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Abstract 

Water flooding of oil reservoirs has been performed for a century in order to improve oil 

recovery for two reasons: (1) Give pressure support to the reservoir to prevent gas production, 

(2) Displace the oil by viscous forces. During the last 30 years, it was discovered that the 

wetting properties of the reservoir played a very important role for the efficiency of the water 

flood. Even though much work have been published on crude oil-brine–rock, CBR, 

interaction related to wetting properties, Professor N. R. Morrow, U. of Wyoming asked the 

audience the following question at the European EOR-meeting in Cambridge, April 2011: 

“Do we understand water flooding of oil reservoirs?”  If we are not able to explain why 

injection fluids of different ionic composition can have a great impact on displacement 

efficiency and oil recovery, the answer to Morrow’s question is NO. Researchers have to 

admit that we do not know the phenomena of water flooding well enough. The key to improve 

our understanding is to obtain fundamental chemical understanding of the CBR-interaction by 

controlled laboratory studies, and then propose chemical mechanisms, which should be 

validated also from field experience. In this chapter, I have tried to sum up our experience and 

chemical understanding on water based EOR in carbonates and sandstones during the last 20 

years with a specific focus on initial wetting properties and possibilities for wettability 

modification to optimize oil recovery. Chemically, the CBR-interaction is completely 

different in carbonates and sandstones. The proposed chemical mechanisms for wettability 

modification are used to explain field observations.       

Key words: Water based EOR, “Smart Water”, Wettability, Wettability alteration, Carbonate, 

Sandstone. 
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1. Introduction 

During million of years, a chemical equilibrium between the crude oil, brine, and the rock, 

CBR, has been established, which includes all the components of the oil reservoir. The 

distribution of oil and formation water in the pores of the rock is then fixed at given 

saturations of oil and water. Due to gradients in the composition of oil and water in an oil 

reservoir and inhomogeneous rock properties, the relative distribution of oil and water may 

change a little. The distribution of oil and water in the porous system is linked to the wetting 

properties of the CBR-system, i.e. the contact between the rock surface and the two fluids, oil 

and brine. As a rough characterization of a reservoir rock, the terms preferential water wet, 

preferential oil wet, and neutral wetting condition have been used. The wetting properties of a 

given CBR-system have strong influence on the two-phase fluid flow in the porous medium, 

because they dictate the capillary pressure, Pc, and the relative permeabilities of oil and water, 

kro, and krw. A systematic laboratory study by Jadhunandan and Morrow (Jadhunandan and 

Morrow, 1995)  showed an optimum in oil recovery by water flooding when the CBR-system 

was slightly water wet.  

Most of the oil reservoirs are today water flooded in order to improve oil recovery. Initially, 

the main reasons for performing a water flood were: 

 Give pressure support to the reservoir to keep the reservoir pressure above the 

bubble point pressure of the oil, Pres>Pb. 

 Displace the oil by water by taking the benefit of viscous forces. 

Water flooding has been characterized as a secondary oil recovery process since no special 

EOR-chemicals were injected. During systematic laboratory studies by many research groups 

during the last 20 years on wetting properties on different CBR-systems, it has been verified 

that injected water, which is different in composition compared to the initial formation water, 

can disturb the established chemical equilibrium of the CBR-system. During the process to 

establish a new chemical equilibrium, also the wetting properties will be changed, which may 

result in improved oil recovery. If, however, the composition of the injected water is similar 

to the initial formation water, the chemical equilibrium will be very little affected, only the 

relative saturations are affected. Thus, we may then say that injection of formation water is a 

secondary recovery process, but injection of water with a different composition, than the 



4 
 

initial formation brine, may change wetting properties and thus acts as a tertiary recovery 

process.  In order to use water injection as a tertiary oil recovery process, the kinetics linked 

to the wetting properties for the CBR-system to establish a new chemical equilibrium must be 

high enough to take place during the time frame of the oil production. Many geochemical 

reactions are very slow, which may be negligible during the production time of an oil 

reservoir. The kinetics of chemical reactions usually increases as the temperature is increased, 

and therefore, it is not surprising that wettability alteration by water injection may in some 

cases be sensitive to the reservoir temperature. 

In order to be able to evaluate “Smart Water” as an EOR-fluid it is important to improve the 

chemical understanding of the most important parameters dictating the wetting properties of 

oil reservoirs.  

 

1.1 Wetting in carbonates 

More that 50% of the known petroleum reserves are trapped in carbonate reservoirs, which 

can be divided into limestone, chalk, and dolomite. The formation water may be of high 

salinity, and it is usually rich in Ca2+. On average, the oil recovery from carbonates is well 

below 30% due to low water wetness, natural fractures, low permeability, and inhomogeneous 

rock properties. 

At relevant reservoir conditions, the carbonate surface is positively charged. The carboxylic 

material in crude oil, as determined by the Acid Number, AN (mgKOH/g), is the most 

important wetting parameter for carbonate CBR-systems. Crude oil components containing 

the carboxyl group, -COOH, are mostly found in the heavy end fraction of crude oils, i. e. in 

the resin and asphaltene fraction (Speight, 1999). The bond between the negatively charged 

carboxylic group, -COO-, and the positively charged sites on carbonate surface is very strong, 

and the large molecules will cover the carbonate surface. The impact of the AN of the crude 

oil on the wetting properties of chalk is illustrated by Fig. 1 showing spontaneous imbibitions 

of water into chalk cores saturated with oils of different AN. The imbibitions rate and oil 

recovery decreased dramatically as the AN of the oil increased (Standnes and Austad, 2000a). 

The chemical properties of the carboxylic material in the crude oil also affect then wetting 

properties (Fathi et al., 2011).  

Insert Fig. 1 
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The basic components in the crude oil, quantified by the Base Number, BN (mgKOH/g), play 

a minor role as wetting parameter. It was, however, observed that the increase in a basic 

material improved the water wetness of chalk containing oil with a given AN (Puntervold et 

al., 2007). It was suggested that an acid-base complex could be formed in the crude oil, which 

to some extent, made the acidic material less active towards the carbonate surface. 

Rao (Rao, 1996) has pointed out that high temperature carbonate reservoirs appeared to be 

more water-wet compared to low temperature reservoirs. It is further known that the AN and 

the reservoir temperature are not independent variables. The AN of the crude oil appears to 

decrease as the reservoir temperature increases due to increased decarboxylation of the acidic 

material at high temperatures. The decarboxylation process is even catalyzed by solid CaCO3 

(Shimoyama and Johns, 1972).  

Pressure may have an effect on wetting properties mostly due to the impact on the solubility 

of asphaltenic material in the crude. As the pressure decreases towards the bubble point of the 

oil, the solubility of asphaltenes in the crude oil decreases and they may precipitate and 

adsorb onto the rock (Buckley, 1995). 

The composition of the formation water can affect the wetting properties as well. As 

discussed later, sulfate is the most active ion regarding wetting properties in carbonates. Due 

to the high concentration of Ca2+ in the formation brine, and especially in combination with 

high temperatures, the amount of SO4
2- present in the formation water is usually very low due 

to precipitation of anhydrite, CaSO4(s). The presence of sulfate in the formation water will 

increase the water wetness of the system (Shariatpanahi et al., 2011a). 

A new wettability test based on the chromatographic separation between a non-adsorbing 

tracer, SCN-, and sulfate, SO4
2-, was developed and found to be very useful to verify changes 

in the water-wet fraction after exposing the carbonate rock to different fluid systems (Strand 

et al., 2006b). When plotting the relative concentration of SCN- and SO4
2- versus the injected 

pore volume, the area between the effluent curves is directly proportional to the water wet 

area of the core, because the chromatographic separation only takes place at the water wet 

area.  
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1.2 Wetting in sandstones 

In contrast to carbonates, a sandstone is composed of many different minerals. Minerals of the 

silica type are negatively charged at the relevant pH range of the formation water. It is, 

however, the clay minerals that are most strongly adsorbed by polar components from the 

crude oil. Clays are chemically unique due to the presence of permanent negative charges, and 

the clays therefore act as cation exchangers. The relative affinity of cations towards the clay 

surface is regarded to be: 

Li+<Na+<K+<Mg2+<Ca2+<H+  

It should be noticed, that the proton, H+, is the most reactive cation towards the clay. Even 

though the concentration of H+ is very low in the pH range between 6 to 8, it will still play an 

important role in cation exchange reactions at low salinities. In competition with cations, both 

basic and acidic material can adsorb onto the clay surface and make the clay preferential oil-

wet. The adsorption of basic and acidic material onto the clay is very sensitive to the pH, and 

it can change dramatically within the pH range: 5<pH<8 (Burgos et al., 2002; Madsen and 

Lind, 1998; RezaeiDoust et al., 2011). The adsorption of both basic and acidic material from 

the crude oil appeared to increase as the pH decreased to about 5. Clays are normally not 

uniformly distributed in an oil reservoir, and therefore, certain areas can be less water-wet 

than others. These areas may be bypassed in a water flood process, and both microscopic and 

macroscopic sweep efficiencies are decreased.     

 

1.3 Smart Water flooding  

The established initial wetting properties of an oil reservoir are related to the present CBR-

system. The filling history of an oil reservoir may also play an important role regarding the 

wetting properties, especially in carbonates. There are examples of limestone reservoirs that 

are completely oil-wet even though the crude oil present in the reservoir has a very low AN. 

Experimental work showed that it was impossible to obtain wettability modification in this 

type of rock material using different techniques (Fathi et al., 2010b). Obviously, the reservoir 

must have been exposed to organic material before the present oil invaded the reservoir, 
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because the oil and formation brine in contact with a new water-wet carbonate did not change 

the wetting properties significantly. 

For both carbonates and sandstone reservoirs, the oil recovery by injecting original formation 

water is usually different from the recovery obtained when injecting a water with a different 

composition from formation water. The oil recovery can both increase and decrease compared 

to formation water, which is in equilibrium with the CBR-system. By using a “Smart Water”, 

the oil recovery can be increased significantly from both carbonates and sandstones. This is 

illustrated in Figs. 2 and 3.   

Insert Figs. 2 and 3.  

What is a “Smart Water”, and what is the main mechanism for the increase in oil recovery?  

“Smart Water” can be made by adjusting/optimizing the ion composition of the injected fluid 

in such a way that the change in the equilibrium of the initial CBR-system will modify the 

initial wetting conditions. Therefore, the oil is more easily displaced from the porous network.  

As illustrated by Figs. 2 and 3, injection of “Smart Water” can be characterized as a tertiary 

oil recovery method since extra oil was recovered after performing a secondary water flood 

with formation water. The physical principle for enhanced oil recovery by “Smart Water” is a 

change in wetting properties of the CBR-system, which has a positive effect on the capillary 

pressure and relative permeability of oil and water regarding oil recovery. The technique is 

cheap, environmentally friendly, no expensive chemicals are added, and no injection 

problems etc. From an economical point of view, the smartest water should be injected from 

the start of the water flooding process. 

The validation of “Smart Water” as an EOR-fluid has been verified both in the laboratory and 

in the field by several research groups and oil companies during the last 20 years. Extensive 

research has been performed in order to understand the chemical/physical mechanism for the 

wettability alteration process taking place at the rock surface, and the mechanism is still under 

debate in the published literature. Our EOR-group at the University of Stavanger has worked 

with wettability modification in carbonates for nearly 20 years and in sandstones for about 5 

years. In the coming sections, I will present a summary of our chemical understanding of the 

mechanism for wettability modification in carbonates and sandstones and relate it to field 

experience. In order to be able to evaluate the potential of using “Smart Water”, the chemical 

mechanism must be understood in detail because “Smart Water” does not function in all type 

of oil reservoirs.  
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The objectives of the present work are shortly summarized as: 

 Present documentation of our new chemical understanding of the mechanism for 

wettability alteration by “Smart Water” resulting in enhanced oil recovery from 

carbonate and sandstone oil reservoirs. 

 The results from field experience will be discussed in relation to the new 

understanding of the surface chemistry.  

 

2. “Smart Water” in Carbonates 

2.1 Introduction 

Cationic surfactants of the type alkyl trimethyl ammonium, R-N(CH3)3
+, dissolved in 

seawater (SW) are able to improve water wetness both in chalk, limestone, and dolomite 

(Austad et al., 2008b; Standnes and Austad, 2000b; Standnes et al., 2002). The mechanism for 

the wettability alteration was suggested to be an interaction between the cationic surfactant 

monomers and adsorbed negatively charged carboxylic material, forming a cat-anionic 

complex, which is released from the surface (Standnes and Austad, 2000b). In a spontaneous 

imbibition process, the capillary forces are increased due to improved water wetness, but the 

interfacial tension, IFT, between the oil and surfactant solution is decreased to 0.3-1.0 mN/m. 

The imbibition rate is therefore low, especially in low permeable rock, as pointed out by Stoll 

et al. (Stoll et al., 2007). Laboratory experiments have shown that there is a change in the flow 

regime from capillary forced imbibition at the start to an imbibition process dominated by 

gravity forces at a later stage, i. e. a surfactant enhanced gravity drainage, SEGD, process 

(Masalmeh and Oedai, 2009). In a very recent paper it was verified that the SEGD-process 

could be an interesting EOR process in high permeable, >300 mD, fractured limestone 

reservoirs due to the increased imbibition rate (Ravari et al., 2011). 

It was, however, observed that the imbibition rate of cationic surfactant dissolved in SW was 

catalyzed by sulfate present in SW (Zhang et al., 2006). We asked the following question: 

“Why is injection of SW into the Ekofisk chalk such a tremendous success regarding oil 

recovery, which is now estimated to approach 55%?” Ekofisk is mixed wet, highly fractured, 

it has low matrix permeability, about 2 mD, and the reservoir temperature is high, 130 oC. 

Can SW act as a wettability modifier and increase the water wetness of the matrix blocks?  A 
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lot of parametric studies on oil recovery by spontaneous imbibition were performed using 

outcrop chalk and relevant composition of formation water and SW, Table 1.  

Insert Table 1. 

 

 2.2 Reactive potential determining ions 

SW contains reactive ions, Ca2+, Mg2+ and SO4
2-, towards the chalk surface, which can act as 

potential determining ions since they can change the surface charge of CaCO3 (Pierre et al., 

1990; Zhang and Austad, 2006). The impact on oil recovery for each of these ions in SW was 

varied and tested separately. 

Effect of SO4
2-: As the concentration of SO4

2- in the imbibing SW varied from 0 to 4 times the 

concentration in ordinary SW, the oil recovery increased from less than 10% to about 50% of 

OOIP, Fig. 4. Thus, there was a tremendous effect on oil recovery by just changing the 

concentration of one single ion. 

Effect of Ca2+: Similarly, the concentration of Ca2+ in SW was varied from 0 to 4 times the 

concentration in SW, the oil recovery increased from 28 to 60 % after 30 days of imbibition, 

Fig. 5. In this case, the concentration of sulfate remained constant and similar to the seawater 

concentration. 

Insert Figs 4 and 5. 

The affinity of SO4
2- and Ca2+ towards the chalk surface was tested chromatographically by 

flooding SW spiked with a tracer, SCN-, through a chalk core at different temperatures. The 

effluent concentrations of each of the components were recorded and plotted versus the PV 

injected. As noticed, the adsorption of SO4
2- onto the rock increased as the temperature 

increased, Fig. 6a, and co-adsorption of Ca2+ increased as the concentration of Ca2+ in the 

effluent decreased, Fig.6b. Thus, increased adsorption of SO4
2- onto the chalk surface will 

reduce the positive charge, which causes increased the affinity of Ca2+ due to less electrostatic 

interaction (Strand et al., 2006a). 

Insert Fig. 6 a and b 

The symbiotic effect of Ca2+ and Mg2+ at the chalk surface was studied by flooding equal 

concentrations of Ca2+, Mg2+, and SCN- dissolved in a NaCl solution through chalk cores at 
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20 and 130 oC. At low temperature, the affinity of Ca2+ towards the chalk surface was higher 

than Mg2+, Fig. 7a. At 130 oC, the concentration of Ca2+ in the effluent was much higher than 

the concentration injected, and Mg2+ in the effluent was very strongly retarded, and it did not 

reach the initial concentration, Fig. 7b (Zhang et al., 2007a). The only explanation for this is 

that Mg2+ in SW is able to displace Ca2+ from the rock, in a 1:1 reaction, which has been 

verified experimentally. Whether it is a pure surface substitution or it is formation of 

MgCO3(s) is not clear. The process is illustrated by the following equilibrium: 

CaCO3(s) + Mg2+  ↔  MgCO3(s) + Ca2+  

Thus, the reactivity of Mg2+ towards the carbonate surface increases dramatically as the 

temperature is increased beyond 70 oC, which appeared to the temperature threshold for 

observing substitution. The small Mg2+ ion has a strong hydration energy, which make it less 

reactive at low temperature. 

Insert Figs. 7 a and b 

In order to illustrate the effect of the potential determining ions and the temperature on oil 

recovery from chalk cores of low water wetness, 4 cores were prepared using a NaCl solution 

as the formation brine, and the following tests were performed as shown in Fig. 8: 

 First the cores were imbibed with NaCl brine containing different amounts of 

SO4
2- (0, 1 , 2, and 4 times the concentration of SW) at 70 oC. The oil recovery 

was a little less than 10% including thermal expansion. 

 The temperature was increased to 100 oC, and negligible extra oil was produced. 

 When adding either Mg2+ or Ca2+ similar to the concentration found in SW to the 

different imbibing fluids, oil recovery increased immediately. 

o The imbibing fluid containing 4 times SO4
2- compared to SW was spiked 

with Mg2+ at 100 oC, and the oil recovery increased to about 42% of 

OOIP (curve with solid circle points). By increasing the temperature to 

130 oC, the oil recovery exceeded 60% as is usually observed for water 

wet cores. 

o A similar test for the core imbibed with the fluid containing SW 

concentration of SO4
2- resulted in somewhat lower recovery, 30 and 50 % 

of OOIP at 100 and 130 oC, respectively (curve with diamonds). 
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o The similar test for the core imbibed with the fluid free from SO4
2- only 

resulted in a relative small increase in oil recovery both at 100 and 130 
oC (curve with solid squares). 

o The core imbibed with the fluid containing 2 times SO4
2- concentration 

found in SW was spiked with Ca2+. The oil recovery increased to 25% of 

OOIP at 100 oC, but only a very small increase in oil recovery was 

observed at 130 oC. Without Mg2+ present, the solubility of anhydrite, 

CaSO4(s), is drastically decreased, and at 100 oC CaSO4(s) is 

precipitated, and the imbibing solution is further stripped for Ca2+ as the 

temperature is increased to 130 oC. Thus, precipitation of CaSO4(s) will 

decrease the concentration of active ions and block the porous system. 

Note that the solubility of anhydrite decreases as the temperature 

increases.    

Thus, a “Smart Water” for carbonates must contain potential determining ions, Ca2+ and/or 

Mg2+, SO4
2-, and the symbiotic interaction between the ions and the carbonate surface is very 

sensitive to the temperature, which should be well above 70 oC.  

Insert Fig. 8 

 

2.3 Suggested mechanism for wettability modification 

Putting together all the parametric studies performed on chalk samples a chemical mechanism 

for the wettability alteration process using SW is suggested as schematically illustrated in Fig. 

9 (Zhang et al., 2007a). Initially, the rock was positively charged due to a pH<9 and high 

concentration of Ca2+ and possible some Mg2+ in the formation water. The concentration of 

negatively charged potential determining ions like CO3
2- and SO4

2- in the formation water is 

negligible. As SW is injected into the fractured carbonate reservoir, SO4
2- will adsorb onto the 

positively charged surface and lower the positive charge. Due to less electrostatic repulsion, 

the concentration of Ca2+ close to the surface is increased, and Ca2+ can bind to the negatively 

charged carboxylic group and release it from the surface. Both the concentration of SO4
2- and 

Ca2+ at the carbonate surface increases as the temperature is increased. As Mg2+ is even able 

to displace Ca2+ from the carbonate rock at high temperatures, it should also be able to 

displace the Ca2+-carboxylate complex from the surface.  
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Insert Fig.9 

 

2.4 Optimization of injected water 

A relevant question that may be asked is: “Is SW an optimum Smart Water”? As illustrated 

by Fig. 9, the reservoir temperature and sulfate are very important parameters for a successful 

wettability alteration. Is it possible to compensate for a decrease in reservoir temperature by 

increasing the concentration of sulfate in the imbibing fluid? As illustrated by Fig. 10, the oil 

recovery at 130 oC is not increased very much by increasing the sulfate concentration beyond 

the concentration present in seawater (Zhang and Austad, 2006). At 100 oC, the recovery is 

nearly doubled when SW was spiked with sulfate corresponding to 4 times SW concentration. 

Thus, there is a potential for increasing the oil recovery by spiking seawater with sulfate in the 

temperature range to enhance the wettability alteration process. It is not, however, advisable 

to spike the SW with sulfate at high temperatures because of precipitation of anhydrite, 

CaSO4(s).  

Insert Fig. 10 

All charged surfaces in contact with a brine will have an excess of ions close to the surface, 

which is usually called the double layer. If the double layer consists of a lot of ions not active 

in the wettability alteration process like NaCl, the access of the active ions, Ca2+, Mg2+ and 

SO4
2- to the surface is partly prevented. The concentration of NaCl in SW is much larger than 

the concentration of Ca2+, Mg2+, and SO4
2-, Table 1.Thus, in line with the suggested 

mechanism for wettability modification, SW depleted in NaCl should be an even smarter 

water than ordinary SW. As shown in Fig. 11, the oil recovery by spontaneous imbibition of 

SW depleted in NaCl increased the recovery significantly from 37 to 47 % of OOIP compared 

to ordinary SW. An increase in NaCl concentration of SW decreased the oil recovery (Fathi et 

al., 2010a). 

At temperatures below 100oC, SW depleted in NaCl, but spiked with sulfate appeared to be 

the smartest water regarding oil recovery, as shown by Fig.11. Compared to ordinary SW, the 

oil recovery increased dramatically from 37 to 62 % of OOIP by spiking the NaCl depleted 

SW with 4 times the sulfate concentration in ordinary SW (Fathi et al., 2010a).         
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Thus, by knowing the chemical mechanism for wettability modification, it is possible to 

optimize the ion composition in the injected water to maximize the oil recovery. From an 

economical point of view, it is important to inject the optimized fluid from the start of the 

water flood. 

Insert Fig. 11. 

 

2.5 Viscous flood vs. spontaneous imbibitions 

In a preferentially oil wet naturally fractured carbonate reservoir with a great difference in 

matrix and fracture permeability, the spontaneous imbibition of the injected water into the 

matrix blocks will be the main mechanism for oil recovery. In that case, positive capillary 

forces must be created by wettability modification. In a viscous flood, the displacement of oil 

is believed to be at an optimum at slightly water-wet conditions (Jadhunandan and Morrow, 

1995). Due to low capillary forces, the microscopic sweep efficiency can be improved 

significantly if a wettability alteration is taking place during the flood. The effect of oil 

recovery by wettability alteration using formation water and SW is illustrated by Fig. 12. Two 

cores were first imbibed with FW. One of the cores was flooded with FW and thereafter with 

SW. The other core was imbibed with SW, and then flooded with SW. The oil recovery was 

plotted in the same diagram versus time. Improved oil recovery was obtained both in a 

spontaneous imbibition process and also in the viscous flood (Strand et al., 2008).  

Insert Fig. 12.    

 

2.6 Environmental effects 

If produced water is not reinjected into the reservoir, it will be an environmental problem 

because of the content of aromatic carcinogenic material. The produced water from an 

offshore carbonate reservoir flooded with SW will contain low concentration of sulfate, even 

after breakthrough of SW, due to adsorption/precipitation of sulfate in the reservoir 

(Puntervold and Austad, 2008; Puntervold et al., 2009). Thus, reinjection of produced water 

will not be a smart water causing wettability alteration and improved oil recovery. If, 

however, the produced water is mixed with SW, the good quality of the injected fluid can be 

maintained as shown in Fig. 13.  
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Insert Fig. 13. 

 

2.7 Smart water in limestone 

The surface area and reactivity towards potential determining ions varies for different 

carbonates, i. e. chalk, limestone (reservoir and outcrop), and dolomite. In the previous 

sections it was verified that chalk was reactive towards the active ions in SW, and wettability 

alteration can take place. Recently, it was observed that reservoir limestone cores acted in the 

same way, although the reactivity towards Ca2+, Mg2+ and SO4
2- varied. The water wet surface 

area of a reservoir limestone core which was precleaned with toluene and methanol was 

increased by about 30% after being flooded with SW at 130 oC (Austad et al., 2008b). A low 

permeable reservoir limestone core was spontaneously imbibed with formation water and then 

with SW in a secondary and tertiary process. The oil recovery increased drastically as the 

imbibing fluid was switched from FW to SW, from 8 to 37% of OOIP, Fig. 2 (Austad et al., 

2008b). As for chalk, SW depleted in NaCl appeared to be an even better wettability modifier 

in limestone than ordinary SW (Shariatpanahi et al., 2011b). Outcrop limestone acted 

completely different from reservoir limestone in wettability alteration studies.  Two outcrop 

limestones were tested, one from France submitted by TOTAL and the Edwards limestone 

from USA. Both limestones acted water-wet, and the wettability was changed in the presence 

of crude oil. The rock surface appeared nonreactive towards the potential determining ions, 

and improvements in oil recovery by wettability modification using SW could not be 

obtained, even at high temperatures (Ravari et al., 2010). As a learning lesson: Care must be 

taken in using outcrop limestone as a model for reservoir rock in parametric studies on oil 

recovery by wettability modification.  

 

2.8 Condition for Low Salinity EOR effects in limestone  

Until very recently, EOR by low saline water flooding was a phenomenon, which was 

allocated to sandstones, and not observed for carbonates. Yousef and co-workers (Yousef et 

al., 2010) increased the oil recovery from composite limestone cores by successively flooding 

the cores with Gulf SW and diluted Gulf SW: 2, 10, and 20 times. A significant increase in oil 

recovery was observed as the injected SW was diluted.  On the other hand, no low salinity 

EOR-effect was observed when outcrop chalk cores were imbibed or flooded with diluted 
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SW. In fact, the oil recovery was decreased drastically as SW was diluted due to the decrease 

in active ions (Fathi et al., 2010a). 

A very recent study on reservoir limestone cores containing small amounts of anhydrite, 

CaSO4(s), as part of the matrix, showed a low salinity EOR effect when the flooding fluid was 

switched from FW to 100 times diluted FW, Fig 14a (Austad et al., 2011). The oil recovery 

increased by 4% of OOIP. The high saline formation water did not contain any sulfate. The 

concentration of dissolved sulfate in the effluent was quantified and plotted versus PV 

injected, Fig. 14b. In this case, SO4
2-(aq), which acts as a catalytic chemical for the 

wettability alteration was created in situ by dissolution of anhydrite.  

 

Insert Fig. 14. 

 

In order to discuss the chemical mechanism for the observed low salinity effect in carbonates, 

the impact of temperature and brine composition on the following equilibrium must be 

understood:   

 

CaSO4(s)   ↔   Ca2+(aq)  +  SO4
2-(aq)   ↔   Ca2+(ad)  +  SO4

2-(ad)   

 

Ca2+(aq)  and SO4
2-(aq) are ions dissolved in the pore water, and  Ca2+(ad)  and SO4

2-(ad) are 

ions adsorbed onto the carbonate surface. According to a previously reported study, where the 

impact of sulfate on the initial wetting conditions was studied, the concentration of  

SO4
2-(aq) appeared to be the key factor determining the wetting properties (Fathi et al., 

2010a). Dissolution of anhydrite, CaSO4(s), which is the source for SO4
2-(aq), is depending on 

salinity/composition of the brine and the temperature in the following ways: 

 The solubility increases as the concentration of Ca2+ in FW decreases (common ion 

effect). 

 The solubility decreases as the concentration of NaCl decreases. 

 The solubility normally decreases as the temperature increases. 

 The concentration of SO4
2-(aq) may also decrease as the temperature is increased due 

to increased adsorption onto the carbonate surface, i. e. the concentration of SO4
2-(ad) 

increases. 
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The efficiency of the wettability alteration process is also depending on the temperature and 

the concentration of non-active salt, NaCl in the following ways:  

 Imbibition rate and ultimate oil recovery increase as the temperature increases. 

 Imbibition rate and ultimate oil recovery increase as the concentration of non-active 

salt, NaCl, in the imbibing brine decreases. 

 Imbibition rate and ultimate oil recovery increase as the concentration of SO4
2-(aq) 

increases. 

 

Thus, both the effect of temperature and concentration of NaCl is in conflict, i. e. the 

concentration of SO4
2-(aq) decreases as the temperature increases, but the surface reactivity 

leading to the wettability alteration increases as the temperature increases. Similarly, the 

concentration of SO4
2-(aq) decreases as the amount of NaCl decreases, but the surface 

reactivity promoting wettability alteration increases. Therefore, for a given system, there 

appears to be an optimum temperature window for observing maximum low salinity effect, 

probably between 90-110 oC. It is a combined effect of the presence of SO4
2- and decrease in 

NaCl concentration, which is important for the low salinity EOR-effect in carbonates. This is 

illustrated by the calculated solubility of anhydrite, CaSO4(s) in FW and diluted FW, 10 and 

100 times as shown in Fig. 15. 

 

Insert Fig. 15 

 

We have experienced that much greater low salinity EOR-effects from limestone cores can be 

observed if the formation contained a higher amount of anhydrite, up to 20% of OOIP. 

Provided that dolomite will respond in a similar way as calcite towards seawater as wettability 

modifier, it is reasonable to believe that the low salinity effect observed by Pu et al. (Pu et al., 

2008) in a sandstone with low content of clay, but significant amount of dolomite and 

anhydrite, was linked to a wettability alteration of dolomite. An increase in sulfate 

concentration and a decrease in the salinity will activate the wettability alteration process. It 

was also concluded by the authors that the interstitial dolomite crystals probably played a role 

in the low salinity recovery mechanism. 
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3. “Smart Water” in Sandstones 

3.1 Introduction 

A great number of laboratory tests by Morrow and co-workers (Tang and Morrow, 1999a; 

Tang and Morrow, 1999b; Zhang and Morrow, 2006; Zhang et al., 2007b) and also by 

researchers at BP (Lager et al., 2007; Webb et al., 2005a; Webb et al., 2005b) have confirmed 

that enhanced oil recovery can be obtained when performing a tertiary low salinity 

waterflood, with salinity in the range of 1000-2000 ppm. Thus, a low salinity water may act as 

a smart EOR-fluid in a sandstone oil reservoir. 

 

3.2 Conditions for low salinity effects 

The listed conditions for observing low salinity effects are mostly related to the systematic 

experimental work by Tang and Morrow (Tang and Morrow, 1999a), but some points are also 

included from researchers at BP (Lager et al., 2007; Lager et al., 2008a). 

 Porous medium:  Sandstones containing clay minerals. 

 Oil: Must contain polar components (i.e. acids and/or bases) 

 Formation water: Must be present, and must contain divalent cations, i.e. Ca2+, Mg2+.  

 Low salinity injection fluid: The salinity is usually between 1000-2000 ppm, but 

effects have been observed up to 5000 ppm. It appeared to be sensitive to ionic 

composition (Ca2+ vs. Na+). 

 Produced water: For a non-buffered system, the pH of the effluent water usually 

increases about 1-3 pH units, when switching from high salinity to low salinity fluid. 

It has not been verified that an increase in pH is needed to observe low salinity effects. 

In some cases, production of fines has been detected, but low salinity effects have also 

been observed without visible production of fines. 

 Permeability: Both an increase and a decrease in differential pressure over the core has 

been observed by switching from high to low salinity fluid, which may indicate a 

change in permeability.  

 Temperature: There appears to be no temperature limitations to where low salinity 

effects can be observed. Most of the reported studies have, however, been performed 

at temperatures below 100 °C.  
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3.3 Suggested low salinity mechanisms 

Due to mineralogical properties, it is obvious that a chemical mechanistic study of the low 

salinity effect in sandstones is much more complicated compared to wettability alteration 

studies in carbonates by “Smart Water”. The low salinity effect is probably a result of 

different mechanisms/steps acting together. Even though it is generally accepted that the low 

salinity effects are caused by wettability alteration, some physical mechanisms have also been 

proposed; such as pore blockage by migration of fines and fluid flow due to osmotic pressure 

caused by salinity gradients.  

Some of the most relevant previously proposed mechanisms are: 

 Migration of fines (Tang and Morrow, 1999a). 

 Multi-ion exchange (MIE) (Lager et al., 2008a).  

 Extension of the electrical double layer (Ligthelm et al., 2009).  

None of the suggested mechanisms have got a general acceptance in the scientific literature so 

far. There were always some observed contradictions among the experimental facts.  

 

3.4 Improved chemical understanding of the mechanism 

Recently, the desorption of organic material from the clay surface by a local increase in pH at 

the clay-water interface caused by desorption of surface active inorganic cations as the low 

saline fluid invaded the porous medium, was suggested by Austad et al. (Austad et al., 2010) 

to play an important role in the low salinity enhanced oil recovery process. Both acidic and 

basic crude oil components are released from the surface as the pH is increased from 5-6 to 

about 8-9. In laboratory experiments, the increase in pH is usually verified, but due to 

buffering effects in field situations caused by the presence of CO2 and/or H2S, an increase in 

pH is seldom observed in the field. The suggested chemical mechanism for enhanced oil 

recovery by low salinity water flood was based on three experimental observations: 

1. Clay must be present in the sandstone (Tang and Morrow, 1999a). 

2. Polar components (acidic and/or basic material) must be present in the crude oil (Tang 

and Morrow, 1999a). 

3. The formation water must contain active ions like Ca2+ (Lager et al., 2007). 
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The suggested mechanism is schematically illustrated in Fig.16. 

Insert Fig. 16. 

 

3.5 Chemical verification of the low salinity mechanism  

In a recent published paper, the new chemical understanding of the low salinity EOR-

mechanism was verified by different experiments using both model and real systems, and the 

most relevant results are shortly listed below (RezaeiDoust et al., 2011):  

 Increase in pH: Independent of the composition of the low salinity brine, the low 

salinity EOR-effects were comparable, and pH of the effluent increased as the 

flooding fluid was switched from high to low salinity, Figs. 17a and b. The 

differential pressure over the core decreased, i. e. no pressure buildup.  

Insert Fig. 17   

 Initial pH of formation water: In order to observe a low salinity EOR-effect by 

wettability alteration, organic material must be adsorbed onto clay minerals, and the 

adsorption increases as the pH decreases. The low salinity EOR-effect was compared 

with and without CO2 initially present in the oil. In the presence of CO2, the initial pH 

of the formation water was decreased. As shown by Fig.18, the low salinity EOR 

effect was doubled when CO2 was present, confirming that the initial pH of the 

formation water plays a very important role. 

Insert Fig. 18. 

 Crude oil properties: The low salinity EOR effects from cores saturated with crude oils 

of completely different/opposite AN and BN (AN=0.12, BN=1.78 and AN=1.82, 

BN=0.54 mgKOH/g) were compared, Fig. 19. The oil recovery in the secondary 

process using high saline brine was different, but the low salinity EOR-effect was 

quite similar. Thus, both basic and acidic material in the crude oil contributed to the 

adsorption onto actual clay minerals. 

Insert Fig. 19. 
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 Effect of salinity and pH on adsorption: The adsorption of the basic component 

Quinoline, which is present in crude oils, onto kaolinite, decreased as the salinity 

increased at pH=5 and 8, Fig. 20. The change in pH has a much larger effect on the 

adsorption of basic components onto kaolinite than the change in salinity from 0 to 

25000 ppm, supporting the fact that an increase in pH as the injected water is switched 

from high to low salinity will desorb organic material from the clay. Due to the 

competition between the active cations, especially Ca2+, and basic material towards the 

negatively charged sites on the clay surface at a given pH, the adsorption of quinoline 

decreased as the salinity increased. This is not in line with a low salinity mechanism 

based on dilution of the electrical double layer as proposed by Ligthelm et al. 

(Ligthelm et al., 2009) The reversibility in the adsorption of quinoline onto kaolinite at 

high and low salinities is illustrated in Fig. 21. Note that at pH = 2.5, the adsorption of 

the protonated base decreases because protons, H+, become active in the adsorption 

onto the clay. Proton is the cation with the highest affinity towards the clay surface. 

Similar observations have also been observed for illite. 

Insert Figs 20 and 21 

Also the adsorption of acidic material present in the crude oil is strongly affected by the pH of 

the formation brine, as illustrated by the adsorption of benzoic acid onto kaolinite, which 

showed a decrease in maximum adsorption from 3.7 to 0.1 mole/m2 as the pH increased 

from 5.3 to 8.1; Table 2 (Madsen and Lind, 1998). Thus, both basic and acidic material in the 

crude oil will adsorb onto clay minerals, and the adsorption decreased as pH increased in the 

interval 5 to 9.     

 

4.  Field examples and EOR-possibilities 

The question is now: “Will improved chemical understanding of the EOR-mechanism of 

smart water obtained by systematic laboratory studies in carbonates and sandstones be 

reflected in the observations experienced from the field?” In the next sections results from 

field observations in carbonates and sandstones will be discussed in relation to the suggested 

mechanisms for enhanced oil recovery by smart water.  
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4.1 Carbonates 

The fractured chalk reservoir Ekofisk in the Norwegian sector of the North Sea has been 

flooded with seawater for about 25 years with a tremendous success. The prognoses for the oil 

recovery have increased as the knowledge of fluid rock interaction has improved. The 

prognoses today are slightly above 50%, but it is not surprising if the recovery approaches 

55% of OOIP. Since the first work on wetting properties of core material from the different 

formations: Tor, Lower and Upper Ekofisk by Torsæter (Torsaeter, 1984), which indicated 

that the upper Ekofisk was too oil-wet to be water-flooded, improved chemical understanding 

from laboratory tests and field experience have been obtained, and there is no longer any 

doubt that seawater has an impact on the wetting properties and also on the rock mechanics 

(Austad et al., 2008a). Due to water weakening of the chalk by seawater, the compaction of 

the reservoir still takes place, about 12 cm/year, even though the reservoir pressure is 

increased up to the initial pressure. After breakthrough of SW in the production wells, the 

concentration of Mg2+ and SO4
2- in the produced water was reduced and Ca2+ was enriched 

compared to a pure mixture of formation and seawater without any chemical reactions taking 

place in the reservoir, Fig. 22 (Puntervold et al., 2009). Thus, we see the same fluid rock 

interaction in the field as is observed in small core samples in the laboratory. The high 

reservoir temperature in the Ekofisk, 130 oC, is excellent for SW to act as a wettability 

modifier, and the injected SW can imbibe from the fractures into the matrix blocks and both 

oil and initial formation water will be displaced into the fractures and transported through the 

fracture system to the producers.  

Insert Fig. 22. 

Provided that the most oil-wet Upper Ekofisk has not been flooded with SW yet, laboratory 

studies indicate that about 10% of OOIP extra oil can be recovered if the seawater is modified 

by removing the non-active salt, NaCl (Fathi et al., 2010a). Due to the high reservoir 

temperature the injected seawater should not be spiked with sulfate because of precipitation of 

anhydrite, CaSO4(s). 

The other fractured chalk field in the North Sea, the Valhall field, has a reservoir temperature 

of 90 oC, significantly lower than the Ekofisk. The performance of the wettability alteration 

process with SW is therefore not as good as for Ekofisk, and in general, the Valhall field is 

much less water wet than the Ekofisk field. This is also reflected by the acid numbers of the 

crude oils, about 0.1 and 0.35 mgKOH/g for Ekofisk and Valhall, respectively. Injection of 
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SW into the Valhall field has started, and it was confirmed by systematic studies at reservoir 

conditions by BP, that SW improved the oil recovery significantly compared to formation 

water (Webb et al., 2005b). In the spontaneous imbibition process, sulfate free FW produced 

oil corresponding to 0.224 PV, while the SW increased the oil recovery to 0.31 PV, which is 

an increase in oil recovery of 40%. In a forced imbibition process using a differential pressure 

over the core of 1 psi, the oil recovery increased from 45%PV with FW to 60%PV with SW.  

Thus, also at 90 oC SW acted as a smart EOR-fluid in fractured chalk. Due to the lower 

reservoir temperature compared to that of Ekofisk, significant improvements in oil recovery 

compared to SW could be obtained by injecting modified SW, i. e. SW depleted in NaCl and 

spiked with sulfate, 3-4 times the concentration present in ordinary SW. Laboratory 

experiments indicated an increase in oil recovery compared to SW of 20-25% of OOIP (Fathi 

et al., 2010a).  It is just a question of being able to produce the modified SW in a simple and 

cheap way. 

Great success has also been reported by injecting SW into non-fractured limestone reservoirs. 

Pipelines are transporting seawater from the Gulf and into the desert in Saudi Arabia to be 

injected into limestone reservoirs with great success in oil recovery. Depending on the nature 

of the reservoir, improvements in oil recovery could be obtained by modifying/diluting the 

SW as recently reported by Yousef et al. (Yousef et al., 2010) As pointed out previously, in 

order to observe a low salinity EOR-effect in carbonates, the matrix must contain anhydrite.   

 

4.2 Sandstones 

BP has the greatest experience in applying the low salinity technique in the field. Through a 

number of single well tests (McGuire et al., 2005; Seccombe et al., 2008), and also an 

interwell test, incremental oil recovery corresponding to 10% of the total pore volume in the 

swept area has been demonstrated (Seccombe et al., 2010). After being aware of the low 

salinity EOR-effects on oil recovery by water flooding, a historical field evidence study was 

undertaken by Robertson (Robertson, 2007) looking at different fields in US. It was found 

that the recovery from fields using lower salinity injection water was greater than that using 

higher salinity injection water. Furthermore, people from Shell have suggested that the Omar 

field in Syria showed a change in wettability from oil wet to a water wet system in a 

secondary low salinity water flood, leading to an associated incremental oil recovery of 10-

15% of the STO initially in place (Vledder et al., 2010). 
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BP has collected data from the field tests like changes in the chemical composition of the 

produced water, and interpreted these observations to give field evidence for the suggested 

muliticomponent ion exchange, MIE, mechanism (Lager et al., 2008b; Lager et al., 2011; 

Seccombe et al., 2010). Normally, the concentration of similar and non-reactive ions in the 

formation and injected water should decrease as breakthrough of the low saline water 

occurred. However, some ions showed an opposite trend, which pointed to specific 

injection/formation water interaction or fluid-rock interactions: 

 The concentration of iron, Fe2+, increased at the same time as the breakthrough of the 

low saline water took place, and then it decreased again as the high saline water was 

produced. It was suggested that the iron coated the clay minerals and formed a bridge 

between the clay and naphthenic acids, and both were released from the surface in 

the MIE mechanism. 

 A great decrease in the Mg2+ concentration occurred, which was too large to be 

related to dilution. Afterwards, as the high salinity water arrived at the producer, the 

concentration increased again. It was explained by the strong participation of Mg2+ in 

the MIE-process, adsorbing onto the clay minerals. 

 The concentration of alkalinity in the form of bicarbonate, HCO3
-, increased during 

the low saline flooding. It was, however, hard to explain this effect, but it was 

suggested that it could be associated with increased organic components dissolved in 

the produced water. Increased dissolution of CO2 in the brine due to lower brine 

salinity was also suggested. 

 The concentration of H2S was slightly decreased, and that was suggested to be due to 

a lower amount of sulfate in the low salinity water, and thereby lower activity of 

sulfate reducing bacteria (SRB), which is believed to be responsible for the Endicott 

souring.  

The Endicott reservoir contained significant amount of sour gases, CO2 and H2S, when the 

low saline brine was injected, which will act as buffers for the brine. This means that the pH 

of the formation brine is well below 7, and strong adsorption of acidic and basic material from 

the crude oil onto the clay minerals will take place, i. e. the clays become partly oil wet. If it is 

accepted that a local increase in pH occurred at the clay-brine interface as active cations, Ca2+ 

etc., were desorbed from the clay surface as the low saline water invaded the pore system, it is 

very easy to explain all of the above mentioned observations (Austad et al., 2010; 

RezaeiDoust et al., 2011):  
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 If some of the iron is present in the formation as FeS, which is not unreasonable, the 

solubility of FeS(s) is increased by 4-5 orders of magnitude in an alkaline environment 

due to complex formation, Fe(OH)+. 

 The decrease in Mg2+ can be related to precipitation of Mg(OH)2 as the pH increased 

to 8-9. 

 The concentration of alkalinity in the brine is a direct increase in dissolution of CO2 

into an alkaline solution. The chemical equilibrium :  CO2 + H2O ↔  [H2CO3]  ↔   H+  

+ HCO3
-  will move to the right as the pH is increased. 

 Similarly, the concentration of H2S will decrease due to an ordinary acid-base 

reaction:  H2S  +  OH-  =  HS-  + H2O. 

Thus, no sophisticated geochemical modeling is needed to explain the observations. It is 

correct that no increase in pH was observed in the produced water, instead a small decrease 

was noticed. Due to the great buffering effects of chemical components present in the 

reservoir, an increase in pH is not expected to be recorded in the produced water.  

 

4.3 Statoil Snorre pilot. 

Statoil performed a low salinity single well  pilot test in the Snorre field recently, even though 

the laboratory core flooding experiments only indicated a very low EOR-effect of 2% of 

original oil in place (Skrettingland et al., 2010). Laboratory tests were performed on the core 

material from the following formations: Upper Statfjord, Lower Statfjord, and Lunde. The 

field test, which was performed in the Upper Statfjord formation, confirmed, however, the 

laboratory investigation showing no significant change in the oil saturation after switching 

from seawater (34020 ppm) to the low salinity water, 440 ppm. In general, the condition for 

observing low salinity EOR-effects should be present in the Snorre formation. The STO oil 

contained polar components, the acid number was low, AN=0.02 mgKOH/g, but the base 

number was quite high, BN=1.1 mgKOH/g. Although the salinity of the formation water was 

close to the salinity of seawater, 34300 ppm, the concentration of Ca2+ was 3-4 times higher 

than in seawater. Kaolinite was the main clay material, and it varied between 10-20 wt%. The 

reservoir temperature was 90 oC. What was the reason for such a small low salinity EOR-

effect? 
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It was mentioned by Skrettingland et al. (Skrettingland et al., 2010) that parameters such as 

the type of crude oil and the initial wetting conditions could be crucial. The low content of 

organic acid in the Snorre oil could be one factor that contributed to the small low salinity 

EOR-effect. The authors also noticed an unusually high pH of the produced water, about 

pH=10. 

A new study (Reinholdtsen et al., 2011) using the core material from the Lunde formation 

confirmed that the pH of the effluent was quite high when flooding the core with formation 

water during core preparation with pH about 10.  The Snorre STO was saturated by CO2 at a 

pressure of 6 bar, to hopefully decrease the pH of the initial formation water during aging. 

The oil recovery from one of the cores is shown in Fig. 23. The flooding sequence was: FW, 

SW, and 500 ppm NaCl as the low salinity fluid. The oil recovery by FW was slightly above 

51% of OOIP, and it increased to 55% by SW, but no increase in oil recovery was noticed by 

the low saline water or by increasing the flooding rate 2 and 4 times. Thus, a small tertiary 

low salinity EOR-effect was noticed by flooding the core with SW, which has a similar 

salinity as formation water, but it contained 3 times lower concentration of Ca2+ compared to 

that in the FW. In line with the suggested mechanism, it is not the change in salinity, which is 

most important, it is the change in the concentration of the most active cation, Ca2+. The 

concentration of Mg2+ in SW is 6.4 times higher than that in the FW, but that appeared to be 

of negligible importance.  

Insert Fig. 23 

Further inspection of the composition of the rock minerals confirmed that the core material 

from the Snorre field contained significant amounts of Plagioclase, 6-35 wt%. Plagioclase is a 

polysilicate, and Albite with the chemical structure: NaAlSi3O8 is often used as an example. In 

water, the Plagioclase will give an alkaline solution according to the following reaction: 

NaAlSi3O8  +  H2O  ↔   HAlSi3O8 +  OH- + Na+ 

At moderate salinities, like for the Snorre formation water, Na+ can be substituted by H+, and 

the pH of the solution increases. Even though the crude oil was saturated with CO2, the first 

brine eluted from the core had a pH well above 7, Fig. 23b. Thus, the presence of reactive 

Plagioclase minerals has a buffering effect on the formation brine, and the equilibrium pH 

will be above 7, which will decrease adsorption of basic and acidic components from the 

crude oil onto the clay minerals. The very low AN and the reasonable high BN of the Snorre 
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crude oil, indicate that the wetting properties of the clay minerals are mostly dictated by basic 

material from the crude oil.  The fraction of protonated pyridine-like base at pH > 7 is low, 

which will decrease the adsorption of basic material onto the clay (Austad et al., 2010; Burgos 

et al., 2002). Thus, due to the relatively high pH of the formation water, pH≈7.5, the clay 

minerals will act quite water wet, and the potential for observing low salinity effects becomes 

small. 

Thus, in light of improved chemical understanding of the low salinity EOR-mechanism, it 

should be possible in the future to evaluate the low salinity EOR- potential for oil fields.    

 

5. Conclusion 

Injection of Smart Water can improve oil recovery significantly from both carbonates and 

sandstones. In order to design an optimized smart water, detailed chemical knowledge about 

the crude oil-brine-rock, CBR, interaction is needed and must be obtained from systematic 

laboratory studies under controlled conditions. The improved chemical understanding of 

wettability alteration can be used to explain field observations and evaluate possible water 

based EOR-potential. The work presented in this paper is a small but important step in that 

direction.   
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Table 1. Composition of Ekofisk formation water and seawater as mole/l. 

 Comp.  Ekofisk Seawater    

 Na+  0.685  0.450   

 K+  0  0.010   

 Mg2+  0.025  0.045   

 Ca2+  0.231  0.013   

 Cl-  1.197  0.528    

 HCO3
-  0  0.002    

 SO4
2-  0  0.024 

 

 

Table 2. Adsorption of benzoic acid onto kaolinite using a 0.1 M NaCl solution at 32 oC 

(Madsen and Lind, 1998). 

pHinitial 
max   
mole/m2 

5.3 3.7 

6.0 1.2 

8.1 0.1 
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Fig. 1. Spontaneous imbibition into chalk cores saturated with different 
oils (Standnes and Austad, 2000a). 
 

 

 
Fig. 2. Spontaneous imbibition of formation water, FW, and seawater, SW, into a reservoir 
limestone core at 130 ºC (Ravari et al., 2010). 
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Fig. 3. Low salinity effects in sandstone (Austad et al., 2010). 

 

 

 
 
Fig. 4. Oil recovery by spontaneous imbibition of sulfate modified SW 
into chalk cores at 100 °C (Zhang and Austad, 2006). 
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Fig. 5. Oil recovery by spontaneous imbibition of Ca2+ modified SW 
into chalk cores at 70 °C (Zhang et al., 2006). 
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a. 
 

 
 
b. 

  
Fig. 6. (a): The retardation of sulfate increases as the temperature increases.  
(b): The decrease in Ca2+ concentration increases as the temperature increases 
(Strand et al., 2006a). 
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a. 20 °C 
 

 
 

b. 130 °C 
 

 
 
Fig. 7. (a): Ca2+ is more strongly adsorbed onto chalk at low temperature. 
(b):  Mg2+ is strongly retarded at high temperature, and Ca2+ is substituted by Mg2+ at the 
chalk surface (Zhang et al., 2007a). 
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Fig. 8. The effects of potential determining ions and temperature on spontaneous imbibition 
into preferential oil-wet chalk (Zhang et al., 2007a). 
 

 

 
 
Fig. 9. Illustration of the suggested chemical mechanism for wettability alteration of 
carbonate by SW (Zhang et al., 2007a). 
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Fig. 10. Maximum oil recovery from chalk cores at 100 and 130 oC when different imbibing 
fluids were used (SW with varying SO4

2- conc.). Oil: AN=2.07 mgKOH/g) (Zhang and 
Austad, 2006). 
 

 

 

 
Fig. 11. Spontaneous imbibition into chalk cores at 90 °C using different imbibing fluids: 
formation water, VB, seawater, SW, seawater depleted in NaCl, SW0NaCl, and seawater 
depleted in NaCl and spiked with 4 times SO4

2- compared to SW, SW0NaCl-4SO4. Oil with 
AN=0.50 mgKOH/g, Swi=0.10 (Fathi et al., 2010a). 
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Fig. 12. Improved oil recovery by SW both by spontaneous imbibitions and viscous flood. 
For comparison, the oil recovery was plotted in the same diagram as a function of time 
(Strand et al., 2008). 
 

 

 

 

 
 
Fig. 13. Spontaneous imbibition of mixtures of produced water, PW, and SW in 
the volume ratios: 1:1, 1:2, and 1:8, respectively. The results are compared by 
using PW: (1) In an imbibition process, (2) In a displacement process. Finally, 
the core was flooded with SW to verify the EOR-potential (Puntervold et al., 
2009). 
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a. 

 
 
b. 

Fig. 14a.  The Core 5B was flooded by FW and 100× diluted FW at 110 and 70 °C. Crude oil 
AN≈ 0.70 mgKOH/g. 
Fig.14b. Concentration of SO4

2- in the effluent vs. injected PV (Austad et al., 2011). 
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Fig. 15.   Dissolution of CaSO4 when exposed to FW, 10 and 100 times diluted FW at 
different temperatures as modeled by the OLI software. Pressure: 10 bars (Austad et al., 
2011). 
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Fig. 16. Proposed mechanism for low salinity EOR effects. Upper: Desorption of basic 

material. Lower: Desorption of acidic material. The initial pH at reservoir conditions may be 

in the range of 5 (Austad et al., 2010). 

Clay

N
H Ca2+

O

H

H

Clay

N
H Ca2+

Clay

N
Ca2+

H+H
O

H

C H
O

H

Clay

Ca2+H+

R

H
O

O 
H

O
H

Clay

Ca2+

H+H+

R

O
-

CO 

Clay

Ca2+H+

R

H
O

O C



41 
 

 

a. 

b. 

 
 
Fig. 17a:  Crude oil recovery curve for brine composition tests. 
Fig. 17b:  pH change caused by different LS brines (RezaeiDoust et al., 2011). 
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Fig. 18. Effect of CO2  (initial pH of FW) on oil recovery by a tertiary low 
salinity flood (RezaeiDoust et al., 2011). 
 

 

 
Fig. 19. Tertiary low salinity effect in cores containing a basic (B-15) and an acidic (B-11) 
crude oil (RezaeiDoust et al., 2011). 
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Fig.20.  Adsorption of quinoline onto kaolinite at room temperature as a 
function of brine salinity at pH 5 and 8 (RezaeiDoust et al., 2011). 
 

 
Fig. 21. Adsorption reversibility by pH variations in systems containing 
quinoline, kaolinite and brine at room temperature (1000 ppm in samples 
1-6 and 25000 ppm in samples 7-12) (RezaeiDoust et al., 2011). 
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Fig. 22.  Calculated and measured component concentration in produced water, PW, linked 
to substitution of Ca2+ by Mg2+ at the rock surface, adsorption of SO4

2- onto the rock and 
precipitation of CaSO4. The PW contained 73.6 vol% SW and 26.4 vol% FW (Puntervold et 
al., 2009). 
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a. 
 

b. 
 

Fig. 23a.  Oil recovery vs. injected PVs. Flooding rate of 2 PV/D. Sequence of injected fluid: 
(1) FW, (2) SW, (3) Low saline water 500 ppm NaCl, (4) and (5) Increased flooding rate.  
Tres = 90 oC. 
Fig. 23b.  Salinity and pH vs. PVs injected (Reinholdtsen et al., 2011). 
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