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Abstract 
 

The goal of the present paper is to provide a comprehensive review of the literature describing the 

physical and chemical mechanisms for enhanced oil recovery under smart waterflooding in carbonate 

reservoirs. Advanced, or smart waterflooding is a term denoting directed alteration of the ionic 

composition of the injected brine in order to achieve a better oil recovery, in particular, the low salinity 

flooding. While injection of a low salinity brine in sandstones is well described, the acting mechanisms of 

advanced waterflooding are not fully clarified, and only few reservoir-scale tests have been carried out. 

Demonstration and comparison of the different phenomena explaining the effect of smart 

waterflooding are the goals of the present review. Unlike the previous such reviews, we do not only 

concentrate on the phenomena occurring on the rock-brine-oil interfaces, but also address dynamic 

phenomena caused by flow, like fluid diversion and emulsification. The paper comprises an up-to-date 

information, classification and guidance and, consequently, is intended to serve advancing the research 

in the area of smart waterflooding in carbonates. 

 

 

Keywords: Engineered water injection; smart waterflooding; low salinity; carbonates; physical and 

chemical mechanisms of recovery; improved oil recovery 
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1. Introduction 
Smart waterflooding in carbonate rocks has recently drawn an increasing attention.  For 
sandstone rocks smart water flooding is often identified with the low salinity flooding (Bartels et 
al., 2019; Afekare and Radonjic, 2017; Sohal et al., 2016). However, in carbonates the 
approaches to smart waterflooding may be more diverse. In this work,  the term ‘smart 
waterflooding’ is used to denote production of additional oil by injection of a specially prepared 
brine, which has a different ionic composition from the formation water or previously injected 
brine. Although injection of low salinity water is applicable also in carbonates (Derkani et al., 
2018), addition or removal of particular salts containing calcium, magnesium, sulfate and other 
ions may also be an option.  

Compared to other methods applicable to enhancement in oil recovery from carbonates, water is 
easy to inject and is usually relatively inexpensive, although desalination and getting fresh water 
may be a challenge in some places (Yousef et al., 2011). Injection of low salinity brine for oil 
recovery was applied long ago (Goolsby and Anderson, 1964; Hallenbeck et al., 1991) and was 
recognized as a method for enhanced oil recovery for at least fifty years (Bernard G.G., 1967). 
Active development of this recovery method started by revealing the acting mechanism of low 
salinity waterflooding in sandstones (Tang and Morrow, 1999). This form of smart waterflooding 
has been successfully applied in sandstone reservoirs (Aghaeifar et al., 2015; Alvarado et al., 
2014; Austad et al., 2010; Jackson et al., 2016; Kuznetsov et al., 2015; Mahani et al., 2015; 
Morrow and Buckley, 2011; RezaeiDoust et al., 2011; Rotondi et al., 2014; Shehata and Nasr El-
Din, 2015; Suman et al., 2014; Zeinijahromi et al., 2015), followed by development of 
desalination technologies (Ayirala and Yousef, 2016). However, application of smart 
waterflooding for development of carbonate reservoirs has so far been limited to separate pilot 
tests (Rassenfoss, 2016; Yousef et al., 2012a). 

A possible reason for limited application of  smart waterflooding in carbonates is thatthe 
involved physico-chemical mechanisms are not fully clarified yet. The literature suggests  
different recovery mechanisms, and the experimental data look sometimes controversial. 
Absence of clarity about the working mechanisms results in impossibility of formulating the 
operating conditions for successful application of smart waterflooding in carbonates, contrary to 
sandstones, where the LoSalTM technology was successfully implemented by BP (Lager et al., 
2008b). 

Recently, several review papers have discussed smart waterflooding from  different angles 
(Jackson et al., 2016; Afekare and Radonjic, 2017; Ayirala and Yousef, 2016; Bartels et al., 
2019; Derkani et al., 2018; Sheng, 2014; Sohal et al., 2016). They have put a great effort on 
explaining the chemical and physical processes, laboratory and field tests, as well as required 
working conditions for low salinity flooding. Extensive work has been put on comparing and 
grouping the reported experimental observations and finding the links and inconsistencies 
between similar studies. Analysis of the working mechanisms for low salinity flooding has also 
been carried out, especially, regarding solid-liquid and liquid-liquid interface interactions 
(Derkani et al., 2018). The disucssion has also been extended to a more fundamental level, of the 
interaction between the different length and time scales under low salinity flooding (Bartels et 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

3 

 

al., 2019). Still, some mechanisms have remained uncovered by the current reviews, or described 
only with regard to low salinity flooding. Some researchers applied surfactants and polymers 
assisted smart water and low salinity brines to improve oil recovery (Alagic et al., 2011; Gupta et 
al., 2011; Karimi et al., 2016; Shaddel and Tabatabae-Nejad, 2015; Shaker Shiran and Skauge, 
2013; Standnes and Austad, 2000a, 2000b; Sun et al., 2014). This is outside the scope of the 
present review. 

The present review paper aims at providing a complete overview over the oil recovery 
mechanisms under smart waterflooding in carbonate rocks, and experimental evidence 
supporting or contradicting these mechanisms. We have tried to classify the chemical and 
physical phenomena explaining positive effects of smart waterflooding. Such classification may 
only be approximate and relative, since (as realized by many authors) experimental behavior of 
the rock-fluid system and additional oil production are the results of multiple mechanisms acting 
simultaneously. We have approximately divided the phenomena observed in a oil-brine-rock 
system into static and dynamic phenomena.  

The static phenomena may in principle be observed and studied in the experiments where no 
flow is required. Such phenomena like wettability alteration or compaction are static. It may 
happen, however, that the static mechanisms manifest itself differently in the flow-through 
experiments (like selective compaction may result in flow diversion).  

On the contrary, dynamic phenomena require appearance of the flow. A characteristic example is 
flow diversion due to plugging of high-permeable areas. There are many phenomena that are on 
the border between static and dynamic, like formation of emulsions. We have included them into 
the dynamic phenomena, since in most cases they require liquid movement (snap-off, vibrations) 
in order to develop to a significant extent. 

Most of the literature is related to the static mechanisms, investigating chemical and physico-
chemical transformations occurring on the oil-rock, water-rock or water-oil interfaces, as 
reflected in the previous reviews (Mahani et al., 2015; Sohal et al., 2016; Derkani et al., 2018). 
We have tried, on the other hand, to keep the discussion more balanced, overviewing also 
mechanisms that have not been addressed as extensively. In sandstones, it is a combination of the 
static and dynamic mechanisms (surface chemistry and release of fines) that has resulted in 
successful application of the low salinity flooding. A similar combination is probably required to 
successfully apply waterflooding in carbonate rocks.  

The paper is organized as follows. Section 2 discusses the static mechanisms relevant to smart 
waterflooding. Section 2.1 covers phenomena related to wettability alteration, like surface ion 
exchange, surface charge alteration, mineral dissolution or precipitation. Other static 
mechanisms, like modification of the oil-brine interface, viscosity reduction and rock 
compaction, are reviewed in section 2.2. Section 3 discusses dynamic mechanisms, like those 
related to general flow dynamics, heterogeneity, production of fines and emulsions. The paper 
ends with the general discussion. 
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2. Static mechanisms 
In this section, the static phenomena that can appear without any flow through porous media are 
presented. Wettability alteration, surface ion exchange, change of the surface charge, rock 
dissolution, interfacial tension and oil viscosity reduction, as well as rock compaction, fall into 
this category.  

2.1 Wettability related mechanisms 
2.1.1 Wettability alteration  

Wettability alteration is usually not a separate mechanism, but an effect produced by other 
microscale mechanisms, such as surface ion exchange, surface charge change, double layer 
expansion, mineral dissolution. However, some authors refer to wettability alteration without 
explaining, or giving multiple explanations of, how it appears. In order to cover such cases, we 
present a review accounting wettability alteration as a separate phenomenon. Particular 
microscale mechanisms that may lead to wettability alteration are considered further in the 
review.  

Measurement of wettabilityMeasurement of wettabilityMeasurement of wettabilityMeasurement of wettability    

In petroleum applications, there are several non-equivalent ways to quantify wettability. The 
wettability of a solid surface can be specified  by measuring the contact angle of an oil drop on 
the surface (Dandekar, 2013). On the other hand, wettability of a porous medium, namely the 
rock, can be described by Amott-Harvey, USBM, or similar indices. Another method, based on 
the difference of sulfate and thiocyanate adsorption, was introduced lately to measure the 
wettability of chalk (Strand et al., 2006). The authors claim that it is faster than the Amott-
Harvey method and provides similar results for chalk. The methods based on the electrical 
resistivity and NMR spectroscopy have also been applied (Katika et al., 2018). 

EEEEffectffectffectffect    ofofofof    ooooil compositionil compositionil compositionil composition    

The acid and base number of oil may have an impact on the initial chalk wettability, which 
dictates the effectiveness of wettability alteration by smart water flooding. It was pointed out that 
oil wet surfaces are not preferable for wettability alteration if an oil does not contain substantial 
amount of acidic components (Austad and Standnes, 2003).  

The acid number (AN) is the  major parameter that determines rock wettability (Zhang and 
Austad, 2005). Usually, the carbonate rock surface is positively charged. This facilitates 
adsorption of the negatively charged carboxylic groups, whose amount is indicated by the AN. 
Therefore, the higher the AN, the more oil-wet the rock can be (Standnes and Austad 2000). 
Austad and Standnes (2003) studied the impact of AN on wettability of Stevns Klint chalk by 
imbibition experiments. It was shown that oil recovery substantially decreased with increased 
AN. The difference in recovery was as large as 30% for the AN varying from 0.08 to 0.70. 

On the other hand, the base number (BN) plays a minor role on rock wettability. Puntervold et 
al.( 2007) performed a series of imbibition experiments with the oils having a constant AN (0.5 
mg KOH/g), but a wide range of BN (0.178-2.08 mg KOH/g). The final recovery varied within 
only 10%, which is much less significant than the variation obtained by changing the AN. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

5 

 

Beside AN/BN, other details of the oil composition, such as fraction of heavy components 
(resins, asphaltenes) and viscosity also have impact on smart water flooding. Zahid et al. (2010) 
carried out core flooding experiments with crude oils from Latin America, North Sea and Middle 
East, which have a wide range of asphaltene content. The additional recovery by injecting 
modified seawater varied between 1.2% to 4.5% for different oils. 

EffeEffeEffeEffect of potential determining ionsct of potential determining ionsct of potential determining ionsct of potential determining ions    

It has been reported by many researchers that certain ions in a brine may promote wettability 
alteration of the rock surface. Rezaei Gomari and Hamouda (2006) performed contact angle 
measurements to investigate the effect of NaCl, MgCl2 and Na2SO4 on wettability alteration. 
Contact angles of fatty acid drops on calcite surface were measured in different brine 
environments. It was observed that the MgCl2 and Na2SO4 solutions changed wettability more 
effectively than the NaCl solution. Alshakhs and Kovscek, 2016, also studied the impact of Mg2+ 
and SO4

2- ions on the contact angle. The measurements were performed on an Iceland spar 
crystal chip at ambient conditions. It was observed that the contact angle was reduced from 95.7 
to 55.4 degrees when the aqueous phase varied from seawater to a MgSO4 rich brine. 

In agreement with the above observations, (Rashid et al., 2015) found that Mg2+ alone could 
change wettability of the rock surface, and presence of SO4

2- could enhance wettability 
alteration. Karimi et al.(2016) observed also that wettability alteration is more pronounced when 
both Mg2+ and SO4

2- are present. Similar observations regarding the effect of Mg2+ and SO4
2- on 

the contact angle were reported by Karoussi and Hamouda, (2007). However, in contradiction 
with these observations, Gupta et al. (2011) found that SO4

2- and Ca2+ ions play a more 
important role than Mg2+ ions. This was established by the contact angle measurements at 90 °C 
with a model oil consisting of n-decane with 0.15%wt cyclohexanepentaonic acid.  

In surprising contradiction with the above results, Lashkarbolooki et al. (2017) reported that 
distilled water altered the wettability of a carbonate reservoir rock from strongly oil-wet to 
strongly water-wet, while high concentrations of NaCl, CaCl2, MgCl2 solutions did not 
significantly change the contact angle. Meanwhile, KCl was found to be able to alter the 
wettability to strongly water-wet. A capability of the different salts to alter wettability was 
reported to be: KCl > DIW > NaCl > MgCl2 > CaCl2.  

Effect of low salinity brineEffect of low salinity brineEffect of low salinity brineEffect of low salinity brine    

Injection of low salinity brine may also make the chalk more water-wet. However, the reported 
results of contact angle measurements with low salinity brines are rather controversial. Yousef et 
al. (2012) performed such measurements under reservoir conditions and pointed out that diluted 
seawater makes the reservoir rock more water-wet. Mahani et al. (2015) also observed lower 
contact angles for seawater and diluted seawater than for the formation water. However, 
Mohsenzadeh et al. (2016) did not observe a significant change in contact angles by low salinity 
brines. 
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Patil et al. (2008) measured the Amott-Harvey indices of the cores flooded by a low salinity 
brine. The cores became more water-wet after flooding. It was concluded that mechanisms 
involved in low salinity water injection (LSWI) resemble those engaged in alkaline flooding. 

Al-Shalabi et al. (2014) investigated the main mechanisms behind LSWI on oil recovery from 
carbonates through history matching of the results of the core flooding experiments. The 
experimental data used in this study were reported by Mohanty and Chandrasekhar, (2013). 
Wettability alteration was shown to be the main mechanism of the LSWI. Incremental oil 
recovery was found to be mainly controlled by the relative permeability for oil, rather than for 
water. A difference between the experimental and modeling outputs was attributed to 
heterogeneity of the core samples. 

Sheng et al. (2010) compared the effect of wettability alteration under different oil-water 
interfacial tensions, in both fractured and non-fractured dolomite reservoir cores. Input data were 
obtained from the experiments of Hirasaki and Zhang (2004). It was concluded from the 
simulation that wettability alteration played an effective role only when IFT was high, which was 
more important at the early stages of the experiments.  

Zaeri et al. (2018a, 2018b) carried out Amott (imbibition) tests with the reservoir oils and the 
carbonate rock materials from Iranian petroleum reservoirs. It was showed that there is an 
optimum degree of dilution corresponding to a maximum recovery. The recovery under 
imbibition of the 20 times diluted brine was found to be higher than under imbibition of the 
distilled water. These results were confirmed by measurements of the contact angles. It was also 
found that a higher permeability promotes the recovery by the low salinity brine. The authors 
explained this effect by interplay between viscous and capillary forces. 

 

 Salinity gradients 

Shehata et al. (2014) injected brines with different ionic strength into limestone cores at 195°F. 
The main conclusion of their work was that a sudden change in salinity is more important than 
salinity itself. Mobility of the oil drops under varying salinity in the surrounded brine may be 
caused by the effect called diffusiophoresis (Prieve and Roman, 1987). A double layer around a 
drop in the surrounding concentration gradient may be non-uniform, which creates a moving 
force. 

Zaeri et al. ( 2018b) showed that recovery by imbibition of the low salinity water increases much 
if the rock contains initially a certain (but not-so-large) amount of the saline connate water. 
Increasing the initial water saturation to a certain value improves the oil recovery, but any further 
increase has a negative impact. As discussed by Zaeri et al. (2018a), existence of initial water 
saturation may facilitate ion transport between the rock surface and the brine leading to the rock 
wettability alteration. Another explanation might be, though, that the formed salinity gradients 
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cause diffusiophoresis of the oil drops and their joining of the infinite oil cluster. This 
mechanism needs further study. 

Effect of temperatureEffect of temperatureEffect of temperatureEffect of temperature    

It was reported by various researchers that temperature affects wettability alteration. Schembre et 
al. (2006) measured the Amott wettability indices for sandstone and carbonate cores. It was 
shown that increased temperature can change the rock wettability from intermediate and low 
water-wet to strongly water-wet.  Hamouda and Rezaei Gomari (2006) reported also that 
increased temperature could make calcite surface more water-wet. Contact angle measurements 
confirmed these observations:  contact angle decreased with increased temperature, indicating a 
more water-wet surface (Karoussi and Hamouda, 2007). A positive effect of high temperature 
was also reported by Zaeri et al. (2018a, 2018b). 

However, there is a different possibility. Anhydrate dissolution by low salinity flooding may 
supply Ca2+ and SO4

2- to the injection brine in-situ, which are among the key ions to trigger 
wettability alteration (Austad et al., 2015; Strand et al., 2017). If the solubility of anhydrate in a 
particular brine decreases with increased temperature, the amount of Ca2+ and SO4

2- supplied by 
anhydrate dissolution may also decrease. This makes high temperatures unfavorable for 
wettability alteration.  

 

DiscussionDiscussionDiscussionDiscussion    

It can be seen from the above review that the observations of wettability alteration mechanism 
are not always consistent. Most studies used the contact angle as an indicator of wettability. 
However, some important information, such as surface roughness of the solid substrate and the 
time scale of the measurements, was rarely reported. These factors could largely affect the 
measurements. The contact angle is not only related to the brine composition, but also to the oil 
composition and rock mineralogy (Buckley et al. 1998). Hence, the results reported by different 
researchers, who applied different materials in their experiments, may not be directly 
comparable.  

Another factor that is worth discussing is an optimal state of wettability for oil production. While 
most published results imply that a more water-wet rock is preferred for oil production, Skauge 
and Ottesen (2002) pointed out that an intermediate-wet state is most efficient. They summarized 
waterflooding results from 30 fields from the North Sea area and plotted residual oil saturation 
against Amott-Harvey index. The lowest residual oil saturation was found when the index was 
around zero (which indicates intermediate-wet rock). A possible explanation is that the 
magnitude of capillary pressure is minimized at the intermediate-wet state, which helps 
mobilizing small oil drops in the pore space by flooding (the Jamin effect). Another explanation 
is that intermediate wettability reduces the snap-off and entrapment of the residual oil. This has 
been observed in micro-CT experiments and numerical simulations performed on the capillary 
networks (Høiland et al., 2007). 
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Importance of the wettability change has also been questioned. The study of Katika et al. (2018) 
indicates that enhanced recovery  due to wettability change was unlikely in that case since the 
NMR measurement did not show any wettability alteration under smart water flooding. Other 
factors, like pore collapse and fines precipitation, might be more important in this case. 

Wettability, after all, is a macroscopic property of the two liquids on the solid substrate. The 
wettability alteration may be caused by the different physical phenomena. It may be that these 
phenomena, but not wettability itself, that result in better recovery. When studying wettability, 
one tends to focus on one or two parameters or microscopic mechanisms, often leaving other 
parameters uncontrolled. This could be a reason why wettability still remains mysterious after so 
many years of research. In the following sections, we present a number of particular 
chemical/physical wettability modifying mechanisms that may potentially increase the recovery.  
 

2.1.2. Surface ion exchange 
Surface ion exchange is often believed to be the main mechanism for improved oil recovery by 
smart waterflooding. It acts via detachment of polar components of oil from the surface; 
changing the surface charge; expanding the double layer; and, finally, altering the wettability of 
the rock surface. In this part, we discuss experimental studies based on this mechanism. 
 

DescDescDescDescription and evidence of the mechription and evidence of the mechription and evidence of the mechription and evidence of the mechanismanismanismanism    

The mechanism of multi-ion exchange was first proposed by Zhang et al. (2007) based on a 
series of imbibition experiments and chromatography wettability tests (Zhang et al., 2006; Zhang 
and Austad, 2006). It was suggested that adsorption of negatively charged ion SO4

2- onto 
positively charged chalk surface reduces the total charge of the surface. Then, positively charged 
Ca2+ and Mg2+ ions could gain access to the surface.  

Сa2+ may react with the adsorbed carboxylic groups and release them from the rock surface by 
replacing surface-carboxylate bonds.  The carboxylic groups belong to organic acids presented in 
the oil. When the bonds are broken, the oil is detached from the surface and may be further 
produced. If the attached carboxylic groups belong to a layer of heavy hydrocarbons adsorbed on 
the surface, their detachment may result in a more water-wet surface. 

Unlike Ca2+ functioning at any temperature, Mg2+ comes into play at high temperatures: Mg2+ 
may displace a Ca-carboxylate complex from the surface. Eqs (1) and (2) demonstrate this 
reaction (Zhang et al. 2007): 

(1) 2����� +��
	
 = ��������	 + ��

	
 

(2) ��	
 + � − ���� → ���	�������� 

Interplay between the potential determining ions (PDI), e.g. Ca2+, Mg2+ and SO4
2-, is an 

important factor for this recovery mechanism. Numerous experiments were performed to verify 
the roles of these ions, in order to maximize performance of the waterflooding under particular 
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conditions. Often, the ion exchange was not directly observed; instead, additional oil recovery 
from imbibition and core flooding experiments using the PDI containing brines was regarded as 
an indicator for the process. 

First, it was noticed that a higher SO4
2- concentration is beneficial for oil production. Zhang and 

Austad (2006) performed spontaneous imbibition experiments with an outcrop chalk at various 
temperatures. The concentration of SO4

2- in the imbibing brine varied between 0 and 4 times of 
its concentration in seawater, while the Ca2+ concentration was kept constant, equal to 
concentration in seawater. It was observed that oil recovery increased substantially with 
increasing SO4

2- concentration. Similar observations was made by Strand et al. (2006a), where a 
significant increase in oil recovery was achieved by three-times increasing the SO4

2- 
concentration in the imbibing seawater. Puntervold et al. (2015) reported a 10% additional 
recovery in the imbibition experiments by spiking 3-4 times SO4

2-  concentration in the NaCl 
depleted seawater.  

Core flooding experiments with Stevns Klint chalk confirmed the effectiveness of SO4
2-  (Zahid 

et al., 2010). A slight yet definite (3-5%) additional oil recovery was obtained by injecting 
seawater or seawater with a three times increased SO4

2- concentration in both secondary and 
tertiary modes. However, this effect was not observed for a reservoir rock (see the discussion 
below). 

The effect of Ca2+ and Mg2+ was also studied in the imbibition experiments (Zhang et al., 2007, 
2006; Zhang and Austad, 2006). The oil recovery increased consistently with the increase of the 
Ca2+ concentration, while the SO4

2- concentration was kept constant in the imbibing brine. In 
addition, when Mg2+ or Ca2+ were added into the imbibing brine, which was initially free of 
them, the oil recovery increased significantly.  

Co-existence of Mg2+ and SO4
2- was found to be crucial for this mechanism. Karoussi and 

Hamouda (2007) reported increased oil recovery from the Stevns Klint chalk by imbibition 
experiments with the brines containing Mg2+ and SO4

2-. Similar results were observed with 
limestone cores by Karimi et al. (2016). It was found that injection of the Mg2+ and SO4

2- 
containing brine may result in higher imbibition, and that the brines containing both Mg2+ and 
SO4

2- are more efficient than only the Mg2+ containing brine. 

However, despite the numerous evidences of the beneficial effects of PDIs, negative results were 
also reported. After secondary recovery by injecting single component brines (NaCl, MgCl2, 
Na2SO4, MgSO4, CaCl2), Gandomkar and Rahimpour (2015) did not observe any additional oil 
recovery by seawater or formation water injection into reservoir limestone cores.  

In some cases, the smart water effect was observed even if PDIs were selectively removed or 
displaced. Gupta et al. (2011) obtained additional oil recovery by applying the SO4

2- depleted 
seawater. Adding borate and phosphate into such a brine increased further the oil recovery.  
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Temperature dependenceTemperature dependenceTemperature dependenceTemperature dependence    

The ion exchange process discussed above appears to be temperature dependent. Since the 
mechanism involves exchange of the Ca2+ ion from a rock by the Mg2+ from a brine, this may 
detected by measurements of the ion concentrations in the effluent in the course of the flooding 
experiments.  

The exchange becomes more effective at higher temperatures (Zhang et al., 2007). The Ca2+ 
concentrations in the effluent at different temperatures were analyzed in that work. There was no 
detectable increase of Ca2+ concentration at 23°C and 70°C, while the increase of about 20% and 
40-50% was observed at 100°C and 130°C, correspondingly. The temperature of 70°C was found 
to be the lowest threshold for the Ca-Mg exchange to take place (Austad, 2013). 

The affinity of Ca2+, Mg2+, and SO4
2- toward the limestone surface was evaluated for a range of 

temperatures, from the room temperature to 130°C. It was observed that Mg2+ adsorbed stronger 
at higher temperatures. Similar results were obtained for a chalk surface (Strand et al., 2008). The 
observations were explained by the level of hydration of Mg2+ and SO4

2-. At low temperatures 
SO4

2- and Mg2+ are strongly hydrated. If the temperature rises above 100°C, the degree of 
hydration decreases, so that Mg2+ and SO4

2- are easier to adsorb on the chalk surface. 

The effect of the temperature dependence of the ion exchange process on oil recovery was 
studied by the imbibition and core flooding experiments (Zhang et al., 2007; Zhang and Austad, 
2006). A substantial increase of oil recovery was observed upon increasing temperature from 40 
to 70, 100 and 130 oC in the imbibition experiments with the PDI containing brines. The same 
tendency was also observed when the brines containing only single PDI were injected (in the 
brines containing MgCl2 or Na2SO4). Fathi et al. (2011) observed a significant increase of oil 
recovery with the increase of temperature by injecting a seawater depleted by NaCl, but spiked 
with 4 times of SO4

2- or Ca2+ concentration.  

However, the impact of temperature is less significant in the core flooding experiments. Zahid et 
al. (2012b) observed increase of oil recovery by injection of seawater into the Stevns Klint and  
North Sea chalk plugs. The additional recovery ranged from 1.1% at 40 °C to 4.4% at 120 °C, 
which is a rather small increase compared to the imbibition experiments. 

Effect of Effect of Effect of Effect of a a a a rockrockrockrock    typetypetypetype    

In many experiments described above, the outcrop chalk from Stevns Klint was used as an 
analog for North Sea reservoir chalk. However, regarding the mechanism of surface ion 
exchange, it may not be representative for the reservoir rocks. The researchers reported different 
reaction, under similar experimental conditions, of the outcrop and reservoir chalk on smart 
waterflooding, as well as from the outcrops of a different origin. Zhang et al. (2007) pointed out 
that the ion exchange mechanism is difficult to be extended to limestone reservoir rock, since the 
reactivity of biogenic chalk is much higher than of the recrystallized limestone. 
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Romanuka et al. (2012) performed a series of imbibition experiments with the Stevns Klint 
chalk, limestone cores, and dolomite cores. Only the Stevns Klint chalk exhibited higher 
recovery with the increased sulfate concentration, while for other cores additional recovery was 
obtained by injection of a low salinity brine. The authors speculated that, apart from chemical 
composition of the rock, other properties (e.g. structure of the pore space) may affect the 
recovery. Similar observations regarding sulfate were reported by Zahid et al. (2012): injection 
of seawater with a high SO4

2- content resulted in a substantial additional recovery from the 
Stevns Klint chalk, while no response was observed for a North Sea reservoir chalk.  

The effect of low salinity flooding was also different depending on a particular rock. A number 
of researchers reported successful application of the low salinity flooding in the Middle East 
limestone reservoir rock (Mohsenzadeh et al., 2016; Yousef et al., 2012b, 2011, 2010; Zhang and 
Sarma, 2012). However, no additional recovery was obtained when flooding an Aalborg outcrop 
core (Zahid et al., 2012b). Austad et al. (2012) pointed out that anhydrite must be present in the 
rock matrix in order to obtain the low salinity effect. Dissolution of anhydrite by injection of low 
salinity brine could produce SO4

2- and Ca2+ in situ, which facilitates surface ion exchange. They 
performed core flooding experiments with limestone cores from the aqueous zone of a reservoir. 
A small amount of additional recovery (1% to 5% OOIP) was obtained by low salinity flooding, 
in association with anhydrite dissolution. Shehata et al. (2014) performed corefloods on Indiana 
limestone core samples. No additional oil was produced after injection of the diluted seawater, 
while presence of potential determining ions resulted in additional production, similar to the 
Stevns Klint core flooding. Finally, Alameri et al. (2014) described flooding experiments in a 
Middle East rock, where both low salinity and PDIs produced additional effect. In general, the 
results presented in the different works look controversial and cannot be interpreted as an 
evidence in favor or against a single production mechanism. 

Behavior of the dolomite rock regarding smart waterflooding was also examined. Mahani et al. 
(2015) carried out the contact angle and the Zeta potential measurements with a dolomite outcrop 
and a limestone reservoir rock from Middle East. When exposed to diluted seawater, the contact 
angle on the dolomite surface exhibited an insignificant change compared to the limestone. The 
dolomite exhibited also a higher zeta potential for all the tested brines (e.g. formation water, 
seawater, 25 times diluted seawater), which is not favorable for desorption of hydrocarbons. This 
conclusion was strengthened by Gachuz-muro and Sohrabi (2017). Core flooding experiments 
were performed with a dolomite core plug, and no additional recovery was observed under 
injection of seawater or diluted seawater. 

DiscuDiscuDiscuDiscusssssionsionsionsion        

It is evident from the numerous reported observations that the surface ion exchange is one of the 
mechanisms behind smart waterflooding, or, at least, accompanying it. However, in order to 
benefit from such a mechanism, some conditions should be met. For some rocks, temperature 
should be higher than a certain threshold value to maximize the extend of the reaction, so that the 
effect becomes significant enough to produce residual oil. From the aspect of chemical kinetics 
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in general, the extent of a reaction is always related to the concentrations of the reactants. Hence, 
it can be speculated that the threshold value of the temperature should be dependent on the 
composition of the brine. However, this has not been verified yet.  

As discussed above, the mechanism is not universal, and depends on the rock lithology. A 
general trend is that the biogenic outcrop chalk, which has undergone less re-crystallization 
process than dolomite and limestone, is more responsive to the surface ion exchange. Other types 
of carbonate rock are more inert toward this mechanism. The different ions may behave 
differently in the different rocks, even with very close mineralogies. As remarked by Romanuka 
et al. (2012), other properties of the rock may also be important. In other words, surface ion 
exchange may not be the sole mechanism responsible for additional recovery under smart 
waterflooding. 
 

2.1.3 Surface charge alteration 

Basic conceptsBasic conceptsBasic conceptsBasic concepts    

The surfaces of solids are usually charged. For example in the case of positive charge, a layer of 
negative charges is accumulated in the solution at some distance from the surface. Additional 
positive and negative layers may also appear. This distribution of the ions is efficiently described 
by a double layer, characterized by thickness and potential difference (the so-called zeta-
potential). If another surface is introduced in a vicinity of solid, it may be repelled, with the 
repulsive force characterized by a value of disjoining pressure. In particular, an oil surface near a 
solid in a brine environment may be considered. A larger thickness of the double layer, a higher 
disjoining pressure, or a negative value of the zeta-potential means that the oil is repelled from 
the solid surface and becomes easier to produce. 

Hirasaki (1991) proposed a model of surface forces between water, oil and mineral surface, 
which includes electrostatic, van der Waals, and structural components. According to the model, 
a thin water film is present between the oil and mineral surfaces. The total effect of the forces 
acting in this system is expressed as a disjoining pressure isotherm. Its integral gives the specific 
interaction potential isotherm which can be used to determine stability of the water film at a three 
phase contact region. A higher disjoining pressure indicates the stable water film and vice versa. 

The disjoining pressure is affected by the surface potential and thickness of the electrical double 
layer (EDL) (Hiorth et al., 2010). If the charges of both oil and the mineral surfaces are of the 
same sign, the water film will be stable, and the surface will be water-wet. Otherwise the water 
film will collapse and the surface will become oil-wet. On the other hand, the thicker the EDL, 
the higher the electrostatic force, hence the higher the disjoining pressure, and vice versa. 

Distribution of the charges near the solid surface may be evaluated on the basis of the DLVO 
model (Derjaguin and Landau, 1941; Elimelech et al., 1998; Verwey and Overbeek, 1948). This 
theory describes repulsive or attractive forces between charged surfaces or colloidal particles in 
an electrolyte solution. Figure 1 shows a characteristic distribution of the electrostatic potential 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

13 

 

and the DLVO force between a negatively charged particle and a negatively charged infinite 
plane in an electrolyte solution. 

  
(a) (b) 

Figure 1. DLVO forces (a) energy potential between a particle and a surface as a function of distance; (b) force 
between the particle and surface as a function of distance. 

 Alshakhs and Kovscek (2016) demonstrated application of the DLVO in order to evaluate the 
effect of divalent ions in carbonates. In this study, zeta potential data were used to predict contact 
angles and disjoining pressures by the DLVO theory. Close agreement between the experimental 
and the simulation results was reported.  

Zeta potentialZeta potentialZeta potentialZeta potential    

The oil may be attached to the surface of a rock by carboxylic groups belonging to the heavy oil 
components. Since the carboxylic groups are negatively charged, a negative value of zeta 
potential on mineral surface is preferred to reduce adsorption of oil. This value means that 
negative ions from the solution accumulate near the positively charged surface, repelling the oil.  

Several factors may increase negative charge of the mineral surface. It was reported that 
injection of diluted seawater resulted in a more negative zeta potential of carbonate rock than of 
seawater and formation water, which produces the change in surface charge and increases oil 
recovery (Mahani et al., 2015; Yousef et al., 2012b). Increase in temperature from 40 to 60 °C 
leaded to a more negative surface charge (Yousef et al., 2012b).  It was also reported by Zhang 
and Austad, 2006, that a higher SO4

2-/ Ca2+ ratio lowers the zeta potential, corresponding to 
increase of the oil recovery under water imbibition. 

Karoussi and Hamouda (2007) calculated disjoining pressure for several calcite-oil-water 
systems with the aqueous phase being distilled water, 0.1M Na2SO4, or 0.1M MgCl2 solution. A 
significant increase of disjoining pressure was observed for the 0.1M MgCl2 solution. The 
imbibition experiments also showed increased recovery when applying this solution. Alshakhs 
and Kovscek (2016) calculated the disjoining pressure between the oil and rock surfaces in brine 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 

 

environments for various brine compositions. The most stable water film was found when 
applying the diluted MgSO4 brine.  

Mahani et al. (2015) measured both zeta potentials and contact angles with limestone and 
dolomite samples. It was reported that under application of a low salinity brine the zeta potential 
of the limestone becomes more negative. This is consistent with the results of contact angle 
measurements, which showed that the limestone surface is less oil-wet when exposed to a low 
salinity brine. But low salinity has much less effect on dolomite. Due to different values of the 
zeta potential, the adhesion forces between oil and dolomite are stronger. This was confirmed in 
the contact angle measurements. It was concluded that the change of surface charge was the 
primary mechanism in low salinity water flooding.  

Effect of nonEffect of nonEffect of nonEffect of non----potential determining ionspotential determining ionspotential determining ionspotential determining ions    

Fathi et al. (2010, 2011) observed that not only compositions of the active ions Ca2+, Mg2+, and 
SO4

2, but also an amount of the non-active salt, NaCl, is important in oil recovery from 
carbonates. If the ionic double layer near a positively charged calcite surface contains less 
amount of a non-active salt, such as NaCl, access of sulfate to the calcite surface increases. In 
this way, sulfate, which is the key ion to change wettability of a rock surface, can act more 
efficiently in the absence of non-active ions. 

Although it is mentioned in some works that monovalent ions like Na+ and Cl- are among the 
non-active ions, this may be not that definite. Depletion of seawater from NaCl causes significant 
reduction in salinity, which may produce additional effects. Alameri et al. (2014) removed NaCl 
from the injection water and concluded that oil recovery increased by 8%. A proposed 
explanation was expansion of the electrical double layer, which can be a sign of the low salinity 
effect, but not of the inactivity of the removed ions. 

Effect of Effect of Effect of Effect of pHpHpHpH    

One of the important parameters affecting electrostatic interactions between the three phases: oil, 
brine and carbonate surface, is pH (Sohal et al., 2016). Calcite is normally charged positively at 
neutral pH. However, it can become negatively charged at higher values of pH (Hirasaki and 
Zhang, 2004). In particular, application of alkali changes positive surface charge of the calcite 
during imbibition by alkaline-surfactant solutions (Hirasaki and Zhang, 2004).   

Buckley et al. (1989) determined the conditions, under which various crude oils adhere to a solid 
surface at different pH and ionic strengths of the brine. They reported reduction of the zeta-
potential by discreteness effect of dissociated groups at the interface at higher pH.  

Somasundaran and Agar (1967) investigated the zero point of charge (ZPC) as a function of pH. 
The values of ZPC lied within the range of pH from 8 to 9.5. The zeta potential, pH, Ca2+ and 
CO3

2- concentrations in the system were measured periodically. When pH in the solution was 
more basic, the surface was negatively charged, since negative ions predominated at the 
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interface. For a more acidic pH, the surface was positively charged. It was suggested that Ca2+, 
HCO3

2-, H+,OH-  and CO3
2- become the potential-determining ions at the values of pH above 9.  

Interaction between the double layer and the surface complexationInteraction between the double layer and the surface complexationInteraction between the double layer and the surface complexationInteraction between the double layer and the surface complexation    

Some recent studies involving surface complexation modelling (SCM) indicated relationships 
between the charge of a double layer and wettability of the minerals. The surface complexation 
models describe preferential sorption of the ions on the charged surfaces. Song et al. (2017) 
proposed a SCM based on a generalized double layer model. The SCM model was developed to 
predict zeta potentials of a synthetic calcite surface in brines containing various potential 
determining ions (Mg2+, Ca2+, SO4

2- and CO3
2-) under different CO2 partial pressures. The model 

was fitted to measured zeta potential data. It was found that synthetic calcite exhibited positive 
zeta potentials in brines containing Ca2+or Mg2+. The zeta potential can shift from positive to 
negative when increasing CO3

2- or SO4
2- concentrations at a partial pressure of CO2 equal to 10-

3.4 atm. However, at a partial pressure of 1 atm the zeta potential did not become negative, even 
if the brine contained 0.1M CO3

2- or SO4
2-. 

 
Another study by Erzuah et al. (2017) explained how the surface charge affects wettability of 
calcite by hydrocarbon adhesion. The authors constructed a surface complexation model with the 
PHREEQ-C software, in order to estimate the wettability of quartz, kaolinite and calcite. Validity 
of the model was confirmed by the wettability estimation by the floatation method. It was 
concluded that the surface charge of a mineral has a dominant effect on the oil adhesion, rather 
than the properties of the brine/oil interface. For a positively charged mineral, like calcite, the 
carboxylic acid components in the oil are more effective, than its basic counterparts, in changing 
wettability of the mineral through adhesion. 
 
Yutkin et al. (2016) studied the calcite/brine bulk kinetics and equilibria, as well as the 
calcite/brine surface equilibria with an ion comlexation model. It was pointed out that the double 
layer expansion is not possible unless the ionic strength is lower than 0.1 M. The rock dissolution 
cannot be a LSW mechanism because of the rapid rock/brine equilibration (carbonate could 
rapidly equilibrate with a brine in a short distance). The fines mobilization cannot occur because 
there is low clay content and low amounts of loose fines in the carbonate rocks studied by these 
authors. LSW cannot work as an alkaline flood because all the injected base will be consumed by 
carbonate dissolution near the wellbore and the pH will substantially decrease. The surface ion 
exchange remains a possible LSW mechanism, but, according to Yutkin et al., this is still 
unproven. 
 

DiscussionDiscussionDiscussionDiscussion    

As discussed in this section, expansion of  double layer,  higher disjoining pressure, or negative 
values of  zeta potential can be reached at higher pH and lower salinities. This results in 
detachment of an oil from a solid surface and production of the residual oil. The zeta potential is 
used as an indicator for variation of the surface charge.  
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Measurement of  zeta potential at different pH and calculation of  disjoining pressure are often 
accompanied with uncertainties, especially, when measured in situ. Generally, there is a 
correlation between values of  zeta potential and recoveries under the imbibition tests. However, 
this correlation is incomplete. Sometimes, inconsistency between the zeta potential data and the 
oil recovery is observed (Zhang et al., 2006). In the presence of magnesium, positive zeta 
potentials were observed; moreover, the potential increased by increasing the solution molarity. 
However, more oil was produced in the core flooding experiments. Yousef et al. (2012) reported 
that dilution of the injected seawater results in a more negative zeta potential. However, no 
additional oil was produced. 
 
Hiorth et al. (2010) pointed out that alteration of the surface potential alone cannot explain the 
observed changes in oil recovery caused by changes in the water chemistry and temperature. The 
same is related to  zeta potential: although it seems to be an important factor, it is insufficient for 
explanation of the recovery enhancement observed under smart waterflooding. 
 

2.1.4 Mineral dissolution 
Mineral dissolution, including calcite, dolomite and anhydrate, is one of the smart waterflooding 
mechanisms introduced in the literature. Dissolution of these species results in different effects, 
but some similarities are observed as well. 
  

ObservationsObservationsObservationsObservations    of the dissolutionof the dissolutionof the dissolutionof the dissolution    

The calcite dissolution in a diluted brine occurs due to the following chemical reactions: 
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Additionally to calcite, dissolution/precipitation of magnesite and sulfate may take place (eqs. 3 
and, correspondingly)  (Alexeev, 2015): 
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These reactions show that the calcite dissolution causes pH alteration (Lager et al., 2008a). Thus, 
increase in pH and Ca2+ concentration in the effluent during oil recovery may indicate that the 
dissolution happens. Hamouda and Maevskiy (2014) observed increase of the Ca2+ concentration 
in the effluent, which was attributed to the chalk dissolution. They suggested Ca2+/Mg2+ ion 
exchange and rock dissolution to be the main recovery mechanisms. Higher calcium and lower 
magnesium concentration in the effluent in comparison to the injection fluid was observed when 
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injecting the diluted brines. However, Mahani et al. (2015) pointed out that the surface charge 
variation is a primary mechanism, while rock dissolution is a secondary reason for enhancement 
of the oil recovery. Additional oil recovery was observed under injection of CaCO3 saturated 
seawater, where the calcite dissolution was excluded.  

Mohammadkhani et al. (2018) investigated the effect of connate water salinity and saturation, as 
well as of the injected brine salinity, by conducting five core floodings on limestone core plugs 
at the room temperature. It was concluded that de-dolomitization and anhydride precipitation 
were among the determining mechanisms. The rock dissolution, indicated by increased pH, was 
only observed at  tertiary stage, under injection of very low salinity seawater (< 3000 ppm).  

Production mechanisms related toroduction mechanisms related toroduction mechanisms related toroduction mechanisms related to    mineral dissolutionmineral dissolutionmineral dissolutionmineral dissolution    

The mineral dissolution may facilitate oil production in several ways. Permeability modification 
is its one benefit. Gachuz-muro and Sohrabi (2017) injected the 50 times diluted seawater into a 
dolomite core in the tertiary recovery mode. A certain increase in permeability was observed 
along with a slightly higher oil recovery. The change in permeability was attributed to rock 
dissolution, which was verified by increase of the calcium and bicarbonate concentrations in the 
collected effluent. 

Hiorth et al. (2010) constructed a chemical model to study surface charge and rock dissolution in 
a pure calcium carbonate rock. Numerous experimental data were used to tune the model. It was 
found that calcite dissolution matches well with the observed chemical and temperature 
dependences. It appeared to be a controlling factor for the observed smart water effect. The oil 
adsorbed on the calcium carbonate surface may be released due to its dissolution. Then surface 
that has formed after dissolution and oil release becomes water-wet.  

Yousef et al. (2010, 2012) performed NMR measurements for a Middle East reservoir core 
before and after low salinity flooding. The results showed improved connectivity between 
macro- and micropores due to dissolution of the rock material in small pores, which is beneficial 
to improve sweep efficiency of the water flooding. 

Karimi et al. (2016) described the rock dissolution in connection with the electric double layer 
interactions. The calcite dissolution results in an increased pH, which creates a more negatively 
charged brine/rock interface, which is repelled by a negatively charged brine/oil interface.  

Dissolution of anhydrate was suggested to be able to promote wettability alteration by producing 
Ca2+ and SO4

2- in-situ. Then it is related to the multi-ion exchange process and, subsequently, to 
release of the oil from the surface. This factor is often associated with injection of a low salinity 
brine (Austad et al., 2012; Chandrasekhar and Mohanty, 2013). Yousef et al. (2012) detected 
anhydrite dissolution by analyzing SO4

2- concentration during low salinity injection. It was 
pointed out that presence of the anhydrite is a key factor for low salinity injection, since its 
dissolution could produce in situ the potential deterimining ion SO4

2- (Austad et al., 2015, 2012). 
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Alshakhs and Kovscek (2016) confirmed this mechanism and suggested that mineral dissolution 
supplied more divalent ions during flooding. 

pH alteration may also occur under dissolution of calcite. Increase of pH may have a positive 
effect on the emulsion formation, as will be discussed in section 3.4. On the other hand, 
dissolution of calcite may occur mainly in the water filled part of the porous space, increasing 
mobility of the water compared to oil (although, to the best of our knowledge, the extent of this 
effect has not been studied).  

Dynamics of dissolutionDynamics of dissolutionDynamics of dissolutionDynamics of dissolution    

The mineral dissolution or precipitation is a static effect, according to our classification: It 
appears even if there is no flow. From the practical point of view, however, it is important to find 
out how this effect will manifest itself when coupled with the flow characteristic of reservoir 
development or laboratory flooding experiments (Houston et al., 2006). Such a study has been 
carried out by Alexeev et al., (2015), following and extending previous similar works (as applied 
to other processes) (Aharonov and Spiegelman, 1997; P. Bedrikovetsky et al., 2009; P. G. 
Bedrikovetsky et al., 2009; Lam et al., 2008; Rubin, 1983; Spivey et al., 2004).  

By extended numerical simulations it was found that the most important parameter is the ratio of 
the characteristic time of the dissolution reaction to the flow time. The last time may be chosen, 
for example, to be a time necessary for injection of one porous volume. If the time ratio is high 
(the dissolution is slow), then the effect of dissolution is insignificant, almost uniform, and 
occurs only after many porous volumes injected. As opposite, fast dissolution appears only close 
to the injection spot, without spreading deeply into the rock. As injection proceeds, porosity in a 
zone close to the injection spot increases, while the rest of the reservoir (or laboratory core) 
remains almost intact. In the extreme cases of fast reactions and many porous volumes injected, 
structures like wormholes may be formed.  

Another observed effect is related to non-additivity of the volumes under dissolution. When the 
rock is dissolved in brine, the total volume usually decreases. The negative volume excess may 
rather significant, up to 0.8 of the initial rock volume. In dynamics, this results in a slight 
acceleration of the oil displacement by brine. 

2.2 Other mechanisms 
2.2.1 Interfacial tension, reology, and liquid-liquid interactions  

Interfacial tension (IFT) measurements for smart waterflooding were conducted by many 
researchers (Al-Attar et al., 2013; Mahani et al., 2015; Yousef et al., 2012b). In particular, 
Khaksar Manshad et al. (2016) measured IFT of various ionic brines at a high temperature and 
atmospheric pressure. It was found that the K2SO4 solution at 2000 ppm produces the lowest IFT 
out of all the tested brines. However, in all the studies above, reduction of the IFT was too small 
to have an impact on oil recovery.  

Sheng et al. (2010) pointed out that IFT plays a very important role with or without wettability 
alteration, during the entire process of flooding. On the contrary, Yousef et al. (2010, 2011) 
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investigated the impact of salinity and ionic composition of  injection water on  oil recovery from 
carbonate reservoir cores. Interfacial tensions between the reservoir live oil and the field connate 
water, the seawater, and it’s different dilutions were measured. The results showed that smart 
water flooding has an impact on the contact angle rather than IFT. This implies that diluted 
seawater influences rock/oil/brine rather than oil/brine interactions. 
 
In some cases, even reverse effect of low salinity water on IFT was observed. An increase in IFT 
with decreasing salinity was reported by Alameri et al. (2014), in contradiction with 
improvement of the oil recovery by the low salinity effect. 

Some studies pointed out that qualitative modification of an oil-water interface may be more 
important than just variation of the interfacial tension (Ayirala et al., 2017a, 2017b; Varadaraj 
and Brons, 2012). Depending on compositions of the contacting fluids, the interface may be 
viscous (liquid-like) or elastic (solid-like); the intermediate states are also possible. This effect is 
known for at least 60 years for oil-brine contacts (Criddle and Meader, 1955). It was attributed to 
the presence of surface-active compounds in oil, particularly, to asphaltenes (Hasiba and Jessen, 
1966; Sheu et al., 1995; Varadaraj and Brons, 2012).  

Recently it has been realized that the mentioned studies are important for smart waterflooding. If 
an oil-brine interface becomes solid-like, oil separates easier from the rock surface. On the 
contrary, if the interface is liquid-like, separate oil drops are easier to coalesce and to form a 
continuous flowing oil phase. Thus, in the “ideal brine recipe”, the ions increasing the elasticity 
of the oil-water interface should concentrate near the rock surface, while the ions making the 
interface more viscous should stay in the solution. Particularly, presence of sulfates in a brine 
promotes in some cases hardening of the interface (Ayirala et al., 2017a, 2017b).  

2.2.2 Oil viscosity reduction  

It has been reported that interactions between oil and brine may affect the oil viscosity. This 
effect may be combined with the effect of a high temperature, usually resulting in the viscosity 
decrease. 

Gachuz-muro et al. (2016) examined a crude oil after contact with a sweetened and diluted 
seawater. It was concluded that the structure of the crude oil varies in contact with the different 
brines. In another work Gachuz-muro et al. (2013) put an oil and a brine in contact, with a 
volume ratio of 1:4 (20% oil and 80% brine) and measured viscosity of the oil before and after 
the contact. Normal brine (NW), distilled water (DW), formation water (FW) and a synthetic 
seawater (SW) corresponding to the Gulf of Mexico seawater were studied. Oil viscosity was 
reduced for all the tested brines, for the temperatures under 60 °C, while after this point the trend 
was reversed. It was also observed that viscosity was reduced more if it was initially higher.  

Zahid et al. (2012) measured viscosity of a Latin American oil, a Middle East oil, and heptane, 
after their interaction with seawater under different SO4

2- concentrations, under high temperature 
and pressure. Emulsification of these oils with a SO4

2- spiked seawater was also studied in this 
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work. It was observed that viscosity was affected for the oils containing heavy components, 
while emulsification was detected for the oils where such components were not present in 
significant amounts. The mechanism of viscosity reduction was explained by association or 
dissociation of the heavy molecules upon variation of ionic components of the brine in contact.  
Variation of the viscosity could not be explained by emulsification, since it was higher for other 
oils involved in the study. 

2.2.3 Compaction 

Compaction due to the rock weakening has been considered as one of the mechanisms of 
additional recovery. To the best of our knowledge, however, only few studies relate compaction 
to smart waterflooding (Katika et al., 2018). Meanwhile, the connection is obvious, since 
injection of an incompatible brine might result in chalk weakening. Shrinking of the pore space 
results in the oil squeezing out of it. Here we provide a short overview of the field observations 
and recovery mechanisms under reservoir compaction. 

Compaction is classified as a static mechanism, since it may be, and usually is, measured in the 
laboratory experiments not involving liquid flow (saturation of a rock sample by brine with 
subsequent compression). On the other hand, selective compaction may result in fluid diversion, 
which is a purely dynamic effect. This is a particular case of contribution of the rock 
heterogeneity, which will be discussed further. 

Field observations Field observations Field observations Field observations     

Seafloor subsidence was observed in North Sea chalk reservoirs in 1980s after their development 
in early 1970s (Boade et al., 1989; Ruddy et al., 1989; Sylte et al., 1999). More than 7.8 meters 
of seafloor subsidence was detected in the Ekofisk field at the Norwegian sector of the North Sea 
since its production from 1971. The subsidence was primarily considered to be a result of 
pressure depletion due to production. However, in 1994, the subsidence did not stop, although 
water injection was sufficient to stabilize reservoir pressure (Sylte et al., 1999). The North Sea 
Valhall chalk reservoir also demonstrated significant compaction and subsidence associated with 
reservoir pressure depletion (Ruddy et al., 1989). 

Reservoir compaction and oil recoveryReservoir compaction and oil recoveryReservoir compaction and oil recoveryReservoir compaction and oil recovery    

Observations of the reservoir compaction and seafloor subsidence in the North Sea triggered 
several research projects to study water weakening of chalk and reservoir compaction. Although 
reservoir compaction may lead to additional operation cost, it was demonstrated to be beneficial 
for hydrocarbon production (Boade et al., 1989; Ruddy et al., 1989; Sulak et al., 1991). A 
combination of experimental measurements and modelling tools was employed to study 
compaction. Ruddy et al. (1989) used experimentally determined rock compressibility of Valhall 
Chalk samples in a reservoir model. It was found that the chalk compaction provided a 
significant part of hydrocarbon recovery from the Valhall field. A similar procedure was applied 
to study the Ekofisk field. Sylte et al. (1999) measured the relationship between strain and 
porosity for the Ekofisk chalk. It was then used in a reservoir model to predict production and 
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subsidence. The results showed that water weakening could add a significant amount of energy 
to the reservoir system, which facilitated oil production.  

Reservoir simulations brought similar conclusions. Sulak et al., (1991) developed a modelling 
procedure to study reservoir compaction as a mechanism for hydrocarbon production in the 
Ekofisk field. It was concluded that reservoir compaction leads to increased production from the 
field. Boade et al. (1989) simulated compaction of the Ekofisk field by the  ANSYS and 
DYNAFLOW simulators. It was found that waterflooding has a positive effect on compaction 
and subsidence. Chin and Thomas (1999) coupled a reservoir multiphase flow model with a 
geomechanical model and concluded that the water weakening effect may result in additional oil 
recovery, which may make a waterflood project more economically favorable for a water-
sensitive reservoir. 

Mechanisms of wMechanisms of wMechanisms of wMechanisms of water weakening of chalkater weakening of chalkater weakening of chalkater weakening of chalk    

Several studies focused on the mechanisms of the water weakening of chalk. Johnson et al. 
(1986) performed uniaxial and hydrostatic tests on the Ekofisk chalk samples. The results 
revealed that a dominant mechanism of deformation is rotation and mechanical breakdown of 
coccolith fragments and other calcium carbonate grains of the chalk matrix. No obvious evidence 
was found for chemical processes, such as dissolution-reprecipitation of the carbonate material 
during compaction. Similar conclusions were reported later by Powell and Lovell (1994), who 
performed the SEM image analysis on North Sea chalk samples before and after compaction. It 
was concluded that a dominant mechanism is simple grain displacement, which is characterized 
by rotation and sliding of individual calcite grains. Chemically assisted compaction mechanisms 
such as pressure dissolution and stylolitization were found to be insignificant for the production-
induced compaction in the North Sea chalk. 

However, more recent studies pointed out that chemistry of a saturating fluid plays an important 
role in the water weakening of chalk. By comparison of mechanical properties of the outcrop 
Lagerdorf chalk samples saturated with water and synthetic oil, Høeg et al. (2000) suggested that 
water-chalk interactions are governed by both capillary forces and chemical or physico-chemical 
processes.  

Activity of water in the pore space may have an effect on mechanical strength of chalk (Risnes et 
al., 2005). Adsorption of the water molecules (which is a function of water activity) adds 
pressure on the grains. This pressure acts like a pore pressure and decreases cohesion of the 
chalk. 

Calcite dissolution is another mechanism considered in the literature. Increased calcite solubility 
results in increased deformation rate (Hellmann et al., 2002). A study by Heggheim et al. (2004) 
showed 20 to 25% strength reduction for the cores saturated by seawater with an increased 
sulfate concentration, compared with the cores saturated by formation brine and seawater. The 
increased sulfate concentration was claimed to precipitate Ca2+ in a saturation fluid, which 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

22 

 

promoted dissolution of calcite. Dissolution of calcite and precipitation of CaSO4, rather than the 
capillary forces or water activity, was claimed to be responsible for weakening of the chalk.  

A more complex mechanism involving ion adsorption and exchange was reported by Korsnes et 
al. (2008) and Austad et al. (2007). When a brine containing Mg2+ and SO4

2- is present in the 
pore space, Mg2+ substitutes Ca2+ at the grain contacts. SO4

2- acts as a catalyst in this process, by 
lowering down positive charge of the calcite surface. Hence, accessibility of Mg2+ to the surface 
increases. Different sizes of the Ca2+ and Mg2+ ions lead to structural changes in the inter-grain 
regions, which can weaken the chalk. 

An effect of temperature on the water weakening of chalk was also studied by some researchers 
(Austad et al., 2007; Hellmann et al., 2002; Korsnes et al., 2008; Madland et al., 2002, 2006).  
However, contradictory conclusions were drawn. It was observed by Madland et al. (2002) that 
increased temperature from 20 to 130 degrees resulted, on average, in 20% reduction of yield 
and cohesion strength for water and glycol saturated chalk. Similarly, Hellmann et al. (2002) 
reported an increased strain with increased temperature during triaxial tests on water saturated 
chalk. On the contrary, it was reported by Korsnes et al. (2008) that hydrostatic yield stress was 
higher at 130 degrees than 90 degrees for chalk saturated by seawater and distilled water. Austad 
et al. (2007) also reported that water saturated chalk cores become stronger when temperature 
increases. A similar effect was observed for cores flooded with carbonated water (Madland et al., 
2006). 

Katika et al. (2018) observed that divalent ions contribute to the pore collapse in chalks, by 
weakening contacts between the grains. Nermoen et al. (2018) observed certain softening and 
weakening of chalk in sulfate rich brines. However, they concluded that neither presence of the 
certain ions in brine, temperature or aging alone are sufficient in order to predict chalk stiffness 
and strength. It is a combination of factors that determines elastic behavior of chalk. 

DiscussionDiscussionDiscussionDiscussion    

To the best of our knowledge, there are no studies indicating explicitly a relationship between 
smart water flooding, chalk compaction and oil recovery. However, there are links between them 
(Katika et al., 2018, 2015). It was widely reported in smart water projects that potential 
determining ions, mineral dissolution/precipitation, and temperature could have an impact on the 
oil recovery. The studies regarding water weakening of chalk involve similar parameters. It is 
shown that the potential determining ions have an impact on the mechanical properties of chalk. 
Although the reported effects are controversial, it may still be speculated that the following 
production mechanism takes place: Smart waterflooding reduces the strength of chalk; the 
weakened chalk undergoes enhanced compaction, which results in a change of pore structure and 
a decreased pore volume. Decrease of the pore space helps mobilizing stagnant oil. Verification 
of this mechanism is a subject for future research. 
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3. Dynamic mechanisms 
In this section, mechanisms of smart waterflooding dependent on flow are discussed. These 
mechanisms include heterogeneity and flow diversion, as well as fines production and emulsion 
formation.  

3.1. Flows dynamics and denuded zones  
Many experimental works referred above contain results of flooding experiments carried out in a 
regime of spontaneous imbibition. The imbibition is governed primarily by capillary forces. 
Hence, no wonder that wettability and properties of the oil-brine-rock interfaces have been 
reported to determine success of the smart waterflooding. 

Meanwhile, the literature indicates a large difference between the results of the spontaneous 
imbibition experiments and forced displacement (Strand et al., 2008; Zhang et al., 2007). While 
the role of capillary forces may be significant in laboratory waterflooding experiments, on the 
large reservoir-scales it may be less important, and viscous forces may prevail over capillarity 
(Bedrikovetsky, 1993).   

The flow dynamics under injection of a different salinity brine and prevailing viscous forces 
(forced displacement) is generally similar to the dynamics of chemical flooding (Bedrikovetsky, 
1993; Zeinijahromi et al., 2011). A commonly used model is based on the classical Buckley-
Leverett theory and its extensions  (Bedrikovetsky, 1993; Pope, 1980). This theory predicts 
frontal character of displacement, with a residual oil being slowly produced after arrival of the 
water displacement front. A typical saturation profile is shown in Figure 2, a)  (Alexeev, 2015). 
It should be noticed that the front of the displacing brine propagates always behind the oil 
displacement front. The reason is that the displacing brine fills a larger volume than oil, 
replacing both oil and the formation water.  

Assume now that the injected brine contains a salt (or a chemical) affecting the recovery. The 
corresponding profiles of oil and brine saturations are schematically shown in Figure 2, b), for 
the case of tertiary injection. Due to the activity of the injected brine component, an additional 
oil bank is formed. Its production results, eventually, in decrease of the final oil saturation. If the 
injected chemical gets adsorbed (as most of them do), it travels behind the carrying brine. A zone 
of the so-called denuded water is formed. As a result, the effect of the injected brine on oil 
production is postponed. This delay may be even higher if the active component in the injected 
brine does not act instantaneously, but with a certain delay (reaction time). Then a positive effect 
of enhanced oil recovery may appear after many porous volumes injected. Additionally, the 
residual oil mobilized by the active component may travel with a different velocity than the 
“main” connected oil. This causes an extra delay (Alexeev, 2015). The whole picture of recovery 
is smeared, to a certain degree, by dispersion caused by heterogeneity of the rock, capillary 
forces, flow dispersion and reaction kinetics.  

If the oil is produced in a regime of continuous secondary flooding, the active component (or the 
brine with a different salt composition) should appear after additional produced oil, like on the 
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Figure 2. To the best of our knowledge, this has never been reported. Under tertiary recovery, 
additional oil production may sometimes happen simultaneously with the arrival of the injected 
additive (Alexeev, 2015). 

Dispersion is responsible for mixing of the injected and connate brine, as experimentally studied 
by Graue et al. (2012). By nuclear-tracer imaging of the dynamic water saturation profiles, it has 
been verified that the mixing zone between the injected and the connate water is of a limited 
extent, and that, eventually, all the connate water becomes displaced by the injected brine (Graue 
et al., 2012) . 

A system of flow equations describing all the physical mechanisms discussed above may only be 
solved numerically. Several attempts have been carried out to match available experimental data 
by solutions of such systems (Alexeev, 2015; Andersen et al., 2012; Eftekhari et al., 2017; Evje 
et al., 2009; Madland et al., 2011; Qiao et al., 2015). Complexity of the described process results 
in a relatively large number of adjustment parameters. It has been found that the resulting 
solutions can be fitted more or less accurately to experimental data, although Alexeev (2015) 
mentions that the concentration “tails” during long flooding experiments cannot be captured by 
the model. Fitting to the flooding data is necessary, and the flooding results cannot be predicted 
based on other experiments. This has been demonstrated by Eftekhari et al. (2017) by attempting 
to predict the flooding results, adjusting the reaction equilibria to data on independently 
measured zeta potentials. Especially, such a practically important parameter as residual oil 
saturation after flooding cannot be determined in advance and must be fitted every time to 
particular experimental data.  

Alexeev (2015) and Eftekhari et al. (2017) indicated a correlation between the residual oil 
saturation and amounts of the adsorbed sulfate ions, while (contrary to the expectations) a 
correlation with concentrations of other potential determining ions is not that clear. This is 
confirmed by observations of Qiao et al. (2015), who account for mineralogy of the rock. In this 
study, it is shown that the recovery improvement is correlated with the amount of anhydrite, 
which is considered as a source for sulfate.   

Another important observation is presence of the different characteristic time scales in the 
system, ranging from minutes to months (Alexeev, 2015; Andersen et al., 2012). Short-time 
transient behavior is better approximated by the rate-driven ion exchange on the surface, while 
long-time behavior is quasi-steady state on the laboratory scale. 
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Figure 2. a) Displacement of oil by brine in the Buckley-Leverrett theory; b) Displacement of the oil by a 
chemical solution in a tertiary mode (after A. Alexeev, 2015) 

 

3.2. Heterogeneity and fluid diversion  
Although heterogeneity is not a mechanism by itself, it can amplify contributions of other 
mechanisms, especially, in the form of flow diversion. Petroleum reservoirs are highly 
heterogeneous at all scales. The pore scale is characterized by diversity in the pore geometries 
and by mixed wettability. On the formation scale, a reservoir is often represented as a layer-cake 
structure, containing also fractures and other structural elements. The laboratory core samples are 
never homogeneous, either, as revealed by the X-ray computer tomography (Figure 3).  

 

Figure 3. A sample X-ray computer tomography scan of a carbonaceous core sample (limestone from the North 
Sea). 

Impact of heterogeneity on smart waterflooding has not been studied experimentally to a 
sufficient extent, although it has been recognized and discussed in the literature. Concerning the 
micro-scale heterogeneity, it was noticed that flooding experiments in a mixed-wet limestone 
cores are not well repeatable (Loahardjo et al., 2010). The pore geometry and surface structure 
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were claimed to be among responsible factors, resulting in the fact that application of enhanced 
or desalinated brines leads to qualitatively different results for the different rocks (Romanuka et 
al., 2012). 

The core-scale heterogeneity has been regarded as an important factor for the different methods 
of enhanced oil recovery (Spildo et al., 2012). It may contribute to the recovery via mobilization 
and relocation of reservoir fines. This effect was extensively studied for the sandstone rocks (Al-
Sarihi et al., 2018; Borazjani et al., 2018; Hussain et al., 2013; Yu et al., 2018). The clay 
particles contained in the rock may be released, reacting on low salinity of the brine. They travel 
an insignificant distance and then deposit in narrow capillaries. As a result, permeability in the 
flooded zones decreases and the injected water is diverted to displace oil from other places. In 
heterogeneous rocks, this results in more uniform displacement and less bypassed and trapped 
oil. A set of recovery mechanisms based on re-direction of the injected fluid from the flooded 
zones has been regarded to as fluid diversion (Spildo et al., 2012). Apart from production of 
fines, there are other phenomena that may lead to fluid diversion in a carbonaceous rock, such 
like compaction, precipitation or emulsification. They are addressed elsewhere in the present 
review. 

The work of Zahid et al. (Zahid et al., 2012a, 2012b) compared the recovery under low salinity 
flooding from a less consolidated Middle East reservoir core, and from a consolidated outcrop 
core of Aalborg chalk. While the Middle East core reacted on smart waterflooding, the Aalborg 
chalk core exhibited no additional recovery. This is explained by the rock weakening and fines 
mobilization in the less consolidated core. It is specially mentioned by Zahid et al. that 
wettability alteration and surface ion substitution cannot explain observed differences between 
the two cases. In particular, the surface ion substitution was observed for the Aalborg chalk core, 
but did not result in additional recovery. 

Few simulations reveal the effect of heterogeneity on the macroscale. Attar and Muggeridge 
(2016) utilized a commercial reservoir simulator in order to study the effect of dispersion on 
mixing of the injected and formation water under low salinity flooding in a layer-cake reservoir. 
The coefficient of transversal dispersion (Lake and Hirasaki, 1981) was found to be the main 
parameter responsible for the effect. Yuan and Shapiro (2011) performed a simulation of the 
effect of fines precipitation and mobilization in a layer-cake reservoir, applying an approximate 
method developed by Zhang et al., 2011. Decrease of permeability in the flooded zones had a 
significant impact and evens propagation of the water-oil displacement front (Yuan and Shapiro, 
2011). Zeinijahromi et al. (2011) demonstrated that similar computations may be carried out by 
application of an option for polymer flooding in a commercial reservoir simulator. 

3.3. Fines  
Formation of the fine particles can occur during smart waterflooding. These particles can appear 
from mixing of injected and formation water or by releasing the minerals from the rock surface. 
Production and migration of fines may increase water-wetness of the rock surface. Besides, 
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relocation of fines may block some pore throats, diverting the fluid flow and increasing sweep 
efficiency, as mentioned in the previous subsection. Additionally, appearance of the fines may 
facilitate formation of the oil-brine-particle emulsions (so-called Pickering emulsions). This 
mechanism will be considered in the next section. 

Fines may appear both in static and dynamic way. While their precipitation due to 
incompatibility of the injected and formation brines may be regarded as static, mobilization of 
the inherent reservoir fines requires flow. A positive effect of the fines on recovery is mainly 
associated with the flow diversion and may only be investigated under flow conditions. That is 
why we consider the effect of fines as a dynamic phenomenon. 

3.3.2. Precipitation from interaction between injected and formation water  
Madland et al. (2011) pointed out that loss of Mg2+ during injection of a Mg2+ containing brine is 
not only due to ion substitution, but also due to precipitation of new minerals. SEM images of 
the core slices confirmed precipitation of the Mg bearing carbonates and Mg bearing clay-like 
minerals. Anhydrate precipitation by injection of a SW-like brine was also confirmed. 
Puntervold and Austad (2008) suggested that mineral precipitation may also occur due to mixing 
of seawater and produced water, as a general trend. The more seawater is mixed, the more 
CaSO4 and SrSO4 precipitates.  
 
Chakravarty et al. (2015a, 2015b, 2015c) analyzed existing imbibition and flooding experimental 
data. By extensive thermodynamic computations, it was demonstrated that additional production 
is observed whenever mixing of the formation brine and injected water under experimental 
thermodynamic conditions results in precipitation of the CaSO4. It was speculated that 
precipitation occurs in the form of fines. These fines may later be dissolved again when the brine 
is produced from the core, where temperature and pressure fall down. Inside the core the fines 
may facilitate formation of the emulsions and diversion of the flow, as discussed in the next 
section. Precipitation of such fines from an Mg-rich brine was indirectly detected by the NMR 
spectroscopy (Katika et al., 2015). 
 

3.3.3. Release of the fines from the rock  
Detachment and relocation of fines has been considered as one of the primary mechanisms for 
action of low salinity waterflooding in sandstones (Al-Sarihi et al., 2018; Tang and Morrow, 
1999). Injection of low salinity brine results in released clay particles (fines) from the sandstone 
rock. These fines are relocated by the flow of water and further plug narrow pores on their flow 
path, resulting in a diverted water flow into non-flooded areas. Zeinijahromi et al. (2011, 2013, 
2015) showed a significant effect of fines migration, with consequent permeability damage, on 
sweep efficiency during low salinity waterflooding. 
 
Similar effects have been observed for recovery from the chalk rocks, for example, by 
application of the fresh water injection to the Middle East chalk (Zahid et al., 2012a). Many 
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chalk rocks are not well consolidated and “produce” fines just by touching them. During 
flooding, fines may promote emulsification, as considered in detail in the next section. 
 
The detachment can be triggered by instability of electric forces induced by variation of ionic 
strength. DLVO theory was employed to predict stability of fine particles and indicates a 
decreased stability during low salinity flooding (Schembre et al., 2006). Detachment of fines can 
also be a result of mineral dissolution. Pu et al. (2010) proposed that dissolution of anhydrate 
cement in sandstone leads to release of dolomite crystals and other embedded minerals. Similar 
phenomena may be observed in carbonates.  

 
 

3.4. Emulsion formation   
Brine and oil can form emulsions, especially, in the presence of solid particles. Although the 
literature on emulsions is overwhelming, the studies related to waterflooding in carbonates are 
not multiple.  

Formation of emulsions requires usually a certain mechanism of mixing, like stirring or 
vibrations. Only in rare cases the emulsions form spontaneously. A porous medium works as a 
“natural emulsifier”, mixing the flowing liquids. That is why formation of emulsions is regarded 
to as a dynamic phenomenon requiring a flow or another mixing mechanism in order to appear.  

Emulsions may play an important role in smart waterflooding. The efficient viscosities of 
emulsions are high; if the emulsion drop sizes are comparable to the pore sizes, the pores may be 
plugged, and the injected water may be re-directed to the non-flooded zones. Thus, emulsion 
formation may contribute to  fluid diversion. 

3.4.1 Emulsion formation at the brine-oil contacts 

A study of Emadi and Sohrabi (2013) based on application of the micro-models under reservoir 
conditions revealed that, when a low salinity brine was in contact with certain crude oil, water 
micro-dispersions were formed in the oil phase near the oil/water interface. Formation and 
precipitation of the micro-dispersions could only be observed under high magnifications. 
Presence of a low salinity injected brine, of the high salinity formation water, and of the mixed-
wet rock were found to be necessary conditions for emulsification.  

Mahzari and Sohrabi (2014) brought different crude oil samples in contact with brines of 
different salinities. Spontaneous formation of water-in-oil dispersions occurred when salinity of 
the brine was below 2000 ppm, in agreement with the work of Emadi and Sohrabi (2013).  

3.4.2 Fines assisted emulsification 

Chakravarty et al. (2015a, 2015b, 2015c) suggested that mobile fines formed in a pore space 
during smart water flooding may lead to emulsion formation, which enhances the mobility of the 
oil phase and therefore increases the displacement efficiency. A mixture of fines, model oil and 
deionized water was studied in these experiments. Different water insoluble salts, including 
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Li 2CO3, CaCO3, MgCO3, CaSO4, SrSO4 and BaSO4, formed fines. It was concluded that the 
fines interact with crude oil in the presence of a low salinity water and produce oil-in-water 
emulsions. Formation of oil micelles was only possible under presence of polar hydrocarbons in 
oil. It was also pointed out that light alkanes prefer forming emulsions with light acids, while 
heavy alkanes require heavier acids. In these studies it was also verified that fines may appear as 
a result of incompatibility between injected brine and formation water (as described in the 
previous section). Formation of such fines promotes in situ emulsification. 

Arshad et al. (2017) investigated the effect of CaCO3 and CaSO4 fines on emulsification with 
model (decane and hexane-hexadecane) and North Sea crude oils with deionized water, seawater 
and formation water. The sonification method was applied to create emulsions. Increase in 
emulsion formation and better emulsion stability was observed with increasing the amount of 
fines (Arshad et al., 2017). This study confirmed the results of Chakravarty et al. (2015a, 2015b, 
2015c) that the distilled water emulsifies better than the seawater when synthetic oils are 
involved. However, a North Sea crude oil formed equal or larger amounts of emulsions with 
seawater than with distilled water.  In another experimental study Arshad et al., (2018) focused 
on understanding the role of particle sizes on emulsification. This study involved particles of the 
sizes between 15 and 90 nm. For the model oils, larger amounts of emulsions with smaller 
droplet sizes were formed with smaller particles. Decrease of salinity also facilitated formation 
of emulsions. However, formation of emulsions with a North Sea oil did not show any 
significant dependence on the particle sizes and brine salinity.     
 

3.4.3 Effect of pH on emulsification  
Formation of emulsions is often attributed to activity of natural surfactants, like organic acids, on 
the water-oil interface. The value of pH affects this activity. This value is determined by the 
composition of an injected brine. Additionally, chemical interactions between rock, initial water 
and injected brine may cause increase in the pH by cation exchange or mineral dissolution.  
 
Previous studies showed importance of the pH for emulsion formation by in-situ surfactants. 
Buckley et al. (1989) pointed out that dissolution of organic acids, which is dependent on pH, 
can take place at a water/oil interface. Addition of weak acids and bases to water may lead to 
well-buffered pH, which is maintained despite of the ionization of polar components of oil at the 
interface. Hirasaki and Zhang (2004) investigated the effect of alkaline surfactant solutions on 
carbonate reservoirs during imbibition tests and concluded that moderately high pH obtained 
from alkali solutions generated natural surfactants from naphthenic acids contained in the crude 
oil by in situ saponification. Rezaei Gomari and Hamouda (2006) implied that generation of 
surfactants from residual oil at elevated pH was the main low salinity recovery mechanism. 
Elevated pH can enhance oil recovery in several ways: generation of surfactant, change in 
wettability and reduction in IFT (McGuire et al., 2005; Rezaei Gomari and Hamouda, 2006).  
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Summarizing, formation of emulsions may be facilitated by production of fines and change of 
the pH of the solution. In situ formation of the emulsions may result in plugging waterflooded 
zones and diversion of the injected brine to displace oil from un-flooded zones. 

4. General Discussion and Conclusion 
We have overviewed the studies directed onto investigation of the possible chemical and 
physical mechanisms resulting in additional recovery under smart waterflooding of the carbonate 
rocks. We have attempted also to classify the works according to the investigated mechanisms. 
This classification is necessarily imperfect, since may studies consider multiple phenomena 
occurring simultaneously (which validates their mentioning in the different sections). However, 
on the positive side, we believe that nearly all the phenomena important for smart waterflooding 
have been described in the literature; and they have been mentioned in this review. It is unlikely 
that in the nearest future a totally new and unknown mechanism of recovery for smart 
waterflooding will be revealed. 
 
A common point of agreement between the different authors is that it is possible, indeed, to 
increase recovery in carbonates by application of smartly composed and selected brines. 
However, here the agreement ends. The researchers argue for importance of potential 
determining ions in the brine (in different combinations: calcium, magnesium, sulfates, 
bicarbonate, other specific ions). Other works demonstrate efficiency of the low salinity water 
injection. There are also works claiming success of both specific ions and fresh water; or of 
neither of them. 

The smart waterflooding mechanisms may roughly be divided into static (appearing in 
equilibrium) and dynamic (related to the flow). A more detailed classification is hardly possible. 
Many mechanisms work in combination, like expansion of the double layer and formation of the 
bonds (complexation) on the rock surface; or fines precipitation, emulsion formation and fluid 
diversion. At present, it is difficult to conclude about relative contributions of the specific 
mechanisms to gain additional recovery. Most probably, the recovery mechanisms work in 
combination and/or are differently important for specific carbonaceous rocks. The future 
experimental research should be designed in such a way that makes it possible to study the 
different mechanisms separately, confirming their importance or excluding them. An observation 
that phenomenon A is observed in the recovery process B is not sufficient to assert that A is a 
reason for B. It should, at least, be checked that A results in success of B in all the cases reported 
in the literature. In other words, not only positive, but also negative observations should be 
reported, and Propper’s criterion of falsifiability should be verified.  

Analysis of the importance of the different mechanisms of smart waterflooding is complicated by 
the fact that many experimental parameters are not reported or measured. Among the least often 
reported factors, are: exact timing of the experiment, mineral composition of the rock, 
homogeneity or heterogeneity of the rock samples, degree of their consolidation, compositions of 
the oil and effluent, production of fines, emulsification (or not), and other. In many cases, a more 
comprehensive analysis of experimental conditions, than provided by the authors, is required in 
order to make a definite conclusion about an actually working recovery mechanism. It is 
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important to extract quantitative information whenever possible (e.g. analysis of the dependence 
of the residual saturations on the value of capillary number). Characteristic time scales for the 
different determining processes (e.g. ion adsorption) are also insufficiently studied. As stated by 
Bartels et al. (2017), analysis of the different processes with regard to the characteristic time and 
length scales may be a subject for the future research. 

Experimental conclusions must be complemented and verified by a proper modeling. At present, 
models for most of the recovery mechanisms, both static and dynamic, are well established and 
match experimental results, at least, qualitatively. However, their predictive capability regarding 
expected recovery is not high. The main parameters, like residual saturations and characteristic 
times of the process, cannot be estimated in advance, without direct matching the performed 
flooding experiments. There is no way to evaluate these parameters better than within an order of 
magnitude, based on independent experiments. On the other hand, any reasonable flow model 
incorporating a relevant recovery mechanism and using residual saturations and characteristic 
relaxation times as adjustment parameters will be capable of matching the core flooding data 
within their accuracy. The models can well capture the recovery physics and chemistry, provided 
that it is known; however, it is unlikely that they may help discriminating between the different 
recovery mechanisms. This problem may probably be partly overcome by development of the 
advanced models involving multiscale analysis and averaging. However, necessary experimental 
information will still be missing there. 

In sum, direct flooding tests are unavoidable at the present level of knowledge, but they should 
be supplemented by detailed accompanying experimental studies, like measurements of the oil-
water-rock interactions or the experiments involving ordinary and micro CT scanning and other 
ways of non-invasive flow monitoring. The static mechanisms are probably unable to explain the 
observed variety of the experimental results, and the recovery mechanisms based on flow 
dynamics should also be involved. A large body of experimental work has already been carried 
out and may be served as a basis for further analysis; however, many questions still remain open 
and require further studies. 
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