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Abstract

Low-salinity flooding has been extensively investigated. However, the effects
of several variables, such as mineralogical composition, have been neglected.
In this regard, the main objective here was to optimize low-salinity water
flooding of reservoirs with a wide range of rock mineralogy. Five different
brines were determined in reservoirs with different mineral compositions. The
mineral composition consisted of limestone and dolomite and the mineralogy
varied between 0 and 100% limestone content. The results indicated that the
optimum mineralogical system consists of 50% limestone and 50% dolomite
flooded with 100% diluted formation brine. Additionally, reservoir mineral
composition plays a significant role in the performance of low-salinity water
flooding. The findings here will improve our understanding of rock composi-
tion effects on the performance of low-salinity water flooding and provide the
industry with data that can scientifically improve process optimization.
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1. Introduction

The use of low-salinity brine injection has gained attention as an enhanced oil
recovery method in carbonate reservoirs. This technique involves injecting brine
with reduced salinity into the reservoir, which alters the surface properties of the
rock formation and enhances oil recovery. Identifying the optimal brine concen-
tration for a given reservoir is key to the success of low-salinity water flooding. A

number of studies have examined how low-salinity brine affects oil recovery [1]
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and have shown that altering the injection water salinity can lead to alterations in
the rock surface wettability. In turn, this affects oil displacement efficiency. Fur-
thermore, the optimum brine concentration varies according to reservoir charac-
teristics, such as rock type, clay mineralogy, and initial water saturation [2]. Field
trials have also been conducted to assess the impact of low-salinity water flooding
on actual oil recovery [3], and the results have provided valuable insight into op-
timizing brine concentrations in real-world reservoirs. The effects of formation
mineral composition on low-salinity water flooding have been investigated. The
results have shown that the mineral composition of carbonate reservoirs can no-
tably impact the effectiveness of low-salinity brine injection. For example, the
presence of certain minerals, such as clay minerals or iron oxides [1] [3], can lead
to a reduction in the effectiveness of low-salinity brine injection by causing block-
ages and hindering fluid flow.

Mineral compositions can also affect rock surface wettability, which plays a cru-
cial role in determining oil-water interactions and subsequent oil recovery [2].
Furthermore, the mineral composition of the reservoir formations influences the
chemical reactions that occur during low-salinity brine injection [3] [4]. These
reactions can lead to the dissolution and precipitation of minerals, which can alter
the pore structure and permeability of the reservoir rock [5]. In sandy dolomite
strata, water-rock interactions can cause degradation and alter the distribution of
pores and stress within the rocks [6]. Another factor is the potential for hysteresis
effects in low-permeability reservoirs, such as shale, tight sandstone, and tight car-
bonates. The hysteresis effect refers to the phenomenon where changes in fluid
saturation and flow rates do not occur instantaneously in response to pressure
changes or other driving forces. Accounting for the hysteresis effect in low-per-
meability reservoirs is crucial for optimizing production strategies in these reser-
voir types [7]. Shehata and Nasr-El-Din [8] evaluated the effects of mineral type
on the performance of low-salinity water flooding of sandstone oil reservoirs.
They concluded that the presence of dolomite and calcite would more likely de-
crease the oil recovery effect of the low-salinity brine. Although several studies
have examined the effects of formation mineral compositions on the performance
of low-salinity flooding, the impact of rock types (limestone and dolomite %) has
not been adequately assessed. Su et al. [9] studied the effect of the mineral com-
position of carbonate rocks on the relative permeability of low-salinity water
flooding and concluded that the oil relative permeability is improved by the higher
calcium content (Ca++) of carbonates compared to dolomites (Mg++).

In summary, the mineral composition of carbonate reservoirs plays a notable
role in the performance of low-salinity brine injection. It influences fluid flow,
wettability, chemical reactions, and the hysteresis effect, all of which impact the
effectiveness of low-salinity brine injection for oil recovery in carbonate reser-
voirs. Therefore, this project aimed to investigate the effect of mineral composi-
tion of carbonate oil reservoirs (limestone and dolomite) on the performance of

water flooding of different salinity systems. The brine concentrations of flooding
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water varies form = 240,000 to 500 ppm. Relative permeability data generated by
Su et al. [9] was used in our model to predict the performance of different flooding
systems.

To the best of our knowledge, carbonate reservoir performance has never been
studied, considering the combined variation in salinity and mineral composition.
For low-salinity water flooding, the primary objective is to determine the opti-
mum lithology in the reservoir to maximize oil recovery during low-salinity water
flooding by taking into account the different mineral compositions in the reser-
voir. It will be possible for the designer of low-salinity project engineering to rec-
ommend the reservoir target area based on that information and the reservoir
lithological description. As a result of this research, we will gain a better under-
standing of how water salinity and rock composition affect the performance of

high and low-salinity water flooding of carbonate reservoirs.

2. Methods

The reservoir model used here was a 40-acre five-spot pattern consisting of five
layers with different permeabilities (Figure 1). The rock mineralogy of the car-
bonate reservoir (calcite/dolomite) was distributed in the following proportions:
0:100%, 25:75%, 50:50%, 75:25%, and 100:0% as employed by Su et al [6]. The
Craig, Geffen, and Morse model were employed in predicting the performance of

high- and low-salinity water flooding.

PRODUCER

INJECTOR I

l

Figure 1. Reservoir model, with different permeability (k) values.

High-salinity water (240,000 ppm) is called formation water (FW) which was
used as the base water. Four brine samples with different salinities were used here:
FW-50 (=5000 ppm), FW-100 (=2500 ppm), FW-200 (=1000 ppm), and FW-500
(=500 ppm) in addition to the FW. A detailed description of the water composi-
tions and the relative permeability data for the conducted runs can be found in Su
et al. [9]. A total of 25 runs were conducted to determine the optimal system for

the five-rock mineral compositions and to optimize brine salinity based on the
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chemical composition of carbonate rocks. The project plan of the study is shown
in Figure 2. The study plan shows the range and variations in mineral composi-
tion employed in this study as follows: LS 100%- DL 0%, LS 75%- DL 25%, LS
50%- DL 50%, LS 25%- DL 75%, LS 0%, DL 50%. These variations were randomly

selected to cover the most likely combinations in real-world reservoir scenarios.

Brine Salinity &
arbonate Mineralogy)
Optimization

Literature Review

Computer Runs

J

| | |

LS 100%, Dolo 0%
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|

Figure 2. Study plan.

3. Results and Discussion

In carbonate oil reservoirs, limestone and dolomite are usually present in varying
percentages, with limestone containing a higher percentage than dolomite. Cer-
tain parts of the reservoir could contain 100% limestone or dolomite and other
areas could have a percentage variation of these minerals. It is, therefore, im-
portant to consider the mineralogical distribution of limestone and dolomite
when performing reservoir simulations of low-salinity water flooding. According
to Su et al [10], carbonates with different mineral compositions respond differ-
ently to low-salinity flooding in terms of wettability alteration. Almost all pub-

lished articles have used only limestone or dolomite carbonate reservoirs in their
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analyses of carbonate reservoir performance. Therefore, it is necessary to investi-
gate the performance of limestone FW in carbonate reservoirs containing both
limestone and dolomite. In this section, we will present and discuss the results of
a set of runs to estimate the water-flooding performance of carbonate reservoirs
with different salinity brines (FW and its dilutions) and different composition
carbonate rocks, where calcite/dolomite content varies between 100% and 0% do-

lomite in each studied case.

3.1. Mineral Composition Limestone 100% - Dolomite 0%

Since porosity and permeability of carbonate rocks affect wettability and low-sa-
linity water flooding efficiency [11], the porosity and permeability of each layer
were kept constant for all studied cases. The permeability of each layer is displayed
in Figure 1 and a 20% porosity was assigned to all layers.

Several studies have investigated how initial water saturation impacts low-sa-
linity water flooding [12]. The adsorption of divalent cations, such as calcium and
magnesium, on the rock surface can alter wettability towards a more water-wet
state, leading to improved oil recovery [13]. When water saturation is too high,
low-salinity water may have a lower chance of coming into contact with the oil,
preventing wettability modification and other beneficial interactions from occur-
ring. Based on this, an initial water saturation of 20% was employed for all runs.

The injection rate of low-salinity water can also play a crucial role in tech-
nique effectiveness [14]. A slower injection rate allows more time for low-salin-
ity water to interact with the rock and crude oil, potentially leading to more
pronounced wettability alteration and other favorable effects [12] [13] [15] [16].
Conversely, higher injection rates may be necessary to overcome permeability
reduction caused by fine migration or mineral dissolution [16]. For example,
Seccombe et al [17] observed a constant water relative permeability at residual
oil saturation for both low- and high-salinity water injections, suggesting that
the injection rate did not markedly impact the process [18]. Therefore, a con-
stant pressure difference of 3000 psia was used between the injection and pro-
duction wells here.

In this section, the performance of five different brines—240,00 ppm (FW),
5000 ppm (FW50), 2500 ppm (FW100), 1200 ppm (FW200), and 500 ppm
(FW500)—when flooded into the selected carbonate oil reservoir, which consists
of 100% limestone mineralogy, were investigated in detail. The recovery factors of
the brines used in the 100% limestone environment are shown in Figure 3. The
results revealed that formation brine diluted 100 times (2400 ppm, 0.24 wt%) had
the best performance. The optimal brine concentration obtained in this case is
confirmed by Chandrashegaran’s [19] conclusion that 0.2 wt% is the optimal con-
centration for most rock types and scenarios. The recovery factor of FW 100 in
this reservoir is =73% of oil in place (OIP). The reduction of injection water sa-
linity from =24000 to 2400 ppm resulted in =50% improvement in overall oil re-

covery.
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Figure 3. Recovery factor for different brines: 100% limestone (OIP = oil in place).

Previous results showed a notable improvement in the recovery factor, con-
firming that low-salinity water works well in this environment. By diluting the
formation brine by 50 times (4800 ppm), the recovery factor of the 100% lime-
stone carbonate reservoir improved by 39% (Figure 3). The time and amount of
oil recovery at water breakthrough (WBT) is a critical parameter that should be
considered when evaluating the performance of water flooding.

Water breakthrough time refers to the time taken for the first droplet of water
to reach the wellbore. This marks the end of clean oil production from the well.
Figure 4 shows the time, oil production rate, and oil recovery at water break-
through for high- and low-salinity brines in a 100% limestone environment. A
5000 ppm (0.5wt%) brine performed slightly better at water breakthrough than a
2400 ppm (0.24wt%) brine. Favorable conditions include a late breakthrough time
and higher oil recovery. Since the breakthrough performance estimate differs
from the end of the project, technically, it is not clear which brine concentration
is the optimum concentration. An effective way to determine this is to assess the

economic viability of the project.
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Figure 4. Time, oil production rate, and oil recovery at WBT of different brines: 100%
limestone.
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3.2. Mineral Composition Dolomite 100%

In this section, the performance of five different brines 240,00 ppm (FW), 5000 ppm
(FW50), 2500 ppm (FW100), 1200 ppm (FW200), and 500 ppm (FW500)—when
flooded into the selected carbonate oil reservoir, which consists of 100% dolomite
mineralogy, was investigated in detail. An assessment of the performance of high-
and low-salinity water flooding of a 100% dolomite reservoir was performed using
the same model and conditions used in section 3.1. The recovery factors of the

brines used in the 100% dolomite environment are shown in Figure 5.

100% -

80% 1

63%
>9% 56%

60% § 4% 49%
40%
20%
0% :
FW

FW 50 FW 100 FW 200 FW 500
Brine Type

Recovery Factor % OOIP

Figure 5. Recovery factor for different diluted brines: dolomite 100%.

The results revealed that formation brine diluted 100 times (2400 ppm, 0.24
wt%) had the best performance. In this reservoir environment (100% dolomite),
the recovery factor for FW100 is =63% of oil in place, which is 14% less than the
optimum value for 100% limestone. The optimum brine concentration is not af-
fected by carbonate mineralogy of pure limestone and dolomite reservoirs. Car-
bonate rock wettability modification is due to the synergistic interaction between
Ca2+, Mg2+, and SO42- and the rock surface [20]. Pure dolomite displays a lower
recovery factor than silicate limestone due to a lower affinity for sulfate toward
the dolomite surface [20]. As a result, the rock wettability is less affected [20].
Figure 6 shows the time, oil production rate, and oil recovery at water break-
through for high- and low-salinity brines in a 100% limestone environment. Do-
lomite and limestone oil reservoirs have the same optimal brine salinity (FW50,
0.5 wt%) at water breakthrough; however, limestone is more effective. Zekri et al.
[21] reported that low-salinity flooding performs better in limestone than dolo-

mite reservoirs.

3.3. Mineral Composition Limestone 75%-Dolomite 25%

To evaluate the effect of mixed mineralogical environments (limestone and dolo-
mite), three different mixed groups were subjected to low/high-salinity water
flooding runs. Calcite and dolomite were used in the following ratios: 75% calcite:
25% dolomite, 50% calcite: 50% dolomite, and 25% calcite: 75% dolomite. All the
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factors mentioned in section 3.1 that might affect low-salinity flooding were held
constant for all groups studied. In this section, we investigated the effect of slightly
reducing the limestone content (limestone 75% and dolomite 25%) of the reser-
voir on the performance of low/high-salinity water flooding. The recovery factors
of the brines used in this mixed rock mineralogy environment are shown in Fig-
ure 7. The highest performance was obtained with formation brine diluted 100
times (2400 ppm, 0.24 wt%), indicating that either a single or slightly mixed min-
eralogy had no effect on optimum brine concentration. However, the mixed min-
eralogy environment investigated in this section was found to produce a lower

performance than that of single environments.

1000
= 900 A BBTT: Breakthrough time (days)
g BQo bt: Oil rate at BT (bbl/day)
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4
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Figure 6. Time, oil production rate, oil recovery at WBT of different brines: Dolomite 100%.

100.0% 1
o ]
35 80.0% A
S ]
é 60.0% 55.0% 57.6%
- 46.3% 47.8%
& 1 39.9%
40.0% -
> 4
Q J
;;3 20.0% :J I l
0.0% 1
Fw FW 50 FW 100 FW200  FW 500
Brine Type

Figure 7. Recovery factor for different diluted brines: Limestone 75% - dolomite 25%.

Low-salinity flooding performed best in the tested minerology systems in the
following order: limestone 100% > dolomite 100% > (limestone 75%, dolomite
25%). The lower performance exhibited when mixing 75% calcite with 25% dolo-
mite could be attributed to limestone having a more favorable wettability altera-

tion nature than dolomite [22]. Figure 8 displays time, oil production rate, and
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oil recovery at WBT of different brines for the limestone 75% and dolomite 25%
system. The optimum brine concentration at WBT is 5000 ppm which was ob-
tained for the limestone and dolomite reservoirs. A similar water breakthrough
time was observed for both 2400 and 5000 ppm brines with high-salinity water
(240,000 ppm), which showed a water breakthrough in a relatively short time.

1600 -
~ EBTT: Breakthrough time (days)
2 1400 4 BQo bt: Ol rate at BT (bbl/day)
s ONo Bt: Cumulative oil production at BT (1000 bbl)
*S 1200 BEWi bt: Cumulative water injected at BT (1000 bbl)
o
“ 1000 -
>
S
= 800 A
)
=
8 600 -
2 400
<)
[i: 200 A
m
Fw FW 50 FW100 FW200 FW500
Brine Type

Figure 8. Time, oil production rate, oil recovery at WBT of different brines: Limestone 75%
- dolomite 25%.

3.4. Mineral Composition Limestone 50% - Dolomite 50%

Five runs at high- and low-salinity were performed to examine the effects of the
mineralogical environment consisting of limestone 50% and dolomite 50%. The
following five brine concentrations were employed: FW (240,000 ppm), FW50
(=5000 ppm), FW100 (2400 ppm), FW200 (=1000 ppm), and FW500 (500 ppm).
The FW100 (2400 ppm) brine concentration is optimal for this system, as shown
in Figure 9, which is the same as that of limestone, dolomite, and limestone 75%-
dolomite 25%. Of the studied systems, the limestone 50%-dolomite 50% exhibited
the highest optimum performance. Some theories have been proposed to explain
the success of low-salinity water flooding in carbonate reservoirs [11] [23] [24]. A
summary of some proposed low-salinity recovery mechanisms is presented in Fig-
ure 10 [25]. A key mechanism is the exchange of Ca?* and Mg?* between the aque-
ous and carbonate phases. This ion exchange can lead to wettability changes in
the rock, which in turn can improve the flow of oil through the pore spaces [21].
In low-salinity water flooding, carbonate minerals; Such as calcite and magne-
sium, can dissolve, altering the brine composition [25]. This may affect the con-
centration of divalent ions on the rock surface, thereby improving recovery from
low-salinity water flooding.

Two observations were made during the injection of low-salinity brine, that
there was an increase in recovery when divalent cations, especially Ca®*, were pre-

sent in the formation brine [21] and that effluents from low-salinity tests showed
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a strong reduction in Mg** concentration, suggesting that oil recovery was in-
creased since the divalent ions were in balance. The high-performance result pre-
sented for the limestone 50% - dolomite 50% could be due to possible dissolution
and multi-component exchange of ionic processes during low-salinity flooding.
The limestone 50% - dolomite 50% environment will yield a balanced amount of
calcium and magnesium in the brine, which will result in a maximizing of Multi-
component jion exchange as explained. Figure 11 shows the time, oil production
rate, and oil recovery at WBT of different brines for the limestone 50% - dolomite
50% system. In terms of oil recovery and breakthrough time, FW100 displayed the
best performance—higher recovery and higher WBT. The results also indicated
that an equal amount of water was injected to reach the breakthrough for all brines
tested.

100%

e ] T76%
g 80% 1 69%
o 64%
X 1 60%
5 60% A 53%
g
& ]
> 40% A
Z ]
> E
8 4
2 20%

0% -

FwW FW 50 FW 100 FW 200 FW 500
Brine Type

Figure 9. Recovery factor for different diluted brines: Limestone 50% - dolomite 50%.
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Figure 10. Summary of proposed low-salinity recovery mechanisms [25].
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Figure 11. Time, oil production rate, and oil recovery at WBT of different brines: Limestone
50% - dolomite 50%.

3.5. Mineral Composition Limestone 25% - Dolomite 75%

Five runs were conducted to investigate the effects of a dolomite-dominated sys-
tem (75%) during high- and low-salinity water flooding. Figure 12 presents the
recovery factor as a function of brine salinity. According to the study results, re-
ducing the brine salinity by 100% improved the water-flooding recovery efficiency
by 15%, with a similar trend for different mixing ratios of limestone and dolomite.
The recovery factor increased with decreasing brine salinity up to an optimum

salinity of FW100 (0.24 wt%) after which a reduction in the recovery factor was

observed.

100% T
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2 ]
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0% 1
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Figure 12. Recovery factor for different diluted brines: Limestone 25% - dolomite 75%.

The performance of a dolomite-dominated system at water breakthrough is
presented in Figure 13. The time, oil production rate, and oil recovery for water
injected at WBT of different brines for limestone 25% - dolomite 75% are pre-
sented in Figure 13. In terms of oil recovery, FW50 displayed the best perfor-

mance—higher oil recovery. There was also no marked difference in the amount
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of water injected to reach the breakthrough for all brines tested. FW50 and FW100

breakthrough times were identical and higher than other brines tested.
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Figure 13. Time, oil production rate, and oil recovery at WBT of different brines: Limestone
25% - dolomite 75%.

3.6. Overall Comparison

The results indicated that limestone and dolomite percentages in the mixture had
no effect on the optimum brine salinity and all mixtures had an optimum salinity
of FW100 (2400 ppm). However, mixing limestone and dolomite had an effect on
the amount of oil recovery at the end of the project and relations between the
lithology and recovery were non-linear. In general, increasing limestone in the
mixtures tends to increase the oil recovery and the optimum mixture for the stud-
ied systems is the balanced system of limestone 50%-dolomite 50% (Figure 14).
Similar results were observed at water breakthrough. Generally, increasing lime-
stone content results in better oil recovery; however, the optimum salinity for all
mixtures is FW50 (=5000 ppm) except for the limestone 50% - dolomite 50% mix-
ture, where the optimum salinity is equal to FW100.

100%
=] \
S 8% 7% 76% .
= ] . 67% 63%
£ 60% 1 ’
£ 1
Fa) 4
S 40% |
z ]
g ]
~ ]
20% 1
0% 1

DL 0% DL 25% DL 50% DL 75% DL 100%

Rock Composition DL/LS by DL%

Figure 14. Recovery for different mixture of dolomite (DL) and limestone (LS) systems
with factor and optimum brine FW100 diluted.
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The findings here are consistent with previous trends in salinity at a given tem-
perature, where limestone has a higher wettability alteration nature than dolo-
mite. Furthermore, it has been reported that the mineralogical composition of
reservoir rock can affect the effectiveness of high- and low-salinity water flooding
[15] [26]. The dolomite to calcite (limestone) ratio is one key factor [15]. The be-
havior of dolomite-rich reservoirs during low-salinity flooding is different from
that of calcite-rich reservoirs, as reported by Azim et al [15] and confirmed here.
Organic matter and sulfide minerals in dolomite rock, particularly pyrite, can play
a key role in the interaction between water and rock [6]. During the oxidation of
pyrite in the presence of ferric ions, the rock environment may become acidic,
potentially impairing the wettability alteration process [27]. Further, the surface
chemistry of dolomite is different from that of calcite, which can affect polar com-
pound adsorption and desorption on the rock surface.

In dolomite-rich reservoirs, polar surfaces with excess charges may readily form
bonds with ions or molecules in the surrounding medium. This causes surface
oxidation reactions that negatively affect oil recovery as reported here and con-
firmed by Liao ef al [6]. In contrast, polar crude oil components tend to interact
more strongly with positively charged carbonate surfaces in calcite-rich reservoirs
than in dolomite reservoirs. This can result in a more favorable wettability altera-
tion towards a more water-wet state during low-salinity water flooding, which is
in line with our presented results [13] [15]. It has been shown in our work that
low-salinity water flooding can have considerable differences between reservoirs
rich in dolomite and those rich in calcite. A variety of factors can affect oil recov-
ery, including dissolution of carbonate minerals, changes in surface chemistry,
and wettability alteration. Dolomite and calcite are considered to be important
factors in low-salinity water flooding, but their mechanisms are complex and not
sufficiently understood. Further research is required to elucidate the underlying
processes and optimize the application of this enhanced oil recovery technique to
a variety of reservoir rock compositions [13] [15] [23] [28]. The overall compari-

son is summarized in Table 1.

Table 1. Comparison of the performance of brines for different mixtures of dolomite (DL) and limestone (LS) at WBT.

Mineral composition

LS 100%, 0% DL LS 75%, 25% DL LS 50%, 50% DL LS 25%, 75% DL LS 0.0%, 100 DL

Optimum brine
Highest BT time, years

Highest Np*100000 bbl

FW 50 FW 50 FW 100 FW 50 FW 50
2.73 1.85 2.34 1.73 1.91
3.20 1.88 2.57 1.87 2.29

4. Conclusions

The results of the performance of low- and high-water salinity flooding of carbonate
reservoirs with a wide range of rock mineralogy revealed that the water salinity and

mineral composition of carbonate rock are found to have a considerable effect on
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ultimate oil recovery. The optimum salinity for different mineralogical composi-

tions employed here was constant (2400 ppm). In general, increasing limestone in

the mixtures tends to increase the oil recovery and the optimum mixture for the

studied systems is the balanced lithology system of limestone 50% - dolomite 50%.

Considering these findings, the following conclusions can also be drawn:

e Reservoirs rich in dolomite and those rich in calcite have different responses
to low-salinity water flooding.

e The amount of oil recovered in a limestone/dolomite system tends to increase
as the limestone content increases.

e It is believed that dolomite and calcite play an important role in low-salinity
water flooding, but their mechanisms are complex and unresolved.

¢ In the design of low-salinity water flooding projects, mineral variations within

the reservoir should be considered.
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