi-
cates the depth of each electrode, separated 10m. Results are shown for line x13with cur-
rent injections at A1x–B1x and A2x–B2x; for line x-13 with current injections at A1x–B1x
and A2x–B2x and for line y13 with current injections at A1y–B1y and A4y–B4y. a), b) and
c) show potential differences taken at electrodes spaced 10 m, without noise, with 5% of
noise and with 7% of noise, respectively.
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Fig. 8. Potential differences (in volts) at electrodes located in well P0. Vertical scale
indicates the depth of each electrode, separated 10 m. Results are shown for line x0,
with current injections at A1x–B1x with ρ = 0.5 Ω·m and A2x–B2x with ρ = 0.5 Ω·m;
with current injections at A1x–B1x with ρ = 5 Ω·m and A2x–B2x with ρ = 5 Ω·m and
the case without the conductive anomaly, with current injections at A1x–B1x with ρ =
21 Ω·m (named hom) and A2x–B2x with ρ = 21 Ω·m (named hom). a), b) and
c) show potential differences without noise, with 5% of noise and with 7% of noise,
respectively.
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without noise a), with 5% of noise b) andwith 7% of noise c) can be seen.
We observe that the highest contrast (ρ= 0.5 Ω·m) implies major dif-
ference compared to the homogeneous case. Furthermore, evenwith 5%
of noise (Fig. 8b) and 7% of noise (Fig. 8c), the detection is possible.

Summing up, if the current transmission electrodes are located
around thewell, spaced every 1000m, the zones with an electric anom-
aly are well identified. Areas of brine migration can be recognized,
which is a significant achievement. Thiswould justify a subsequent den-
sification in zones where better resolution is required. It might eventu-
ally be possible to image the position of the fluid by applying an
inversion code provided thatwe have amethodwhich allowsmanaging
grids with large amount of elements.
7. Conclusions

Wehave studied the feasibility of detecting the brine plume injected
in a well under recovery operation in an oil reservoir (between 500 m
and 600m depth), with surface-downhole measurements. For this pur-
pose, we have designed synthetic experiments, using log data as well as
geological information fromwells located in an oil field to simulate a re-
alistic electrical model of the reservoir. The saline water flow was
modeled as a conductive electric anomaly located in a sheet that is
thin in relation to its depth (approximately 8 m thick at 500 m depth)
with a narrow lateral extension (no more than a few hundreds of
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meters). The numerical simulation of the geoelectrical response re-
quired amethod that provided a design of a dense grid using tetrahedral
elements in order to calculate properly the electrical response of a struc-
ture with a narrow anomaly in depth. The Abaqus algorithm, based on a
finite element method, successfully fulfilled this requirement. Grids
with approximately 4,000,000 cells allowed us to calculate the electric
potentials at different nodes with the additional advantage of providing
the amplitude of the injected current as an input of the algorithm. This is
very important because, due to the characteristics of the problem, we
expected voltage values close to the limit of resolution and therefore,
we were able to modify the resulting voltages by varying the input cur-
rent. Increasing the current injection could be a way to improve the
quality of the results. Commercial instruments allow an upper theoret-
ical limit of 10 A and are therefore a way to increase measurable volt-
ages. Due to the linearity of the problem, by increasing the input
current from 3 A to 10 A, the potential values grow by a factor of 3.3.
Therefore, from a particular response obtained for the simulation, one
could infer the current that should be injected to ensure that the voltage
is detectable. This is an advantage formeasuringfield voltages. If the dif-
ficulties related to the injection of high currents can be overcome, the
possibility of detection would be significantly improved.

We performed several simulations in order to determine the condi-
tions under which the anomaly could be identified.We analyzed an un-
favorable case in which the anomaly was narrow (8 m) with respect to
its depth (532 m) and the electrical contrast with the surrounding me-
dium was of either one or two orders of magnitude. Usually, brine can
have a conductivity of at least three orders of magnitude greater than
hydrocarbon. However, as these fluids coexist, a factor of two would
be a good estimate. With relatively few current injections on surface
and potentials electrodes in a well, we were able to identify the flow
pathway of the brine. The importance of this first location is an interest-
ing result in itself due to the fact that in practice one cannot have so
many wells without knowing where the anomalous zone is. This detec-
tion was possible by measuring the potential differences. It was also
studied the possibility of detection by measuring raw potentials,
which in practice is equivalent to measuring the potential difference
with regard to a remote electrode, but this method did not produce
measurable results.

Another advantage of this arrangement is that, since potential elec-
trodes are fixed on thewell and the current injection is from the surface,
it offers the possibility to define the location of the anomaly by varying
the location of current surface electrodes. This would be achievedwith-
out changing their separation in order to ensure signal penetration. This
made it possible to detect the anomaly in more detail and, taking into
account that its value could be close to the limit of resolution,would im-
prove the reliability of the results. If, eventually, it is necessary to char-
acterize or obtain a better definition of the location, once the direction of
plume migration has been determined, more wells can be added and
cross-borehole data can be used for imaging the fluid paths. Once the
basic technical problem of placing the electrodes on the injection and
production wells has been resolved and the system is under industrial
operation, the cost of a measurement campaign can be much lower in
these cases than in a surface campaign, especially considering the possi-
bility of continuous monitoring. A system of this type, extended to a
large number of wells, would allow to accurately adjust reservoir fluid
distribution models, providing important information to simulate pro-
duction rates under different scenarios. Even in the case of a small num-
ber of wells, the ability to detect a preferred direction is extremely
important, since it allows the engineer to control the outcome of any
treatments to which the well is subjected. This will also allow the engi-
neer to monitor the effects of different injection rates in fluid distribu-
tion, which could eventually be used to optimize injection water flow
either to increase the net oil production or decrease the net flow of
water injection. It is important to note that even if the net oil production
does not increase when one of these channels is closed, if the water
injection volume can be decreased, the cost of extracting the remaining
oil will be greatly reduced.

As an additional benefit, this monitoringmethod could also take ad-
vantage of the fact that the distribution of fluid within the reservoir is a
dynamic process where different injection rates in different wells can
result in the partial displacement of the zones with higher oil satura-
tions. This means that controlling this system over time would allow
making reservoir engineering decisions in response to specific condi-
tions and therefore improve cumulative oil production.
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