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ABSTRACT: Inorganic scale deposition has been found to affect
many industrial processes, including water injection into the oil
reservoirs. The incompatibility of high sulfate ion content of
seawater with formation water containing calcium ions results in
formation damage and production decline. In this study, several
simultaneous techniques are utilized for qualitative and quantitative
analyses of calcium sulfate scale to get more insight into the
formation damage during smart water flooding at micro and
nanoscales. In the experimental section, calcium sulfate deposition
due to the mixing of the formation water and seawater samples was
investigated using the dynamic quartz crystal microbalance
technique. The effect of sulfate and magnesium ions existing in
the seawater on the amount of calcium sulfate deposition was
studied, individually. The results showed that the sulfate concentration of seawater could significantly change the mass
deposition in a specific range. Also, at an optimal concentration of the magnesium ions, the total amount of calcium sulfate
deposition decreased by 60 percent. However, magnesium ions could decrease the time of the initial stage of deposition
significantly. The results revealed the amount of deposition and the time of initial stage beyond 5 times dilution of seawater are
not noticeable. In addition, the linear slope of the second stage of deposition for the mixture of formation water and 5-fold
diluted seawater decreased by 92 percent compared to the original seawater. To verify the results for the magnesium effect, the
molecular dynamics simulation method was used to compare the simulation results with the experimental data. Likewise, the
results obtained from the simulation model showed that at an optimal concentration of the magnesium ions in the seawater, the
amount of calcium sulfate deposition was noticeably decreased.

1. INTRODUCTION

Experimental studies and field experiences have shown that
tailoring the compositions of injecting seawater into the oil
reservoirs results in better oil recovery efficiency. Customizing
the seawater composition significantly affects the oil/brine/
rock interactions, which alters the wettability and reduces the
interfacial tension.1−10 In the past decade, the researchers have
examined the effect of active ions such as Ca2+, Mg2+, and
SO4

2− on smart water oil recovery efficiency.10−15 A research
showed that the increase of sulfate concentration in the
injecting water leads to the incremental oil recovery of 10
percent compared to the traditional seawater injection
scenario.16 Although the past studies have proved that
reduction of the salinity of injection brine could improve the
oil recovery efficiency, the risk of formation damage because of

high sulfate ion concentration increases. This damage due to
the calcium sulfate deposition results in drastic reduction in
rock permeability and in turn reduction or cessation in
production from the oil wells.17−23 As a result, the economic
implications arise from the reduction of oil production due to
the formation damage and also the costs of the scale removal.24

The inorganic scales can be formed due to some changes in
thermodynamic conditions of the reservoir (e.g., carbonate
scales) or injecting incompatible saline water streams into the
oil reservoir (such as sulfate scales).17,25−32 Investigating the
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scale formation due to incompatible mixing has been the focus
of many studies in recent years.23,33,34 Calcium sulfate is one of
the common scales in many oil fields, which is formed as a
result of the high concentration of calcium and sulfate in the
formation water and seawater, respectively. Therefore, the
driving force for calcium sulfate formation in this condition is
supersaturation. The level of water supersaturation is defined
according to eq 135

=
[ ][ ]

=
+ −

K K
SR

Ca SO IAP2
4
2

sp sp (1)

where [M2±] is the ion activity (M); Ksp is the solubility
product, which is 0.0155 (M2) at 30 °C for calcium sulfate;36

and IAP is the ion activity product.
This scale exists in three crystal structure forms, which are

different in morphological features and degree of hydration.
The stability of these structures is dependent on the
temperature.37,38 The effect of temperature on calcium sulfate
solubility and its kinetics has been noted by several
researchers.18,33 It has been shown that increasing the
temperature decreases the solubility of calcium sulfate.18,37

Also, the rate of scale deposition increases significantly as the
supersaturation level of the solution increases.18,39 Several
researchers have shown the effect of magnesium ions and some
other ions on precipitation, dissolution, and phase stability of
gypsum and the inhibiting effect of Mg2+ on two stages of
calcium sulfate precipitation.40,41 But none of these studies try
to demonstrate gypsum deposition or precipitation in a
complex aqueous solution.
Recently, the quartz crystal microbalance (QCM) technique

was utilized to investigate microscopically oil detachment from
solid surfaces during the oil recovery tests using smart water
injection and asphaltene deposition at different condi-
tions.42−44 Moreover, the quartz crystal microbalance has
been used to find new insight into the adsorption of barium
sulfate and deposition of calcium carbonate. Several studies
examined the heterogeneous nucleation, growth, initial stage,
and the effect of different inhibitors on the formation of
barium sulfate using QCM.45,46 The formation and deposition
of calcium carbonate were also studied using the QCM
technique.47,48 The effect of several factors such as
concentration on gypsum formation has been examined with
the quartz crystal microbalance.39 The dynamic quartz crystal
microbalance (DQCM) measurements demonstrated that the
induction time dependency of gypsum on temperature and
supersaturation could be used to determine the activation
energy of nucleation and the interfacial tension between
gypsum and aqueous solution, respectively.49 The importance
of surface energy and roughness in gypsum deposition was also
studied, which concluded that changing the surface nature
could alter the surface energy to act as a resistance to the
gypsum deposition.50

Moreover, molecular dynamics (MD) simulation can be
used to illustrate the phenomena at nanoscale and enables us
to represent mechanistically the explanation of the exper-
imental results at molecular scale. Several studies, in recent
years, have been conducted to investigate the precipitation
process of the formation of different scales in geological
phenomena. Their findings revealed useful information about
nucleation and crystal growth mechanism which, in turn, is
crucial in preventing the damage as well as developing
appropriate inhibitors. Most studies focused on sodium

chloride crystals and sodium sulfate crystals; therefore, the
deposition mechanism of other important scales such as
calcium sulfate has remained unknown so far.51−54

Many studies have focused on the scale deposition during
water flooding processes or thermodynamic nature of various
types of calcium sulfate scales; however, most of them have
investigated this phenomenon at macroscopic or core scales.
Since this type of damage critically affects the economic
aspects of oil producing companies, the remediation
techniques must be adopted as early as possible. If the
nucleation stage and the initiation mechanism of this challenge
are identified, the chain of various phenomena occurring
simultaneously could be halted through inhibition techniques.
The novel methods such as the quartz crystal microbalance
and molecular dynamics as an experimental and modeling tools
can help to obtain an in-depth knowledge of this damage at
microscopic scales. Besides, few studies were conducted to
address the early stage of calcium sulfate formation during
smart water flooding. In this study, the effect of “potential
determining ions” in smart water flooding was investigated
considering the real composition of formation and injection
brine, by the dynamic quartz crystal microbalance (DQCM)
method. Finally, molecular dynamics simulation was per-
formed to gain more insight into the molecular scale of the
phenomena.

2. MATERIALS AND METHODS

2.1. Sensors. The standard gold-coated sensors that were
manufactured by our research group in SUPRI (Sharif
Upstream Petroleum Research Institute) were utilized here.
The base part of the sensor consists of a quartz crystal, and the
fundamental resonant frequency for the crystals was 10 MHz.
More information on this apparatus has been presented in the
Supporting Information.

2.2. Brine Preparation. In this study, deionized water was
utilized to prepare the injection brine at different salinities. All
brine samples were prepared in the lab by mixing deionized
water (Milli-Q, resistivity of >18.2 MΩ cm) with reagent-grade
salts, which were supplied by Zolal teb chemi with a purity
grade of >99%. All of the seawater and formation water
samples were prepared with different salt concentrations in 100
mL solution. The laboratory-prepared low-salinity solutions
were made by diluting the prepared seawater samples with
deionized water. The samples used in this study were twice
diluted seawater (2dSW), 5 times diluted seawater (5dSW),
and 10 times diluted seawater (10dSW). During the dynamic
scenario, the water mixture (50% seawater and 50% formation
water) is injected to the dynamic cell with the sensor
imbedded into the cell. The injecting water, named seawater
in this study, is from Persian Gulf, and the formation water
samples are from an oil reservoir in the south of Iran.

2.3. DQCM Measurement. In this type of research works,
Q-Sense measures the change in resonant frequency of the
coated gold used. The frequency change when the oscillating
gold is exposed to an aqueous phase includes the mass loading,
liquid loading, and liquid trapping. The mass deposition is
determined by the Sauerbrey equation55 (eq 2). Because of the
change in density and/or viscosity of the medium as a fact of
contact with Newtonian fluids, the oscillating crystal in
frequency has an additional shifting56 which can be calculated
by eq 3. Because of the fact that the crystal surface is very
smooth, the liquid trapping effect is negligible. The following
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equations describe the principle of the mass and liquid loading
calculation

ρ μ
Δ = − Δf

f

A
m

2
mass deposition

2
0

q q (2)

πρ υ
ρ μ ρ μΔ = − −f

nf
( )liquid load

0
3

q q
1 1 2 2

(3)

where f 0 is the fundamental frequency of the crystal (10 MHz),
A is the piezo-electrically active crystal area (cm2), μq shear
modulus of quartz for AT-cut crystal (2.947 × 1011 g cm−1

s−2), ρq is the specific density of quartz (2650 kg/m
3), υq is the

shear wave velocity in quartz (3340 m/s), ρ is the density of
solution (kg/m3), and η is the viscosity of solution (kg m−1

s−1). Subscripts 1 and 2 refer to the solutions of different
densities and viscosities.
To obtain a stable baseline, deionized water was first

injected into the DQCM cell by a syringe pump. This was
achieved by flushing deionized water into the chamber until
the oscillation in frequency was stabilized at about ±2 Hz.
Then, the mixture of formation and sea brines (50% seawater
and 50% formation water) was injected by a syringe pump at a
rate of 100 μL/min into the chamber. This injection continued
20 min. Therefore, the changes in frequency were detected.
The mass deposition due to the mixture of these two
incompatible sample brines was calculated by the following
equation42

Δ = Δ − Δf f fmass deposition measurement liquid load (4)

All experiments were carried out at ambient temperature (30
°C). Also, all of the measurements were repeated three times
for each test to ensure the accuracy and reliability of the
results. The relative standard deviation of repeated measure-
ments was less than 10%.
2.4. Molecular Dynamics Simulation. To have a better

understanding of the effect of each ion on the CaSO4 crystal
nucleation, a series of MD simulations were performed using
the LAMMPS package. Five different simulations were done
with the same protocol to investigate the nucleation of CaSO4
in pure water, 0.05 M NaCl, 0.1 M NaCl, 0.05 M MgCl2, and
0.1 M MgCl2 solution. The simulation box consists of 6000
water molecules and 50 ion pairs CaSO4 with the dimensions
of 60 Å × 60 Å × 60 Å and proportional number of considered
ions. It should be pointed that the concentration of CaSO4 in
the simulation is higher than that used in DQCM experiments
to accelerate the simulation process; therefore, qualitative
comparison is performed with the experimental results. This
number of ions was selected to have a highly supersaturated
solution sample. This condition enabled us to observe multiple
crystal nucleation and growth in a reasonably short time
period. All of the simulations were carried out for 20 ns time
scale using NPT ensembles. The SPC/E model was employed
for water, where the potential parameters for monovalent ions
(Na+, Cl−), divalent cations (Ca2+, Mg2+), and SO4

2− ions were
those introduced by Alejandre et al., Ȧqvist et al., and Williams
et al.51,57,58

3. RESULTS AND DISCUSSION
In this study, the effect of both sulfate and magnesium as the
two active ions for scale formation, as well as the effect of

dilution, was investigated. In each scenario, the same
experimental procedure was performed through four different
test steps, which we will delve into in the following sections.
The concentration and salt type for each formation water and
seawater sample used in the tests are shown in Tables S1−S3
(Supporting Information).

3.1. Effect of Sulfate Concentration. As it was explained
earlier, due to the high sulfate ions content of seawater and
high concentration of calcium ions in the formation water, the
mixing of seawater with formation water can lead to calcium
sulfate scales inside the formation. To conceptually investigate
this phenomenon, two model brine samples containing only
sulfate and calcium ions with sodium chloride were prepared.
At this stage, the effect of the presence of other ions existing in
seawater and formation water on the deposition of calcium
sulfate were ignored in this step. The composition of model
brine samples is shown in Table S1. As a matter of fact, it was
aimed to examine the same concentrations of sulfate and
calcium ions in two model brines, while the amounts of total
dissolved solids (TDSs) for these two model brine samples
were similar to those of the real seawater taken from the
Persian Gulf and the formation water. It should be mentioned
that the TDSs for these two model brines were adjusted by
adding NaCl.
Figure 1 illustrates the amount of mass deposition of calcium

sulfate versus time at various sulfate concentrations in the

model brine samples (see Table S1), obtained from the
DQCM measurements. As shown in Figure 1, the amount of
deposition on the DQCM sensor increases over time. In fact,
Figure 1 demonstrates that the calcium sulfate scale formation
does not necessarily follow the linear increase trend of sulfate
concentration. In other words, the amounts of scales formed
due to the mixture of formation brine with 0.5 and 1 times
sulfate concentration of seawater are the same; however, these
increase significantly when the sulfate concentration increases
from 1 to 2 times of original seawater. As it is clear, the most
percentage of scale formation (almost 65%), in this range of
sulfate concentration, occurs between 1 and 1.5 times of sulfate
concentration. This clearly indicates that 1.5 times concen-
tration of sulfate is more favorable for mass scale deposition in
this scenario. In other words, sulfate concentration controls the
mass deposition at specific sulfate concentrations, while the
accessibility of insoluble calcium would control the mass scale
deposition for higher sulfate concentration. In addition, the
results show that when all of the active ions are removed, the
sulfate concentration can affect the scale deposition notably
from 1 to 2 times of the original sulfate concentration of

Figure 1. Effect of sulfate concentration on scale deposition.
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seawater. Although calcium is needed for calcium sulfate
formation, the results showed that the final deposited mass is
not necessarily increased proportional to the increase of sulfate
concentration. Besides, increasing sulfate concentration leads
to reduction of sodium chloride in the system; therefore, it
means that the presence of sodium chloride would increase the
solubility of calcium and sulfate in this range of ion
concentrations, as it was already mentioned in the previous
studies.59,60 This phenomenon of the deposition process will
be further discussed in the simulation section.
3.2. Effect of Magnesium Ions. One of the active ions in

the formation and sea brines is magnesium. The researchers in
the field of enhanced oil recovery (EOR) assert critical roles
for this ion during smart water injection into the oil reservoir.
Many researchers have shown that magnesium can affect the
wettability alteration, and this phenomenon would clearly
improve the oil recovery efficiency.15 Besides, some researchers
have indicated that the magnesium ion plays an inhibitory role
to prevent gypsum precipitation.41

In this regard, Ghasemian et al. showed that the amount of
calcium sulfate scale formation depends on magnesium, too.
They did some beaker tests, which illustrated the inhibitory
role of magnesium, and proposed an optimum concentration
for magnesium.23

Therefore, it is tried to investigate the role of magnesium
ions in seawater samples in the scale formation through this
research work. Thus, synthetic sea brine samples with different
concentrations of magnesium were prepared to mimic the
smart water and were mixed with the synthetic formation brine
sample through the DQCM apparatus. Therefore, only
magnesium chloride with different concentrations was added
to the brine sample of synthetic seawater, which was
investigated in the previous part (see Table S2). Besides, the
effect of magnesium in seawater on scale formation for two
different sulfate concentrations (ordinary sulfate concentration
of sea brine sample and twice concentration of sulfate in sea
brine) was assessed in these tests. All of sea brine samples in
this part have the same TDSs of an ordinary sea brine sample.
Figure 2 demonstrates the effect of magnesium on scale

deposition for the case in which the sulfate concentration is the
same as in the original seawater, whereas Figure 3 is for twice
sulfate concentration. As these two figures show, the increase
of magnesium concentration can lead to the reduction of scale
deposition. In fact, this ion works as an inhibitory agent for this
mixing process that could hinder the scale formation. Hence, it
is well recommended that the magnesium ion concentration
should be more than that in original seawater to obtain the
minimum amount of scale deposition. When the concentration

of magnesium ions is less than that of the ordinary seawater,
the solubility of calcium sulfate would be less than its
maximum value. However, the results presented in Figure 2
show that for the optimum concentration of magnesium, the
solubility would be at its maximum value. Owing to the
nonlinear dependence of solubility coefficient (Ksp), this
optimum concentration of magnesium is justifiable.
To focus more on the effect of magnesium at different

sulfate concentrations, as the other effective ion during the
EOR process, similar tests were performed for the sea brine
samples that contain twice sulfate concentration. Figure 3
illustrates the same inhibition role for magnesium ion in the
injecting water sample as Figure 2. A minimum amount of
scale deposition is also seen for 1.5 times magnesium
concentration when the sulfate concentration is twice of that
in the original seawater. However, the increase of sulfate
concentration causes the reduction in the difference between
the cases that have different concentrations of magnesium. In
this scenario, the solubility of calcium sulfate is less dependent
on the magnesium concentration, and this proves that
magnesium decreases the scale deposition until the sulfate
concentration does not increase beyond a specific concen-
tration. The results revealed that the total amount of scale
deposition would be decreased 60% and 19% for the cases of
1S-1.5 Mg and 2S-1.5 Mg compared to the same cases in the
previous section (1S and 2S), but if the sulfate concentration
changes from 1S to 2S in the previous cases, it leads to 90%
increase in the scale deposition. In fact, this illustrates that the
change in sulfate concentration plays more effective role in
scale deposition than magnesium. Consequently, the main role
of magnesium is to hinder the scale deposition at some specific
concentrations.

3.3. Effect of Dilution Seawater on Scale Deposition.
The tests explained in the previous sections were intended to
illustrate the role of the two active ions during smart water
injection, namely sulfate and magnesium. However, for the
field condition, usually, the raw seawater is injected to the
reservoir without any salt removal. In this regard, the process is
designed to decrease the salinity of the seawater by diluting
with fresh water to improve the oil recovery efficiency as it has
been explained in many research works.61−63 Hence, the effect
of salinity reduction on the deposition of calcium sulfate is also
investigated in this work. For this purpose, mixtures of
formation brine with different saline seawater samples (see
Table S3) were utilized and the previous mentioned tests were
repeated.

Figure 2. Effect of different magnesium concentrations on scale
deposition for synthetic seawater with ordinary sulfate concentration.

Figure 3. Effect of different magnesium concentrations on scale
deposition for synthetic seawater with twice ordinary sulfate
concentration.
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Figure 4 shows the amount and way of mass deposition for
the mixture of 1, 2, 5, and 10 times diluted Persian Gulf

seawater with formation water of an Iranian oil field. According
to the results, the dilution of seawater would critically affect the
scale deposition; however, it also shows an optimum value. In
fact, the results state that dilution of seawater can lead to scale
reduction until 5 times dilution, while from 5 to 10 times
dilution, it does not result in any significant change in scale
deposition. Although the best value for dilution of seawater
that has the minimum scale deposition is 5 times dilution, the
twice dilution of sea brines has the most significant deposition
reduction. To clarify this, the scale deposition was shown to be
halved when the sea brine was diluted 2-fold, but from 2 to 5
times dilution, the scale deposition changes less than 20%. This
obviously indicates that the salinity could affect more the scale
deposition up to 2 times dilution, and its effect is reduced as
the dilution increases beyond 2 times. Based on the previous
results, beyond this, the sulfate concentration may control the
scale deposition.
Moreover, the comparison of Figure 4 with Figure 2 shows

that the amount of scale deposition due to the mixture of
seawater and formation brine samples has more capability of
scale deposition. For instance, the maximum amount of scale
that deposits in the mixture of complete formation and sea
brine samples is more than the deposition resulted from the
mixture of synthetic formation and sea brine samples without
some effective ions (see Table 1). Hence, adding other ions

can decrease the solubility of calcium and sulfate, although the
concentration of these ions is not significant. It is crystal clear
that the replacement of sodium chloride instead of calcium
chloride, potassium chloride, and sodium bicarbonate can
increase the solubility of calcium sulfate. One of the main
reasons for this phenomenon is the common ion effect. The
major part (60%) of these three added salts in this part in the

sea brine sample is calcium chloride, which activates the
common ion (Ca2+) effect phenomena. All in all, the results
show that twice dilution of seawater is more effective than 5 or
10 times; in this regard, the scale deposition does not change
significantly from 5 to 10 times dilution of seawater.
The scanning electron microscopy (SEM) image of calcium

sulfate crystal deposition due to the mixture of formation water
and seawater is shown Figure 5. The figure illustrates the
crystal of gypsum and the elemental mapping of each atom.
This image is in agreement with previous studies of calcium
sulfate micrographs,37,64−66 which have mentioned that the
gypsum crystals are needle-shaped.

3.4. Effect of Sulfate Concentration of Diluted
seawater on Scale Deposition. As it was shown in the
previous section, the salinity effect is dominant up to 5 times
dilution of seawater. The salinity cannot affect significantly
beyond the dilution more than 5 times. In this regard, it was
decided to investigate the effect of various sulfate concen-
trations for 5 times dilution of seawater as an optimum state on
the scale deposition because the sulfate ion is the dominant ion
that has been addressed to improve the recovery factor in
smart water injection. These tests were performed for 2 and 5
times diluted seawater samples due to the fact that these states
are more economical to be proposed for the real reservoir
injection and minimum scale deposition, respectively.
To do this, four different sulfate concentrations in the 2 and

5 times diluted seawater samples are investigated. The total
dissolved solids of seawaters in this section are the same as
those in 2 and 5 times diluted seawaters, but as the sulfate
concentration changes, the sodium chloride concentration
changes correspondingly.
Figure 6 indicates a significant change of scale deposition

from 1 to 1.5 sulfate concentration of 2-fold diluted seawater as
it was seen in Figure 1, which means that the effect of sulfate
on scale deposition increases in this range of its concentration.
In contrast, this change is not seen in Figure 7, which shows
the effect of sulfate concentration on 5 times diluted seawater.
It is clear that the effect of sulfate concentration on scale
deposition for 5 times diluted seawater increases proportionally
for all concentrations.
Figure 7 illustrates that increasing the sulfate concentration

would not significantly change the scale deposition, which was
already observed and discussed in Figure 1. But the effect of
sulfate concentration on the 5-folded diluted seawater was seen
to be totally different from that shown in Figures 1 and 6. This
comparison clarifies that at lower salinity of water the effect of
sulfate concentration is less pronounced on the amount of
scale deposition. In fact, the results presented in Figure 7 show
that the salinity of water controls the scale deposition more
than the sulfate concentration in all states because no
significant change was observed from any concentration as it
has been seen in Figures 1 and 6. In fact, as the sulfate
concentration increases, the deposition increases in all ranges
of sulfate concentration in Figure 7 proportionally, and the
effect of salinity would be more pronounced than sulfate on
the scale deposition. However, a significant change was seen in
Figures 1 and 6. Therefore, this comparison suggests that it is
better to dilute the seawater initially; then, more sulfate is
added to the solution. This would both affect the recovery
improvement and reduce the risk of formation damage.

3.5. Kinetics of Calcium Sulfate Deposition. Numerous
research studies have been conducted to show that the calcium
sulfate formation can be divided into two main stages.67−69

Figure 4. Scale deposition for mixture of formation brine with
different diluted sea brines.

Table 1. Effect of Magnesium Ion on the Time for Initial
Stage of Scale Deposition and Final Amount of Depositions

type of
synthetic
seawater

time of
initial

stage (s)

final amount
of deposition
(ng/cm2)

type of
synthetic
seawater

time of
initial

stage (s)

final amount
of deposition
(ng/cm2)

1S-0 Mg 620 337 2S-0 Mg 257 639
1S-0.5
Mg

432 455 2S-0.5
Mg

185 688

1S-1 Mg 382 364 2S-1 Mg 190 625
1S-1.5
Mg

200 135 2S-1.5
Mg

175 517

1S-2 Mg 210 220 2S-2 Mg 170 576
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The first stage is, in fact, the nucleation stage at which the first
stable nuclei of the scale can form. The nucleation is fast
enough depending on the calcium sulfate concentration as well

as the system temperature. In the second stage, the nuclei
formed during the first stage would be grown, however at a
much lower rate compared to the nucleation rate. Such
observation was in tandem with the classical view of
crystallization, i.e., classical nucleation theory.68−71 Hence,
the rate of nucleus formation can be clarified by the time at
which the initial stage is completed. It should be stated that the
slope of the second linear stage of crystallization was a
prominent factor affecting the growth rate.
Table 1 shows the time of the initial stage and the final mass

of scale deposition for different scenarios. The table elucidates
that as the concentration of magnesium ions in the synthetic
sea brine samples increases, the time for completing the first
stage of crystallization decreases significantly, while, as it was
explained previously, the increase in magnesium concentration
and the final mass was not directly inter-related. This shows
that increasing magnesium ions, as an impurity, can increase
the rate of nucleation, although this ion has a positive impact
on the solubility of calcium sulfate at a certain concentration in
the second stage of scale deposition.
Figure 8 shows that more dilution results in longer time for

the completion of the initial stage. The initial time for the
nucleation of calcium sulfate in the mixture of seawater and
formation brines was significantly less than in others. In fact,
the time for completion of the initial stage for 2, 5, and 10
times diluted seawaters is significantly more than that for
seawater. Therefore, this trend indicates that not only the final
mass of deposition but also the time of initial stage is affected
by the salinity of water. Furthermore, the significant effect of
the nucleation time and the final mass of deposition continues

Figure 5. Characterization of calcium sulfate deposition on the sensor due to the mixture of formation brine sample and sea brine sample: SEM
micrographs of calcium sulfate with white scale bar of (a) 1 μm and (b) 5 μm. (c) Monoclinic gypsum crystal morphology (numbers in parenthesis
represent crystal orientation);66 energy-dispersive X-ray spectroscopy elemental mapping: (d) Ca k mapping, (e) S k mapping, and (f) O k
mapping.

Figure 6. Effect of sulfate concentration on scale deposition for the
mixture of formation brine with 2d sea brine samples.

Figure 7. Effect of sulfate concentration on scale deposition for the
mixture of formation brine with 5d sea brine samples.
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just up to the 5-fold diluted seawater sample (see Figure 8).
According to this result, salinity is not a dominant factor
beyond 5 times dilution of seawater. As a result, the more
diluted seawater affects the timing of the first stage of scale
formation as well as the final mass of scale deposition up to 5d
seawater.
Figures 9 and 10 demonstrate the time of initial stage and

the final mass of deposition for different concentrations of

sulfate for the cases of 2 and 5 times diluted seawater,
respectively. Figure 9 indicates that 4-fold sulfate concentration
(from 0.5 times of original seawater to 2 times sulfate
concentration of seawater) results in the reduction of time for
the initial stage to 69% and 62% for 2 and 5 times dilution of
seawater, respectively. Hence, a comparison of these two
dilutions demonstrates that dilution from 2 times to 5 times
cannot decrease the formation rate of stable nuclei in the
system abnormally.
Figure 10 also shows that the final mass of deposition can be

approximately 2.5 times for 5-fold diluted seawater and 1.5
times for 2 times diluted seawater when the concentration of

sulfate increases from 0.5 to 2 times of ordinary seawater.
Comparison of Figures 9 and 10 demonstrates that dilution of
seawater cannot appreciably change the time for completion of
the first stage of deposition. However, the effect of sulfate
concentration on final mass of 5d seawater is significantly more
dominant than that on 2d seawater.
For the second part, the slopes of CaSO4 deposition

between 10th and 20th min for a mixture of the formation
brine sample with various diluted seawater samples, the linear
stage of the recorded DQCM measurements, are determined,
and these values are listed in Table S4 (Supporting
Information). As this table indicates, the dilution also affects
the second stage of crystallization because the slopes of 2 and 5
times dilution of seawater decrease by 46% and 92% compared
to the seawater and formation water mixture, respectively.
These slopes clearly explain the effect of dilution process on
the second stage of crystallization. Also, the greater slope for
10 times dilution compared to 5 times dilution illustrates that
the more dilution of seawater affects the dominancy of the
dilution process on the scale deposition. Besides, the second-
stage linear slopes of the two extreme scenarios among all cases
that have the minimum and maximum final mass of deposition
have been calculated and presented in Table S4.

3.6. Molecular Dynamics Simulation. To get more
insight into the results of this experimental procedure involving
the main ions of seawater and reservoir brine during low
salinity/smart water injection, molecular dynamic simulation
was performed as it is described here. The trajectory of model
which consists of Ca2+ and SO4

2−, as two determining ions, in
the simulation box in the presence of pure water, has been
shown in Figure 11. This figure demonstrates that the calcium
sulfate crystals are initially formed, and then, the crystallization
process continues to form larger crystals.
In this paper, the radial distribution function (RDF)

between calcium ions and oxygen atoms on sulfate ions was
obtained from a MD simulation to investigate the effect of ions
on the kinetics as well as the amount of calcium sulfate
deposition. The RDF gives better insight into the interactions
between particles as well as the structural properties.
Figure 12 gives the (RDF) patterns for the mixture with

different Mg2+ content. The maximum value of this function
indicates the more probability of scale formation. As it can be
observed, the highest peak occurs in the 0.05 M solution, while
for the pure water, less interactions between these ions are
seen. The least interaction was detected for the case of the 0.1
M solution, which, in turn, resulted in less scale formation.
This finding was in agreement with experimental results based
on the non-monotonic effect of Mg2+ on scale deposition.
Figure 13 shows the effect of NaCl on the RDF patterns of

calcium and oxygen ions. It is shown that the lowest amount of
scale deposition can be formed at an optimal concentration of
NaCl. The same trend was observed in the case of MgCl2.
However, an interesting finding was that the peak of RDF was
shifted to a higher distance. The place of the first peak in the
radial distribution function is an indication of the crystal
strength structure. It can be observed from Figure 13 that the
maximum point has been increased for the case of NaCl
solution compared to the pure water. However, no change in
the distance at which the maximum value of RDF for the
MgCl2 solution occurs was detected. Therefore, it is illustrated
that the presence of NaCl alters the network of CaSO4 crystal
structure.

Figure 8. The time of initial stage and final amount of scale
deposition for a mixture of formation brine with different diluted sea
brines.

Figure 9. Effect of different sulfate concentrations on the time of first
stage for 2 and 5 times diluted seawaters.

Figure 10. Effect of sulfate concentration on the final amount of scale
deposition for 2 and 5 times diluted sea brines.
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4. CONCLUSIONS
This work surveys the scale deposition due to the mixture of
two incompatible brines, formation brine sample and sea brine

sample, as the main aqueous phases during water injection. In
this work, it is tried to investigate the main effects of the two
active ions in seawater brine samples, which are proved to be
effective in the EOR process, on the formation damage.
Therefore, a systematic experimental test procedure is
designed using a dynamic quartz crystal microbalance
(DQCM) as well as MD simulation, to better understand
this very challenging problem in the oil industry. The key
findings of this study are as follows:

• Calcium sulfate formation does not follow a regular
trend, as it may not increase if higher sulfate
concentration is used for specific concentration of
calcium. Therefore, it is concluded that the role of
sulfate ions in scale deposition is complex.

• Magnesium ions can act as an inhibitor to prevent the
formation of calcium sulfate; however, such behavior
was observed at an optimal concentration of magnesium
ions. As a matter of fact, such observation can be
considered in tailoring the composition of water to be
injected during a water flooding process. It should be
mentioned that as the sulfate concentration increases,
the inhibition effect of magnesium ions decreases.

• The mixture of formation brine sample with different
diluted seawater samples demonstrates that the 5-fold
diluted seawater is the optimum state as this solution has
the least scale deposition effect; however, more dilution
of seawater does not reduce the scale formation
significantly. Furthermore, change in the sulfate
concentration of twice and 5-fold of seawater showed
a significant effect on the scale deposition process.
However, the results indicate that the outcomes of
dynamic scale formation of these two brine samples with
different sulfate concentrations are not the same.

Figure 11. Dynamic trajectory of the calcium sulfate scale formation inside the simulation box at (a) the initial state, (b) 7 ns, (c) 14 ns, and (d) 20
ns (the red, green, and yellow colors represent the oxygen, calcium, and sulfur atoms).

Figure 12. Effect of MgCl2 on the Ca−Os radial distribution function.

Figure 13. Effect of NaCl on Ca−Os radial distribution function.
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• One of the factors affecting scale deposition under
dynamic conditions is the rate of the initial stage of
deposition. This study indicates that the time period for
the initial stage of deposition is affected by the sulfate
and magnesium concentrations as well as the dilution
state. This examination reveals that magnesium ions can
decrease the time scale of the initial stage significantly.
However, this ion would affect the final mass of
deposition until an optimum value is reached.

• The comparison of time periods of the initial stage and
the final mass of deposition for different sulfate
concentrations in 2 and 5 times dilution states suggested
that the increase in the sulfate concentration affects the
final mass deposition for 5 times dilution more than that
for 2 times dilution. Therefore, for field planning, it is
proposed to dilute the seawater 2 times and then enrich
the solution with more sulfate to enhance oil recovery
efficiency through smart water injection as well as lessen
the damage effect. Moreover, the comparison of the
slopes of the second stage of deposition (growth) for
different diluted seawater samples reveals the significant
effect of dilution on the second stage of crystallization.

• Molecular dynamics simulation was used to clarify more
the mechanisms underlying this process at the molecular
level. It was shown that the increase of NaCl
concentration can increase the solubility of calcium
sulfate in the solution. Besides, magnesium at an
optimum concentration decreases the calcium sulfate
precipitation, which inhibits the scale deposition to some
extent.

• Since this study has aimed to investigate the side effects
of smart water injection, which is now under
consideration for an Iranian oil field, the tests are
designed according to the screening criteria for this EOR
method. It is proposed that the inorganic scale
deposition may affect the rock wettability to recover
more oil; therefore, this scale deposition must be
assessed for this effective mechanism as well.
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