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Summary 

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

injected brine to achieve a better oil recovery. While the subject has been extensively researched during 

the past decades, the acting mechanisms of advanced waterflooding are not fully clarified, especially, for 

carbonate reservoirs. The purpose of this project is to summarize current research progress, further 

investigate promising mechanisms and explore previously uncovered aspects, especially, under the 

conditions of North Sea reservoirs. 

The first part of the study is an updated and comprehensive literature review of smart waterflooding in 

carbonate reservoirs. The potential recovery mechanisms were classified into two groups: static and 

dynamic. The term “static mechanisms” refers to those that could happen without flow. Wettability 

alteration, double layer expansion, surface ion exchange, surface complexation, etc. belong to this group. 

On the other hand, the term “dynamic mechanisms” refers to those that occur during the flow, like fines 

relocation, flow diversion, emulsification, etc.. The numerous experimental works were categorized and 

the key information was extracted to identify the status of current research. 

The second part of the project focuses on the kinetics of calcite dissolution and Ca-Mg exchange on chalk 

surfaces. These processes have been proposed by several researchers as the potential causes of additional 

recovery. The kinetics of such processes is essential to evaluate their significance in flow-through 

scenarios. Experimental works were carried out with commercial calcite powder and powders made from 

Stevns Klint outcrop and North Sea reservoir chalk. It was found that the dissolution of all three materials 

is similar. The equilibrium time is in the order of seconds and the equilibrium concentration is a few 

milligrams per liter. This means in the flooding experiments, calcite dissolution can only affect the inlet 

of the core, even after tens or hundreds of porous volume injected (PVI). Considering the amount of PVIs 

involved in common flooding experiments, it does not seem to be able to cause large additional recovery.  

On the other hand, Ca-Mg exchange showed slow kinetics. The process kept going throughout the two 

weeks experimental period and did not stop at the end of the experiments. A two-layer model was 

proposed to describe the process and it fitted well with experimental data. The predicted exchange 

capacity of the calcite/chalk surfaces is in the order of 10-5 mol/m2/layer. These facts indicate that Ca-Mg 

exchange has only little impact on laboratory experiments. However, on the reservoir scale, where the 

range of time is much larger, it may be of more importance. 

The third part of the thesis investigates the effect of flow diversion during smart waterflooding. Core 

flooding experiments were performed on sandstone and chalk reservoir cores. Based on the CT scanning 

images, homogeneous and heterogeneous cores were selected for both types of rock. It was found that the 

flow diversion mechanism can occur in both sandstone and chalk cores. However, the plugging agents 

that trigger this mechanism are different. The emulsions and precipitated fines worked in chalk, and most 

probably clay particles affected the recovery in the sandstone. The additional recovery was consistently 

observed from heterogeneous cores, which suggests that heterogeneity could amplify the effect of flow 

diversion. A simplified multi-layer model was employed to simulate the experiments. It was able to match 

well with experimental data, supporting the above-mentioned mechanisms. 

The last part of the project studies the effect of chalk compaction on oil recovery. Core flooding 

experiments with simultaneous measurement of core length were conducted with Stevns Klint outcrop 

and North Sea reservoir cores. Again, heterogeneous and homogeneous cores were selected based on their 
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CT scanning images. The displacement of oil by water caused slight compaction in both types of rocks. 

This is consistent with the existing theory of water weakening of chalk. Subsequent injection of low 

salinity brines did not lead, neither to further compaction nor to additional recovery. Significant 

compaction caused by increasing of overburden pressure resulted in small additional recoveries in both 

heterogeneous and homogeneous outcrop cores and a considerable (compared to a homogeneous core) 

additional recovery from the heterogeneous reservoir core. A characteristic calculation showed that the 

additional production was correlated to the heterogeneity of the cores. The flow diversion mechanism was 

discussed in this context. 

Overall, the current project shows that static mechanisms are not enough to explain the diverse 

experimental observations. Dynamic mechanisms that are related to the flow need further investigation. 
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Dansk Resumé 

Avanceret eller ”Smart waterflooding” er et udtryk, der betegner brugen af saltvand med en modificeret 

ionisk sammensætning for at opnå en højere udvindingsgrad af olie. På trods af, at der har været forsket i 

emnet de sidste årtier, er der især for karbonat reservoirer stadig uklarhed omkring de mekanismer, der 

optræder i avanceret waterflooding. Formålet med dette projekt er, at opsummere de seneste fremskridt i 

forskningen, at undersøge yderligere lovende mekanismer og at udforske emner, der især under de 

forhold, der gør sig gældende i reservoirerne i Nordsøen, endnu ikke er blevet afdækket.  

Første del af studiet var et opdateret og fyldestgørende litteraturstudie af ”Smart waterflooding” i 

karbonat reservoirer. De potentielle udvindingsmekanismer var klassificeret i to grupper: statiske og 

dynamiske. Begrebet ”statiske mekanismer” henviser til de mekanismer, der sker uden gennemstrømning 

(flow) så som modifikation af fugtpræference (wettability), dobbeltlags udvidelse (double layer 

expansion), overflade ionbytning (surface ion exchange), overflade kompleksdannelse (surface 

complexation) osv. som alle tilhører denne gruppe. Begrebet ”dynamiske mekanismer” henviser til de 

mekanismer, der forekommer under strømning, såsom relokering af finkornet materiale (fines relocation), 

strømningsafledning (flow diversion), emulgering osv. Det omfattende eksperimentelle arbejde er 

kategoriseret, og de vigtigste informationer fra den nuværende forskning er blevet identificeret.  

Anden del af studiet fokuserede på kinetikken ved opløsning af kalcit og på udveksling mellem Ca og Mg 

på kalkoverfladerne. Disse processer har af flere forskere været foreslået som potentiel årsag til øget 

udvinding og forståelsen af disse processers kinetik er derfor essentielt for at kunne evaluere deres 

indflydelse på gennemstrømmende (flow-through) scenarier. De eksperimentelle forsøg blev udført med 

kommercielt kalcit pulver og pulver lavet af kalk fra Stevns Klint og fra Nordsø reservoiret. Det viste sig, 

at opløsningen af alle tre materialer lignede hinanden. Tiden indtil ligevægt er i størrelsen sekunder og 

ligevægts-koncentrationen er et par milligram per liter. Dette betyder, at i ”flooding”-eksperimenterne kan 

kalcit-opløsningen kun påvirke ende fladen af kernen, selv efter injektion af ti eller hundrede porøsitets-

volumener (PVI). Dette tyder på, at med de mængder af PVI, der er involveret i de almindelige ”flooding” 

eksperimenter, vil denne effekt ikke kunne resultere i en øget udvinding.   

På den anden side viste udveksling mellem Ca og Mg langsom kinetik. Processen fortsatte hele 

forsøgsperioden på to uger og stoppede ikke, da eksperimenterne sluttede. En to-lags model var foreslået 

til at beskrive processen og den var i overensstemmelse med de eksperimentelle data. Den forventede 

udvekslingskapacitet af kalcit/kalk overfladerne er i størrelsen 10-5 mol/m2/lag. Disse fakta indikerer, at 

Ca-Mg udveksling kun har en lille påvirkning på laboratorieeksperimenter. Dog, på reservoir skala, hvor 

tidsintervallet er større, kan det have større betydning.  

Tredje del af studiet undersøgte effekten af strømningsafledningen under ”Smart waterflooding”. 

Kerne ”flooding” eksperimenter er udført på sandsten og kalk reservoir kerner og hvor både homogene og 

heterogene kerner er udvalgt baseret på CT scannings-billeder. Eksperimenter viste, at 

strømningsafledningen (flow diversion) sker både i sandsten og kalk kerne, dog er de blokerende 

elementer (plugging agents), der udløser denne mekanisme, forskellige. I kalken blokerede emulsioner og 

udfældet finkornet materiale, mens det i sandsten højst sandsynligt var ler-partikler, som påvirkede 

udvindingsgraden. Øget udvinding blev konsekvent observeret fra de heterogene kerner, hvilket tyder på, 

at heterogenitet kan forstærke effekten af strømningsafledningen. En simplificeret multilags-model blev 

anvendt for at simulere eksperimenterne. Modellen var i overensstemmelse med de eksperimentelle data og 

understøttede derved teorien om de førnævnte mekanismer.  
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Sidste del af projektet undersøgte kalkens kompakteringseffekt på oliens  udvindingsgrad.  Kerne ”flooding” 

eksperimenter med sideløbende målinger af kernens længde, er udført på kerner fra Stevns Klint og fra Nordsø 

reservoiret. Igen var både heterogene og homogene kerner udvalgt baseret på CT scannings-billeder. Vands 

fortrængning af olie forårsagede en mindre kompaktering i begge typer af bjergart. Dette er i 

overensstemmelse med den eksisterende teori om vands svækkelse af kalk. Efterfølgende injektion af 

saltvand med lavt saltindhold ledte ikke til hverken yderligere kompaktering eller yderligere udvinding. 

Betydelige kompaktering forårsaget af en stigning i det omkringliggende tryk, resulterede i en begrænset 

mængde ekstra udvundet olie i både de heterogene og homogene Stevns Klint kerner og en betydelig 

(sammenlignet med en homogen kerne) ekstra indvinding fra de heterogene reservoir kerner. En 

karakteristisk udregning viste, at den ekstra produktion hang sammen med heterogeniteten af kernerne. 

Effekten af strømningsafledningen (flow diversion) blev diskuteret i denne sammenhæng.  

Samlet set viser det aktuelle projekt, at statiske mekanismer ikke er nok til at beskrive de forskellige 

eksperimentelle observationer. Dynamiske mekanismer, som er relateret til strømningen, kræver 

yderligere undersøgelse.  
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Chapter 1. Introduction 

1.1 Why smart waterflooding in the North Sea chalk reservoirs? 

The discovery and production of the Danish North Sea oil can be dated back to the early 1970s. The 

primary depletion of the reservoirs lasted until the 1980s, then water injection projects were launched one 

after another from the late 1980s (The Danish Hydrocarbon Research and Technology Centre, 2019). 

Nowadays the reservoirs are at the late stage of development and the production has a high water cut. 

Thus, an effective EOR method should be applied to those reservoirs. 

The North Sea chalk reservoirs are characterized as high porosity, low permeability (0-10 mD) and are 

naturally fractured (Fabricius, 2007; Agarwal et al., 1997; Agarwal et al., 2009). Such properties 

eliminate the possibility of some mature recovery technologies such as polymer and surfactant flooding: 

the injectivity would severely decline and the high retention of the injected chemicals would not allow 

them to travel far from the injectors. 

Alternatively, modification of the ionic composition of the injection brine and utilization of the reactive 

nature of carbonate surfaces may be an option. This recovery method is commonly referred to as smart 

waterflooding (Hao et al., 2019). Various chemical and physicochemical processes can happen during 

flooding, which may consequently change the characteristics of the displacement process and produce 

additional oil (Yutkin et al., 2016). In recent years, numerous studies have attempted to reveal the 

mechanisms of such processes, however, the conclusion is still far from definite. 

1.2 Overview of the current stage of smart waterflooding: sandstone and 

chalk 

Smart waterflooding as a method to enhance oil recovery has been studied for over two decades. The first 

dedicated research for it as an enhanced oil recovery (EOR) method was made for sandstone rocks: 

injection of low salinity brines resulted in additional recovery (Tang & Morrow, 1999). Many studies 

attributed the additional recovery to the clay content in the rock (Jackson et al., 2016). Upon injection of 

low salinity brines, clay particles may be detached from the rock surface and enter the flow. Further 

capture of the particles by pore throats may lead to a diverted flow of water into the inswept zones and 

produce additional oil. On the other hand, the surfaces of clay particles are active, oil can adsorb on them 

through chemical or physical bonds. Injection of low salinity brine may alter the surface properties of clay 

particles. As a result, oil detaches from clay and joins the flow, eventually being produced from the core 

or the reservoir. 

It was not until recently that the research was extended to carbonate rocks, where the problem became 

more complicated, and the opinions from researchers were more diverse. For carbonate rocks, the term 

‘smart waterflooding’ is more often used (Hao et al., 2019). This is because, apart from reducing the 

salinity of the injection water, adding salts that contain magnesium, calcium, sulfate or other ions has also 

been extensively studied. Removing particular ionic components from the brine was attempted as well. 

Behind the various approaches to modify the ionic composition of injection water lays the lack of 

understanding of the fundamental mechanisms governing the additional recovery. Many mechanisms 

involving surface electrostatic interactions, chemical processes, and flow dynamics have been discussed. 

Along with the increasing diversity of the proposed potential mechanisms, the complexity to evaluate the 

significance of the individual phenomena in separation from other mechanisms is also problematic. The 
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numerous experimental observations are sometimes inconsistent, and, in rare cases, contradictory. 

Apparently, there are some gaps to fill up and some relationships that worth further investigation. 

1.3 Previously uncovered problems in the research 

One of the widely discussed potential mechanisms is the wettability alteration of the rock surface under 

flooding the cores with magnesium-containing brines. The magnesium ions in the brine can substitute the 

calcium ions from carbonaceous rock, which releases the initially adsorbed carboxylic components from 

the surface (Zhang, Tweheyo, & Austad, 2007). This mechanism is extensively researched to understand 

its optimum working conditions and significance for enhanced oil recovery. However, one of the 

fundamental questions about this mechanism has not been studied to the full extent: how fast is the ion 

exchange process and how much ions can be exchanged during a reasonable experimental time? The 

answer to this question is crucial to quantitatively evaluate the importance of this process of improving oil 

recovery. 

An important factor that is rarely mentioned in the literature is the physical structure of the cores that 

were used in the experiments, namely, heterogeneity/homogeneity of the cores. A lot of effort has been 

put on the research of chemical or physicochemical processes during smart waterflooding, which is, 

indeed, important to reveal the acting mechanisms. However, one should not neglect the crucial role of 

heterogeneity of the core itself, as it may create very different flow characteristics even under similar 

experimental conditions (Halim, et al., 2015; Mohammadkhani et al., 2019). The proposed 

physicochemical mechanisms, such as emulsification and fines relocation, may be combined with the 

flow characteristics induced by heterogeneity and result in a more effective hybrid recovery process. Such 

a hypothesis needs further investigation. 

The relationship between smart waterflooding and water weakening of chalk is another uncovered topic 

(Hao & Shapiro, 2019). The link between them has not been explicitly studied but it appears to be strong. 

Some common mechanisms, such as calcite dissolution and adsorption of divalent ions, etc., were 

proposed in the literature of smart waterflooding and chalk weakening. Meanwhile, studies have shown 

that compaction of the reservoir could facilitate oil production by adding additional pressure support 

(Chin & Thomas, 1999). Hence, the link becomes obvious: smart waterflooding results in weaker chalk, 

weakened chalk then gets compacted by overburden pressure, more oil can potentially be produced due to 

compaction.  

1.4 Objectives of this Ph.D. project 

Based on the current status of the research progress, this project is dedicated to further explore the 

promising mechanisms and to shed light on the currently being overlooked factors. The objectives of the 

study are: 

1. To analyze the published research outcomes and to categorize the proposed potential mechanisms 

of smart waterflooding. To identify the most promising possible mechanisms, as well as gaps 

under the current scope of research. 

2. To investigate the kinetics of calcite/chalk dissolution and Ca-Mg ion exchange on the 

calcite/chalk surfaces. 

3. To evaluate the impact of calcite dissolution and Ca-Mg ion exchange during the flooding 

process. To analyze their potential contribution to oil recovery by comparison with literature data. 
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4. To identify potential mechanisms for additional oil production associated with heterogeneity and 

evaluate their significance. 

5. To study the relationship between smart waterflooding and chalk compaction. 

6. To investigate the contribution of chalk compaction on oil recovery. 

1.5 Thesis outline 

The thesis contains six chapters. The first two chapters present the motivation of the project and an 

updated literature review, respectively. The next four chapters contain the experimental and modeling 

work, as well as the derived conclusions. A brief overview of each chapter is given below. 

Chapter 1 introduces the motivation and general background of the project, as well as the research goals 

and organization of the thesis. 

Chapter 2 is based on a published paper that addresses the first research objective. In this chapter, the 

proposed potential mechanisms in the literature are grouped into two major categories: static and 

dynamic. The term “static mechanisms’’ refers to those that could occur without the flow, such as surface 

ion exchange and wettability alteration, etc.. The term “dynamic mechanisms’’ corresponds to the ones 

that take place with the flow, such as fines migration and flow diversion, etc. The literature review 

clarifies the future directions of the research: more fundamental experimental analysis is needed to 

examine the chemical processes; dynamic mechanisms may also play an important role, they should not 

be overlooked. 

Chapter 3 presents the investigation of the kinetics of calcite dissolution and Ca-Mg ion exchange on the 

calcite surface. This chapter addresses the second and third research objectives. Static experiments were 

performed with a commercial calcite powder and the powders produced from Stevns Klint outcrop chalk 

and North Sea reservoir chalk. A two-layer model was proposed to approximate experimental results. The 

model was also coupled with the transport equations to match with literature data. The fast equilibration 

of calcite dissolution makes it unlikely to be the cause of the reported additional recovery. The slow 

kinetics of Ca-Mg ion exchange cannot explain the experimental observations, either. However, its effect 

may be more significant on the reservoir scale. 

Chapter 4 contains the study of flow diversion in homogeneous and heterogeneous cores, addressing the 

fourth research objectives. The core flooding experiments were performed with specially selected chalk 

and sandstone cores, with different levels of heterogeneity. Similar flooding procedures were applied to 

each type of rock. The additional production was consistently observed from heterogeneous cores. 

Meanwhile, indications of a flow diversion process were observed (an increase of pressure drop, 

production of emulsions and fines). A simplified multi-layer model that represents the flow diversion 

mechanism was able to reproduce the experimental data. Heterogeneity, combined with the flow 

diversion mechanism, appeared to be a reasonable explanation of the observations. 

Chapter 5 presents the study of the effect of chalk compaction on oil recovery, addressing the fifth and 

sixth research objectives. The core flooding experiments were performed with Stevens Klint outcrop and 

North Sea reservoir chalk cores. Each type of rock was represented by a homogeneous and a 

heterogeneous sample. The lengths of the cores were monitored by a linear variable differential 

transformer (LVDT) during the flooding and compaction. The natural water weakening of chalk turned 

out to be insignificant in the experiments, the compaction occurred only during the secondary flooding 

process. Forced compaction by increasing overburden pressure resulted in additional recovery from the 
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cores. The additional recovery was larger in the heterogeneous cores than the homogeneous ones. 

Characteristic analysis of the production suggests that the additional recovery could be related to the 

heterogeneity of the cores. 

1.6 List of research papers and conference contribution 

Published article: 

Hao, J., Mohammadkhani, S., Shahverdi, H., Esfahany, M., & Shapiro, A. (2019). Mechanisms of smart 

waterflooding in carbonate oil reservoirs – A review. Journal of Petroleum Science and Engineering, 

179(January), 276-291. (Chapter 1) 

Conference contributions: 

Hao, J., Mohammadkhani, S., Louise Feilberg, K. and Shapiro, A. (2019). Smart Waterflooding of 

Homogeneous and Heterogeneous Cores from Carbonaceous Reservoir. 81st EAGE Conference and 

Exhibition 2019. London, UK. (Poster) 

Hao, J., and Shapiro, A. (2019). Effect of Compaction on Oil Recovery Under Low Salinity Flooding in 

Homogeneous and Heterogeneous Chalk. SPE Annual Technical Conference and Exhibition  2019. 
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Hao, J., Feilberg, K. L. and Shapiro, A., Kinetics and Calcite Dissolution and Ca-Mg Ion Exchange on 

the Surfaces of North Sea Chalk powders. Submitted to Energy & Fuels. (Chapter 3) 

Hao, J., Nakutnyy, P. and Shapiro A., Effect of Flow Diversion on Oil Recovery Under Smart 
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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 

2.1 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 
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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 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 
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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. 

2.2 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.  

2.2.1 Wettability related mechanisms 

2.2.1.1 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 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). 

Effect of oil 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 



Chapter 2. Recent Advances of Smart Waterflooding in Carbonate Rocks 

- 9 - 

 

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. 

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. 

Effect 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 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 cause diffusiophoresis of the oil drops 

and their joining of the infinite oil cluster. This mechanism needs further study. 

Effect 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). 
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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.  

Discussion 

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). 

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.  

2.2.1.2 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. 

Description and evidence of the mechanism 

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 
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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) 2𝐶𝑎𝐶𝑂3 + 𝑀𝑔2+ = 𝐶𝑎𝑀𝑔(𝐶𝑂3)2 + 𝐶𝑎2+ 

(2) 𝐶𝑎2+ + 𝑅 − 𝐶𝑂𝑂𝐻 → 𝑂𝑖𝑙 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 

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 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. 



Chapter 2. Recent Advances of Smart Waterflooding in Carbonate Rocks 

- 13 - 

 

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.  

Temperature 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 rock type 

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. 

Discussion  

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 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 
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important. In other words, surface ion exchange may not be the sole mechanism responsible for additional 

recovery under smart waterflooding. 

2.2.1.3 Surface charge alteration 

Basic 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 and the DLVO force between a 

negatively charged particle and a negatively charged infinite plane in an electrolyte solution. 

  

(a) (b) 



Chapter 2. Recent Advances of Smart Waterflooding in Carbonate Rocks 

- 16 - 

 

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 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 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 non-potential 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. 
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Effect of pH 

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 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 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. 
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Discussion 

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.  

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. 

2.2.1.4 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. 

Observations of the dissolution 

The calcite dissolution in a diluted brine occurs due to the following chemical reactions: 

𝐶𝑎𝐶𝑂3 ⇔ 𝐶𝑎2+ + 𝐶𝑂3
2−

  (3) 

𝐶𝑂3
2− + 𝐻2𝑂 ⇔  𝐻𝐶𝑂3

− + 𝑂𝐻−  (4) 

Additionally to calcite, dissolution/precipitation of magnesite and sulfate may take place (eqs. 3 and, 

correspondingly)  (Alexeev, 2015): 

𝑀𝑔𝐶𝑂3 (𝑠) + 𝐻+ ⇔  𝑀𝑔2+ + 𝐻𝐶𝑂3
−

  (5) 

𝐶𝑎𝑆𝑂4 (𝑠) + 𝐻+ ⇔  𝐶𝑎2+ + 𝑆𝑂4
2−

  (6) 

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 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.  
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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 to mineral 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). 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 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. 



Chapter 2. Recent Advances of Smart Waterflooding in Carbonate Rocks 

- 20 - 

 

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. 

2.2.2 Other mechanisms 

2.2.2.1 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) 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 
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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).  

2.2.2.2 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 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. 

2.2.2.3 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  

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). 
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Reservoir 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 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 water 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 promoted dissolution of calcite. Dissolution of 
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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. 

Discussion 

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. 

2.3 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.  

2.3.1 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. 
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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 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.  
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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. 

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) 

2.3.2 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).  
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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 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 
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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. 

2.3.3 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, 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. 

2.3.3.1 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). 

2.3.3.2 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 
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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 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.  

2.3.4 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. 

2.3.4.1 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).  

2.3.4.2 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 Li2CO3, 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 
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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.     

2.3.4.3 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).  

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. 

2.4 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 many 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. 
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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 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 
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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 serve as a basis for further 

analysis; however, many questions still remain open and require further studies. 
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cleaned un-aged cores from water-

wet to more water-wet  

Al-Shalabi et 

al.(Al-Shalabi 

et al. 2014) 

Carbonate Field 

oil °API=4

0 

Field water: 

179.726kppm 

SW: 

43.619kppm 

Diluted SW 

History 

matching of 

core flood 

data 

1-WA is still the main contribution 

mechanism in LSWI 

2-EOR obtained by LSWI is more 

controlled by Kro parameters rather 

than Krw at T=248°F 

Shehata et 

al.(Shehata et 

al. 2014) 

Outcrop 

limestone 

Crude 

oil °API=2

7.8 

DW, connate 

water,shallow-

aquifer water 

SW,DSW 

54.68,27.34,10.

936kppm 

Due to 

observations 

in ROS 

reduction 

Sudden change in salinity of the 

injected brine leads to EOR 

significantly 

at T=195°F and Patm 

Mahani et 

al.(Mahani et 

al. 2015) 

Limestone 

Dolomite 

Crude oil 

𝞵=20.75 

cP 

At 20 °C 

NaCl, Na2SO4, 

KCl, NaHCO3, 

MgCl2, CaCl2 

FW:179.855kpp

m 

SW:43.731kpp

m 

Contact 

angle 

measurement 

 

By replacing FW with SW contact 

angle reduces 5 to 17 degree  
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* IOIP = Initial Oil in Place 

** 0.15%wt Cyclhexanepentaonic acid to n-decane 

*** ANS = Alaska North Slope 

****OOIC = Original Oil in Core 

 

Mineral dissolution and pH alteration 

Investigator Rock type 
Oil 

properties 
Brine properties Using method Results 

Hamouda et 

al.(Hamouda 

et al. 2014) 

Stevns 

Klint  

Synthetic oil 

(n-decane, 

0.005 mol/L 

steric acid) 

SSw(seawater:33388ppm) 

LSW(different dilution form 

of SSW: 6678, 3339,2226 

and 1336 ppm) 

pH 

measurements 

Dionex ICS-

3000 

chromatograph 

ΔpH between 

effluent and inlet 

increased with 

increasing brine 

dilution factor 

Increase in Ca2+ in 

effluent shows 

mineral dissolution 

Mahani et 

al.(Mahani 

et al. 2015) 

Limestone 

Dolomite 

Crude oil 

𝞵=20.75 cP 

,ρ= 0.8567 

g/cm3 

At 20 °C 

NaCl, Na2SO4, KCl, 

NaHCO3, MgCl2, CaCl2 

FW:179855ppm 

SW:43731ppm 

 

Imbibition 

tests and pH 

measurements  

ΔpH=0 in 

LS/25dSWEQ 

experiments so no 

mineral dissolution 

occurred. Mineral 

dissolution is not a 

primary mechanism. 

IFT reduction 

Investigator Rock type 
Oil 

properties 

Brine 

properties 
Using method Results 

Sheng et al.(Sheng 

et al. 2010) 

Fractured 

non-

fractured 

dolomite 

Stock tank 

crude oil 

°API=27.2 to 

28.4 

Formation brine 

Nacl,KCl,CaCl2 

MgCl2, Na2SO4 

Simulation 

effort 

IFT plays an important 

role with or without WA 

and is effective during the 

entire process 

Yousef et 

al.(Yousef et al. 

2010, Yousef et al. 

2011) 

Carbonate Live oil Connate 

water(200kppm) 

SW(57.6kppm) 

High T/high P 

pendent drop 

instrument 

Different diluted form of 

SW has insignificant 

effect on IFT   
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diluted seawater 

Alameri et 

al.(Alameri et al. 

2014) 

Heterogene

ous low-

perm. 

carbonate 

Crude 

oil °API=32 

NaCl, Na2SO4 

CaCl2, MgCl2 

Pendant drop 

oil-brine IFT 

measurements 

IFT increases as brine 

salinity decreases 

Khaksar Manshad 

et al.(Khaksar 

Manshad et al. 

2016) 

Carbonate Asmari 

reservoir of 

Gachsatan 

oilfield 

pH=7.5 

NaCl, KCl 

MgCl2, Na2SO4 

MgSO4, KI 

K2SO4 

Pendant drop 

method 

IFT between oil and 

different smart water 

solutions at T=75°C and 

P=1 atm  has been 

reported. No big chnge 

was reported.  

Fine migration 

Investigator Rock type Oil properties 
Brine 

properties 

Using 

method 
Results 

Chakravarty et 

al.(Chakravart

y et al. 2015) 

Carbonate fines 

produced by Li2CO3, 

CaCO3, MgCO3, 

CaSO4, SrSO4 and 

BaSO4 

Design 

oil(hexane and 

hexadecane) 

Acid number 

mimic by 

stearic acid and 

heptanoic acid 

Deionized 

water 

GC analysis 

of initial and 

final floating 

oil 

Oil which contains 

heavier acids form more 

stable micelles.  

In oil which contains 

Steric acid/ Heptanoic 

acid: 95/50-60% of it 

was accumulated in 

micelles respectively 

Micro dispersion 

Investigator Rock type Oil properties Brine properties 
Using 

method 
Results 

Emadi et 

al.(Emadi et 

al. 2013) 

Glass 

surface 

 

°API=19.1 

𝞵=92.3cP@50°C 

NaCl, CaCl2 

LS:0.5,2kppm 

HS:30kppm 

High P 

micro 

model 

rig 

Formation of droplets of water in 

oil phase at oil/LS brine interface 

results in change in oil 

distribution and ROS reduction  

Mahzari et 

al.(Mahzari 

et al. 2014) 

* 5 different crude 

oil 

°API: 31.1 

,22.2, 26.16 

,19.1, 16.7 

NaCl, CaCl2 

LS:2, 0.5kppm 

HS:60kppm 

ESEM 

FTIR 

1-Formation of water-in-oil 

dispersions at brine salinity < 

2000ppm 

2-Crude oil with high 

asphaltene/resin ratio and at 

higher T has more tendency to 

form water micro dispersions  

*Mahzari et al. only investigate the effect of oil/brine interactions and did not use any type of rock 
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Chapter 3. Kinetics of Calcite Dissolution and Ca-Mg Ion 

Exchange on the Surfaces of North Sea Chalk Powders 

This chapter has been submitted as a paper manuscript to Energy and Fuels 

 

Abstract 

Calcite dissolution and Ca – Mg ion exchange on carbonate rock surface have been proposed as potential 

mechanisms of smart waterflooding in carbonate reservoirs. However, there is still a lack of fundamental 

understanding of these reactions to quantitatively evaluate their effects in the reservoir flooding process. 

Especially, the data on precipitation and dissolution kinetics are insufficient. In this work, the 

equilibration kinetics of calcite dissolution and Ca – Mg exchange was experimentally studied. The 

behavior of three powders was compared: pure calcium carbonate, Stevns Klint outcrop chalk, and North 

Sea reservoir chalk. It was found that the equilibration time for calcite dissolution was in the order of 

seconds for a given surface area to liquid volume ratio. The existing theory of calcite dissolution could 

well reproduce our observations. The Ca – Mg exchange showed two-step kinetics: the first step was fast, 

it dominated the process within the first hour of reaction; the second step was slow, it continued longer 

than the time of observation (two weeks). Characteristic times for the two steps were extracted by fitting 

the experimental curves. A two-layer adsorption model was proposed to characterize the kinetic process 

and successfully matched with experimental data. The findings were further extended to flow through 

scenarios. By comparing with literature data and surface complexation models (SCM), it was concluded 

that calcite dissolution alone was unlikely to be able to explain the additional recovery reported in the 

literature. The Ca – Mg exchange process could dominate the fluid-rock interactions at a high temperature 

in pure calcium carbonate rocks, while competitive adsorption of cations appeared to control the process 

at a lower temperature. Different carbonate rocks possess different properties with regard to the ion 

exchange process. 

3.1 Introduction 

Smart waterflooding in carbonate reservoirs has been extensively studied in recent years. Various 

chemical and physical mechanisms have been proposed to explain the observed effects. Several review 

works have summarized and analyzed the reported observations from different perspectives (Afekare & 

Radonjic, 2017; Ayirala & Yousef, 2016; Bartels et al., 2019; Derkani, et al., 2018; Sohal, Thyne, & 

Søgaard, 2016; Hao et al., 2019). Among the proposed mechanisms, the dissolution of calcite mineral and 

the Ca – Mg ion exchange at the surface of carbonate rocks have been mentioned by several researchers. 

Dissolution of carbonate minerals has been thoroughly studied in the field of geochemistry (Plummer, 

Parkhurst, & Wigley, 2007; Finneran & Morse, 2009; Subhas, et al., 2015; Sulpis et al., 2017). It has also 

been suggested as a mechanism of smart waterflooding in carbonate rocks (Hamouda & Maevskiy, 2014; 

Lager et al., 2008). Dissolution of calcium carbonate minerals may trigger various effects that could 

facilitate the production of oil. Mechanisms such as improved inter-pore connectivity (Yousef et al., 

2010), and further, increased permeability (Gachuz-muro & Sohrabi, 2017) were reported in association 

with the rock dissolution. The dissolution may also affect oil production through alteration of the electric 

double layer interactions (Karimi et al, 2016). Hiorth, Cathles, & Madland (2010) found a linear 

relationship between calcite dissolution and oil recovery from imbibition experiments. Nonetheless, the 
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importance of dissolution for additional recovery was evaluated differently in different works. Whether 

dissolution is considered as the primary recovery mechanism (Hamouda & Maevskiy, 2014), or the 

secondary mechanism (Mahani, et al., 2015), it deserves a more careful study to reveal its importance. 

The exchange reaction between Mg2+ ions in the aqueous solution and the Ca2+ ions on the surface of 

carbonate rocks was also reported as a potential mechanism of smart waterflooding (Zhang, Tweheyo, & 

Austad, 2006). The ion exchange process may promote detachment of adsorbed polar components from 

oil (Zhang & Austad, 2006); change the surface potential of the rock, expanding the electrostatic double 

layer; and, finally, make the surface more water wet (Rezaei Gomari & Hamouda, 2006; Rashid et al, 

2015; Alshakhs & Kovscek, 2016).   

Waterflooding of a core or a reservoir is a dynamic process. Characteristic times of the chemical or 

physicochemical processes that occur during waterflooding are crucial parameters to evaluate their 

effects. Studies of the kinetics of ion exchange in waterflooding have been carried out in numerical 

simulations (Alexeev, Shapiro, & Thomsen, 2015). This study demonstrated that the ratio between the 

characteristic times of the convective flow and chemical equilibration (the Damköhler number) is one of 

the most important parameters for the efficiency of the process.  

In this work, we study the kinetics of calcite dissolution and Ca – Mg ion exchange. Analysis of the 

experimental data makes it possible to extract characteristic equilibration times of the process. 

Mathematical models are proposed to describe the kinetics of the processes. The results are then coupled 

with the flow equations to evaluate the flow-through experiments reported in the literature.  

The paper is organized as follows: Section 2 introduces the materials and experimental procedures 

involved in this work; Section 3 describes the experimental results and formulates the kinetic models for 

dissolution and exchange needed for their evaluation; section 4 presents the modeling of the flow-through 

and flooding experiments found in the literature, comparing them to our experimental findings; finally, 

Section 5 formulates the main conclusions of this work. 

3.2 Materials and methods 

3.2.1 Materials 

3.2.1.1 Powder samples 

Three types of calcite/chalk materials were applied in this study: pure calcite (calcium carbonate) powder 

purchased from VWR Chemicals, with a grain diameter less than 30μm; outcrop chalk obtained from 

Stevns Klint (SK), approximately 60 kilometers south of Copenhagen; and reservoir chalk (RS) obtained 

from a North Sea chalk reservoir. The powders from natural materials have a grain diameter between 53 

and 160μm. 

Apart from the commercial calcium carbonate powder, Stevns Klint and reservoir chalk powders were 

prepared from bulk rock samples. The samples were first subjected to a cleaning procedure by methanol 

and toluene to remove the initially precipitated salts and organic compounds, in order to expose the chalk 

surface. 

Core samples of Stevns Klint chalk (approx. 7.5 cm in length, 3.8 cm in diameter) were assembled in a 

classic Hassler type core holder and flooded by methanol and toluene alternatively. The injection rate of 

the solvents was 0.3 ml/min, the sleeve pressure was 20 bar. At the end of cleaning, the presence of 

residual salts in the methanol effluent was tested by adding 3-4 drops of 0.03M AgNO3 solution into the 

last 2-3 ml effluent. The core was considered to be clean if no precipitation was observed. 
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For cleaning of the reservoir chalk samples, a Soxhlet extraction setup was applied due to highly irregular 

shapes of the chalk pieces. The chalk samples were first crushed by a mortar and pestle into 

approximately 3-5mm diameter grains. The crushed grains were then loaded into a Soxhlet setup. Toluene 

and methanol were used alternatively as extraction solvents. The process was finished after a colorless 

toluene eluent was obtained after at least 3 days of extraction. Complete removal of salts was detected by 

testing the methanol eluent with AgNO3, as described above. 

The cleaned chalk samples were dried in the oven at 80oC for 2 days. Then the dry samples were ground 

by mortar and pestle into powders. The sizes of the powder particles were controlled by sieving the 

powder by two meshes, with the mesh sizes of 63μm and 150μm. The sieved particles were collected into 

a glass sample bottle and sealed for later use. 

Since the characteristic pore diameter of the chalk is 3μm, the ground particles are still porous and consist 

of smaller elemental grains. The SEM images of the powders confirm this fact (Figure 1). 

   

(a) Calcite powder 

   

(b) SK powder 
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(c) RS powder 

Figure 1. The SEM images of (a) calcite powder, (b) Stevns Klint powder, and (c) reservoir sample 

powder on different scales. It can be seen that the natural rock materials consist of much smaller grains 

than the selected particle grain size: 63 – 150 μm. 

Specific surface areas (SSA) of the powder samples were measured by the multi-point BET method with 

liquid nitrogen. Each powder was measured twice. The average values for calcite powder, Stevns Klint 

chalk powder, and reservoir chalk powder are 0.344, 2.214 and 2.661 m2/g, respectively. 

It should be noted that the measured SSA of Stevns Klint chalk is slightly higher than the commonly 

reported 2 m2/g. This may be an indication of the appearance of new surfaces of the rock in the grinding 

procedure. At least, none of the measurements reported the SSA below 2 m2/g. Since we are targeting at 

observing the behavior of the original pore surface, it is important to have an order-of-magnitude 

estimation of the relative amount of the newly exposed surface. In order to obtain this estimate, we apply 

the following conceptual model of the particles: the particles are spherical and porous; the outer surface of 

the sphere is considered as newly exposed area due to grinding; and the internal surface area (porosity) of 

a particle is the original pore surface, as in the intact rock. In this way, the new surface area of a single 

particle may be calculated as 

𝑆𝑛𝑒𝑤 = 4(1 − 𝜑)𝜋𝑅2 (1) 

Here 𝜑 is the porosity of the rock, and 𝑅 is the radius of the particle. 

The original specific surface area can be estimated with Kozeny’s equation: 

𝑆𝑜𝑙𝑑 = √𝑐
𝜑3

𝑘
 (2) 

so that the internal surface area of a single particle is equal to 𝑆𝑜𝑙𝑑 ×
4𝜋

3
𝑅3. In this equation, 𝑘 is the 

permeability of the rock, and 𝑐 is a dimensionless factor, as derived by Mortensen et al. (1998): 

𝑐 = (4 cos (
1

3
𝑎𝑟𝑐 cos (𝜑

64

𝜋3
− 1) +

4

3
𝜋) + 4)

−1

 (3) 

Applying the measured petrophysical properties of the intact core materials as input, we can obtain the 

estimated SSA by Kozeny’s equation, as shown in Table 1. 
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Core no. 
k 

[D] 
ϕ 

Bulk Density 

[g/cm3] 

SSA 

[m2/cm3] 

Estimate Average 

SK1 0.00854 0.464 1.43 1.70 
1.91 

SK2 0.00544 0.464 1.43 2.13 

RS1 0.00060 0.339 1.76 3.85 

3.88 
RS2 0.00056 0.364 1.80 4.45 

RS3 0.00052 0.304 1.88 3.47 

RS4 0.00089 0.377 1.66 3.75 

Table 1. The calculated SSA of the core samples using Kozeny’s equation before they were ground, and 

the measured SSA of the ground chalk powders with the BET method. 

Using the average SSA calculated from Kozeny’s equation for the two types of chalk, we can calculate 

the ratio between the new surface area and the original surface area for a particle diameter ranging from 

63 μm to 160 μm (Figure 2). 

 

Figure 2. The ratio of a newly exposed surface area to the original surface area for Stevns Klint chalk 

(SK) and reservoir chalk (RS) powders. The new surface area produced in the grinding process is 

insignificant compared with the original surface area of the chalks.  

It is clear that the newly exposed surface area is insignificant compared with the original internal pore 

surface. This assures that the experimental observations will be representative of the behavior of natural 

rock surfaces. 

3.2.1.2 Brines 

The brines were prepared by dissolving certain salts in deionized water. In this study, we examine the 

dissolution of calcite in pure water and the exchange process between aqueous Mg2+ ions and Ca2+ from 

the solid calcite. An MgCl2 solution was used as a source of Mg2+. The concentration of Mg2+ was made 

to be identical to the North Sea seawater: 0.045 mol/L. 
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In order to exclude the influence of atmospheric CO2 on the experimental process, the deionized water 

and MgCl2 solution were de-gassed in vacuum before the experiments. 

3.2.2 Setup  

3.2.2.1 Reaction setups 

Two types of reaction setups were used in this work. Special attention was paid to remove the effect of 

the atmospheric carbon dioxide, which might dissolve in the liquid, react with the salt and change the 

acidity of the solution. The first setup was constructed in a glove box filled with nitrogen. A one-liter 

sample bottle was used as a reaction cell. The calcite powder and the deionized water/ MgCl2 solution 

were mixed in the bottle and stirred by a magnetic stirrer in order to make a homogeneous mixture. The 

bottle was sealed by a cap to prevent evaporation.  

Liquid samples from the bulk mixture were taken periodically. Upon taking samples, the cap was 

removed, and a syringe with a syringe filter (0.2 um pore size) was used to extract samples and to 

separate the liquid from solid particles. Only 2 ml of the liquid was taken per sample so that the total 

amount of sampled fluid was insignificant compared with the initial volume. The liquid samples were 

sealed and stored in the fridge at 4°C for later chemical analysis, no precipitation was observed upon the 

analysis. The pH of the bulk mixture was measured simultaneously upon extracting samples, by putting a 

pH probe into the mixture. Since this setup can provide a stable and reliable long-term control of the CO2, 

it was used for the experiments that last more than one day. 

The second type of setup was designed for short-term experiments (less than one hour), to facilitate the 

sample extraction procedure at a higher frequency. The powder and liquid were mixed in a one-liter 

Erlenmeyer flask with a stirring magnet. A nitrogen source was connected to the neck of the flask, with a 

gentle flow of nitrogen to prevent contact of the mixture with the air. The samples were extracted with the 

same procedure as in the first setup. 

3.2.3 Experimental procedure 

3.2.3.1 Dissolution and ion exchange experiments 

The prepared powders were weighed with an analytical balance and transferred into the reaction cells. 

Then one liter of the liquid was added into each cell to start the reaction. All the experiments were 

performed at room temperature (20°C). The available surface areas for dissolution and ion exchange of 

each type of the powder were kept identical by adjusting weights of the powders. Since the reservoir 

sample has the highest SSA, its mass was the smallest. The surface area of 10 grams of the reservoir 

sample was chosen as a reference value to adjust the weights of other samples so that the calcite surface 

in contact with the liquid was equal to 26.6 m2 in each reaction cell.  The weights of the calcite and 

Stevns Klint powder samples were 77.36 and 12.02 grams, correspondingly. Timing started at the 

moment of mixing. The elapsed time at each sampling point was recorded.  

3.2.3.2 Analysis of the samples 

The processes studied in this work (calcite dissolution and Ca-Mg exchange) are followed by the 

measurement of Ca2+ and Mg2+ concentrations in the mixtures. An accurate chemical analysis of the 

extracted samples is essential to obtain reliable results. In this work, the Ca2+ and Mg2+ concentrations in 

each filtered aqueous sample are obtained by multi-element analysis by ICP-OES (inductively coupled 

plasma – optical emission spectrometry) on an iCAP 7200 Series ICP-OES spectrometer from 

ThermoScientific. The metal ions are excited in an argon plasma and the emission spectrum of each 

element is measured in the spectrometer and the concentration subsequently determined by reference to a 
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standard multi-elemnent solution. The sample matrix in this case is quite simple and samples did not 

require sample prepration beyond filtration.  

3.3 Experimental Results 

3.3.1 Calcite dissolution in pure water 

The dissolution of the calcite in pure water was first investigated in setup 1. The first experiment attempt 

lasted for approximately 4 days, kinetics of dissolution was not captured in this experiment, The first 

sample was taken approximately 30 minutes after mixing. Calcium concentration was almost constant for 

each type of material throughout the experimental period, with approximately 6 mg/L for reservoir chalk 

and 4.5 mg/L for pure calcite and Stevns Klint chalk. pH of the solution also remained constant around 10 

during the experimental period.  

Since the kinetic process of dissolution was not captured in the first attempt, the experiment was 

replicated in the second setup with more frequent sampling in the first 15 minutes. The result is shown in 

Figure 3. 

 

Figure 3. Evolution of the calcium concentration for calcite dissolution in water. The concentrations did 

not show significant variation, apart from the first few points. The reservoir rock generally produced a 

slightly higher concentration than the other two materials. 

Again, even though the first sample for each type of powder was taken between 22 and 34 seconds after 

mixing, the kinetic process of the dissolution was not fully captured (apart, probably, from a few initial 

points). Observations of the equilibrium concentrations were similar to the long-term experiment: the 

reservoir chalk produced a higher calcium concentration, while pure calcite and Stevns Klint outcrop gave 

similar and lower concentrations. The equilibrium concentration of Ca2+ ion ranged from 4 to 6.5 mg/L, 

corresponding to 10 to 16 mg/L calcite. 
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3.3.2 Ion exchange 

The study of the reaction between calcite/chalk powders and MgCl2 solution (0.045M) was performed in 

the first setup. The experiments lasted for a total of 2 weeks with periodical sampling from the bulk 

mixture. The concentrations of Ca2+ and Mg2+ in the samples together, with the doubled standard 

deviation of the measurements, are plotted in Figures 4 and 5. 

The reaction between calcium carbonate rocks with the magnesium-containing solution is often described 

as a ion-exchange process, where the Mg2+ ions in the aqueous phase substitute the Ca2+ ions from the 

solid surface. Then the substituted Ca2+ ions enters the aqueous phase.  

The reaction can be monitored by either increase of calcium concentration or decrease of magnesium 

concentration in the bulk solution. In our experiments, the concentration of calcium shows a clear and 

consistent increase during the experimental period, with the most significant increase obtained for the 

pure calcite powder, and a less significant increase for natural materials. Simultaneously, the magnesium 

concentration shows a seemingly slight decrease in the first few sampling points. However, given the high 

initial concentration of magnesium, low consumption in the reaction and uncertainty of the measurement, 

the Mg2+ concentration cannot be determined with sufficient accuracy to describe the reaction. 

 

Figure 4. The evolution of the calcium concentration during the ion exchange process between 

calcite/chalk powders and MgCl2 solution. The process has slow kinetics over the experimental period. 

The most significant exchange was between pure calcite and MgCl2 solution, while natural rocks had 

similar behavior and were less active. 

It should be noted that, even at early times of the experiment, the calcium concentration was 4 to 5 times 

higher than that for dissolution in pure water. Afterward, the reaction rate decreased. However, it did not 

vanish, which indicates that the reaction did not reach equilibrium at the end of the experiment. The first 

samples were taken between 84-103 minutes from the beginning of the experiments, within which the fast 

stage of the increase of Ca2+ concentration should have reached equilibrium.  
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Figure 5. The evolution of magnesium concentration during the ion exchange process between 

calcite/chalk powders and MgCl2 solution. Due to the high initial concentration and low extent of the 

exchange process, the Mg2+ concentration did not show considerable change.  

Similar to the dissolution experiments, the measured pH of the bulk mixture was almost stable throughout 

the experimental period, with a slightly drop from 9.5 to 9. 

 

Figure 6. The pH of the mixture during the ion exchange experiments. The measured values are stable 

throughout the experiments. 
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3.4 Modeling of experimental data 

3.4.1 Modelling of the ion exchange in static experiments 

According to the experimental observations, the concentration of Ca2+ ions in the Ca-Mg ion exchange 

experiment can be described as proceeding in the two stages. The first stage is fast. It proceeds rapidly 

when the calcite surface gets in contact with the MgCl2 solution, resulting in a Ca2+ concentration that is 

4-5 times higher than for dissolution in pure water. This process reaches equilibrium within 1.5 hours, in 

this period it dominates the kinetics of the process. It was indicated by the Extended UNIQUAC model 

(which is implemented in the ScaleCERE software) that the dissolution of calcite can be improved in a 

MgCl2 solution. This is because in the MgCl2 solution, precipitation of Mg(OH)2 drives the solution to be 

slightly acidic. The predicted equilibrium concentrations of Ca2+ in pure water and in a 0.045M MgCl2 

solution are 5.17 and 18.91 mg/L, respectively. These values are consistent with our experimental 

observation, suggesting the high Ca2+ concentration observed in the beginning of the experiment is due to 

the improved calcite dissolution in MgCl2 solution. 

On the other hand, the second stage is slow. After the improved dissolutionreaches equilibrium, it takes 

over control of the reaction kinetics. A characteristic equilibration time for the second process was found 

to be above 2 weeks since it was observed that the process did not stop until the end of the experiment. 

The slow kinetics could be an indication of the ion-exchange process. 

Given the above analysis, we propose a conceptual model to describe the equilibration of the two 

processes. Assume that the calcium ions in calciteare arranged in two layers.  The first layer is at the 

surface of calcite. The ions in this layer are in direct contact with the solution and are readily available for 

dissolution and exchange with aqueous Mg2+.. The dissolution of this layer is fast, Mg2+ also precipitates 

on this layer as Mg(OH)2 rapidly. The second layer is inside the solid calcite, behind the first layer. In 

order to release the calcium ions in this layer, the magnesium ions have to get close to the surface and, 

probably, penetrate through the first layer. There could be more layers in the calcite crystal lattice that can 

participate in the reaction.In the currenty study, it is sufficient to consider these two layers to represent the 

two step kinetics.. 

Apparently, the two layers have different equilibration times. We define the characteristic equilibration 

times as 𝜏1 and 𝜏2 for the first and second layers, respectively. We assume also that the maximum 

dissolution/exchange capacity, 𝑁𝑚𝑎𝑥, is the same for each layer.  

This conceptual representation of the process results in the following mathematical formulation. Let 𝑁𝑖 be 

the total molar quantities of the magnesium ions in the solution (𝑖 = 0) and in the layers (𝑖 = 1,2, 

correspondingly). The conservation law is: 

𝑑(𝑁0 + 𝑁1 + 𝑁2)

𝑑𝑡
= 0 (4) 

The ions precipitates on the first layer from the solution, and penetrate the first layer to the second one. 

The corresponding rates between the layers are 𝑣01 and 𝑣12. Theoretically, there may be ions going in 

forward and reverse direction. The rates defined here are meant to describe the net effect of the transport 

processes. The exchange equations are: 

𝑑𝑁0

𝑑𝑡
= −𝑣01; (5) 
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𝑑𝑁1

𝑑𝑡
= 𝑣01 − 𝑣12; 

 

(6) 

𝑑𝑁2

𝑑𝑡
= 𝑣12 (7) 

Next, we define the exchange rates 𝑣01 and 𝑣12. We apply the simplest model of Langmuir exchange 

kinetics (Pagonabarraga & Rubí, 1992). The rate 𝑣01 is proportional to the concentration 𝑐0 of the 

magnesium ions in the solution, and to the number 𝑁𝑚𝑎𝑥 − 𝑁1 of the unoccupied sites in the layer: 

𝑣01 = 𝐴𝑐0(𝑁𝑚𝑎𝑥 − 𝑁1) (8) 

The value of 𝑐0 is equal to 𝑁0/𝑉. In our system, the amount of magnesium ions is in excess of the 

available sites, 𝑁0 ≫ 𝑁1, 𝑁2, so that 𝑐0 does not vary much in the process. Then 𝐴𝑐0 may be treated as a 

constant equal to the inverse characteristic time of the exchange between the solution and the first layer: 

𝐴𝑐0 =
1

𝜏1
 (8a) 

Then equation (15) becomes 

𝑣01 =
1

𝜏1

(𝑁𝑚𝑎𝑥 − 𝑁1) =
1

𝜏1
𝑁𝑚𝑎𝑥(1 − 𝑥1); 𝑥1 =

𝑁1

𝑁𝑚𝑎𝑥
 (9) 

The definition of rate 𝑣12 is more elaborate. Communication of the layers is described as a two-way 

process so that ions move in both directions between the layers. The net rate 𝑣12 is 

𝑣12 = 𝑣1→2 − 𝑣2→1 (10) 

The rate 𝑣1→2 is proportional to the number of the magnesium ions in layer 1 and the fraction of 

unoccupied sites in layer 2. Similar to the previous derivation, 

𝑣1→2 =
1

𝜏2
𝑁1(1 − 𝑥2); 𝑥2 =

𝑁2

𝑁𝑚𝑎𝑥
 (11) 

Similarly,  

𝑣2→1 =
1

𝜏2
𝑁2(1 − 𝑥1) (12) 

Summing up these equations results in: 

𝑣12 =
1

𝜏2
𝑁1(1 − 𝑥2) −

1

𝜏2
𝑁2(1 − 𝑥1) =

1

𝜏2
(𝑁1 − 𝑁2) (13) 

This expression may be generalized onto the case where the layers have different capacities. The result is:  

𝑣12 =
1

𝜏2
𝑁1(1 − 𝑥2) −

1

𝜏2
𝑁2(1 − 𝑥1) =

1

𝜏2
(𝑁1 − 𝑁2 +

𝑁1𝑁2

𝑁𝑚𝑎𝑥1
−

𝑁1𝑁2

𝑁𝑚𝑎𝑥2
) (14) 
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Equations (4) to (7), with the reaction rates defined by equations (8) to (14) form a system of differential 

equations. This system was solved by implementing it into Matlab and fitted with experimental data to 

obtain the essential parameters that characterize the ion exchange process: 𝜏1, 𝜏2 and 𝑁𝑚𝑎𝑥 (or 𝑁𝑚𝑎𝑥1 and 

𝑁𝑚𝑎𝑥2). The results are shown in Figure 7. 

   

(a) Pure CaCO3 – 2 layers eqvl. (b) Stevns Klint – 2 layers eqvl. (c) RS – 2 layers eqvl. 

   

(d) Pure CaCO3 – 2 layers diff. (e) Stevns Klint – 2 layers diff. (f) RS – 2 layers diff. 

Figure 7. Comparison of the proposed 2 layer model and experimental results. Plots (a), (b) and (c) 

present the results for the model where the two layers have the same capacity. Plots (d), (e) and (f) show 

the results with the different capacities of the two layers. The two approaches give a similar match with 

experimental data. 

It can be seen that both models match well with experimental data. Given the average standard deviations 

(STD) of the fitting, the different layer capacities results in a noticeable improvement only for the calcite 

powder sample. However, fitting with the equal layer capacities is also reasonable, considering the 

accuracy of the experimental data. For the natural samples, the two fittings behave similarly. The fitted 

parameters are given in Table 2, the maximum capacities are converted from mol to mol/ m2 surface area 

for better comparison.  

 
 

𝜏1  

[min] 

𝜏2  

[×104 min] 

𝑁𝑚𝑎𝑥1  

[×10-5 mol/m2] 

𝑁𝑚𝑎𝑥2  

[×10-5 mol/m2] 

Site density 

[nm-1] 

STD of fitting 

[×10-5 mol] 

Pure CaCO3 
2 layers eqvl. 118.4 0.95 2.88 - 17.3 17.4 

2 layers diff. 60.1 1.2 2.63 5.63 15.8 10.6 
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SK 
Eqvl. 30.7 6.5 2.18 - 13.1 3.74 

Diff. 35.0 6.9 2.18 2.33 13.1 3.85 

RS 
Eqvl. 20.3 3.0 2.37 - 14.3 5.02 

Diff. 28.0 2.5 2.28 2.03 13.8 5.11 

Table 2. The fitted parameters from the two modeling approaches that characterize the ion exchange 

process. Both approaches give similar values for the parameters. 

Generally, the two models give similar estimations of the characteristic parameters. The fitted values are 

consistently in the same order of magnitude. For the cases with the different capacities of the two layers, 

they are very similar, and the results are close to the layer capacities fitted with an assumption that they 

are equal. This result, that could not be guessed in advance, confirms the correctness of the two-layer 

model.  

3.4.2 Modelling of the ion exchange in the flooding experiments 

In this section, we discuss an impact that the kinetics of ion exchange may have on the results of smart 

waterflooding. The kinetic model of ion exchange is coupled with transport equations. Then the model is 

compared with experimental data reported in the literature. 

3.4.2.1 Review of single-phase flow-through experiments 

Single-phase flooding experiments with the analysis of relevant ion concentrations in the effluent may be 

used to examine the ion exchange process. The flow should be fast, so that convective flow, rather than 

diffusion, dominates the process. 

The flooding experiments reported by Zhang, Tweheyo, & Austad (2007) and Strand et al. (2008) meet 

the above-mentioned requirements. They have been used to calibrate surface complexation models (SCM) 

(Alexeev, 2015; Eftekhari et al., 2017). The flooding experiments by Zhang, Tweheyo, & Austad (2007) 

were performed with Stevns Klint chalk samples at ambient and at elevated temperatures (130°C). The 

cores were around 62 mm in length and 35.7 mm in diameter, with a high porosity at 48% and low 

permeability at 2-5 mDa. The cores were initially saturated with the 0.573 M NaCl solution, then flooded 

with a solution containing 0.504 M NaCl and equal concentrations of Ca2+, Mg2+ and SCN- at 0.013 M. 

SCN- was considered as a tracer. It is inert towards the calcite surface, and the dispersion of its 

concentration in the effluent reflects the dispersion of the flow. The flooding rate was 0.2 ml/min, 

corresponding to 9.7 PVI per day. The concentrations of Ca2+, Mg2+, and SCN- in the produced effluent 

were analyzed. 

It was observed that both at low and high temperature, the production of Mg2+ and Ca2+ was delayed 

compared with the tracer. The interplay between the two ions was different. At the low temperature, there 

was no extra generation of Ca2+ since its concentration never exceeded the initial value. On the contrary, 

at high temperature, a considerable reduction of Mg2+ was associated with a significant increase of Ca2+ 

concentration, which indicates the presence of the mass exchange between the aqueous Mg2+ and the Ca2+ 

from the rock matrix.  

Single-phase flow-through experiments reported by Strand et al. (2008) were performed with a reservoir 

limestone core. The core was 49.1 mm in length and 37.8 mm in diameter, with a porosity of 24.7% and a 

permeability of 2.7 mDa. The core was initially saturated by a 0.573 M NaCl solution and subsequently 

flooded by a brine containing 0.504 M NaCl and equal concentrations of Ca2+, Mg2+ and SCN- at 0.013 
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M. The same flooding procedure was replicated at 20°C, 70°C, 100°C and 130°C. The injection rate was 

0.1 ml/min, equivalent to 10.6 PVI per day. 

Unlike the Stevns Klint chalk, the reservoir limestone core did not show an obvious indication of the 

mass exchange process even at high temperatures. However, with the increase of temperature, the gap 

between the curves of Mg2+ and Ca2+ concentration enlarged, which might suggest some interactions 

between the ions and the rock.  

3.4.2.2 The flow-through model 

Previously we introduced the mathematical model for the Ca-Mg exchange process. In this section we 

couple it with the 1D transport equations and match the model to the literature data. The equations are 

formulated for aqueous species.  

The equation for the transport of a neutral tracer is: 

𝜑
𝜕𝑐

𝜕𝑡
+ 𝑈

𝜕𝑐

𝜕𝑥
= 0 (15) 

Here 𝜑 is porosity, 𝑈 is flow velocity. Similarly, the equations for the transport of Ca2+ or Mg2+ ions 

accounting for the exchange reactions are: 

𝜑
𝜕𝑐𝑖

𝜕𝑡
+ 𝑈

𝜕𝑐𝑖

𝜕𝑥
= −𝑟𝑖;    𝑖 = 𝐶𝑎2+, 𝑀𝑔2+ (16) 

Here 𝑟 are the reaction rates defined by equations (11) to (14). Since the volume of solutions in the static 

experiments is 1 liter, the amount 𝑁0 in the rate expressions may be substituted by 𝑐. Since it was 

demonstrated that equal capacities of the layers in the two-layer exchange fit the experimental data 

equally well, we apply the two-layer model with equal layer capacities. The rates are assumed to be equal 

(with a different sign) for calcium and magnesium ions: 

𝑟𝐶𝑎2+ = −𝑟𝑀𝑔2+ 

Another difference between flow and static experiments is that the characteristic reaction time for the 

exchange between the solution and the first layer (𝜏1) is no longer constant. It may be recalled that, 

according to Eq. (15a), the value of 𝜏1 is inversely proportional to 𝑐0. The reason for that is the frequency 

of the adsorption events (such events where a single ion gets adsorbed) should be proportional to the 

concentration of the ions. In the static experiments, the variation of the concentration was insignificant, 

and 𝜏1 could be considered as constant. However, in the transport process, concentrations of the ions may 

vary considerably. Then 𝜏1 becomes dependent on the concentration of the reactant: 

𝜏1 =
1

𝐴𝑐𝑀𝑔2+
 

The equations are transformed to the dimensionless form with the variables 

𝑇 =
𝑈𝑡

𝜑𝐿
;  𝑋 =

𝑥

𝐿
;  𝐶 =

𝑐

𝑐0
 (17) 

Here 𝐿 is the length of the core, 𝑐0 is the initial concentration of the solute. The dimensionless equations 

become: 
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𝜕𝐶

𝜕𝑇
+

𝜕𝐶

𝜕𝑋
= 0 (18) 

 

𝜕𝐶𝑖

𝜕𝑇
+

𝜕𝐶𝑖

𝜕𝑋
= −𝑅𝑖;    𝑖 = 𝐶𝑎2+, 𝑀𝑔2+ (19) 

 

The rate expressions are also converted into dimensionless form by converting the concentrations and 

characteristic dimensionless reaction times: 

𝜏𝑖
∗ =

𝑈𝜏𝑖

𝜑𝐿
 

Equations 18 and 19 were solved numerically by an explicit finite difference method. Similar to Alexeev 

(2016), the ratio between time step and space step was set to be 1:10, to make numerical dispersion 

comparable to physical dispersion. The tracer concentration in the effluent calculated by the model were 

compared with the measured values reported in the literature (Figure 8). 

  

(a) Zhang, Tweheyo, & Austad (2007) (b) Strand et al., (2008) 

Figure 8. The tracer concentration by the model compared to experimental data from (a) Zhang, Tweheyo 

& Austad, (2007) and (b) Strand et al., (2008). The numerical dispersion is similar to the solute dispersion 

in porous media. 

The model was adjusted to literature data by optimizing A, 𝑁𝑚𝑎𝑥 and 𝜏2, which are the key parameters 

that characterize the ion exchange process. Adjustment was applied for Mg2+ ions, while the 

concentrations of Ca2+ ions were calculated based on the adjusted parameters. 
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(a) T=20°C (b) T=130°C 

Figure 9. Modeling the experimental data by Zhang Tweheyo, & Austad, (2007), accounting for the ion 

exchange reaction. The model describes better the transport properties of the ions at the high temperature. 

For the experiments reported by Zhang, Tweheyo, & Austad (2007), the model was able to reproduce the 

Mg2+ concentration in the effluent, but reproduction of the Ca2+ concentration was qualitatively different 

at low and high temperatures. At low temperature, the model predicted a small peak of Ca2+ 

concentration, which indicates when the ion exchange was most severe.. This was not found in the 

experimental data. In addition, the front of Ca2+ concentration came before that of Mg2+, opposite to 

experimental data. At high temperature, the model reproduced quite well the behavior of both Mg2+ and 

Ca2+ concentrations. This evidences the fluid-rock interactions under the high temperature proceed 

according to the ion exchange mechanism.  

The observations have indicated that the interactions between the chalk surface and the Ca2+ and Mg2+ 

ions are fundamentally different at low and high temperatures. Other researchers (Alexeev, 2015; 

Eftekhari et al., 2017) applied the surface complexation models (SCM) for carbonate surfaces, to 

approximate the same experimental data. The models account for the competitive adsorption of ions on 

charged carbonate surface. It was shown that the models could qualitatively reproduce the experimental 

observations at low temperatures, where our model failed. Apparently, at low temperatures adsorption 

prevails over the ion exchange, and the balance between deposited magnesium and released calcium ions 

is destroyed. 

At high temperatures, by tuning the equilibrium constants of ion adsorption, the SCM (Alexeev, 2015) 

qualitatively predicted the behavior of Ca2+ and Mg2+ concentrations in the effluent. But in this case, our 

model of ion exchange gave a much better fit with the experimental data. The standard deviation of the 

fitting is 0.0676 in our approach, while it is 0.240 for the SCM. 

The values of the fitted parameters are given in Table 3, the result from the static experiment of Stevns 

Klint chalk is also listed for comparison. 

 Temp. A 𝜏2 Cmax STD of fitting 

 [°C] [(min∙mol/L)-1] [min] [mmol/L] [non-dimensional] 

Fitted with 20 37.16 15761.3 0.78 0.0172 
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 Zhang, Tweheyo, & Austad, 2007. 130 0.14 39.2 3.08 0.0676 

Static experiments 20 0.73 65000 0.58 Given in Table 2. 

Table 3. The fitted parameters from flow-through experiments of Zhang, Tweeheyo, & Austad, (2007) 

that characterize the ion exchange process. Results from static experiments are listed for comparison.  

It may be speculated that the two different processes take place when flooding chalk cores with 

magnesium bearing brines: the physical adsorption of ions on the surface and the chemical exchange 

process between aqueous Mg2+ and Ca2+ from calcite. These two processes dominate the fluid-rock 

interaction at different temperatures: at low temperatures, the physical adsorption prevails, while at high 

temperatures the chemical exchange is stronger and faster.  

The fitted values of 𝜏2 (given in Table 3) support this hypothesis. At high temperature the second layer 

equilibrates within an hour. Considering that the observed differences in the flooding experiments are 

between 0.8-1.7 PVI, which corresponds to 2 to 4 hours, equilibration of the second layer within this 

period means that the production of Ca2+ is doubled after both layers have been equilibrated. Meanwhile, 

at low temperature, exchange with the second layer is just at very early stage. In addition, at high 

temperature the value of Cmax increases significantly. This indicates that more sites become accessible for 

exchange at high temperatures, probably, due to reduction of the energetic barrier or a possibility for ions 

to faster penetrate to less accessible areas of the natural tortous surface. 

It should be mentioned that the static experiments were also performed at ambient temperature, but the 

physical adsorption was not observed. The reason is that Mg2+ ions were in large excess and the measured 

concentrations of magnesium do not change to such an extent that the changes may be detected. Instead, 

the Ca2+ concentrations were used to model the exchange process, which excluded the impact of physical 

adsorption.  

The fitted values of parameter A show large reduction form low to high temperature, which indicates an 

increase of the equilibration time of the first layer. This may be associated with the large increase of the 

maximum exchange capacity at the elevated temperature: more exchange sites become available, which 

takes a longer time to equilibrate.  

Comparing the fitted parameters at 20°C with static experiments, it can be found that both 𝜏2 and Cmax are 

of the same order of magnitude. However, the value of A (related to 𝜏1) shows large discrepancy. Using 

the highest concentration in the flooding experiments, which is 0.013 mol/L, the modelled A corresponds 

to 𝜏1 equal to 2.07 min. This value is much smaller than in the static experiments (30.7 min). This is 

probably associated with the sensitivity of the model, as will be further explained in section 4.2.3. 

Generally, the information distilled from matching the experimental data is that the ion exchange process 

is largely affected by temperature. The parameters obtained from static experiments can be very different 

from flooding experiments, they cannot be applied directly to simulate flow through scenarios.  
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(a) T=20°C (b) T=70°C 

  

(c) T=100°C (d) T=130°C 

Figure 10. Comparison of the model with experimental data from Strand et al., (2008), accounting for the 

ion exchange reaction. The model describes concentrations of the tracer and Mg2+ but fails to match the 

data for Ca2. 

Unlike comparison with the data obtained by Zhang, Tweheyo, & Austad, (2007), modeling of the data 

from Strand et al. (2008) is less successful (Figure 10). The model works well for the Mg2+ concentration, 

but the prediction for the Ca2+ concentration is by no means representative. As for the fitted parameters 

(given in Table 4, converted to dimensional values), only the maximum exchange capacity, Cmax, shows a 

consistently increasing trend with the temperature. The fitted values of A remain in the same order of 

magnitude at different temperatures. There was no clear correlation between 𝜏2 and temperature.  

T A 𝜏2 Cmax STD of the fitting 

[°C] [(min∙mol/L)-1] [min] [mmol/L] [non-dimensional] 

20 0.35 5109.9 2.08 0.030 

70 0.65 185.3 2.65 0.024 

100 0.47 130.9 3.40 0.043 
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130 0.28 5109.6 4.01 0.032 

Table 4. The fitted parameters for experimental data of Strand et al., (2008). There is a clear increasing 

trend of Cmax along with temperature, but other parameters do not change regularly with the temperature. 

A reason for the poor correlation between the predicted Ca2+ concentration and experimental data may be 

the rock mineralogy. The model for ion exchange was derived from a highly pure biogenic chalk, which 

is composed primarily of calcite with a negligible amount of impurities. While the flow-through 

experimental data were obtained from a reservoir limestone, whose mineral composition was not clearly 

indicated. The limestone usually contains varying amounts of clay. The impact of clay on the transport 

properties of cations has been quantitatively studied (Eftekhari et al., 2017). It was pointed out that even a 

small amount of clay (1%wt) can dramatically change the surface potential of the carbonate, which could 

further affect the adsorption of ions on the mineral surface. 

3.4.2.3 Sensitivity analysis 

Since the model does not always behave consistently with experimental data, it is of interest to inestigate 

its sensitivity to the parameters. We take the optimized parameters from Table 3 and 4 as initial values, 

scale each parameter with a factor of 10 and find how the standard deviation (STD) varies. The result for 

the data from Zhang, Tweheyo, & Austad, (2007) is given in Figure 11. 

  

(a) T=20°C (b) T=130°C 

Figure 11. Sensitivity analysis for the modelling of experimental data from Zhang, Tweheyo, & Austad, 

(2007). The model is more sensitive to Cmax and A, but not  𝜏2, especially at low temperature. 

At high temperature, all the three parameters produced non-monotonic bahaviour of STD with a 

minimum point at the initial values. However, at low temperature, the quality of fitting does not vary 

much upon variation of A and 𝜏2 in the inspected ragne. Further downscale A and 𝜏2,  it can be seen that 

(Figure 12) 𝜏2 gives the best fitting at almost 2 orders smaller than the initial value. But the impact of 𝜏2 

on STD is very insignificant after the optimal point. Practically 𝜏2 should not affect the fitting at any 

value larger than that. Similar observation is made on A. 
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(a) T=20°C 

Figure 12. The dependence of STD on A and  𝜏2 for the modelling of experimental data from Zhang, 

Tweheyo, & Austad, (2007), Both parameters produced monotonic behavior of STD. 

 This means the equilibration time of the first layer (inversely propotional to A) can be shorter without 

much damage to the overall fitting quality. As for 𝜏2, the experimental data probably could not give a 

clear indication for it. This is because 𝜏2 should be longer than 2 weeks at ambient temperature, as 

demonstrated by the static experiments. Meanwhile, the considered flooding experiments lasted for only a 

few hours, which means that the second layer was not much involved in the reaction, so that it is difficult 

to be detected in the experiments. 

The analysis for modelling of data from Strand et al., (2008) gives similar observations. As shown in 

Figure 13, for all the tested temperatures, the model is more sensitive to Cmax and A than 𝜏2.  

  

(a) T=20°C (b) T=70°C 
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(c) T=100°C (d) T=130°C 

Figure 13. Sensitivity analysis for the modelling of experimental data from Strand et al., (2008). Similar 

to previous obervations, the model is more sensitive to Cmax and A, but not  𝜏2. 

A more clear comparison of the impact of 𝜏2 is given in Figure 14. It can be seen that, further increase 𝜏2, 

even with a factor of 10, does not have much influence on the fitting. The reason is, again, the duration of 

labortary test is too short for the second layer to engage in the reaction. Given this fact, we could 

practically apply the value of 𝜏2 obtained from static experiments into the dynamic model. It also means 

that, core flooding experiments may not provide a full picture of the impact of ion exchange. But at 

reservoir scale, where the injection lasts for months or even years, the full potential of ion exchange 

maybe unlocked. 

  

(a) T=20°C (b) T=70°C 
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(c) T=100°C (d) T=130°C 

Figure 14. Impact of 𝜏2 on STD  for the modelling of experimental data from Strand et al., (2008). STD 

behaves monotoniclly upon 𝜏2 at 20°C and 130°C, but not in the other two temperatures. 

3.4.3 Modeling of the dissolution process in static experiments 

The results indicate that the saturation of water by calcite was very fast (in the order of seconds). In order 

to verify the observation, we simulated the process in the PhreeqC software. We adopted the rate 

expression of calcite dissolution derived by Plummer, Wigley, & Parkhurst (1978): 

𝑅𝑐𝑎𝑙𝑐𝑖𝑡𝑒 = 𝑟𝑓𝐴 (1 − 10
2
3

𝑆𝐼𝑐𝑎𝑙𝑐𝑖𝑡𝑒) (
mmol

s
), (4) 

where 𝑅𝑐𝑎𝑙𝑐𝑖𝑡𝑒 is the dissolution rate in mmol/cm2/s; 𝑆𝐼𝑐𝑎𝑙𝑐𝑖𝑡𝑒 is the saturation index of calcite in the 

solution; 𝑟𝑓 is the forward rate constant: 

𝑟𝑓 = 𝑘1[𝐻+] + 𝑘2[𝐶𝑂2(𝑎𝑞)] + 𝑘3[𝐻2𝑂] (5) 

Here [𝐻+], [𝐶𝑂2(𝑎𝑞)] and [𝐻2𝑂] are the activities of the corresponding species; k1, k2, and k3 are 

temperature-dependent constants: 

𝑘1 = 100.198−444.0/𝑇; (6) 

𝑘2 = 102.84−2177.0/𝑇; (7) 

If T<=25°C, 

𝑘3 = 10−5.86−317.0/𝑇; (8) 

If T>25°C, 

𝑘3 = 10−1.1−1737.0/𝑇 (9) 

Compared to the original expression, the contact surface area 𝐴was inserted into Eq. (4). 

The simulation was performed for 26.61 m2 calcite surface in one liter of water at 21°C, the initial pH was 

7.  
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The kinetics of the simulated result of calcite dissolution agrees well with the experimental data. The 

equilibrium was reached around 10 seconds, while our experiments indicate that it is less than 20 seconds. 

The equilibrium concentration (4.77 mg/L) also agrees well with the experimental results, especially for 

pure calcite and Stevns Klint chalk. A slightly higher concentration given by reservoir chalk is probably 

due to the impurities of the material. However, the impact is insignificant considering the low equilibrium 

concentrations. 

A good match between our experimental measurement and PhreeqC simulation confirms the validity and 

accuracy of the experimental procedure. The final state of the system can be well described by the 

existing theory. 

 

Figure 15. PhreeqC simulated calcium concentration during calcite dissolution in pure water and our 

experimental data. It can be seen that the model calculation matches well with experimental observations 

of pure calcite and Stevns Klint chalk, but slightly underestimates the equilibrium concentration for 

reservoir chalk. 

3.4.4 Evaluation of calcite dissolution in flooding experiments  

3.4.4.1 Review of experimental data 

Two-phase displacement experiments in chalk with the sequential injection of different brines are selected 

to evaluate the effect of calcite dissolution on oil recovery. In this study, we discuss the flooding 

experiments reported by Fathi, Austad, & Strand, (2010) and Zahid, Stenby, & Shapiro, (2010). These 

experiments were carried out with the Stevns Klint chalk samples, similar to the materials in our static 

experiments. 

In the work of Fathi, Austad & Strand (2010), a Stevns Klint outcrop core was flooded twice to test the 

EOR potential of different brines. In both tests, several brines were injected sequentially, Injection of SW 

at tertiary stage increased the recovery by 7% and 5%, respectively. Additional oil was produced 

gradually within 2 PVI (Porous Volume Injected) after switching the injection brine. The flooding was 
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performed at 120°C and the injection rate was 1 PV/day. The compositions of the brines are given in 

Table 5. 

Ion 
FW 

[mol/L] 

SW 

[mol/L] 

dSW10000 

[mol/L] 

SW0NaCl 

[mol/L] 

HCO3
- 0.009 0.002 0.001 0.002 

Cl- 1.07 0.525 0.158 0.126 

SO4
2- 0 0.024 0.007 0.024 

Mg2+ 0.008 0.045 0.013 0.045 

Ca2+ 0.029 0.013 0.004 0.013 

Na+ 1.00 0.450 0.135 0.050 

K+ 0.005 0.010 0.003 0.010 

Ionic strength 1.112 0.657 0.197 0.257 

TDS [g/L] 62.80 33.39 10.02 10.01 

Table 5. Brine compositions involved in the flooding experiments reported in Fathi, Austad & Strand, 

(2010). 

The work of Zahid, Stenby & Shapiro (2010) involves 15 core flooding experiments with the Stevns Klint 

chalk cores. Here we select 6 out of 13 experiments that are representative of the different experimental 

conditions, to avoid repetition. The experimental temperatures were 40°C, 90°C and 110°C. Additional 

recoveries ranging from 1.16% to 3.38% were observed shortly after injecting the modified seawater. The 

compositions of the injected brines are given in Table 6. 

Ion 
SW0S 

[mol/L] 

SW 

[mol/L] 

SW3S 

[mol/L] 

Na+ 0.368 0.358 0.337 

K+ 0.010 0.010 0.010 

Mg2+ 0.045 0.045 0.045 

Ca2+ 0.013 0.013 0.013 

Cl- 0.492 0.434 0.317 

HCO3
- 0.002 0.002 0.002 

SO4
2- 0 0.024 0.072 

TDS [g/L] 33.39 

Table 6. Compositions of the brine used in the core flooding experiments reported by Zahid, Stenby & 

Shapiro (2010). 
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All the tested conditions are listed in Table 7. 

 Brine 
T 

[°C] 

Fathi, Austad & 

Strand, (2010) 

FW 

120 
SW 

dSW10000 

SW0NaCl 

Zahid, Stenby & 

Shapiro, (2010) 

SW 

40 

90 

110 

SW0S 

40 

90 

110 

SW3S 
40 

110 

Table 7. Summary of the experimental conditions applied to simulate calcite dissolution kinetics using 

PhreeqC. 

3.4.4.2 Calcite dissolution under the reported experimental conditions 

It was stated in section 3 that the dissolution of calcite in pure water is a fast process. The equilibration 

time is in the order of seconds, and the equilibrium concentration is low (between 10 – 16 mg/L CaCO3). 

The PhreeqC modeling described in section 4.3 gave a reasonably accurate estimation of the dissolution 

kinetics and of the equilibrium concentration for the pure calcite and the Stevns Klint chalk. 

First, we evaluate the dissolution kinetics of calcite under the experimental conditions (temperature and 

brine composition) involved in the reviewed works.  

The Stevns Klint outcrop chalk has a specific surface area of 2 m2/g. The static dissolution process was 

simulated with the same experimental configurations as described in the previous section: 26.61 m2 

surface area in one-liter of the solution. The result is shown in Figure 16. 
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(a) Calcite dissolution under conditions of Fathi, Austad 

& Strand, 2010. 

(b) Calcite dissolution under conditions of Zahid, Stenby 

& Shapiro, 2010. 

Figure 16. The simulated calcite dissolution kinetics under the experimental conditions reported in (a) 

Fathi, Austad & Strand, (2010) and (b) Zahid, Stenby & Shapiro (2010). The temperature has a much 

more significant impact on the dissolution kinetics than the composition of the brine. 

It can be seen that the dissolution of calcite reaches equilibrium very rapidly in both cases. For the 

experimental conditions in the work of Fathi, Austad, & Strand, (2010), the equilibrium is reached after 

one second. The different brines correspond to the different equilibrium concentrations rather than 

equilibration times. The brine termed dSW10000 causes precipitation of calcite instead of dissolution. 

Simulations based on the conditions from Zahid, Stenby, & Shapiro, (2010), show that the effect of 

temperature on the dissolution process is more important than the effect of the brine composition. Higher 

temperatures greatly enhance the dissolution of calcite. Meanwhile, the effect of sulfate concentration on 

dissolution is rather insignificant.  

The simulated pH profiles (Figure 17) correlate with the observations. The dissolution of calcite in the 

brines is associated with a reduction of pH. The equilibrated solutions usually end up in slightly acidic 

brines, except for the experiments at 40°C reported by Zahid, Stenby & Shapiro, (2010). 

  

(a) pH profiles under conditions of Fathi, Austad & 

Strand, 2010. 

(b) pH profiles under conditions of Zahid, Stenby & 

Shapiro, 2010. 
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Figure 17. The simulated pH profiles under the experimental conditions reported in (a) Fathi, Austad & 

Strand, (2010) and (b) Zahid, Stenby & Shapiro (2010). 

The implications of the obtained information (low dissolution times and amounts) on the flooding 

experiments are two-fold. First, in the flooding experiments, the flow velocity of water is slow. In the 

reviewed works, the injection rates are 1 and 5 PV/day. On the basis of the given core data, the mobile 

saturation of water can be calculated using the average irreducible saturations of oil and water, and 

afterward, the flow velocity of the water can be calculated. The results are given in Table 8. 

 
L 

[cm] 

D 

[cm] 

PV 

[ml] 

Swi 

[%] 

2nd Rec. 

[%] 

Sor 

[%] 

V 

[mm/s] 

S. Fathi et al., 2010 7.0 3.81 35.9 8 57 39.6 0.0015 

A. Zahid et al., 2010 7.5 
2.54 17.8 0 61.8 38.2 0.0070 

3.81 37.5 0 69.2 30.8 0.0063 

Table 8. The calculated flow velocities of the water in the two reviewed works and the parameters used 

for the calculation. Compared with the very slow flow velocity, the dissolution of calcite should be 

considered as a fast process. 

Comparison of the equilibration time for dissolution (few seconds) and the calculated flow velocity shows 

that, apparently, the dissolution process will reach equilibrium at the very inlet of the core, while the rest 

of the core remains unaffected. However, in most cases, additional oil was produced immediately after 

switching the injection brine or increasing the temperature. Such recoveries should not be attributed to the 

dissolution occurred at the inlet of the cores. 

The equilibrium amount of dissolved calcite is very low. The maximum dissolved amount in the reviewed 

works is 350 mg/L. For the pore volume of the core, which is usually in the range of 30-40 ml for a 

typical Stevns Klint core, one liter of injection brine corresponds to 25 to 28.5 PVIs. This injected volume 

is rarely achieved in the flooding experiments so that the actual amount of dissolved calcite is even lower. 

Compared with the mass of the core, which can be calculated using the reported core data (given in Table 

9), the dissolved mass is negligibly small, the effect is unlikely to be observed visually. However, since 

the dissolution is fast, long term injection may result in structures like wormholes at the inlets of the 

cores. 

 
L 

[cm] 

D 

[cm] 

Porosity 

[%] 

Mass 

[g] 

S. Fathi et al., 2010 7.0 3.81 45 119.0 

A. Zahid et al., 2010 7.5 
2.54 46.8 54.8 

3.81 43.8 130.1 

Table 9. The calculated mass of the cores using reported core information and calcite density of 2.71 

g/cm3. 

Advanced mathematical modeling of the dynamic effect of the dissolution on the two-phase displacement 

is consistent with our observations (Alexeev, Shapiro, & Thomsen, 2015). Fast dissolution affects only 
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the injection spot, almost without progressing into the rock. In addition, due to the volumetric non-

additivity (the volume contribution of the mineral decreases in solution), the dissolution front velocity 

decreases in the affected section.  

On the other hand, Hiorth, Cathles, & Madland (2010) reported a linear correlation between calcite 

dissolution and oil recovery in the imbibition experiments, assuming uniform dissolution inside the core. 

However, considering the fast dissolution kinetics, dissolution could have only happened on the surface 

of the core very soon after it was immersed in the imbibing fluid. When the brine penetrates further into 

the core, it is already saturated with CaCO3 that was dissolved near the core surface. Additional oil 

production due to dissolution would thus be insignificant, even though the dissolution may have 

preferentially occurred at places where oil adsorbs on the calcite, as stated by Stumm, 1992 (p. 162). 

Probably, there are other surface-chemistry mechanisms of recovery that correlate with the capability of 

brine to dissolve CaCO3. 

While dissolution alone is not likely to lead to a large amount of oil production, it may trigger other, 

probably, more important effects. Consequences such as pH alteration (Lager et al., 2008), improved pore 

connectivity (Yousef et al., 2010), modified electric double layer interaction (Karimi et al., 2016) and 

compaction of chalk (Hao & Shapiro, 2019) were reported in connection with the calcite dissolution. 

These mechanisms need a separate investigation. 

3.5 Conclusions 

In this work, we studied experimentally the kinetics of calcite dissolution in pure water and the Ca – Mg 

ion exchange on the surface of calcite. The experiments were performed with three types of powders: 

pure calcite, Stevns Klint outcrop chalk, and North Sea reservoir chalk. It was shown that the existing 

theory of calcite dissolution was able to match the observed kinetics of the tested materials. Another 

model was proposed to describe the kinetics of calcium-magnesium ion exchange. It was shown that the 

two-layer exchange model could describe the process of exchange on the two time scales. Significance of 

the dissolution and ion exchange processes was evaluated for the two-phase flooding experiments and 

single-phase flow-through experiments reported in the literature. A numerical transport model was 

developed for the flow-through experiments. The main conclusions are as follows: 

 The dissolution of calcite is confirmed to be a fast process and the equilibrium concentration is 

low. Given the surface area to liquid volume ratio in our experiments, the equilibrium can be 

reached within a few seconds. Depending on the temperature and brine composition, the 

equilibrium concentration of calcite can range from a few milligrams to a few hundred milligrams 

per liter. 

 It is not likely that the dissolution of calcite alone is responsible for the observed additional 

recovery in smart waterflooding experiments. Under the reported experimental conditions, 

dissolution of calcite should have occurred at the inlets of the cores, while the additional oil 

production was observed rapidly after the injection water was changed. 

 The proposed two-layer model (inner and outer) matches well with the experimental data. It is 

sufficient to assume that the two layers have equal capacities with regard to the adsorbed amounts 

of magnisium. The exchange capacity of the surface, as matched by the model, was in the order 

of 10-5 mol/m2/layer. 

 Due to the long equilibration time of the second layer, as described by the two-layer model. The 

impact of ion exchange may be more profound on reservoir scale than in laboratory tests. 

 We have compared the behavior of the ion exchange model proposed in this work with the 

surface complexation models reported in the literature. Both physical adsorption and chemical 
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exchange of Ca2+ and Mg2+ ions take place when flooding chalk cores with Mg2+ containing 

brines. The physical adsorption dominates fluid-rock interaction at low temperatures, while in the 

model the chemical exchange reaction dominates at high temperatures. 

 The different carbonate rocks possess different properties when it comes to the ion exchange 

process. The mineralogy composition of the rock should be understood in order to analyze the 

chemical interactions. 
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Chapter 4. Effect of Flow Diversion on Oil Recovery Under 

Smart Waterflooding in Homogenous and Heterogeneous Chalk 

and Sandstone 

This chapter has been submitted as a paper manuscript to the Journal of Petroleum Science and 

Engineering 

 

Abstract 

This work experimentally evaluates the impact of flow diversion and heterogeneity on enhanced oil 

recovery (EOR) by smart waterflooding. A systematic experimental study was carried out by comparing 

the behavior of homogeneous cores with heterogeneous cores, and the sandstone cores with the chalk 

cores. An advanced mathematical model that includes the mechanism of fines relocation and instant 

vertical communication in a layered porous media was employed to simulate the experiments. The study 

is expected to improve the understanding of the important factors for enhanced recovery by smart 

waterflooding. This study indicates that the generation of a plugging agent by smart waterflooding is 

possible for both sandstone cores (clay particles) and chalk cores (precipitated salts and emulsification). 

These plugging agents contribute to oil recovery through the flow diversion mechanism, which increases 

the sweep efficiency. A higher additional recovery was consistently observed from the heterogeneous 

cores, which suggests that heterogeneity may amplify the effect of flow diversion. These mechanisms are 

similar for sandstone and chalk cores. 

4.1 Introduction 

Smart waterflooding as a method for enhanced oil recovery (EOR) has drawn increasing attention in 

recent years (Hao et al., 2019). Compared with other chemical EOR methods, smart waterflooding is 

more cost-effective and environmentally friendly. The first systematic investigation of this approach was 

carried out for a sandstone rock (Tang & Morrow, 1999). Later on, the research was extended to 

carbonaceous rocks. Regardless the numerous efforts, there is still no definite conclusion on the working 

mechanisms (Jackson et al., 2016; Bartels et al., 2019). A lot of focus has been put on explaining the 

interfacial interactions between rock, oil and brine (Derkani, et al., 2018). Chemical mechanisms, such as 

ion exchange, double layer expansion, wettability alteration etc. have been proposed to explain the 

experimental observations (Afekare & Radonjic, 2017; Sohal, Thyne, & Søgaard, 2016). However, 

dynamic mechanisms, which take place along with the dynamic process of the two-phase displacement, 

have not been sufficiently studied (Hao et al., 2019).  

In sandstone rocks, the presence of clay is considered to be a key factor for low salinity water flooding 

(LSW) to take effect (Afekare & Radonjic, 2017; Jackson et al., 2016). Tang and Morrow (1999) 

attributed the additional recovery to potential mobile clay particles in the core. The LSW effect was 

observed in the cores, which have a certain clay content, but no additional production was observed after 

the cores have been sintered (which is believed to stabilize the particles). Similar observations was made 

by Al-Sarihi et al. (2018), where additional oil was always accompanied by the production of fine 

particles and a reduction of the water permeability. A mechanism that involves migration of fine particles 

and subsequent straining in narrow pore throats that leads to a pore-scale flow diversion was proposed. 
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The recordings of an increased pressure drop along with the additional production may be evidence for 

this mechanism (Tang & Morrow, 1999; Al-Sarihi et al., 2018; Akhmetgareev & Khisamov, 2015; Zhang, 

Xie, & Morrow, 2007; Halim et al., 2015). The additional production was associated with a pH increase 

of the effluent (Jackson et al., 2016). It was pointed out that pH could have a significant impact on the 

surface charge of clay particles (Menon & Wasan, 1986; Gu et al., 2003). Depending on the type of clay, 

its surface potential may increase or decrease with pH, which may consequently reduce the electrostatic 

forces between the clay particles and the pore walls. Such an effect destabilizes the adsorption of  

particles and facilities relocation of the fines (Bedrikovetsky et al., 2012).  

For carbonaceous rocks, such dynamic mechanisms are rarely reported in the literature. Nonetheless, a 

number of studies have indicated potential sources of plugging agents. Zahid, Shapiro, & Skauge (2012) 

reported potential detachment of fines when flooding unconsolidated carbonate cores. Precipitation of 

salts by mixing of the existing pore water and injection water may also create free particles in the pore 

space (Puntervold & Austad, 2008). Emulsions, which may be formed spontaneously on the oil-brine 

contact or promoted by mixed-wet particles (Mokhtari, Ayatollahi, & Fatemi, 2019; Chakravarty, Fosbøl, 

& Thomsen, 2015a; Chakravarty, Fosbøl, & Thomsen, 2015b), may be another plugging agent. If the 

droplets are of a similar size to the pore throats, they can be strained and block the flow paths. In the 

context of the microbial EOR in carbonate rocks, the mechanism of selective plugging of water paths and 

diversion of the flux was proposed (Halim et al., 2015). But in the field of smart waterflooding, this 

mechanism has not been sufficiently studied. A possible reason could be overlooking the heterogeneity of 

the rocks. Heterogeneity has sometimes been attributed as ‘natural variability’ or ‘geological features’ 

(Zhang & Sarma, 2012; Romanuka et al., 2012), but, to the best of our knowledge, this factor has not 

been investigated further. Heterogeneity may enlarge the effect of flow diversion, even on the core scale. 

The comparison between heterogeneous and homogeneous cores under similar flooding procedure has 

clearly indicated a greater EOR potential for heterogeneous cores (Mohammadkhani et al., 2019; Halim et 

al., 2015; Hao & Shapiro, 2019). Mathematical modeling of the flooding process with flow diversion 

triggered by fines migration suggested improved sweep efficiency in heterogeneous reservoirs (Yuan & 

Shapiro, 2011; Zeinijahromi, Lemon, & Bedrikovetsky, 2011). 

In this work, we aim to identify and evaluate the effect of flow diversion in sandstone and chalk cores. 

The core flooding experiments were performed with specially selected reservoir cores, with different 

levels of heterogeneity. The flooding in sandstone and chalk cores, heterogeneous and homogeneous, was 

compared to extract key factors that contribute to the additional recovery. Advanced modeling was 

employed to reproduce the experimental results and to obtain important parameters that characterize the 

recovery process. 

The paper is organized as follows: Section 2 presents the experimental part of the work, including 

experimental materials, methods, and results; Section 3 introduces the mathematical model used in this 

work, the procedures to match with experimental data and the fitted parameters that characterize the 

process; Section 4 gives a brief discussion of the main observations from this work; Section 5 contains the 

derived conclusions. 

4.2 Experimental 

4.2.1 Materials and Methods 

4.2.1.1 Oil 

Two kinds of oil were used in this work: crude oil from a North American sandstone reservoir, with 

density 883 kg/m3, viscosity 21.11 cP, total acid number 0.26 mg KOH/g; and a light crude oil from a 
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North Sea chalk reservoir, with density 840 kg/m3, viscosity 4.45 cP, total acid number 0.504 mg KOH/g. 

All the properties are measured at room conditions. 

4.2.1.2 Brine 

Two sets of brines were used for the flooding of sandstone and chalk cores separately. The first set 

involves the original formation water of the sandstone reservoir (FWS); and a modified version of 

formation water (MFWS) by replacing Ca2+ and Mg2+ ions with Na2+, meanwhile keeping the ionic 

strength constant by adjusting the amount of NaCl. The flooding experiments also involve the MFWS 

with increased pH (pH range from 11.5 to 12.5), which is prepared by titrating the brine with a saturated 

NaOH solution. Besides, diluted versions of MFWS (5 and 10 times diluted) were prepared by mixing the 

brine with deionized water. The recipes of FWS and MFWS are given in Table 1. 

 Concentration [mg/L] 

Salt FWS MFWS 

CaCl2 4.15 0 

MgCl2∙6H2O 5.61 0 

KCl 0.018 0.018 

NaCl 39.05 50.32 

SrCl2∙6H2O 0.0015 0.0015 

Na2SO4 7.25 7.25 

NaHCO3 0.201 0.201 

TDS [g] 56.28 57.78 

Table 1. The recipes of the brines used for flooding experiments with the North American sandstone 

cores. 

The second set of brines involves the formation water from the North Sea chalk reservoir (FWC) and 

seawater (SW). The recipes of FWC and SW are given in Table 2. 

 Concentration [mg/L] 

Salt FWC SW 

NaCl 69.013 25.414 

KCl 0.475 0.763 

NaHCO3 - 0.089 

Na2SO4 0.429 2.957 

CaCl2∙2H2O 5.378 1.504 

MgCl2∙6H2O 4.964 9.151 

SrCl2∙6H2O 0.426 0.061 

BaCl2∙2H2O 0.001 - 

TDS [g] 80.675 30.939 

Ionic strength 1.384 0.675 

Table 2. Recipes of the brines used for flooding experiments of the North Sea chalk cores. 

4.2.1.3 Cores 

Two cores from a North American sandstone (SS) reservoir and two cores from a North Sea chalk (CK)  

reservoir were used in this work. The porosity and permeability of the cores were measured by nitrogen, 

the measured permeability was corrected by the 5 point Klinkenberg method. The measured properties of 

the cores are given in Table 3. The sandstone cores have a certain content of clay (most probably 

kaolinite). The chalk cores consist of highly pure biogenic calcium carbonate, mostly, skeletons of 

coccoliths. 
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Core no. 
Length 

[mm] 

Diameter 

[mm] 

Dry weight 

[g] 

Porosity 

[%] 

Permeability 

[mD] 

SS1 53.0 38.2 122.96 22.7 302 

SS2 61.1 38.1 142.71 22.5 332 

CK1 72.8 37.4 146.3 30.5 0.31 

CK2 79.9 37.8 169.1 30.4 0.52 

Table 3. The dimensions and petrophysical properties of the cores. 

The cores were selected according to their heterogeneity. Similar to our previous work (Hao & Shapiro, 

2019), the selection was based on the x-ray computed tomography (CT) images of the dry samples. Each 

pair of cores consists one heterogeneous and one homogeneous core. Since heterogeneity of the rock is 

difficult to quantify, in this work “heterogeneous” and “homogeneous” are considered as relative terms. 

We choose cores that are visibly distinct from each other so that they produce qualitatively different flow 

characteristics during the two-phase displacement. The CT images of the cores are shown in Figure 2. 

Both of the sandstone cores have some high density strips along the core. These strips appear as dark lines 

(see Figure 1), which is most probably the clay (kaolinite) content of the core.  

 

 

Figure 1. Images showing the visual structure of the heterogeneity (the dark strips on the sandstone core). 

A preliminary observation of the dark matter suggests that they are most likely to be kaolinite, deposited 

in the core. 

SS1 shows some additional variation close to the surface of the core. Meanwhile, for SS2 the 

heterogeneity is rather uniform. In terms of the chalk cores, it is evident that CK1 is more heterogeneous 

than CK2. The dense inclusions and fractures in CK1 are mainly located in the center section of the core. 

Meanwhile, such characteristics do not show up in CK2. 
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(a) SS1 

   
(b) SS2 

   
(c) CK1 
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(d) CK2 

Figure 2. CT scanning images of the dry cores. SS1 includes more irregular dense inclusions than SS2, 

close to the surface of the core. Compared with CK2, CK1 shows distinct variations of density together 

with some fractures in the middle section of the core. These features made CK1 to be considered as a 

heterogeneous core, while CK2 is homogeneous. 

4.2.1.4 Emulsification tests 

Spontaneous emulsification of oil when in contact with specific brines was reported in the literature 

(Mahzari & Sohrabi, 2014; Emadi & Sohrabi, 2013; Mokhtari, Ayatollahi, & Fatemi, 2019). In 

combination with the heterogeneous character of a core, it was proposed as a potential mechanism for 

additional recovery in smart waterflooding (Mohammadkhani et al., 2019). In this work, the 

emulsification tests were performed with the oils and brines to detect the potential interfacial interactions 

at the oil-brine contacts. 10 ml of brine and oil were added into a 20 ml sample bottle. The fluids were 

added carefully to avoid mixing. Then the samples were placed in an oven under reservoir temperatures: 

40°C and 60°C for the liquids from sandstone and chalk reservoirs, respectively. Two parallel samples 

were prepared for each pair of oil and brine. Pictures of the oil-water interface were taken every hour.  

4.2.1.5 Core flooding procedure 

The cores were cleaned by alternative injection of toluene and methanol to remove the residual 

hydrocarbons and precipitated salts. The cleaned cores were dried in the oven at 60°C until a constant 

mass was reached. Porosity and permeability of the cleaned dry cores were measured by the nitrogen 

injection. Then the cores were fully saturated by formation water (FW) under vacuum. The saturation was 

checked by comparing the porosity calculated by the weight difference of the dry and saturated core, with 

the porosity measured by nitrogen. Next, the saturated cores were assembled in a Hassler type core holder 

and connected to the flooding setup. Approximately five porous volumes (PVs) of formation water were 

injected to remove the air that is possibly trapped in the core. Further, crude oil was injected to establish 

initial saturations of water and oil. The injection continued until no more water was produced from the 

core. The injection rate was adjusted according to the petrophysical properties of the cores to ensure the 

flow velocity of 1 ft/day. Then the core was aged for two weeks. The flooding was performed in a setup 

similar to the one used in our previous work (Hao & Shapiro, 2019), with the only difference that a 

heating jacket surrounding the core holder was used instead of the oven. 

For the sandstone cores, the experimental temperature was 40°C. The overburden pressure of 20 bar was 

applied; meanwhile, there was no backpressure, and the outlet of the core was directly in contact with 
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atmospheric pressure. For the chalk cores, the experiments were performed at 60°C. The backpressure of 

190 bar was applied, and the overburden pressure was kept at 30 bar above the inlet pressure. 

After aging, several brines were flooded sequentially through the cores to produce the oil. Formation 

brines, FWS and FWC, were injected for secondary recovery of the sandstone and chalk cores, 

respectively. Afterward, for the sandstone cores, the modified formation water (MFWS), the MFWS with 

increased pH, and 5 and 10 times diluted MFWS were sequentially flooded through the cores. Each brine 

was injected for at least 5 PVs to give sufficient time for the chemical/physio-chemical interactions. For 

the chalk cores, a NaOH solution of pH 12.9 was injected in tertiary mode.  

In order to find the role of clay particles in the recovery process, each of the sandstone cores was flooded 

twice, with a similar injection scheme. A thorough cleaning procedure was performed between the 

experiments. First, toluene and methanol were injected to clean up the residual oil and brine from the first 

experiment, followed by injection of NaOH solution with pH 12.6. The purpose is to trigger the potential 

physio-chemical processes that could mobilize and remove the clay particles from the core so that the 

impact of such particles can be reduced/avoided in the subsequent experiment. After that, methanol was 

injected again to clean up the NaOH solution. Then the cleaned cores were dried and the same saturation 

and the flooding procedures were repeated.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

The flooding effluent was collected in graduated test tubes with fractions of 1/7 to 1/3 PV to obtain an 

accurate track of the recovery process. The volumes of the produced oil in each tube were measured to 

calculate the saturation and recovery. For large amounts of oil (more than 0.1 ml), the volumes were read 

visually from the graduated test tubes. For smaller volumes of oil, which appeared as droplets or a thin 

film on top of the water, the volumes were measured in two ways. For the effluent from sandstone cores, 

the weight method was applied. A syringe was used to extract most of the water from the tube, leaving a 

small volume of water (0.1 – 0.3 ml) with the oil in it. Then the mixture was weighed by an analytical 

balance. Knowing the densities of water and oil, the volume of oil could be subsequently determined.  For 

the effluent from the chalk cores, the oil was first dissolved in 3 ml of toluene, then the optical density 

(OD) of the oil-toluene solution measured at the UV wavelength of 750 nm. The measured OD was 

compared with a standard curve made by the same method with known amounts of oil. The method was 

described in the literature (Katika, et al., 2016) and applied in our previous work as well (Hao & Shapiro, 

2019). 

4.2.2 Experimental Results and Analysis 

4.2.2.1 Emulsification tests 

The compatibility tests with oil and brines for the sandstone cores lasted for 52 hours. The only visible 

variation on the interface was made with the NaOH titrated MFWS, which has a pH of 12.7. The earliest 

observation was recorded after two hours of mixing. It can be seen that the oil-brine contact became 

unstable: fluctuations and separate droplets of oil appeared near the interface. Other brines, including 

FWS, MFWS and diluted MFWS, did not show any visible changes at the interface. Figure 3 shows the 

result of the titrated MFWS, for comparison purposes, the result of FWS is also presented in 

representation of the rest of the brines. 
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At the beginning At the end (52 hours) 

  
(a) NaOH titrated MFWS 

  
(b) FWS 

Figure 3. Results of the emulsification tests for the North American oil and brines. Only the NaOH 

titrated brine resulted in instability of the oil-brine interface (a), other brines had stable interface with oil 

throughout the experimental period. 

A similar test was performed with the North Sea oil and brines as well. The formation water (FWC), the 

seawater (SW), the diluted SW (5 times and 20 times diluted, termed as 5DSW and 20DSW), and the 

deionized water (DW), together with NaOH titrated 20DSW and DW, whose pH is 12.7, were put in 

contact with oil. Pictures of the interface were taken hourly in the first 4 hours and overnight (16 hours 

later). Figure 4 presents the images of the interface at the beginning and the end of the experiment.  
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At the beginning At the end (16 hours) 

  
(a) FWC 

  
(b) SW 

  
(c) 5DSW 

  
(d) 20DSW 

  
(e) 20DSW at increased pH 
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(f) DW 

  
(g) DW at increased pH 

Figure 4. Results of the emulsification test with the North Sea oil and brines. Emulsions can be found in 

all the samples after 16 hours. The least amount of emulsion appears in the samples containing FWC and 

SW. Emulsification increases with the decrease of the salinity, while pH does not have a significant 

impact.  

It can be seen that after 16 hours the emulsions are formed at the interface for all the tested brines. The 

least amount of emulsions was found with the FWC and the SW, which have the highest salinity. 

Combining the results from 5DSW, 20DSW, and DW, it can be qualitatively, but clearly, observed that a 

decrease in salinity leads to an increase in the formation of emulsions at the oil-brine contact. By 

comparison of Figure 4(d) with 4(e), and Figure 4(f) with 4(g), it may be found that increasing the pH of 

the brine does not significantly affect the amount of emulsion formed at the interface. Given this 

information, the NaOH titrated DW, which is basically a NaOH solution at pH 12.7, was further tested in 

the core flooding experiment.  

The observed spontaneous emulsification at the oil-brine interface is in line with the reported findings in 

the literature (Mokhtari, Ayatollahi, & Fatemi, 2019; Mohammadkhani et al., 2019; Emadi & Sohrabi, 

2013; Mahzari & Sohrabi, 2014). Emulsions can be beneficial in the recovery process. When the sizes of 

the emulsion droplets are similar to the pore sizes, they may plug the flow paths and divert the flow to 

other places, so that the displacement efficiency is improved. However, such hypothetical mechanisms 

need further experimental validation. 

4.2.2.2 Core flooding experiments 

Sandstone cores 

Figure 5(a) (b) shows the result of the first flooding experiment with core SS1. The initial saturations of 

water and oil are 57.1% and 42.9%, respectively. The high water saturation indicates that the core is 

probably preferentially water wet. The secondary flooding by FWS resulted in a recovery of only 18.23%.  

Flooding by the modified formation water (MFWS) and diluted versions of MFWS did not produce 
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additional oil. However, injection of MFWS with increased pH at 11.55 (by gently titrating saturated 

NaOH solution) produced 2.38% more oil after 6 PVI, which corresponds to 26 hours of injection.  

Figure 5(b) shows the profiles of differential pressure (dP) across the core and the effluent pH throughout 

the experiment. There is a clear increase in dP between 15 and 17 PVI, before the appearance of the 

additional recovery. Then the pressure difference dropped down after the oil was produced. The pH 

profile shows a gradual increase and decrease. This is probably due to the high stagnant water saturation: 

mixing of connate water and injected brine can result in a more dispersed pH front. It should be 

mentioned that the increase of differential pressure occurred slightly behind the increase of pH, which 

indicates that the physical process behind the recovery is not instantaneous, but is time-dependent. 

Figures 5(c) (d) shows the result of the second flooding experiment with the core SS1. Overall, the core 

behaved similarly to the first experiment: an additional recovery of 1.42% was achieved only by MFWS 

at increased pH, which is less than the first experiment. The behavior of pH and dP in connection with 

additional production is similar to the first experiment. In the second flooding of SS1, the initial 

saturations are 49.8% for water and 50.2% for oil. The increase of oil saturation compared to the first 

experiments is probably suggesting a shift of the wettability state of the core. The secondary recovery by 

injection of formation brine was also higher than in the first experiment, reaching 21.31%.  
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(a) Recovery from the first flooding of SS1 (c) Recovery from the second flooding of SS1 

  
(b) dP and effluent pH of SS1 from the first flooding (d) dP and effluent pH of SS1 from the second flooding 

Figure 5. The two flooding results of core SS1. (a) (b) and (c) (d) are the recovery plots and pH and dP profiles of the first and second flooding experiment, 

respectively.  
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Figures 6(a), (b) show the result of the first flooding experiment with SS2. The initial saturations of water 

and oil are 39.5% and 60.5%, respectively. 34.55% of oil was produced by injection of formation brine at 

the secondary recovery stage. Subsequent flooding by the various brines barely increased the recovery 

factor. Unlike in SS1, the increase of pH did not lead to significant additional production. It should be 

mentioned that, due to the malfunction of a dP transducer, the measured dP does not reflect the flow 

condition in the core. 

Figures 6(c), (d) show the result of the second flooding experiment with the SS2. The initial saturations 

were 46.8% for water and 54.2% for oil. The recovery by waterflooding was 42.68%, which is much 

higher than in the first experiment. The injection of the MFWS with the increased pH was prolonged in 

this experiment; a total of 10 PVs were injected, corresponding to more than 2 days. Some variations of 

dP were detected at the later stage of the experiment, which may be an indication of the fluid 

redistribution in the core. However, there was still no significant oil production during the tertiary stage.  
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(a) Recovery from the first flooding of SS2 (c) Recovery from the second flooding of SS2 

  
(b) dP and effluent pH of SS2 from the first flooding (d) dP and effluent pH of SS2 from the second flooding 

Figure 6. The two flooding results of core SS2. (a) (b) and (c) (d) are the recovery plots and pH and dP profiles of the first and second flooding experiment, 

respectively.  
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Chalk cores 

Figures 7(a), (b) show the flooding results for the heterogeneous core CK1. The initial saturations are 

26.3% for water and 73.7% for oil.  At the secondary stage, the recovery reached 70.3% by injection of 

the formation brine. Subsequent injection of NaOH solution with pH 12.95 produced 2.43% of additional 

oil. The production was delayed by 1.94 PVI after switching the injection water, which indicates that the 

additional production was not just a continuation of the secondary flooding. Increasing the pH of the 

injection brine resulted in a consistent increase of dP, with a higher rate at the first 2 PVI, followed by an 

exponential-like trend. This means that the flow of water experienced additional resistance. The detailed 

analysis of this observation is given later in this section.     

Figures 8(c), (d) show the flooding results for the homogeneous chalk core, CK2. Initial saturations of 

water and oil are 25.1% and 74.9%, respectively. The secondary recovery is 64.6%, less than that of CK1. 

The dP profile behaved very similar to CK1. However, only a marginal amount of oil was produced at the 

tertiary stage (1.2%). Unlike in CK1, the production did not appear as a slug of oil, but as discrete 

droplets throughout the tertiary flooding. 
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(a) Recovery from CK1 (c) Recovery from CK2 

  
(b) dP and pH profile from CK1 (d) dP and pH profile from CK2 

Figure 7. The two flooding results of core CK1 and CK2. (a) (b) and (c) (d) are the recovery plots and pH and dP profiles of CK1 and CK2, respectively. 
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For both experiments, it was observed that the effluent became cloudy after switching the injection brine. 

The cloudy effluent came 1.2 and 1.7 PVI for CK1 and CK2 after switching injection brine, respectively. 

In addition, the additional oil produced from CK1 appeared to be ‘dirty’ and sluggish, which indicates 

that the oil was probably contaminated or emulsified. Figure 8 illustrates the above observations. It was 

also noticed that mixing of formation brine (FWC) with the NaOH solution resulted in precipitation of 

salts. A PhreeqC simulation by mixing equal volume of the solutions indicates that the precipitation 

consists of Ca(OH)2 and Mg(OH)2. 

    

(a) effluent in 

secondary recovery 

(b) effluent in 

tertiary recovery 

(c) additional 

recovery from CK1: 

oil on top and water 

below 

(d) precipitation by mixing equal 

volume of FWC and NaOH 

solution 

Figure 8. The clear water effluent at the secondary stage (a), and the cloudy effluent after switching to 

high pH brine (b). (c) shows the vial that contains the additional oil along with water produced from CK1. 

(d) the white precipitation by mixing equal volume of formation brine and the injected NaOH solution. 

In order to figure out the substances in the cloudy effluent and sluggish oil, the samples were observed 

under an optical microscope. Images of the samples were taken by a camera mounted on top of the 

microscope. The microscope magnifications are 20 and 40 times. The camera also has a built-in 

magnification of 1.6 times, so the images are 32 or 64 times magnified. Figure 9 shows the images of the 

samples under the microscope.  

Figures 9(a), (b) are the images of the cloudy effluent from tertiary flooding. Water is the continuous 

phase in these images. It can be seen from Figure 9(a) that there are some oil droplets deposited on the 

surface of the glass substrate, and some of them have solid particles adsorbed on the surface. Deeper in 

the bulk liquid (Figure 9(b)), smaller oil drops and solid particles can be observed. Figures 9(c), (d) show 

the water effluent along with the additionally produced oil. On the glass surface (Figure 9(c)), the 

deposited oil droplets are larger than the droplets in Figure 9(a). The “dotted” surfaces of the large oil 

drops indicate adsorption of particles and attachment of the small oil droplets. The particles and the small 

droplets may also be observed inside the bulk liquid (Figure 9(c)). The sizes of these particles/droplets 

tend to fall in the range of a few micrometers. This is comparable to the pore sizes in chalk. Figures 9(e), 

(f) show the additionally produced oil at the two magnifications. Oil is the continuous phase in the 

images. Large droplets of water can be clearly observed in the oil, along with the adsorbed smaller water 
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droplets and solid particles on the droplet surfaces. Small droplets of water and particles can also be seen 

in the bulk oil phase. 

  
(a)  (b)  

  
(c)  (d)  

  
(e)  (f)  

Figure 9. Microscopic images of (a) deposited droplets/particles on the glass plate from the cloudy water 

effluent, 32×; (b) further inside the cloudy effluent, 32×; (c) deposited droplets/particles on the glass plate 
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from the water effluent with additional oil, 64×; (d) inside the water effluent under additional oil, 64×; (e) 

(f) additionally produced oil, 32× and 64×. 

4.2.2.3 Analysis of the flooding experiments 

Multiple studies report that mobile clay particles in the sandstone play an important role during smart 

waterflooding. Depending on the nature of the clay, the particles may be released from rock surfaces due 

to the weakened electrostatic attraction force by reduced salinity (Bedrikovetsky et al., 2011; 

Bedrikovetsky et al., 2012); alteration of pH (Menon & Wasan, 1986; Liu et al., 2002; Zhu, Liu, et al., 

2011); or surface ion exchange (Doust, Puntervold, & Austad, 2011). These particles may contribute to 

recovery through the flow diversion mechanism by selectively plugging the water paths (Hussain et al., 

2013; Zeinijahromi, Machado, & Bedrikovetsky, 2011; Zeinijahromi et al., 2015). On the other hand, 

emulsions, as observed in the effluent from chalk cores, could trigger the same mechanism, if the sizes of 

the droplets are comparable to the pore sizes (Mohammadkhani et al., 2019). 

In this work, we observe a systematic difference in the behavior of homogeneous and heterogeneous cores 

under similar flooding procedures. For both sandstone and chalk, increasing the pH of the injection brine 

produces more oil from the heterogeneous than homogeneous cores. For the sandstone cores, additional 

production from the heterogeneous core decreased in the second flooding test. This is consistent with the 

cyclic flooding tests reported by Tang & Morrow, 1999. A reason may be that the clay content in the 

cores was reduced due to the previous flooding and cleaning procedures. The pressure variation 

associated with additional production supports the hypothesis of flow diversion: when partial plugging of 

a core occurs, the permeability decreases, and higher pressure is needed to displace the oil. 

In the experiments with chalk cores, additional oil was produced along with large amounts of emulsions 

and solid particles. As shown in Figure 8(c) and Figure 9(e)(f), the largest production was obtained with 

the most significant emulsification. This makes the flow diversion mechanism highly plausible in this 

case. A rapid increase of the pressure difference in the first 2 PVI after switching the brine correlates with 

the mixing of formation brine with NaOH solution. Precipitation due to the brine incompatibility may 

block the pores. It should be mentioned that the additional oil was produced after the initial rapid increase 

of dP. Although a much higher dP was achieved later on, it did not correspond to additional oil 

production. Apparently, plugging continued in the waterflooded zones, but the diversion had already 

happened, and no more oil production potential remained in the core. 

4.3 Modeling of experimental results 

4.3.1 Formulation of the model 

The previous experimental observations suggest a recovery mechanism related to the heterogeneity of the 

cores and flow diversion by plugging of the water paths. In this section, we employ the model developed 

by Yuan & Shapiro (2011), which incorporates the concepts of fines relocation (Bedrikovetsky, Siqueira, 

Furtado, & Souza, 2011) and waterflooding in a vertically communicating stratified porous media 

(Yortsos, 1995; Zhang, Shapiro, & Stenby, 2011). A major effect of fines relocation is in the reduction of 

the relative permeability for water; the formation of the emulsions produces a similar effect. The model is 

used to verify the flow diversion mechanism and its effect on additional production during smart 

waterflooding.  

The model represents two essential ideas. First, the injection of modified brine disturbs the torque balance 

of electrostatic attraction force (DLVO), gravity and hydrodynamic drag forces exerted on the fine 

particles that are sitting on the pore wall. This results in the particles being released from the surface and 
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entering the flow of water. They immediately get re-captured by the pore throats and reduce the mobility 

of water in their original flow channels. The concentration of detached particles can be determined by the 

function of critical concentration (Bedrikovetsky et al., 2011). When the critical value is lower than the 

actual concentration of attached particles, an excessive amount of particles are released. The contribution 

of released particles on the reduced mobility of water is determined by a dimensionless parameter named 

the formation damage coefficient (β). 

On the other hand, the model considers two-phase flow in a porous media that has a layer-cake structure. 

The heterogeneity of the porous media is introduced by the different permeabilities and thickness of each 

layer. The most important assumption of the model is the perfect vertical communication between the 

layers, i.e. no pressure gradient in the vertical direction (Zhang, Shapiro, & Stenby, 2011). This 

assumption allows the fluids to communicate freely and instantly between the layers. Once the mobilities 

of water are different in the neighboring layers, a vertical crossflow can occur. Water is preferentially 

diverted into the ‘easier’ layers and displace the oil from there. The combination of these two concepts 

allows us to evaluate the impact of flow diversion on displacement efficiency. 

Evidently, the model reflects only very approximately the realistic geometry and heterogeneity 

distribution in the core samples. We will show that it is, nevertheless, sufficient for reproduction of the 

recovery curves.  

4.3.2 Fitting procedure 

The model was used to determine some key parameters for the recovery process by fitting with 

experimental data. First, the fitting was performed with secondary production data. The Corey parameters 

for relative permeabilities were determined by assuming the core is homogeneous i.e. the core has one 

layer with a single permeability. Afterward, the domain was defined to have two layers with different 

permeabilities (namely, k1 and k2) and thickness (h1 and h2). Using the fitted Corey parameters, the 

permeability contrast (k1/k2) and thickness contrast (h1/h2) were determined by a new adjustment of the 

secondary production data. Once the properties of the domain were defined and the simulation was at the 

end of secondary flooding, the mechanism of fines relocation was included. The fitting continued with the 

experimental data for tertiary recovery. The formation damage coefficient was determined in this step to 

evaluate the effect of particle relocation on additional recovery. 

4.3.3 Results  

Since the two repeated flooding results are similar for the sandstone cores, in order to avoid repetition, 

only the recovery data for the first flooding experiments of SS1 and SS2 were simulated. The flooding 

results for both of the chalk cores (CK1 and CK2) were simulated as well. 

In the first step, the flow characteristics during the flooding were defined for each core. Figure 10 shows 

the displacement in the four cores before the breakthrough, to illustrate the flow features. 
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(a) SS1 T=0.03 PVI 

  
(b) SS2 T=0.1 PVI 

  
(c) CK1 T=0.4 PVI 
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(d) CK2 T=0.2PVI 

Figure 10. Flow characteristics in the four cores. The left column shows the saturation in the entire 

domain. The right column shows the saturation along three typical regions (except for CK2, where the 

model did not capture the heterogeneity): the high permeability zone, the low permeability zone and the 

transition zone between them. 

From the left column, it can be seen that, for the sandstone cores, SS1 has a thicker low-permeable zone 

and, thus, is more heterogeneous than SS2. The contrast between homo- and heterogeneity is more 

distinct for the chalk cores, where there is a thin low-permeable layer in CK1, but the model did not 

manage to capture any heterogeneity in CK2. The result is consistent with the observations from the CT 

images. The right column shows the saturation profiles in three typical regions (except for the 

homogeneous CK2): the high and low permeable zones and the transition zone between them. It can be 

seen in the case of SS2 and CK1 that the front in the high-permeable layer progresses much faster than in 

the low-permeable zone. The profile of the transition zone shows a small increase next to the front of the 

low-permeable zone, which indicates crossflow of the water from the low-permeable to the high 

permeable zone. This makes a perfect sense according to the concept of flow diversion: water flows from 

the ‘difficult’ to the ‘easy’ channels. Meanwhile, as for SS1, since the range of saturation variation is very 

narrow (from 0.56 to 0.62), the difference between the two fronts is hardly perceptible, and the difference 

between the two layers is also not as significant as in other cases. 

Next, the recovery curves were simulated. The overall fitting of the recovery data is given in Figure 11, 

and the magnified details upon additional production from SS1 and CK1 are shown in Figure 12. 
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(a) SS1 (b) SS2 

  
(c) CK1 (d) CK2 

Figure 11. The fitted recovery from the four samples. In the cases for both heterogeneous ((a) and (c)) and 

homogeneous ((b) and (d)) cores, the model was able to reproduce the experimental data accurately. 

  
(a) SS1 (b) SS2 

Figure 12. The magnified section upon additional recovery in the heterogeneous sandstone (SS1) and 

chalk (CK1) core. The fitting is reasonably accurate even in the magnified plots. 

The model matches the experimental data well. It reproduces the water breakthrough and the production 

process after it. Thus, even the very simplified model applied here reflects the characteristic features and 

the flow parameters of the experiment. For the heterogeneous cores, the introduction of the permeability 

impairment by fines or emulsions results in additional recovery that is closely comparable to the 

experimental data. This indicates that the reduction of water mobility and flow diversion is a highly 

plausible mechanism behind the additional recoveries. The fitted parameters are given in Table 4. 

Core no. 
Corey parameters Permeability ratio Thickness ratio Formation damage coefficient 

ao aw k1/k2 h1/h2 β 

SS1 2.702 1.459 1.037 3.501 3102 

SS2 1.529 2.694 1.378 4.579 - 

CK1 1.340 3.695 1.090 4.012 553 

CK2 1.311 6.962 - - - 

Table 4. The fitted parameters that characterize the flooding process. 
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It can be seen that the permeability ratio for the ‘heterogeneous’ SS1 is lower than for the ‘homogeneous’ 

SS2, but the thickness ratio is the other way around. This means, although the impact of permeability 

difference is samller in SS1, but it affects a larger area, which makes a more inffluencial overall effect. 

When comparing the different levels of heterogeneity, both parameters (k1/k2 and h1/h2) should be 

considered. 

4.4 General Discussion 

The flooding experiments were conducted with specially selected sandstone and chalk cores. The 

additional recoveries were observed in the heterogeneous cores for both types of rocks. The results were 

reproduced by a model that represents the mechanism of fluid diversion in a vertically communicating 

stratified porous media. The experimental observations suggest two different mechanisms for the 

selective plugging of the water pathways. In the sandstones, the additional production was always 

associated with an increase in pressure drop; most probably, the detachment and re-capture of clay 

particles in the pore space resulted in plugging of the flow path of water (Akhmetgareev & Khisamov, 

2015; Al-Sarihi, et al., 2018; Zhang, Xie, & Morrow, 2007). In line with the reported observations in the 

literature, the clay content and its migration behavior play an important role in the recovery process of 

sandstone rocks. In the chalk cores, most probably, the precipitated salts deposited by mixing of the 

brines and the in-situ generated emulsions acted as the plugging agents. The precipitated particles might 

also assist emulsification since the particle-assisted (Pickering) emulsions appear to be more stable 

(Arshad et al., 2018; Arshad et al., 2017).  

In both types of rocks, the contribution of heterogeneity is obvious. Under the similar flooding schemes, a 

distinct oil bank resulting in rapid (although not significant) additional oil production was consistently 

observed in the more heterogeneous cores. It should be mentioned that additional oil was produced in the 

tertiary stage from the homogeneous cores as well. However, the production was gradual throughout the 

flooding process, and the additionally produced oil was less than from the heterogeneous cores. 

According to the observations in this work, heterogeneity, combined with the fluid diversion mechanism, 

resulted in a faster and more significant (compared with homogeneous cores) additional oil production. 

4.5 Conclusions 

This study systematically investigated the effect of flow diversion by comparing heterogeneous and 

homogeneous cores, sandstone and chalk. Mathematical modeling was used to reproduce experimental 

data and extract key parameters that characterize the displacement process. The main conclusions are as 

follows: 

1. The mechanism of flow diversion is possible in both sandstone and chalk cores. Re-distribution, 

generation or deposition of a plugging agent is needed to trigger the mechanism. In this work, the 

plugging agent was most probably clay particles in sandstone, and emulsions and precipitated 

salts in chalk. 

2. Core scale heterogeneity plays an important role in the production of additional oil. When 

combined with a flow diversion mechanism, it provides a possibility of producing additional oil. 

3. On the macroscopic scale, a simplified layer-cake quasi-1D model is sufficient to simulate the 

observed peculiarities of the recovery. 
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Abstract 

Compaction of the reservoir chalk (e.g. surface subsidence) may facilitate oil production. However, only 

few works have linked smart water flooding with chalk compaction and additional oil recovery. In this 

work, core flooding experiments with sequential injection of low salinity brines were performed to 

examine the effect of chalk compaction on oil recovery under smart water flooding. X-ray computer 

tomography scanning was applied to select outcrop and reservoir cores with different level of 

heterogeneity, which was demonstrated to be an important factor that determines the recovery even on 

core scale. A linear variable differential transformer (LVDT) device made it possible to detect changes of 

the core length during the experiments, which served as an indication of the compaction. Overburden 

pressure was increased stepwise at the final stages of the flooding to achieve higher compaction of the 

cores.  

During secondary flooding, slight gradual compaction of the cores was observed. Subsequent low salinity 

flooding did not lead to further compaction for all the samples, nor additional oil recovery. Under final 

compaction, significantly more oil was produced from the heterogeneous cores, especially, from the 

reservoir core. Some fines production was observed during the core cleaning after the experiments. Fluid 

diversion due to closing micro-fractures under compaction and/or relocation of the fines is speculated to 

be a driving mechanism behind additional recovery from heterogeneous cores. Rock compaction appears 

to be a potential mechanism for enhanced oil recovery, however with a limited efficiency.  

5.1 Introduction 

Low salinity water (LSW) flooding has been recognized as an effective approach to enhance oil recovery 

in sandstone (Tang and Morrow, 1999), however, the underlying mechanism is still under debate (Al-

Saedi et al., 2019a; 2019b; 2019c). On the other hand, its potential for chalk remains a subject of debate 

(Ayirala and Yousef, 2016; Sheng, 2014; Sohal et al., 2016). While numerous studies have been focusing 

on the underlying chemical mechanisms, this work targets at the physical and flow dynamical factors that 

could potentially determine the effectiveness of LSW in chalk: the compaction of chalk and heterogeneity 

of the rock material. 

Subsidence of seafloor has been detected in the North Sea chalk reservoirs in the 1980s (Boade et al., 

1989; Ruddy et al., 1989; Sylte et al., 1999). More than 7.8 meters of subsidence was observed in the 

Norwegian Ekofisk field since its production form 1971.  Initially, it was attributed to the reservoir 

pressure depletion due to production. However, the subsidence did not stop even the reservoir pressure 

was stabilized by water injection (Sylte et al., 1999). Field observations triggered several projects to study 

the water weakening of chalk and reservoir compaction. Experimental results indicated that chalk 

becomes weaker when water or brine enters the pore space (Newman, 1983). Chemical composition of 
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the brines also appeared to determine the level of weakening (Høeg et al., 2000; Katika et al., 2015; 

Nermoen et al., 2018). Several mechanisms, such as dissolution/precipitation of Ca2+ containing minerals 

(Heggheim et al., 2004; Hellmann et al., 2002), activity of pore water (Risnes et al., 2005), and adsorption 

of SO4
2- and substitution of Ca2+ by Mg2+ (Austad et al., 2007; Korsnes et al., 2008) were proposed to 

explain the observed weakening effect. Meanwhile, numerous projects were carried out to study reservoir 

compaction as a mechanism for oil recovery (Boade et al., 1989; Chin and Thomas, 1999; Ruddy et al., 

1989; Sulak et al., 1991). It was concluded that the compaction could add a significant amount of energy 

to the reservoir system and benefit oil production. Here, the link is obvious, injection of the modified 

brines result in weakening and compaction of the chalk reservoir; reduction of porosity ‘squeezes’ the oil 

out.  

To the best of our knowledge, only few works connected the compaction with smart water flooding, 

where the mechanical properties of oil saturated cores were measured when flooded with brines that 

contain Mg2+ or SO4
2- ions  (Katika et al., 2017). A reason may be in the difficulty of detection of the 

compaction while performing waterflooding experiments. In the present work, we have managed to 

measure the dynamic compaction of the core plugs during water flooding, and examine its effect on oil 

recovery. 

Heterogeneity of the core samples is another factor that was investigated in this work. Although 

heterogeneity has been recognized and discussed in the literature (Spildo et al., 2012; Yunita Halim et al., 

2015), its impact on smart water flooding has not been sufficiently studied. The impact of heterogeneity 

on reservoir scale has been well studied and included in the macroscale simulation works (Attar and 

Muggeridge, 2016; Yuan and Shapiro, 2011; Zeinijahromi et al., 2011b). However, the importance of 

heterogeneity on core scale is often overlooked. A reason may be that heterogeneity is difficult to 

quantify and experiments with its involvement are harder to interpret. The dimension and geometry of the 

pore space could have an impact on the result of core scale experiments (Romanuka et al., 2012). The 

flow dynamics related to heterogeneity could play a role in core scale recovery mechanisms. As 

extensively studied for the sandstones, it may contribute to the recovery via mobilization and relocation of 

reservoir fines by low salinity flooding (Al-Sarihi et al., 2018; Borazjani et al., 2018; Hussain et al., 2013; 

Yu et al., 2018). However, its effect on smart waterflooding of carbonate rock is rarely reported. In this 

work, we have selected cores with different levels of heterogeneity based on X-ray computer tomography 

scanning. Behavior of these cores under waterflooding is studied for similar experimental conditions. The 

paper is organized as follows: section 2 introduces the materials and experimental procedures involved in 

this work; section 3 presents the experimental results, such as recovery profiles and compaction 

measurements; section 4 contains interpretation and discussion of the results; section 5 presents the main 

conclusions of this work. 

5.2 Materials and methods 

5.2.1 Oil 

The oil applied in this study is a light crude oil from a North Sea chalk reservoir. The oil has a density of 

0.840 g/ml, viscosity of 4.45 cP, and a total acid number of 0.504 mg KOH/g. The oil viscosity and 

density were measured at 60°C and ambient pressure. The oil was first filtered through a filter with 0.2 

μm pore size to remove solid particles (mainly, fragments of calcite). The filter surface is neutral to oil, 

and pore sizes were larger than the molecular sizes, even for the large molecules, so that the oil 

composition (with a rather insignificant amount of the heavy fraction) remained unchanged under 

filtration. Then the filtered oil was centrifuged at 3000 rpm for 30 min (no water was separated from the 

oil).  
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5.2.2 Brines 

Synthetic formation water (FW) and seawater (SW) were used in this study. The brines were prepared by 

dissolving salts in deionized water. The salts were purchased commercial products with a purity of  

≥99.5% . The compositions of the brines are given in Table 1. Different versions of diluted brines were 

prepared by mixing deionized water with FW or SW at desired ratios. 

Compound 
Concentration [g/kgw] 

Seawater 2DSW 10DSW Formation water DFW 

NaCl 25.414 12.707 2.541 69.013 34.507 

KCl 0.763 0.382 0.076 0.475 0.238 

NaHCO3 0.089 0.045 0.009 - - 

Na2SO4 2.957 1.479 0.256 0.429 0.215 

CaCl2, 2H2O 1.504 0.752 0.150 5.378 2.689 

MgCl2, 6H2O 9.151 4.576 0.915 4.954 2.477 

SrCl2, 6H2O 0.061 0.031 0.006 0.426 0.213 

BaCl2, 2H2O -  - 0.001 - 

TDS 30.939 15.470 3.094 80.675 40.338 

Ionic strength 0.675 0.338 0.066 1.384 0.692 

Table 1. Composition of seawater and formation water. FW is almost twice as saline as SW due to its 

high NaCl concentration. FW also has a higher Ca2+ concentration due to the fact that it is originated 

from a carbonate reservoir. Whereas SW has higher SO42- and Mg2+concentration than FW. 

5.2.3 Rock 

Two outcrop chalk cores from Stevns Klint (SK) and two reservoir cores (RS) from a North Sea chalk 

reservoir were used in this study. Both type of cores are highly pure biogenic chalk, composed primarily 

by calcite and negligible amounts of silica and other impurities. The porosity and permeability of the 

samples were measured by nitrogen injection at ambient temperature. Comparison with the weighted 

difference between the empty and saturated core has shown that the difference is within 3% of the 

measured value. The measured gas permeability was corrected by the 5-point Klinkenberg method. The 

dimensions, porosity and permeability of the samples are given in Table 2. 

Sample Length 

[mm] 

Diameter 

[mm] 

Dry mass  

[g] 

Porosity  

[%] 

Permeability 

[mD] 

Swi [%] Sor [%] 

SK1 73.07 37.20 120.10 43.4 5.37 12.6 21.1 

SK2 75.38 37.20 122.40 42.8 6.11 12.6 26.3 

RS1 73.36 37.60 146.74 33.5 0.56 24.5 19.2 
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RS2 77.89 37.63 151.51 36.6 1.52 11.0 22.9 

Table 2. Properties of the cores before experiments. The two outcrop samples have similar properties. The 

reservoir samples tend to be tighter, and the homogeneous core (RS 1) has almost only one third of the 

permeability than the heterogeneous core (RS 2). 

Before the experiments, the dry cores were examined by the X-ray computer tomography scanning (CT 

scan). The obtained images were used as a reference to indicate the heterogeneity of the samples. In this 

study, we selected one homogeneous and one heterogeneous sample for each type of chalk. The CT 

images are given in Figure 1. The first two images are along the two orthogonal planes in longitude 

direction of the plugs with a relative angle of 90°. The third image is along the radial direction at the 

center of the core.   

   

(a) SK1 

   

(b) SK2 
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(c) RS1 

   

(d) RS2 

Figure 1. CT images of the core samples. SK 2 is considered as heterogeneous comparative to SK1, as it 

has a more distinct variation of density along the longitude direction. RS2 is heterogeneous compared to 

RS1, the random dense inclusions concentrates at the center of the core, and a few bright white lines lays 

at the center and end of the core. 

Apparently, homogeneity and heterogeneity are relative properties. Neither of the cores are completely 

homogeneous or totally heterogeneous (whatever that means). In this study, we consider the 

heterogeneous cores as the ones contain structural elements that are strongly distinct from the other parts 

of the core. These elements can be an uneven density distribution, or fractures or barriers in the samples, 

or other distinct elements having a characteristic direction (the density is indicated by the color, more 

‘white’ means higher density while ‘black’ means lower density; the fractures are usually indicated by the 

bright white or black curves in the images). Obviously, such a definition of heterogeneity is only 

qualitative. However, it serves as a fast and reasonably reliable method for selection of the samples. A 

more precise and quantitative method for determination of the heterogeneity on the core level would 

require an advanced separate study. 
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5.3 Flooding setup 

The experimental setup was built in-house for core flooding. Figure 2 presents a sketch of the setup. It 

consists of two pumps, three injection cylinders, a Hassler type core holder, a backpressure regulator 

(BPR), an oven, multiple valves and pressure transducers, and a data recording system. The main part of 

the system (except for electronic devices and pumps) was mounted on a rig that was fitted into the oven.  

 

Figure 2. Sketch of the flooding setup. The main components, except for pumps and electronics, are 

placed in the oven. The data recording system reads the signal from the LVDT device, all the pressure 

transducers and pumps. The signals were recorded every 30 seconds simultaneously. 

Before the experiments, the setup was leak tested by water at 500 bar to guarantee a closed system. The 

dead volume of the core holder was measured by water. Upon switching an injection fluid, the tubing 

between the injection cylinder and the inlet of the core holder was saturated by the new fluid to avoid 

additional dead volume. 

The cores were inserted in a core holder. In order to make a more uniform distribution of fluid close to the 

ends of the cores, two filters made of stainless steel were placed between the pistons of the core holder 

and the cores. The filters are thin and coarse enough to not add significant dead volume and resistance for 

the flow. A heat-shrink PTFE sleeve was first covered around the core, the filters and the core holder 

pistons to align the components. Then a Viton sleeve was covered over the PTFE sleeve to provide extra 

stability to such a configuration.  

5.3.1 Core length measurement 

A Linear Variable Differential Transformer (LVDT) device attached at the endcap of the core holder 

indirectly measures variation of the length of a core. The device was calibrated before mounted to the 

core holder. The novelty of the core holder in this work is that, the piston and the tubing at the outlet side 

of the core holder are able to float axially meanwhile maintain a tight contact with the core, so that the 

compaction of the core can be detected by the displacement of the outlet tubing of the core holder. Such 

displacement was captured by the LVDT device and recorded by the data acquisition system throughout 

the experiment. The measurement is interpreted as an indication of the compaction state of the core. 

The accuracy of the LVDT device is within the sub-millimeter range, which is sufficient to detect and to 

quantify the compaction in the laboratory core studies. The measured values of compaction in our study 
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are of the same orders of magnitude (several per cent of the total length) as compaction observed in 

petroleum reservoirs. 

5.4 Experimental procedures 

5.4.1 Core preparation 

All the core plugs were cleaned by subsequent alternative flooding of methanol and toluene to remove the 

precipitated salts and residual hydrocarbon compounds. Complete removal of salts was verified by adding 

2-3 drops of 0.03M AgNO3 solution to 3-5 ml methanol effluent. Removal of hydrocarbon compounds 

was verified by visual observation of a continuous colorless toluene effluent. 

The cleaned samples were then placed in an oven at 60°C for at least two days to evaporate the methanol. 

Afterwards, the samples were subjected to porosity and permeability measurement by the nitrogen 

injection. 

5.4.2 Saturation and aging 

The cleaned dry cores were first completely saturated by formation water under vacuum. The degree of 

saturation was evaluated by the weight difference between dry and saturated core. A saturation within 3% 

difference with the porosity was accepted. The saturated cores were assembled into the core holder. 

Overburden (OB) pressure and temperature were built up at this stage.  In this study, the experimental 

temperature was 60°C; the overburden pressure was 42 bar for outcrop cores and 155 bar for reservoir 

cores, but it varied at the later stages, as described below. Next, two pore volumes (PVs) of FW were 

injected to refresh the pore water and displace the possibly trapped air bubbles in the core. The initial oil 

saturation was achieved by injection of crude oil into FW saturated cores until no more water was 

produced. The obtained initial water saturation is within the range of values in published literature with 

the same type of rock. 

Then the cores were sealed in the core holder for two weeks of aging. This aging time is a common 

practice for the carbonaceous rocks and oils from the Danish sector of the North Sea. The previous studies 

with e.g. measurements of electric resistivity (Ahkami et al., 2016) show that the wetting state of a core is 

likely to be already stabilized after the two weeks. According to the literature, the wettability changes 

under influence of the acidic, carboxylic or heavy fractions of the oil. However, in this work the oil is 

light and has a low acid number (0.504 mg KOH/g). We believe 2 weeks of aging would be enough for 

the adsorption process, a prolonged aging time is not likely to further affect wettability. 

5.4.3 Flooding sequence 

In order to exclude any LSW effect during secondary recovery, synthetic formation water was injected at 

this stage. Considering the fact that formation water has a higher ionic strength and different ionic 

configuration than seawater, switching directly from FW flooding to SW flooding was not desirable, since 

the low salinity flooding and flooding with brines that contain high concentration of sulfate and 

magnesium have different potential working mechanisms (Tang and Morrow, 1999; Zhang et al., 2007). It 

could bring difficulties for interpretation of the flooding results. Therefore, diluted formation water 

(DFW), which has the same ionic strength as seawater, was injected after the FW flooding. Then 

seawater, two times and ten times diluted seawater (2DSW, 10DSW), and afterwards, deionized water 

(DW) were sequentially injected. Each brine was injected for at least 5 PVs to give enough time for the 

potential mechanisms to take effect. The injection rate was kept at 0.1 ml/min throughout the experiment. 
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The produced effluent was collected by a fraction collector with fraction sizes between 1/7 to 1/2 porous 

volumes. 

The floating outlet piston of the core holder ensures that the core undergoes a stress condition that is 

similar to hydrostatic test when overburden pressure is applied. The reported hydrostatic yield pressure 

for Stevns Klint chalk is about 75 bar (Austad et al., 2007; Heggheim et al., 2004; Korsnes et al., 2008), 

and 275 bar for North Sea reservoir chalk (Meireles et al., 2018). In order to observe the weakening and 

compaction of the core plugs during low salinity flooding, a high load on the rock matrix must be created. 

Therefore, during aging and sequential flooding, overburden pressure was set to be 60% and 56% of the 

hydrostatic yield pressure of the samples. The OBs are 42 bar for Stevns Klint chalk and 155 bar for 

North Sea chalk. Meanwhile, back pressure (BP) was not applied (unless otherwise specified). During the 

injection of deionized water, an enhanced compaction of the cores was introduced by increasing 

overburden pressure in order to test the potential of compaction on oil recovery. The overburden pressure 

was increased stepwise and exceeded the hydrostatic yield pressure of the core samples. Each step of the 

increase was performed linearly within 10 minutes to avoid possible non-uniform loading caused by 

sudden change of pressure. After testing the effect of enhanced compaction, the back pressure of the 

homogeneous outcrop core and heterogeneous reservoir core was increased to test the impact of pore 

pressure on oil recovery. 

5.4.4 Quantification of produced oil 

The produced fluids were collected by graduated test tubes with different fraction sizes. If the amount of 

oil in a tube was larger than 0.1 ml, its volume was read visually. For smaller amounts of oil, which 

appeared as a droplet or a thin film on top of water, the volume was measured by UV-vis spectral 

adsorption, as described in the literature (Katika et al., 2016). In brief, 3 ml of toluene was added to the 

test tube to dissolve oil. The toluene-oil solution was then transferred into a cuvette to measure its optical 

adsorption at an UV wave length of 750 nm. The oil volume was obtained by comparing the measured 

value with a standard curve, which was produced by the same procedure with known amounts of oil. See 

Katika et al., (2016) for discussion of the experimental error for this method. 

5.5 Results 

5.5.1 Outcrop samples 

5.5.1.1 Recovery profiles 

Figure 3 shows the recovery from the outcrop samples. Secondary recovery by FW injection resulted in 

75.61% recovery from the homogeneous core (SK1) and 69.19% from the heterogeneous core (SK2). The 

high recoveries are consistent with the previously reported data (e.g. Zahid et al, 2012a). Injection of 

DFW lead to 0.18% and 0.4% additional recovery from the homogenous and heterogeneous core, 

respectively. Sequential injection of SW, diluted versions of SW and DW did not produce more oil. 

However, a small amount of oil was produced by increasing the overburden to 210 bar; 0.13% was 

produced from homogeneous core while a total of 0.32% was produced from the heterogeneous one. 

Additional production was observed immediately after the compaction. For the homogeneous core, the 

back pressure was increased to 98 bar to test the impact of pore pressure on oil recovery, which did not 

show any effect.  
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(a) SK1 

 

(b) SK2 

Figure 3. Recovery profiles of the outcrop cores. More oil was recovered from the homogeneous core (SK 

1) in the secondary flooding, this is consistent with the expected behavior of homogeneous and 

heterogeneous cores. The recovery by DFW flooding appeared to be a continuation of secondary 

flooding. Additional recovery by the enhanced compaction at the final stages of the experiments was 

insignificant, but the difference between homogeneous and heterogeneous cores is still considerable. 

5.5.1.2 Core compaction 

Figure 4 shows the change in core length throughout the experiment. For the homogeneous core, 

increasing overburden pressure from 42.5 bar to 210 bar resulted in 3.9 mm compaction in length, 

corresponding to 5.3% of the original core length. Increasing backpressure (BP) to 98 bar did not restore 
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the strain significantly. For the heterogeneous core, a compaction of 1.01 mm (1.34%) and 3.64 mm 

(4.83%) was detected when overburden pressure increased to 84 bar and 210 bar, respectively. 

 

(a) SK1 

 

(c) SK2 

Figure 4. The variation of core length measured by LVDT throughout the experiments for the outcrop 

cores. Relaxation of the core length was immediately after the increase of overburden pressure and was 

not fully stabilized by the end of the experiment. The two cores were compacted similarly at an 

overburden pressure of 210 bar. Increasing back pressure in SK1 did not significantly restore the 

compaction. 

The core length measurement before increasing overburden pressure is given in Figure 5. Both cores 

showed a slight gradual compaction during secondary recovery, when majority of the oil was displaced by 

brine. This observation is consistent with the existing theory of water weakening of chalk: the dry chalk is 
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stronger than the oil saturated chalk, which, in turn, is stronger than water saturated chalk (Høeg et al., 

2000; Madland et al., 2002). Injection of low salinity brines did not compact the cores further. 

 

(b) SK1 

 

(c) SK2 

Figure 5. LVDT measured variation of core length before increasing overburden pressure. A gradual 

compaction can be observed during secondary flooding for both cores, which is consistent with the 

existing chalk weakening theory. Injection of low salinity brines did not lead to further compaction.  

5.5.1.3 Pressure profiles 

Figure 6 shows the pressure difference through the cores during the experiments. For both cores, the 

pressure drop during FW injection shows typical characteristics of secondary recovery: a sharp increase 

until breakthrough, followed by a steep decrease, and then gradual stabilization. Sequential flooding of 

low salinity brines did not cause significant variations of the pressure drop. 
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Compaction, on the other hand, resulted in a considerable increase of pressure drop. The pressure 

difference increased from 0.81 bar to 2.85 bar for SK1; and 0.76 bar to 2.81 bar for SK2. This means that 

the permeability dropped significantly due to compaction, which is verified by permeability measurement 

after the experiments (shown later in this section). In the case of SK6, after increasing back pressure to 98 

bar, the pressure difference dropped to 2.38 bar. This may be linked to the slight restoration of the core 

due to the reduced effective pressure on the rock matrix. 

 

(d) SK 1 

 

(e) SK 2 

Figure 6. Pressure difference across the cores during flooding for outcrop samples. No significant 

variation was observed by low salinity flooding. The increase of pressure drop by compaction at the final 

stages of the experiments was corresponding to the permeability reduction (shown later in this section).  
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5.5.2 Reservoir samples 

5.5.2.1 Recovery profiles 

Figure 7 shows the recovery profiles from the reservoir samples. The secondary recovery was 74.24% and 

72.62% for the homogeneous (RS1) and heterogeneous (RS2) cores, respectively. Further injection of low 

salinity brines produced insignificant amounts of oil: 0.32% from the homogeneous core by DFW 

injection, and 0.4% from the heterogeneous core by SW injection. Injection of DW did not produce more 

oil from either cores. For the homogeneous core, compaction did not result in additional production, even 

when the overburden pressure increased to 420 bar. On the other hand, a considerable amount of oil 

(1.1%) was produced from the heterogeneous core when the overburden pressure increased to 350 bar. It 

should be noted that additional production was observed after 2.4 porous volumes were injected from the 

moment of the increase of overburden pressure. Finally, increasing back pressure did not have any impact 

on oil recovery. 

 

(f) RS1 
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(g) RS2 

Figure 7. Recovery profiles of the reservoir cores. Injection of low salinity brines did not produce 

significant amount of oil from either cores. The compaction by increasing overburden pressure produced 

1.1% addition oil form the heterogeneous core (RS2) while no more oil was produced from the 

homogeneous core (RS1). 

5.5.2.2 Core compaction 

Figure 8 shows the measurement of core length variation during the experiments. For the homogeneous 

sample, increasing overburden pressure from 155 bar to 280 bar, 350 bar and 420 bar lead to compactions 

of 0.28 mm, 0.60 mm and 1.03 mm in length, corresponding to 0.36%, 0.77% and 1.32% of the original 

core length. For the heterogeneous sample, the compactions are 0.487 mm and 1.198 mm, corresponding 

to 0.63% and 1.54% of the original core length. Increasing back pressure of the heterogeneous core 

restored the core length by 0.251 mm. It is obvious for both cores that the strain has not fully reached 

equilibrium after the increase of overburden pressure.  
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(h) RS1 

(i)  

 

(j) RS2 

Figure 8. LVDT measured variation of core length during flooding for the reservoir cores. Increasing 

overburden pressure stepwise resulted in significant compaction of the cores. The compaction between 

the steps were not fully relaxed. Increasing back pressure in the heterogeneous (RS2) core stopped the 

compaction and restored part of the strain. 

Figure 9 shows the core length variation before increasing overburden pressure. Like the outcrop samples, 

there is a slight gradual compaction during secondary recovery in both reservoir samples. Further 

injection of low salinity brines did not lead to significant compaction. For the heterogeneous core, 

relaxation of the strain was slower than for the homogeneous core and continued until the SW injection 

stage. 
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(a) RS1 

 

(b) RS2 

Figure 9. LVDT measured variation of core length before increasing overburden pressure for the reservoir 

cores. Similar to the outcrop cores, a gradual compaction can be observed during secondary flooding. For 

the heterogeneous core (RS2), the compaction continued until SW injection. Following injection of low 

salinity brines did not lead to further compaction for both cores. 

5.5.2.3 Pressure profiles 

Figure 10 shows the pressure profiles of the reservoir samples. Similar to the outcrop samples, there was 

no significant pressure variation during low salinity flooding. However, unlike for the outcrop samples, 

the increase of pressure difference upon compaction was rather gradual. This might be a result of slow 

relaxation of the strain.  

We failed to observe the behavior of pressure difference with increased back pressure in RS2. A possible 

reason for the random behavior of the pressure drop could be that the cores transited from the elastic to 

the plastic regime of compaction (Meireles et al., 2018).  
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(c) RS1 

 

(d) RS2 

Figure 10. Pressure difference across the cores during flooding for the reservoir cores. Low salinity 

flooding did not result in significant variation of pressure drop in both cores. The gradual increase of 

pressure drop by increasing overburden pressure was attributed to the slow relaxation of the compaction. 

The random behavior after increasing back pressure of RS2 was most probably due to malfunction of the 

pressure transducers. 

5.5.3 Core handling after experiment 

After the experiments, the samples were cleaned by alternative injection of methanol and toluene. Then 

the cleaned cores were dried in the oven. Production of fine particles was observed in the first round of 

methanol injection (Figure 11).  
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Production of fines probably also indicates partial dissolution of the rock under the effect of the injected 

desalinated water. The effect of dissolution was not strong in our experiments, although some dissolution 

certainly took place. Strong dissolution would cause strong weakening of the core and much stronger 

compaction than that detected in our study. A previous study (A. Alexeev et al., 2015) has shown that in 

the flow through experiments, the effect of dissolution could only affect a small section close to the inlet. 

This is because the characteristic equilibration time of dissolution is much faster than the convective flow. 

In our experiments the inlets of the cores did not seem to be affected. 

 

Figure 11. The effluent after first round of methanol injection after the experiments. The brownish slurry-

like mixture indicates the production of fine particles. 

The porosity and permeability of the cleaned dry cores were measured again by nitrogen injection. The 

heterogeneous outcrop sample (SK2) was broken in the handling process and therefore not included in the 

measurements. The results are given in Table 3. The changes a core permeabilities were similar for the 

homogeneus and heterogeneous cores, which shows that this is not likely to be the main reason for 

additional production, which was different for these cores. 

Sample 

Length Diameter Dry mass Porosity Permeability 

[mm] 

Relative 

reduction 

[%] 

[mm] 

Relative 

reduction 

[%] 

[g] 

Relative 

reduction 

[%] 

[%] 

Relative 

reduction 

[%] 

[mD] 

Relative 

reduction 

[%] 

SK1 69.65 4.7 35.91 3.5 117.57 2.1 38.5 11.3 1.97 63.4 

RS1 72.85 0.76 37.35 0.67 146.41 0.23 32.5 2.9 0.33 42.3 

RS2 76.13 2.3 37.42 0.56 146.88 0.31 35.5 3.1 0.99 34.8 

Table 3. The measured core properties after experiments. The outcrop sample showed more significant 

change than the reservoir cores, which is consistent with its soft nature. The reservoir samples showed 

similar reduction of the measured parameters. 

For all the tested samples, the reduction of the measured parameters is not fully reversible. This is an 

indication that the cores have probably entered plastic regime of compaction. The outcrop sample showed 
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more significant reduction in all the measured parameters than the reservoir samples. This is consistent 

with the fact that the outcrop chalk is much softer than the reservoir chalk. Since its reduction of mass is 

insignificant compared to the dimensions, the porosity reduction was mainly due to compaction of the 

bulk volume. The reduction in permeability is high for all samples, which should mainly due to a more 

consolidated arrangement of the grains, the permanently strained fines in the pore throat could also 

contribute to this. 

The measured variation of the parameters for the two reservoir samples are similar. This means the cores 

have undergone similar compaction processes during the experiments. So, the observed different behavior 

of oil production can only be attributed to their heterogeneity. 

5.6 Discussion 

5.6.1 Low salinity flooding in outcrop and reservoir cores 

As shown in the previous section, injection of diluted brines and deionized water did not result in 

significant additional recovery for either Stevns Klint or reservoir chalk cores. Although slight amounts of 

additional oil were produced, they appeared more like a continuation of the secondary recovery and are 

far from enough to validate the effect of low salinity flooding. 

Production from the Stevns Klint chalk cores was somehow consistent with the literature. Unlike other 

types of carbonate rocks that are more likely to react on low salinity brine, Stevns Klint chalk is usually 

reactive to sulfate and magnesium ions in the brine (Romanuka et al., 2012). Numerous experiments with 

Stevns Klint chalk have shown that an increased concentration of sulfate and/or magnesium could 

produce more oil (Fathi et al., 2011; Puntervold et al., 2015; Zhang et al., 2007, 2006; Zhang and Austad, 

2006). The mechanisms related to surface ion exchange and wettability alteration have also been 

proposed together with the experimental observations. In our experiments, the increase in sulfate and 

magnesium was introduced when switching from DFW to SW injection. The sulfate concentration raised 

up from 1.51 mM/L to 20.8 mM/L; while magnesium from 12.2 mM/L to 45.0 mM/L. However, 

regardless of the increase, such concentrations are still low and were considered as a base line in many 

smart water projects (Karoussi and Hamouda, 2007; Puntervold et al., 2015; Zahid et al., 2012a; Zhang 

and Austad, 2006). Additional recovery was usually reported with several times of spiked sulfate 

concentration compared to the base value. It is possible that our concentrations are still not high enough to 

trigger any additional recovery related to the proposed surface ion exchange mechanism. The additional 

recovery by increased sulfate concentration was often observed in the imbibition tests, which rely upon a 

different driving force than flooding experiments (capillary force vs. viscous force) and proceed a much 

longer time. The reported additional recovery in flooding experiments was less significant than that of 

imbibition tests (Puntervold et al., 2015; Zahid et al., 2012a). A higher temperature, than in our study, 

was also required for additional recovery (Austad, 2012; Fathi et al., 2011; Strand et al., 2008; Zhang and 

Austad, 2006). 

The reservoir chalk did not react on the low salinity flooding. This is contrary to some previous studies, 

where reservoir rocks, originated from different carbonate reservoirs, reacted on low salinity flooding 

(Al-Attar et al., 2013; Al Harrasi et al., 2012; Austad et al., 2015; Romanuka et al., 2012; Yousef et al., 

2012, 2010, Zahid et al., 2012b, 2012a). The studies of the Middle East and North Sea reservoir cores 

suggested potential mechanisms such as fines migration and wettability alteration. Variation of the 

pressure difference can be an indication of such mechanisms. However, it was not observed in our 

experiments. The reservoir samples used in this work are well consolidated, they may not contain large 

amounts of fine particles that can be readily mobilized by low salinity brines. Reduction of dry mass of 
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the cores may be an evidence of dissolution process, which was reported as a potential recovery 

mechanism by low salinity flooding. However, in this work it did not appear to facilitate oil recovery. 

The properties of oil could be another factor that hindered low salinity effects in this work. The acidic and 

asphaltenic groups were shown to be necessary for altering the calcite wettability by smart water 

(Lashkarbolooki et al., 2016; Rezaei Gomari and Hamouda, 2006; Zhang and Austad, 2005). Interaction 

between the rock surface and crude oil, either by direct adsorption or electrostatic attraction through the 

thin water film, can be broken or weakened when low salinity brine was injected (Brady and Thyne, 

2016; Lashkarbolooki et al., 2016; Zhang et al., 2007, 2006; Zhang and Austad, 2006). However, the oil 

applied in this work has a low acid number and low amounts of heavy fractions, which did not create 

conditions for such processes to take place. 

5.6.2 Compaction and heterogeneity 

Noticeable compaction of the cores was achieved at the last stage of the experiments by increasing 

overburden pressure. Insignificant, but definite amounts of oil were produced, both from outcrop cores 

and the heterogeneous reservoir core. For the outcrop, production from the heterogeneous core is 2.5 

times higher than the homogeneous core. A more distinct result was observed from reservoir cores: 1.1% 

additional recovery from the heterogeneous core while no additional oil was produced from the 

homogeneous core.  

In order to further interpret the observations, let us first consider a hypothesis that the compaction results 

in a uniform reduction of pore volume, then the fluids in the core are uniformly ‘squeezed’ out of the 

rock. If the same fraction α of water and oil remained in the rock after compaction, then correspondingly, 

the same fraction of water and oil was produced. Assume for simplicity that the rock material is isotropic 

in terms of mechanical properties, so that the relative radial and axial strain is the same. This assumption 

allows us to estimate the pore volume reduction using the measured core length variation. Then the 

obtained coefficient α can be used to estimate the oil production. Validity of this hypothesis can be tested 

by comparing the estimated oil production with the experimental result. Mathematical expression of this 

hypothesis is given below. 

Before compaction: 

Voil + Vwater = Vpore 

After compaction: 

αVoil + αVwater = Vpore
′  

The produced oil: 

Vadditional
est = (1 − α)Voil 

Voil and Vwater are the volumes of oil and water remained in the core; Vpore and Vpore
′  are the pore 

volumes before and after compaction; Vadditional
est  is the estimated volume of additional oil production. 

Let us calculate the effective pore volumes before and after compaction. Take SK2 for example: the two 

steps of compaction reduced core length by 1.01mm and 2.64 mm, respectively. At ambient condition the 

core length was 75.38mm. If we assume the compaction is linear with regard to overburden pressure, then 

we can estimate the strains at different overburden pressures. The same strains are used to calculate the 

diameters. Then, the bulk volumes at different overburden pressures can be calculated, and the effective 
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pore volumes can be obtained by subtracting the volume differences from the original pore volume. 

Summary of the results are given in Table 4. 

Pressure 

[bar] 

ΔP    

[bar] 

ΔL  

[mm] 

Length 

[mm] 

Strain 

[%] 

Diameter 

[mm] 

Bulk vol. 

[ml] 

Pore vol. 

[ml] 

0 - - 75.38 - 37.20 81.93 35.37 

42.3 42.3 0.99 74.39 1.31 36.71 78.74 32.18 

85 42.7 1.01 73.38 2.65 36.21 75.58 29.01 

210 125 2.64 70.74 6.16 34.91 67.71 21.15 

Table 4. The estimated core dimensions and pore volumes of SK2 at different overburden pressures using 

the measured compaction data. 

Then, α can be calculated by: 

α =
Vpore

′

Vpore
=

21.15

32.18
= 0.657 

The expected oil production (𝑆𝑜𝑖𝑙 is the residual oil saturation): 

Vadditional
est = (1 − α)Voil = (1 − α)VporeSoil = (1 − 0.675) × 32.18 × 26.58% = 2.93 ml 

Apply the same method for the other cores, the obtained α, estimated additional production 𝑉𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙
𝑒𝑠𝑡 , 

and experimentally measured production 𝑉𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙
𝑒𝑥𝑝

 are given in Table 5. 

Core No. α 
𝑉𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙

𝑒𝑠𝑡  

[ml] 

𝑉𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙
𝑒𝑥𝑝

 

[ml] 

SK1 0.633 2.46 0.036 

SK2 0.657 2.93 0.092 

RS1 0.882 0.950 - 

RS2 0.867 1.06 0.302 

Table 5. The estimated additional production using coefficient α, and the experimentally measured 

additional productions. The values are not even of the same order of magnitude, which means the 

assumptions of such evaluation are not valid. 

It is obvious that the experimental values and the estimated values are not even of the same order of 

magnitude. Hence, the assumption that the oil is produced uniformly throughout the core is not valid. 

Increase of the residual oil saturation by reduction of pore volume due to compaction cannot be the 

primary mechanism for the observed additional recovery. Heterogeneity of the cores must be taken into 

account to evaluate the working mechanisms. 

It has been pointed out in the literature that the core scale heterogeneity is an important factor for different 

methods of enhanced oil recovery (Spildo et al., 2012). In the context of smart waterflooding in 

carbonates, it has also been realized by some researchers lately (Romanuka et al., 2012; Zhang and 
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Sarma, 2012), and often referred as ‘natural variability’ or ‘geological features’ of the samples. As 

observed in this work, heterogeneity can lead to qualitatively different results under similar experimental 

conditions. Meanwhile, the proposed chemical processes, such as double layer expansion, mineral 

dissolution, surface ion exchange etc., can hardly explain this difference. If such mechanisms would work 

alone, they would take effect regardless of the heterogeneity of the rock. The role of flow dynamics 

related to the heterogeneity has to be carefully evaluated.  

As demonstrated before, a uniform production from the whole volume of the core is not possible. Another 

possibility is that the production occurs from a part of the core. Consider the following scenario: the axial 

compaction occurs near the outlet end of the core (the ‘floating’ end piston mentioned in the section 

‘Experimental procedures’). After compaction, the oil from only the compacted region (and, probably, 

around it) is produced. In order to verify this hypothesis, assume that the additional oil is produced from a 

‘slice’ of the core of a thickness x . After compaction, residual oil in this slice is completely produced. A 

more realistic assumption would be that only a part of the residual oil is produced from the slice. 

However, the oil saturation in the ‘slice’ after production needs to determined to adopt such assumption, 

which is impossible under current experimental conditions. Validity of this hypothesis can be tested by 

comparing the value of x with the measured compaction length. Mathematically, 

x

L
Sor =

Vadditional
exp

VporeSor
 

Where x is the thickness of the ‘slice’ of the core, from which the oil is produced; L is the length of the 

core; Sor is residual oil saturation; Vadditional
exp

 is the experimentally measured volume of additional oil 

production.  

Again, take SK2 for example: 

x =
Vadditional

exp
L

VporeSor
2 =

0.092 × 70.74

32.18 × 0.2662
= 2.858 mm 

Apply the method for other cores, the results are given in Table 6, ΔL is the compacted length of the core. 

Core No. 
x 

[mm] 

ΔL 

[mm] 

Relative difference 

[|
𝑥−Δ𝐿

Δ𝐿
| × 100%] 

SK1 1.742 3.90 55.3% 

SK2 2.858 3.64 21,5% 

RS1 0 1.03 100% 

RS2 10.15 1.20 745.8% 

Table 6. The estimated x values and measured compaction. The values are of the same order of magnitude 

for the outcrop samples, suggesting a reasonably reliable estimation. The difference is rather large for the 

reservoir samples, which means some other effects might have taken place and was overlooked in such an 

estimation. 

For the outcrop samples, the estimated value of x is of the same order as the compacted length. The error 

correlates with the imprecision of the investigated assumption. This gives a qualitatively credible 
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indication that the additional oil is produced from a small section of the core, whose thickness is of the 

order of millimeters. Combining the fact that x is comparable to ΔL and the additional production 

appeared immediately after the compaction, it may be speculated that the additional oil is produced from 

the compacted section at the outlet end of the core. It should also be noted that the additional recovery 

from the heterogeneous outcrop core (SK2) is nearly 2.6 times higher than that from the homogeneous 

core (SK1). This difference may be attributed to the flow diversion process in the heterogeneous core (as 

discussed later in this section). But since it only took place in a thin section of the core, it was unable to 

cause large recovery. 

The results for reservoir cores showed much larger discrepancies. Additional production from the 

heterogeneous core was delayed upon compaction, which indicates that the produced oil was not only 

from the end of the core, but a place deeply inside it. Looking to the CT scanning images, the 

heterogeneities of RS2 are mainly concentrated at the center of the core, within a section of 

approximately 2 cm. This is close to the estimated x value, and its location explains the delay in 

production.  

Heterogeneity may contribute to oil recovery by 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 fine particles in the rock may be released due to interaction with low 

salinity brine. They travel a short distance with the flow of water, and then get captured by narrow pore 

throats. In this way, the water channel is blocked and water is diverted to the unswept zones. P. 

Bedrikovetsky and A. Zeinijahromi proposed fines-assisted low salinity waterflooding (LSW) as a 

version of commonly used EOR-LSW (Marquez et al., 2013; Zeinijahromi et al., 2015, 2011a).  

In this work, production of fines was observed in the post-experiment core cleaning process, as shown in 

the previous section. Most probably, the fines were produced during compaction of the cores. As the 

overburden pressure increased beyond the hydrostatic yield strength of the cores, some local failures may 

occur at the grain contacts. Rotation and sliding of the grains could have released some small fragments 

from the rock matrix. This may explain the non-linear behavior of oil production and compaction in RS2: 

the additional oil was produced when overburden pressure increased from 280 bar to 350 bar, which 

exceeded the hydrostatic yield pressure. The porosity of the rock could also become more homogeneous 

by compaction (Powell and Lovell, 1994). The observed reductions in dry mass of the cores may also be 

an evidence of fines production. 

The above-mentioned fluid diversion by fines relocation probably took place at the center of the 

heterogeneous reservoir core (RS2). The bypassed oil due to heterogeneity was produced by fines assisted 

fluid diversion. Another evidence of this inference is that, after compaction, the recovery from the 

heterogeneous core (74.3%) became very similar to that of the homogeneous core (74.56%). A possible 

explanation may be that diversion of water makes the displacement more even in the heterogeneous core, 

which diminishes the difference between the heterogeneous and homogeneous samples.  

However, production of fines is not the only possible explanation of the effect of compaction in 

heterogeneous rock, as discussed below. 

5.6.3 Core stability and pore pressure 

Regardless of the imposed high stress by compaction (which even exceeded the hydrostatic yield 

strength), all the core samples were intact after the experiments. Nevertheless, some permanent damage 

could already occur when the overburden pressure got higher than the yield strength. As the petrophysical 

measurements after the experiments show, the measured parameters are not fully reversible. 
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Rearrangement of the grains and micro-fractures could take place during compaction. Although the 

dimension of the cores only slightly changed, the permeability showed a significant reduction. The 

compaction could have made the grains more consolidated and the pore throats narrower. 

As shown in the case of SK1, the increase of pore pressure resulted in a decreased pressure difference 

across the core. Probably, the previously closed flow channels by compaction became accessible again by 

the increased pore pressure; however, more evidence is needed to support this. Another effect of the high 

pore pressure is that it reduces the effective stress on the rock matrix, so the elastic deformation can be 

restored. This has been indicated by the slight increase of core length in SK1 and RS2. However, 

whatever happened by increasing pore pressure, it did not lead to additional oil recovery.  

Rearranging of the rock grains and closing the conducting paths (microfractures) may be another 

explanation of the additional oil production in heterogeneous cores. Water may bypass some oil via high 

permeable micro-fractures and other conducting paths. When the rock is compacted, these micro-fractures 

are closed, and the water flow is diverted to displace the bypassed oil. This diversion mechanism is to 

some extent similar, but still different from the fines mobilization and relocation described in the previous 

subsection. 

5.7 Conclusions 

By employing the novel core flooding equipment (LVDT and core holder with a moveable end piston 

plug), we have explicitly studied the effect of rock compaction on oil recovery under LSW flooding for 

Stevns Klint chalk and North Sea reservoir chalk. To the best of our knowledge, such kind of work have 

not been reported in the literature. Sequential injection of low salinity brines did not produce additional 

oil from either of the rocks. The weakening and compaction of chalk by injection of low salinity brines 

was insignificant and did not improve oil recovery. However, significant compaction caused by increased 

overburden resulted in small additional recoveries in both heterogeneous and homogeneous outcrop cores 

and a considerable (compared to a homogeneous core) additional recovery from the heterogeneous 

reservoir core. 

It is evident that compaction may serve as an additional production mechanism. However, as observed in 

the outcrop samples, compaction alone cannot be the reason for large additional production, at least, on 

the laboratory level. A fluid diversion process caused by fines relocation or closing of the micro-fractures 

was discussed. It appears to be able to explain the observed difference of recoveries between the 

heterogeneous and homogeneous cores. 

The reservoir samples showed more clear correlation with the fluid diversion mechanism. The different 

results from the homogeneous and heterogeneous reservoir cores indicate that a certain level of 

heterogeneity is required for fluid diversion to take effect. 

This work also demonstrated that heterogeneity is an important factor even at core scale. It could lead to 

qualitatively different result under similar experimental conditions. In addition to chemical processes, 

flow dynamics could potentially determine the flooding results related to heterogeneity or other methods 

of enhanced oil recovery. 
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Chapter 6. General Conclusions and Suggestions for Future 

Work 

6.1 General conclusions 

This Ph.D. study investigated possible recovery mechanisms by smart waterflooding from three aspects: 

the kinetics of calcite/chalk dissolution and Ca-Mg ion exchange, as well as their impacts on flow-through 

experiments; the effect of flow diversion in sandstone and chalk cores with different levels of 

heterogeneity; and the impact of chalk compaction on oil recovery during low salinity flooding. The 

overall goal has been to establish relative importance of static and dynamic mechanisms governing 

additional recovery in the course of smart waterflooding. To achieve this goal, comparative studies of 

recovery from homogeneous and heterogeneous rock samples have been carried out. 

First, the static dissolution and ion exchange experiments were carried out with calcite and chalk 

powders. The evolution of Ca2+ and Mg2+ concentrations were measured to obtain the kinetics of the 

studied processes. The PhreeqC software was used to model the dissolution of calcite and chalk, and a 

two-layer model was proposed to describe the Ca-Mg ion exchange process. It was found that the 

dissolution of calcite is a fast process (equilibrates within seconds) with low equilibrium concentration (in 

the order of milligrams per liter). These findings indicate that, in the flow-through scenarios, dissolution 

is limited to the first few millimeters close to the injection spot, it is unlikely to cause significant 

additional production. 

Meanwhile, the Ca-Mg ion exchange on the calcite surface exhibits slow kinetics. The exchange did not 

stop after the two weeks of experimental time. The modeled exchange capacity was in the order of 10-5 

mol/m2/layer. Such slow kinetics is also unlikely to have a large impact within the time frame of flooding 

experiments, but it may be more profound on the reservoir scale.  

Next, core flooding experiments were performed on sandstone and chalk cores. Based on the CT scanning 

images, the cores were selected to be homogeneous and heterogeneous. Additional recovery was 

consistently observed from the heterogeneous samples for both types of rocks. The experiments were 

accompanied by mathematical simulation using a simplified multi-layer transport model. The study 

demonstrated that, core scale heterogeneity is an important factor in flooding experiments. Heterogeneity 

can contribute to recovery through a flow diversion mechanism, which can be triggered by the production 

of pore-plugging agents. This mechanism can take place in both sandstone and chalk cores. 

In the last part, the flooding experiments with homogeneous and heterogeneous chalk were carried out. 

The experiments were accompanied by simultaneous measurement of the core length, which served as an 

indication of the compaction. It was found that compaction alone was not able to produce large amounts 

of additional oil. But compaction combined with heterogeneity could lead to more significant production 

(compared to homogeneous cores). The flow diversion mechanism was discussed in consideration of the 

compaction process. It appeared to be the most plausible explanation for the observed recoveries. 

Overall, the study shows that, the time scale, or the kinetics, of the chemical processes, is important to 

evaluate their significance under smart waterflooding. Meanwhile, dynamic mechanisms, which take 

place along with the flow, can play an important role in smart waterflooding. Recovery from 

heterogeneous rock samples was consistenly higher than from the homogeneous cores. This shows that 
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production of the plugging agents (fines, emulsions, closing the microfractures) and subsequent flow 

diversion cause a large part of improved oil recovery under smart waterflooding. 

6.2 Suggestions for future work 

Future studies on the chemical processes should focus more on the kinetics of the reactions. The research 

may start with simple systems to reveal the nature of the reactions. Then, more complex conditions 

similar to oil reservoirs can be included. The core flooding experiment is still an essential method to 

investigate the EOR potential of the processes. When performing flow-through experiments, 

heterogeneity of the core samples should be carefully evaluated. Additional studies are required for 

classification and quantification of the relevant heterogeneity patterns. The flow dynamics during two-

phase displacement plays an important role in the EOR processes. More dedicated research involving 

flooding with computer X-ray tomography to obtain in-situ fluid distribution is highly recommended to 

study the processes of enhanced and improved oil recovery. 

 


