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Abstract
Enhancing hydrocarbon recovery is an ongoing practice in the petroleum industry. Multiple approaches are developed and 
proved their effectiveness in increasing reservoirs recovery. One of the recent approaches is the Low Salinity Water Injec-
tion which is known in the industry by “LoSal”. The determination of the optimum low salinity of the injected water and the 
mechanism behind its ability to enhance the hydrocarbon recovery are still the subjects of interest for many researchers and 
industry professionals. Despite the value of the LoSal water injection, it brings with it a considerable challenge to the future 
formation evaluation, namely the determination of the fluids’ saturation. The mixing of the low salinity injected water with 
the original high-salinity formation water creates variable water salinity across the reservoir. This is known in the industry 
by the “mixed-salinity” problem. The horizontal and the vertical heterogeneity of the permeability and porosity across the 
reservoir is the main factor that controls the “mixed-salinity” distribution in the injected volume. The challenge of calculating 
the fluids’ saturation exists for both the infill drilling wells and the monitoring wells. For the infill drilling wells, the satura-
tion calculations require accurate formation water resistivity values, Rw, which became variable due to the mixed-salinity. 
For the monitoring wells, the fluids saturation calculations require accurate formation water sigma absorption, Σw, which 
also became variable for the same reason. The inability to determine the current Rw and Σw on foot-by-foot basis results in 
incorrect calculations of the water and hydrocarbon saturations. This creates an economic burden on the reservoir manage-
ment. The existing methods to interpret the fluids saturation in mixed-salinity reservoirs face the challenges of accuracy, 
effect of borehole environment and high-data acquisitions cost. A forward modeling is developed to illustrate the problem 
and its impact on the reservoir decisions making process. A solution to the challenges is proposed, investigated, and proved 
both theoretically and in the laboratory. The proposed solution is based on lowering the LoSal water resistivity, prior to 
injection, to be equal to the original formation water resistivity without changing its low salinity. This is achieved by mixing 
the LoSal water with either acid or alkaline based on the reservoir condition. The acid or alkaline will reduce the resistivity 
of the LoSal water while keeping its low salinity unchanged. The determination of the required volume of the acid or the 
alkaline is calculated using the conductivity mixing law and the solution is tested on core plugs. The possible effects of the 
acid on the formation lithology, specially the clay content is discussed and proved to be negligible due to the very low acid 
volume required. This is also supported by previously published measurements.

Keywords Enhanced oil recovery · Low salinity enhanced oil recovery · Mixed salinity reservoirs · Water injection

Introduction

The low salinity water injection, LoSal is the subject of 
interest for many scientists and industry professionals to 
enhance the reservoirs recovery factors. The LoSal creates 

a distribution of mixed-salinity water, horizontally and verti-
cally, across the reservoirs. The mixed-salinity water repre-
sents a challenge to the open-hole and the cased-hole water 
saturation models.

Currently, two different approaches are used in the indus-
try to overcome the mixed-salinity challenges in formation 
evaluation. The two approaches can be summarized as.

1. Develop a technology, insensitive to the water salinity, to 
calculate the formation water saturation. This approach 
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resulted in developing the Carbon/Oxygen tool, known 
as C/O tool. This technology is suited for the cased-hole 
monitoring wells, but some also use it in the open-hole 
wells under certain conditions.

2. Acquire multiple measurements to simultaneously solve 
for both water saturation and water salinity

The first approach

The Carbon/Oxygen, C/O, tool was introduced in the early 
1960 and went through multiple developments until late 
1980. To determine the water saturation, the C/O tool uses 
the ratio between the inelastic gamma rays emitted by the 
carbon and the oxygen atoms after colliding with high 
energy neutrons. Since the inelastic gamma ray is independ-
ent of the water salinity, the C/O can be used to determine 
the water saturation in mixed-water salinity reservoirs.

In 1989, Freeman and Fenn (1989) investigated the ability 
of the Carbon/Oxygen tool in determining the water satura-
tion and the residual oil saturation in unknown formation 
water salinity reservoirs in the Middle East. The calculated 
water saturation and oil saturation using the C/O tool is com-
pared to the extracted fluids from the sponge core. Based on 
the log-to-core comparison, they concluded that the C/O tool 
should be only used when the formation porosity is higher 
than 15% and the formations are not affected by any mud 
filtrate. This conclusion puts a strong limitation on the C/O 
tools applications.

In 2004, Eyvazzadeh et al. (2004) performed a compari-
son between the different C/O tools for the different service 
providers. The core of the study included tools design, inter-
pretation methods, limitations, and accuracies. They con-
cluded that the C/O tool requires careful job planning for 
every application to ensure best data quality and increase the 
confidence in the interpretation results. They also concluded 
that due to the differences in tools design between the differ-
ent service companies, there is no unique solution obtained. 
They attributed this to the variations in the effects of the 
borehole conditions such as cements, casing, fluid types, 
etc., on the different tools. Eyvazzadeh et al.’s conclusions 
raised the concerns regarding the confidence in the inter-
pretation results and the need for a specialized interpreter to 
plan and interpret every well.

In 2005, Ma et al. (2005) compared the applications of 
multiple technologies namely, the through casing resistiv-
ity, the Sigma measurement, and the C/O measurement in 
determining the remaining oil saturation in mixed-salinity 
carbonate reservoirs in the Middle East. Based on Ma et al., 
the C/O tool should not be used for any reservoir with poros-
ity less than 15%, as previously found by Freeman et al., 
and for any wells with washout or formation damage, simi-
lar to the conclusion of Eyvazzadeh et al. These limitations 
are impractical for many reservoirs and impose serious 

constraints to the value of the C/O tools. Table 1 summarizes 
the study outcome and the limitation of each technology.

Due to the porosity limitations, interpretation inconsist-
ency, and complexity of using the C/O technology in evalu-
ating mixed-salinity reservoirs, many tried to find a second 
approach to solve the challenge.

The second approach

This approach is based on combining multiple measure-
ments to solve for both the water saturation and the salinity 
in the mixed-salinity reservoirs.

In 2003, Webb et al. (2003) proposed the Log-Inject-
Log method to study the sweeping effectiveness of the low 
salinity water injection. The method is based on acquiring 
the Sigma log twice; the first is before the water injection 
while the second is after the water injection. The two sigma 
measurements are then overlaid for comparison. Since the 
LoSal water has lower sigma absorption compared to the 
original high salinity water, the separation between the two 
overlaid measurements determines the effectiveness of the 
LoSal sweeping efficiency. This is a qualitative method and 
cannot be used to quantitatively determine the current for-
mation fluids’ saturation.

In 2010, Minh (2011) used two measurements, the induc-
tion resistivity, and the formation sigma absorption in the 
wireline environment to calculate the formation water satu-
ration in a mature carbonate field in the Middle East. To 
eliminate the borehole environment effects, e.g., invasion, 
on the sigma measurement since it is a shallow measure-
ment, the sigma log was acquired after flowing the wells. 
The two measurements are simultaneously used, analytically 

Table 1  Comparison of resistivity and nuclear logging for RSM, 
modified after Aulia et al. 1
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and graphically, to solve for the formation water saturation 
and the water salinity.

In 2015, and like what Minh did in 2010, Li et al. (2015) 
proposed using the logging while drilling, LWD, Resistiv-
ity and Sigma measurements in open-hole to determine the 
fluids saturation in mixed-salinity reservoirs. The advan-
tage of using the LWD measurement over the wireline, as 
in Minh, is to reduce the borehole environment effects on 
the sigma measurement. The two measurements provided 
two equations in two unknowns. The two equations are the 
water saturation equation using the resistivity log and the 
water saturation equation using the sigma absorption log. 
The two equations are simultaneously solved for Sw and 
water salinity.

In this paper, a different approach to solve the mixed-
salinity problem is investigated. The target of the research 
is to solve the challenge without the needs for special log-
ging tools, combinations of logging tools or interpretation 
methods. The approach is investigated using forward mod-
eling and core laboratory measurements. The lab measure-
ments are performed in the core lab at American University 
in Cairo.

The methodology is based on treating the low salinity 
water with acid or alkaline before injection. This treatment 
results in.

1. Keeping the low salinity content of the injected water 
unchanged to maintain the value of the LoSal water 
injection in enhancing the reservoirs recovery factor

2. Decreasing the resistivity of the low salinity water to be 
equal to the original resistivity of high salinity formation 
water

The type and the volume of the acid or alkaline are care-
fully determined to achieve the target.

The mixed‑salinity forward modeling

To demonstrate the mixed-salinity problems, challenges, 
errors in fluids saturation calculations and their economic 
impact on reservoir decisions, a forward model is developed 
based on a real reservoir structure from one of the North 
Africa Sandstone reservoirs, Figs. 1 and 2.

The forward model represents a layered reservoir with 
equal porosity, Φ = 30%, equal clay volume of 30% but with 
different permeability. The reservoir’s original formation 
water salinity is 100 Kppm and is injected with sea water, 35 
Kppm salinity. The distribution of fluids in the pores before 
and after the LoSal water injection, Fig. 3, is modeled as

1. Before injection, the formation pores have 10% hydro-
carbon and 90% original formation water

2. After injection with the sea water, the reservoir fluids 
became 60% hydrocarbon and 40% mixed-waters.

3. The 40% mixed-water is modeled using different per-
centages of the original water and the injected water due 
to the variations in the layers permeabilities, Table 2.

The calculations of the forward models are performed for 
two different wells as follows,

1. The first well represents an infill drilling, new well, 
where the open-hole resistivity log is modeled

2. The second well represents an observation well where 
the cased-hole sigma absorption is modeled

The infill well case

The forward modeled resistivity is calculated using the 
Simandoux (1982) water saturation model, Eqs. 1 and 2, to 
accommodate for the clay content

The water resistivity of the original formation water and 
the injected sea water are calculated using Eqs. 3 and 4. 
Equation 3 provides the water resistivity at room tempera-
ture, T1 in degree F, using the water salinity

where (S) is the salinity in ppm. Equation 4 provides the 
water resistivity under the reservoir temperature,  T2, using 
the resistivity at the room temperature T1.
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Fig. 1  Layered reservoir under LoSal injection
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The calculated original formation water resistivity, 
S = 100,000 ppm, is Rwo = 0.0291 ohmm while the injected 
water resistivity Rwi = 0.0783 ohmm for the sea water, 
35,000 ppm, for temperatures T1 and T2 as 75 and 200 F, 
respectively.

To model the resistivity of the mixed-water salinity, the 
mixing law of conductivity is used, Eq. 5

(4)R
wT2 = R

wT1

T1 + 6.77

T2 + 6.77

(5)Cmix =
C1V1 + C2V2

V1 + V2

Fig. 2  North Africa sandstone 
well

orig
60%

10%

90%

Fig. 3  Fluids distribution before and after LoSal water injection

Table 2  The mixed-water distribution

% of Original water of the 40% % of Injected 
water of the 
40%

0.00% 40.00%
4.00% 36.00%
8.00% 32.00%
12.00% 28.00%
16.00% 24.00%
20.00% 20.00%
24.00% 16.00%
28.00% 12.00%
32.00% 8.00%
36.00% 4.00%
40.00% 0.00%
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where C1 and C2 are the conductivity of the original forma-
tion water and the injected water, respectively. The V1 and V2 
are the volume of the original water and the injected water 
in the pores, respectively.

It is important to note that in real field applications, 
the calculation of the Rw is more complicated to account 
for other minerals that may be dissolved in water. This is 
discussed in “Appendix 1”.

Table 3 shows the forward modeled resistivity of the dif-
ferent percentages of the mixed-water, Rw, and the corre-
sponding formation resistivity, Rt, using Eqs. 2 and 5.

The forward model interpretation

The modeled formation resistivities, Rt, is used to back 
calculate the hydrocarbon saturation, Shc. Since there is no 
means of knowing the current Rw using any available tools, 
the only two available options are.

1. Assume no injected water reached the pore, only oil is 
moved, and use the original formation water resistivity 
Rwo = 0.0291 as Rw

2. Assume that the injected water flushed the pores and use 
the injected water resistivity Rwi = 0.0783 Ohmm as Rw.

The calculations of the oil saturation for the two scenar-
ios are shown in Table 4 and in Fig. 4. The forward model 
showed that the calculated hydrocarbon ranged between 
60–75% when the original water resistivity is used as Rw 
and underestimated, 36–60%, if the injected water resistiv-
ity is used.

The worst‑case scenario, the worst economic impact

The case of no hydrocarbon moved to the pores, but only the 
injected water is the case that represents the most challeng-
ing and dangerous of all cases, Fig. 5, and Table 5

Table 3  The modeled resistivities

Original water 
volume %

Injected water 
volume %

Mixed-salinity 
Rw, Ohmm

Formation 
resistivity Rt

0.00% 40.00% 0.078 4.466
4.00% 36.00% 0.067 3.921
8.00% 32.00% 0.058 3.494
12.00% 28.00% 0.052 3.152
16.00% 24.00% 0.047 2.870
20.00% 20.00% 0.042 2.635
24.00% 16.00% 0.039 2.435
28.00% 12.00% 0.036 2.263
32.00% 8.00% 0.033 2.114
36.00% 4.00% 0.031 1.984
40.00% 0.00% 0.029 1.869

Table 4  The calculated hydrocarbon saturation

Percent 
original 
water

Original 
water volume 
%

Hydrocarbon satu-
ration using Rwo

Hydrocarbon 
saturation using 
Rwi

0.00% 0.00% 74.67% 60.00%
10.00% 10.00% 72.86% 57.05%
20.00% 20.00% 71.16% 54.27%
30.00% 30.00% 69.56% 51.63%
40.00% 40.00% 68.02% 49.12%
50.00% 50.00% 66.56% 46.72%
60.00% 60.00% 65.15% 44.42%
70.00% 70.00% 63.80% 42.20%
80.00% 80.00% 62.49% 40.06%
90.00% 90.00% 61.23% 37.99%
100.00% 100.00% 60.00% 35.98%
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Fig. 4  The calculated hydrocarbon saturation
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In this case, an increase in the formation resistivity will 
be observed due to the movement of the high-resistivity 
LoSal water. Table 5 shows the forward modeling of the 
formation resistivity.

Since the real Rw is unknown, the calculated hydrocarbon 
saturation using the two options, either the Rwo or the Rwi as 
the formation water resistivity Rw, is shown in Table 6 and 
Fig. 6. The hydrocarbon saturation, Shc, varies between 10 
and 44% when the Rwo is used which will result in a decision 
to perforate the zone. If perforated, the zone will produce 
a 100% water and will require more spending to isolate the 
zone or squeeze the perforations.

The forward model of the cased‑hole well

The cased-hole monitoring well is modeled using the same 
forward model reservoir used in the open-hole case, Fig. 1. In 

this case, the formation sigma absorption is calculated using 
the sigma absorption’s volumetric equation, Eq. 6

where Σw is the mixed-water absorption cross section; Σo 
is the oil absorption cross section; Σc is the clay absorption 
cross section; Σm is the matrix absorption cross section.

The water sigma absorption Σw is salinity dependent and is 
calculated using Eq. 7, Crane’s (1999) petrophysics handbook

where S is the water salinity in ppm.
The absorption cross section of the mixed-salinity water 

is calculated using the volumetric equation, Eq. 8, where 
Vwo is the volume of the original water in the pore, Vwi is the 
volume of the injected water in the pore, Σwo is the absorp-
tion cross of the original water, 100,000 ppm, and Σwi is the 
absorption cross section of the injected water, 35,000 ppm.

The oil absorption cross section is 22.2 capture units and 
the clay absorption cross section is assumed to be 40 capture 
units based on the handbooks of the service companies.
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Table 5  No hydrocarbon movement case

Original water 
volume %

Injected water 
volume %

Mixed-salinity 
Rw

Formation 
resistivity Rt

0.00% 90.00% 0.078 0.979
9.00% 81.00% 0.067 0.848
18.00% 72.00% 0.058 0.748
27.00% 63.00% 0.052 0.669
36.00% 54.00% 0.047 0.606
45.00% 45.00% 0.042 0.553
54.00% 36.00% 0.039 0.509
63.00% 27.00% 0.036 0.471
72.00% 18.00% 0.033 0.438
81.00% 9.00% 0.031 0.410
90.00% 0.00% 0.029 0.385

Table 6  The calculated hydrocarbon saturation

Percent 
original 
water

Original 
water volume 
%

Hydrocarbon satu-
ration using Rwo

Hydrocarbon 
saturation using 
Rwi

0.00% 0.00% 44.15% 10.00%
10.00% 10.00% 39.88% 3.00%
20.00% 20.00% 35.89% 0.00%
30.00% 30.00% 32.12% 0.00%
40.00% 40.00% 28.55% 0.00%
50.00% 50.00% 25.15% 0.00%
60.00% 60.00% 21.89% 0.00%
70.00% 70.00% 18.75% 0.00%
80.00% 80.00% 15.74% 0.00%
90.00% 90.00% 12.82% 0.00%
100.00% 100.00% 10.00% 0.00%
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Fig. 6  The calculated hydrocarbon saturation
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The forward model interpretation

The modeled formation sigma, Σt, is used to calculate the 
hydrocarbon saturation, Shc, for the case of oil and injected 
water movement, Fig. 3.

Like the resistivity case and since there is no means of 
knowing the current Σw using any available tools, the only 
two options available for the analysis are.

1. Assume no injected water reached the pore, only oil 
is moved, and use the original formation water sigma 
absorption Σwo = 62.4 CU as Σw

2. Assume that the injected water reached the pores and 
filled the water portion then use the injected water sigma 
Σwi = 36.14 CU as Σw.

The calculations of the oil saturation for the two scenarios 
are shown in Table 7 and Fig. 7. The forward model showed 
that the calculated hydrocarbon will be overestimated when 
the original water sigma is used as Σw and underestimated if 
the injected water sigma is used.

The worst‑case scenario

The calculated hydrocarbon saturation using the Σwo and Σwi 
as the formation water sigma is shown in Table 8 and Fig. 8 
for the worst-case scenario of no hydrocarbon movement but 
only the injected water, Fig. 5. The hydrocarbon saturation, 
Shc, shows an increase up to 69%, when using the original 
sigma water, Σwo as the Σw which will result in a decision 
to perforate the zone. If perforated, the zone will produce 
a 100% water and will require more spending to isolate the 
zone or squeeze the perforations like the open-hole case.

Table 7  The calculated hydrocarbon saturation

Formation 
sigma CU

Sw using original 
water sigma

Sw using LoSal 
water sigma

Actual hydro-
carbon volume

23.13 86.13% 60.00% 60.00%
23.45 83.52% 52.57% 60.00%
23.76 80.90% 45.14% 60.00%
24.08 78.29% 37.71% 60.00%
24.39 75.68% 30.29% 60.00%
24.71 73.06% 22.86% 60.00%
25.02 70.45% 15.43% 60.00%
25.34 67.84% 8.00% 60.00%
25.65 65.23% 0.57% 60.00%
25.97 62.61% 0.00% 60.00%
26.28 60.00% 0.00% 60.00%
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Fig. 7  The calculated hydrocarbon saturation

Table 8  The calculated hydrocarbon saturation

Formation 
sigma CU

Sw using original 
water sigma

Sw using LoSal 
water sigma

Actual hydro-
carbon volume

25.22 68.79% 10.00% 10.00%
25.93 62.91% 0.00% 10.00%
26.64 57.03% 0.00% 10.00%
27.35 51.15% 0.00% 10.00%
28.06 45.27% 0.00% 10.00%
28.77 39.40% 0.00% 10.00%
29.48 33.52% 0.00% 10.00%
30.19 27.64% 0.00% 10.00%
30.90 21.76% 0.00% 10.00%
31.60 15.88% 0.00% 10.00%
32.31 10.00% 0.00% 10.00%

0%

10%

20%

30%

40%

50%

60%

70%

80%

2 3 2 4 2 5 2 6 2 7 2 8 2 9 3 0 3 1 3 2 3 3

HY
DR

O
CA

RB
O

N
 V

O
LU

M
E

ROCK SIGMA

C A L C U L A T E D  H Y D R O C A R B O N  S A T U R A T I O N

Sw Using Original Water Sigma Sw Using LoSal Water Sigma

Actual Hydrocarbon Volume

Fig. 8  The calculated hydrocarbon saturation



418 Journal of Petroleum Exploration and Production Technology (2021) 11:411–424

1 3

The proposed solution

The proposed solution is based on treating the low salinity 
water, before injection, with acid or alkaline. This treatment 
has the advantages of.

1. Keeping the low salinity content of the injected water 
unchanged. This will maintain the value of the LoSal 
injection in enhancing the recovery factor

2. Decreasing the resistivity of the low salinity water to the 
level of the original formation water resistivity. This will 
eliminate the mixed-salinity effect

The lab testing of the proposed solution

All experiments are performed in the core laboratory. The 
equipment used throughout the testing are shown in “Appen-
dix 2”. Multiple measurements are performed on actual core 
plugs, Sandstone rock, using different mixtures of hydrocar-
bon, original high-salinity formation water and low salinity 
injection water simulating the mixed-salinity challenges. 
The same experiments are then repeated but with replacing 
the low salinity injection water with the treated low salinity 
injection water to test its applicability in solving the mixed-
salinity challenge. The fluids used in the experiments are.

1. A 100 Kppm salt-water representing the high-salinity 
original formation water.

2. A 35 Kppm salt-water representing the low salinity 
injection water.

3. A 20% HCl acid concentration is used to prepare the acid 
treated low salinity injection water.

The core plugs are cut in the laboratory from an available 
sandstone core. The preparation of the core plugs, the origi-
nal high-salinity formation water, the low salinity injection 
water, and the acid treatment low salinity injection water 
are discussed in the next sections. All measurements are 
performed under the ambient conditions because the high 
pressure and high temperature capabilities are not available 
at the laboratory of the American University in Cairo.

The preparation steps

a. The Core Plugs
1. Several core plugs from the same core are cut
2. All physical properties, length, diameter, porosity, perm, 

etc., are measured. The Helium porosimeter- matrix-
cup- and Pore volume and porosity were calculated 
based on grain volume measurement

3. The plugs that have similar physical properties, Tables 9 
and 10, are chosen, for the experiments, to avoid any 
sources of biasing during the testing of the proposed 
solution.

b. The Original and the Injection Waters
1. Water samples are prepared using distilled water and 

NaCl pure salt. The first fluid is the 100 Kppm salinity 
water, representing the original formation water, and the 
second is the 35 Kppm salinity water representing the 
LoSal injection water.

2. The resistivities of the waters are measured using the 
fluids resistivity prob

3. The resistivities of the 100 Kppm and the 35 Kppm 
waters are 0.193 Ohmm and 0.338 Ohmm, respectively

c. The Treated Water
1. Hydrochloric acid, HCl 20% concentration, is used. The 

HCl is used here since the formation is sandstone.
2. The conductivity mixing law, Eq. 5, is used to calcu-

late the volume of the acid required to decrease the 35 
Kppm water resistivity to be equal to the 100 Kppm 
water resistivity.

3. The calculated acid volume is mixed with the 35 Kppm 
water and its resistivity is measured to compare to the 
100 Kppm water to ensure that both are equal

The required volume of the hydrochloric acid to lower 
the resistivity from 0.338 Ohmm to 0.193 Ohmm, equiva-
lent to the 100 Kppm NaCl original water is determined 
using the mixing law, Eq. 5. It is found that 27 CC of the 
acid per a liter of 35 Kppm water is the volume required. 
The conductivity of the 20% hydrochloric acid (Invensys 
Foxboro) is 85 mho/m.

Table 9  Samples physical properties

Property 1 2 3 4

Weight (g) 60.30 60.58 59.92 60.07
Length (mm) 65.69 65.63 65.89 65.54
Diameter (mm) 25.24 25.18 25.03 25.27
Bulk volume (cc) 32.87 32.68 32.42 32.87
Pore volume (cc) 10.36 9.95 9.95 10.35
Porosity (%) 31.52 30.45 30.69 31.49
Gas permeability (md) 723.22 669.12 743.68 737.30

Table 10  Samples physical properties

Property 5 6 7 8

Weight (g) 59.63 59.89 59.33 59.57
Length (mm) 65.38 65.71 65.52 65.67
Diameter (mm) 25.17 25.14 25.08 25.13
Bulk volume (cc) 32.53 32.62 32.37 32.57
Pore volume (cc) 10.11 10.08 10.04 10.27
Porosity (%) 31.08 30.90 31.02 31.53
Gas permeability (md) 782.38 722.49 737.20 825.11
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To test the accuracy of the mixing law, Eq. 5, in pre-
dicting the volume of the acid, the resistivity of multiple 
mixtures of the 100 Kppm water and the treated 35 Kppm 
water are measured in the laboratory using the resistivity 
probe, and compared to the calculated resistivities using 
the mixing law. The comparisons are shown in Table 11 
and Fig. 9. It is confirmed that the mixing law is adequate.

The testing procedure

The prepared plugs and fluids are used to test the appli-
cability of the acid-treated water in solving the mixed-
salinity reservoir challenges. Four cases are shown here 
as follows

1. Case 1: This case represents the no hydrocarbon move-
ments but fully saturated zone with a mixture of different 
percentages of the original formation water and the low 

salinity injecting water and the water volume is meas-
ured. Three results are shown here

a. The plug is saturated with a single fluid, 100 Kppm 
water representing before injection case

b. The plug is saturated with LoSal injection water, 35 
Kppm, representing full sweeping

c. The plug is saturated using 50/50 mixture of the 100 
Kppm original water and the 35 Kppm LoSal water 
representing partial sweeping

a. Discussion: The measured core plug resistivity of the 
35 Kppm water, Table 13, shows higher resistivity com-
pared to the 100 Kppm one, Table 12

b. The measured core plug resistivity of the 50/50 mixture, 
Table 14, shows higher resistivity compared to the 100 
Kppm, Table 12

The above measurements confirm the effect of the low 
salinity water injection in increasing the formation resistivity 
even when no hydrocarbon is moved. In formation evalua-
tion, this will be misinterpreted as hydrocarbon movement. 
This, in turn, will result in wrong perforation decisions. This 
case was discussed in the section of the forward modeling 
and marked as “Worst-Case Scenario”.

2. Case 1.1: The tests in Case 1 (c) is repeated but with 
replacing the low saline water with the treated low saline 

Table 11  Mixing law vs. measured resistivities

100 Kppm 
water volume, 
CC

35 Kppm-treated 
water volume, 
CC

Lab meas-
ured Res 
Ohmm

Mixing law Ohmm

200 0 0.19342 0.19300
160 40 0.19394 0.19324
120 80 0.19446 0.19347
80 120 0.19446 0.19370
40 160 0.19446 0.19394
0 200 0.19446 0.19417
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Fig. 9  Measured vs. modeled resistivity

Table 12  100 Kppm water case

Water volume 7.7 Cc
Rw injected 0.193 Ohmm
Core plug resistance, Ohm 124.5 Ohm
Core plug resistivity, Ohmm 0.932804 Ohmm

Table 13  35 Kppm water

Water volume 7.8 cc
Rw injected 0.338 Ohmm
Core plug resistance, Ohm 276.3 Ohm
Core Plug Resistivity, Ohmm 2.070151 Ohmm

Table 14  50/50 35 Kppm + 100 Kppm

Water volume 7.8 cc
Rw injected 0.246 Ohmm
Core plug resistance, Ohm 212.2 Ohm
Core plug resistivity, Ohmm 1.589888 Ohmm
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water. If the proposed solution is applicable, this resis-
tivity should be equal to the 100 Kppm case Case 1 
(a). Discussion: The measured core plug resistivity of 
the 50/50 mixture of the “35 Kppm Treated water and 
the 100 Kppm original water”, Table 15, compared to 
the 100 Kppm water, Table 12, show resistivity values 
within 2% difference. This comparison confirms that the 
treated low salinity water resolves the mix-salinity chal-
lenge for the worst-case scenario.

3. Case 2: The tests in Case 1 are repeated but with oil and 
water instead of only water. These tests represent the 
sweeping of hydrocarbon and the LoSal injection water. 
Two measurements are shown here

a. The plug is saturated with 1.5 cc oil (0.927 g/cc density) 
and 100 Kppm

b. The plug is saturated with 1.5 cc oil and LoSal injec-
tion water, 35 Kppm. Discussion: The measured core 
plug resistivity of the 35 Kppm water with oil, Table 17, 
shows higher resistivity compared to the oil and 100 
Kppm water, Table 16. This confirms the effect of the 
low salinity water injection in increasing the formation 
resistivity. This will result in overestimating the hydro-
carbon volume.

Case 2.1: The tests in Case 2 is repeated but with using 
the treated injection water.

Discussion: The measured core plug resistivity of the 
“35 Kppm-Treated water with oil”, Table 18, and the 100 
Kppm original water with oil”, Table 16, show similar 
resistivity values within 3% accuracy. This comparison 
confirms that the treated low salinity.

water resolves the mix-salinity challenge.

The monitoring cased‑hole wells solution

The proposed solution for the cased-hole monitoring wells 
is to use the through casing resistivity measurement instead 
of the sigma measurement. Since the treated low salinity 
water injection will maintain the mixed-salinity reservoirs 
water resistivity unchanged, equal to the original formation 
water resistivity, the through casing resistivity will provide 
the most accurate solution compared to the currently used 
solutions, C/O and Sigma.

Table 15  50/50 Treated 35 Kppm and 100 KPPM

Water volume 7.7 cc
Rw injected 0.204 ohmm
Core plug resistance, Ohm 132.1 Ohm
Core plug resistivity, Ohmm 0.949746 Ohmm

Table 16  100 Kppm and Synthetic oil

Oil volume 1.5 cc
Water volume 6.2 cc
Rw injected 0.193 Ohmm
Core plug resistance, Ohm 204.3 Ohm
Core plug resistivity, Ohmm 1.530698 Ohmm

Table 17  35 Kppm and Synthetic oil

Oil volume 1.5 cc
Water volume 6.3 cc
Rw injected 0.338 Ohmm
Core plug resistance, Ohm 478.2 Ohm
Core plug resistivity, Ohmm 3.582866 Ohmm

Table 18  35 Kppm treated and synthetic oil

Oil volume 1.5 cc
Water volume 6.2 cc
Rw injected 0.204 Ohmm
Core plug resistance, Ohm 198.2 Ohm
Core plug resistivity, Ohmm 1.484994 Ohmm
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Fig. 10  Solubility tests on clays
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Effect of acid treatment on clay minerals

A study on the effects of different concentrations of the 
hydrochloric acid on the different clay types under variable 
temperature and time was performed by Simon and Ander-
son (1990) for the acid treatment purposes. The study was 
performed on four major clay types, Illite, Kaolinite, Chlo-
rite and Oligoclase. The solubility test performed on the 
four clay types showed that the HCl effect on clay solubility 
is very minor and it decreases with the decrease of the acid 
concentration. Chlorite has the highest solubility at the 15% 
HCl concentration due to its iron component (Fig. 10).

In the LoSal application case, the acid concentration 
required to lower the LoSal water is much lower than even 
the 3% shown in Simon et al. study. The acid concentration 
used in the LoSal water injection treatment can be calculated 
as.

1. 27 cc of 20% HCl acid has only 540 ppm of HCl by 
weight

2. The concentration of the treated LoSal water will then 
have 0.054% HCl concentration.

This is a very low acid concentration to raise any con-
cerns regarding the effect on formation clays.

Conclusion

The proposed solution of treating the low salinity water 
using acid or alkaline prior to injection is investigated and 
proved to be a practical solution to the formation evaluation 
challenges. The treatment lowered the resistivity of the water 
to the same level of the original formation water without 
changing its low salinity. The required volume of acid to 
lower the LoSal resistivity is very small, few cubic centim-
eters, which will not have any damage to formation lithology 
including clay minerals.
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Appendix 1

The formation water resistivity is calculated using the Total 
Dissolved Solids, TDS. The dissolved minerals are obtained 
from the water laboratory mineral composition analysis. The 
TDS is calculated using as

where  Si is the ion concentration of element (i) in ppm. 
The TDS is then used to calculate the elements’ multipli-
ers, Simult, using the chart (courtesy of Schlumberger). The 
sodium chloride equivalence of all minerals,  NaCleq is then 
calculated as

The  NaCleq is then used in Eqs. 1 and 2 to determine the 
water resistivity.

TDS =

n∑
i=1

S1

NaCleq =

N∑
i=1

Simult ∗ S
i

http://creativecommons.org/licenses/by/4.0/
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