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Enhanced oil recovery (EOR) is crucial in oil and gas production operations, it entails injecting 

fluids into the reservoir to enhance productivity. When fluids are injected, interactions occur 

between the injected fluids and the reservoir rock/fluids; and the outcomes of rock/fluid interactions 

critically affect the fluid flow in porous media and the associated hydrocarbon recovery. The 

associated changes in reservoir properties (porosity, permeability etc.) and flow behavior (i.e. 

wettability alteration and relative permeability changes) demonstrate variability at a range of scales. 

Thus, it is of great importance to understand these interactions at multiple scales and their ensuing 

implications on EOR. In this research, we will utilize different measurement techniques such as 

scanning probe microscopy (SPM), nuclear magnetic resonance (NMR), micro computed 

tomography (CT) scan, scanning electron microscopy (SEM), zeta potential, nanoindentation, 

coreflooding and contact angle measurements having various scales of resolutions ranging from 

nano –, micro –, and core-scale to probe fluid/rock interactions and wettability of rocks. Carbonate 

and pure rock minerals from the Saudi Arabian reservoirs will be investigated. The research aimed 

at probing the validity of the current wettability quantification methodology for porous and 

permeable rocks compared to those having almost zero porosity and zero permeability. The effect 

of mineralogical heterogeneity (presence of anhydrite minerals) on carbonate wettability will also 

be investigated across a range of scales. Further, the wetting behavior as a function of 

nanomechanical properties on rough and on the flat rock surfaces will be studied. The relationship 

between rock mineralogy, surface roughness, nanomechanical properties and wettability will be 

established, and the resulting implications on EOR before and after oil/CO2/CO2-foam/brine 

exposure will be analyzed. The results showed that pure anhydrite is water-wet while calcite and 

dolomite are intermediate to oil-wet. In addition, anhydrite influences the surface charge at the 

rock/fluid interface and increases the water wetness in carbonates. For the oil recovery potential, 

CO2 injection proves more effective than surfactant flooding in anhydrite-bearing carbonates. 

Anhydrite undergoes mineral transformation when exposed to CO2-saturated brine. Therefore, 

anhydrite-rich rocks can serve as potential CO2 sink. Thus, findings from this research will provide 

answers to the questions of how the carbonates wetting behavior changes with mineralogical 

heterogeneity, and whether anhydrite mineral in carbonate reservoirs be harnessed or avoided. This 

research therefore provides a systematic investigation of rock/fluid interactions and its implications 

on EOR and CO2 storage at various range scales. 
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 نبذة مختصرة
 

عيس  بكر أبو :الكامل  الاسم  

   السوائل/الصخور لتفاعلات منهجية دراسة :الـرســالــة عـنــوان
 
تبة  الآثار :المليمت   إلى النانو بمقياس الخزانات ف على المت   

   وتخزين النفط استخلاص  تحسي   
الكربون  أكسيد ثان     

ول  هندسة :الرئيس   التخصص  البت   

2024 مايو :الدرجة تاريــــخ  

 

 يعد الاستخلاص المعزز للنفط أمرًا بالغ الأهمية في عمليات إنتاج النفط والغاز، فهو يستلزم حقن السوائل في الخزان 

 لتعزيز الإنتاجية .عند حقن السوائل، تحدث تفاعلات  بين السوائل المحقونة وصخور/سوائل الخزان؛ وتؤثر نتائج

 تفاعلات الصخور/السوائل بشكل حاسم على تدفق السوائل في الوسائط المسامية واستعادة الهيدروكربونات المرتبطة

 بها .تظُهر التغييرات المرتبطة في خصائص الخزان  )المسامية والنفاذية وما إلى ذلك (وسلوك التدفق )أي تغيير قابلية

 التبلل وتغيرات النفاذية النسبية (التباين في مجموعة من المقاييس .وبالتالي، من الأهمية بمكان فهم هذه التفاعلات على 

 مستويات متعددة وتأثيراتها  على الاستخلاص المعزز  للنفط .في هذا البحث، سوف نستخدم تقنيات قياس مختلفة مثل

 والتصوير المقطعي المحوسب الدقيق ،(NMR) والرنين المغناطيسي النووي ،(SPM) الفحص المجهري الماسح

(CT)، والمجهر الإلكتروني الماسح (SEM)، وإمكانات زيتا، والحفر النانوي، والغمر المركزي،  وزاوية الاتصال. 

 قياسات ذات مقاييس مختلفة من الدقة تتراوح بين المقياس النانوي والجزئي والمقياس الأساسي لاستكشاف تفاعلات 

 السوائل  /الصخور وقابلية بلل الصخور .سيتم دراسة معادن الكربونات والصخور النقية من المكامن السعودية .يهدف

 البحث إلى التحقق من صحة المنهجية الحالية لتقدير قابلية التبلل للصخور المسامية والنفاذية مقارنة بتلك التي تحتوي 

 على مسامية ونفاذية صفر تقريبًا .سيتم  أيضًا دراسة تأثير  عدم التجانس المعدني  )وجود  معادن الأنهيدريت (على قابلية 

 بلل الكربونات عبر مجموعة من المقاييس .علاوة على ذلك، سيتم دراسة سلوك الترطيب كدالة للخصائص الميكانيكية

 النانوية على الأسطح الصخرية الخشنة والمسطحة .سيتم تحديد العلاقة بين علم المعادن الصخرية وخشونة السطح 

 والخصائص الميكانيكية النانوية وقابلية التبلل، وسيتم تحليل الآثار المترتبة على الاستخلاص المعزز للنفط قبل وبعد

 التعرض للنفط/ثاني أكسيد الكربون/رغوة ثاني أكسيد الكربون/المحلول الملحي .أظهرت النتائج أن الأنهيدريت النقي

 رطب بالماء بينما الكالسيت والدولوميت متوسطان إلى رطبان بالزيت .بالإضافة إلى ذلك، يؤثر الأنهيدريت على

 الشحنة السطحية  عند واجهة الصخور/السوائل ويزيد من رطوبة الماء في الكربونات .بالنسبة لإمكانية استخلاص

 النفط، أثبت  حقن ثاني أكسيد  الكربون أنه أكثر فعالية من غمر المواد الخافضة للتوتر السطحي في الكربونات  الحاملة 

 للأنهيدريت .يخضع الأنهيدريت للتحول المعدني عند تعرضه لمحلول ملحي مشبع  بثاني أكسيد الكربون .ولذلك، يمكن 

 للصخور الغنية بالأنهيدريت أن تكون بمثابة بالوعة محتملة لثاني أكسيد الكربون .وبالتالي، فإن نتائج هذا البحث ستوفر

 إجابات على الأسئلة المتعلقة بكيفية تغير سلوك ترطيب الكربونات مع عدم التجانس المعدني، وما إذا  كان يمكن تسخير

 معدن الأنهيدريت في خزانات الكربونات أو تجنبه .ولذلك يوفر هذا البحث دراسة منهجية لتفاعلات الصخور/السوائل

.وآثارها على تخزين النفط المعزز للنفط وثاني أكسيد الكربون على نطاقات مختلفة
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CHAPTER 1 

 

INTRODUCTION 

 

A precise characterization of rock/fluid interactions is essential for a broad range of 

subsurface applications e.g. understanding fluid flow in porous medium (Bakhshian et al., 

2020; Wei et al., 2017), well stimulation (K. Z. Abdelgawad et al., 2019; Shafiq et al., 

2018), enhanced oil recovery predictions (Arif et al., 2020a; Kumar & Mandal, 2018; 

Olayiwola & Dejam, 2019), and CO2 and hydrogen geo-storage (Ali et al., 2021; Cui et al., 

2018; Zivar et al., 2021). The rock/fluid interactions are strongly dependent on the type of 

rock and fluids being considered and the associated physicochemical features of the 

interfaces - thus the theme of ‘rock/fluid interactions’ covers a broad scientific domain. For 

instance, in enhanced oil recovery, the interaction among the injected fluid, reservoir fluid 

and the rock surfaces will be a function of type of injected fluid (e.g., surfactant, 

nanoparticle, carbonated brine, low salinity brine, polymer, CO2 etc.), and type of rock in 

question as well as prevailing thermophysical conditions (pressure, temperature and 

salinity).   

Typically, upon injection of a fluid (surfactant, polymer, CO2, brine) in a porous medium, 

the possible interactions that may occur include: (i) reactions among the injected and 

reservoir fluid and reactions among the injected fluid and rock fabric; (ii) 

adsorption/desorption of certain components/chemicals onto/from the rock surfaces; (iii) 

precipitation, and (iv) clay swelling and fines migration. The resulting impact of these 
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interactions is one or more of the followings: a) a change in petrophysical properties, b) a 

shift in wettability towards oil-wet or water-wet, c) a change in the fluid-fluid interfacial 

tension, d) a change in relative permeability and capillary pressure characteristics of the 

system, e) a change in reservoir mechanical properties, and f) adsorption / precipitation. 

Interestingly, under a given set of conditions, one or more of these mechanisms may occur 

– thus suggesting the complex nature of these interactions.  

Rock/fluid interactions for several rock/fluid systems have been extensively investigated 

during the last three decades in various context. For instance, the wettability alteration 

potential of cationic, anionic and nonionic surfactant as a function of their concentration is 

widely debated recently (Das et al., 2020; Dehaghani et al., 2020; Eslahati et al., 2020; 

Karimi et al., 2016b; Moradi et al., 2019; Souayeh et al., 2021). While it is generally agreed 

that surfactants tend to alter wettability towards water-wet and this potential increases with 

increase in surfactant concentration, still the interactions of surfactant with reservoir rock 

and fluids are complex to characterize. Furthermore, such interactions may show 

discrepancy at multiple scales ranging from core-scale down to nano-meter scale. 

Moreover, CO2-foam flooding, typically leads to improved oil recovery due to improve 

sweep efficiency and wettability alteration, and the underlying mechanisms are complex 

and require a rigorous experimental approach at multiple scales (Al Maskari et al., 2019). 

Nevertheless, the outcomes of rock/fluid interactions critically impact the fluid flow in 

porous medium and the associated oil recovery. Thus, it is crucial to understand these 

interactions at multiple scale using a range of correlative experimental approaches. For a 

given rock/fluid system, a range of laboratory experimental tools have been utilized. These 

include core flooding setup for steady-state and unsteady-state displacement experiments 
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at the core-scale to determine a) hydrocarbon recovery profiles vs. volume of injected fluid, 

b) capillary pressure and relative permeability characteristics, and c) quantification of 

wettability via Amott-indices.  

Atomic force microscopy (AFM) allows measurement of a root mean square (RMS) 

surface roughness which can thus be related to observed wetting behavior. Moreover, 

scanning electron microscopy (SEM) and field-emission (FE)-SEM allows imaging of the 

pore space at micro-meter to nano-meter scale to resolve the pore spaces and visualize any 

changes upon interaction with an injected fluid while NMR relaxation measurements can 

also confirm the pore structure changes. Furthermore, the advancement in imaging 

technology and faster computing now has made it possible to measure geometric contact 

angles within the pore-spaces following the injection (of a certain fluid) using three-

dimensional (3D) in-situ micro-CT imaging. Moreover, the electrostatic potential at the 

rock/fluid or fluid/fluid interface can be characterized via zeta potential measurements 

which is then correlated to contact angles to obtain a better understanding of the wetting 

dynamics of the rocks surfaces. Thus, it is clear from above discussion that rock/fluid 

interactions are complex and require a range of experimental techniques at multiple scales. 

Table 1.1 shows a schematic of key experimental techniques for rock/fluid interactions 

measurement and their associated scale of investigation. 

Table 1.1. Conceptual illustration of measurement types, equipment, and the scale of 

investigation. 

  Scale of investigation 
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Measurement 

type  

Technique/Equipment Nanoscale  Sub-micron 

scale  

Macroscale  Core-scale  

1 to 100 nm  100 nm to 10 

μm  

10 μm to 1 

mm  

1mm to 100 

mm  

Minerology & 

Heterogeneity 

XRD/XRF  

QEMSCAN  

 

 

Pore structure 

SEM/Thin Section  

FIB-SEM/FE-SEM  

MICP  

Surface 

Roughness & 

Intrinsic 

Wettability 

AFM  

Optical Microscopy  

 

Dynamic 

Wettability and 

Flow 

Characterization 

NMR/MRI  

Micro-CT imaging  

Medical-CT  

Sessile-drop contact 

angle/Captive bubble 

method 

 

SCAL (Pc, RI-Sw & 

Kr-Sw) 

 

 

This research therefore, aimed at developing a new approach to characterize wettability of 

carbonate/oil/CO2-foam/brine systems at multiple scales by capturing the fluid flow 

dynamics at nano to millimetre scale. The associated impact of anhydrite, calcite and 

dolomite contents will also be evaluated. The carbonate and  sandstone samples from Saudi 
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Arabian oil fields will be used. Notably, since this project attempts to work on new and 

pertinent research questions that are to be addressed using a new approach (i.e. multiscale 

wettability, rock geomechanical properties and mineralogical heterogeneity and its impact 

on fluid flow in porous medium. The research therefore provides a systematic investigation 

of the important rock/fluid interactions among the reservoir rock, fluid and key injected 

fluid (CO2-foam). To this end, the validity of the current wettability quantification 

methodology for porous and permeable rocks compared to those having almost zero 

porosity and zero permeability will be examined. Importantly, the wetting behavior upon 

interaction with brine and CO2-foam, and its relationship to the nanomechanical properties 

(elastic modulus and rock surface hardness) and rock surface topography will also be 

investigated. The findings of this research will, therefore, enhance the knowledge and 

understanding of the implications of multiscale wettability and fluid/rock interactions and 

thereby reduce the uncertainties associated with laboratory-scale predictions and EOR 

planning.  
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1 Fluid/Rock Interaction in Conventional Rocks 

Interaction of reservoir fluids (such as oil, gas, and formation water), injected fluids 

(surfactant, polymer, CO2, foam, among others) and the reservoir rock occur over the life 

of petroleum reservoir. The injected fluids such as CO2, CO2-foam, seawater, low salinity 

water, surfactant, among others, may interact with the reservoir fluids and rock. When these 

fluids/chemicals are transported in a porous medium, all or some of the following 

interactions may occur; (i) the injected fluids/chemicals may react with one another and/or 

with the fabric of the porous media; (ii) some components/chemicals may get adsorbed 

onto or get desorbed from the surfaces of the rock matrix; (iii) some components may 

precipitate from the flowing phase onto the rock surface; (iv) the rock minerals may 

dissolve or get detached from the rock and go into the flowing phase (fines migration). 

These interactions often affect the overall productivity of the reservoir either negatively or 

in a favorable manner. Thus, this section provides a literature review of possible fluids-

rock interaction in conventional and unconventional rocks during improved oil recovery 

(IOR) applications. 
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2.1.1 Surfactant Adsorption/Retention 

Rock/fluid interactions, in general, may lead to the entrapment of the injected fluid in 

porous medium. Surfactant flooding is widely used, for EOR, however, the key challenge 

(both technically and economically) is the surfactant retention/adsorption in the porous 

media (Curbelo et al., 2007). Surfactant retention can be referred to as all the mechanisms 

that remove or reduce surfactant concentration from a flowing solution. During surfactant 

flooding, surfactant adsorption is only one component of surfactant retention (Hirasaki et 

al., 2011), others are phase trapping (mechanical entrapment i.e. when large molecules are 

trapped in narrow flow channel or pores), and hydrodynamic retention (some molecules 

may be trapped in stagnant flow region), and precipitation. Different mechanisms/driving 

force in which adsorption of surfactant on the rock surface take place include; electrostatic 

interactions, hydrophobic solid interactions (hydrocarbon chain−hydrophobic solid site 

interaction), interactions of van der Waals forces between the non-polar tail – surfactant 

chains (hydrocarbon chain−chain interaction), chemisorption, hydrogen bonding, covalent 

bond, and adsorption via ion exchange (Jian et al., 2016; Zhang & Somasundaran, 2006). 

The adsorption loss and the nature of the adsorption isotherm depends on the co-surfactant 

and co-solvents (alcohols) used, salinity, Eh, pH, microemulsion viscosity, crude oil type 

and other variables (Curbelo et al., 2007; Zhang et al., 2016).   

 

2.1.2 Polymer Adsorption/Retention 

Polymer molecules adsorbs on surface of rock due to the affinity between them. Polymer 

adsorption should be less than 1 mg/g of rock for optimal efficiency (Han et al., 2014). 

Adsorption of polymer can cause severe damage to the formation (Kakati et al., 2020). 
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Ferreira & Moreno, (2020) reported that polymer adsorbs in multiple sites on rock surface 

because of its large molecular size, and it is difficult to desorb the entire molecules from 

the rock surface – suggesting irreversible adsorption (Kakati et al., 2020; Zhang & Seright, 

2014). In summary, polymer interactions with carbonate and sandstone rocks have been 

actively investigated, still the influence of some rock minerals such as anhydrite on 

polymer adsorption and the predominant adsorption mechanism require further studies. 

Furthermore, polymers are often combined with surfactants and/or alkalis, and the 

subsequent subsections describe the interactions in these systems.  

 

2.1.3 Alkaline – Surfactant – Polymer (ASP) Adsorption/Retention 

Alkaline/surfactant flooding was proposed by (Nelson et al., 1984), which involves the 

injection of solution containing both surfactant and alkali for EOR. If polymer and/or alkali 

is added to surfactant solution, it may partition into the oil, brine and the surfactant films 

in a different way from the surfactant partition (Hirasaki et al., 2011). When both surfactant 

and polymer are mixed, competitive adsorption occurs and adsorption decreases because 

the polymer prevents second layer adsorption of surfactant. It was shown by Cao et al., 

(2015) and Wang et al., (2015) that using amphoteric surfactant flooding in carbonate 

cores, the surfactant adsorption is reduced when mixed with polymer in an SP flooding. 

The main aim of adding alkali in surfactant flooding is to reduce the adsorption of 

surfactant by sequestering divalent ions in the rock/fluid interface. The role of alkali is to 

serve as potential-determining ion, to reverse the charge of positively charged mineral site.  

Alkali also forms foam/soap when it reacts with naphthenic acid in the crude oil which 

serves as IFT reducing agent, thus alkali can alter the wetting state of rock surface to either 
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more oil-wet or water wet (Hirasaki et al., 2011) depending on surface/fluid characteristics. 

Zhang et al., (2016) investigated the adsorption of anionic, nonionic and blended 

surfactants adsorption in tight rock (0.004 to 0.008 mD) at room temperature using core 

flooding and UV-spectrometry. They showed that the addition of alkali to anionic 

surfactant reduces its adsorption. ASP applications in anhydrite-bearing reservoirs has 

been actively investigated, yet there is no generally acceptable workflow to minimize ASP 

consumption/degradation by anhydrite during flooding, thus, this area need further 

investigations. 

 

2.1.4 Ions Adsorption (from water, oil, carboxylate) 

To understand the fundamental physico-chemical interactions governing adsorption of 

ionic species during seawater flooding and smart water EOR in petroleum reservoirs, 

cations and anions interaction must be understood. Due to partial dissociation of carboxylic 

group, the oil-water interface becomes negatively charged, while the charge of the rock-

water interface is determined by the potential determining ions present in the formation 

water and the prevailing pH (Strand et al., 2006). In seawater flooding, the major potential 

determining ions are Ca2+, SO4
2− and Mg2+, with the concentration of SO4

2−  about twice 

Ca2+ in seawater, Mg2+ has the highest concentration, about twice the concentration of 

SO4
2−,while the concentration of Ca2+ is high in formation water and low concentration of 

SO4
2− (Pierre et al., 1990; Strand et al., 2006). Calcium ions (Ca2+) can also adsorb on silica 

and make the silica surface less negative.  
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 It can be summarized from these studies that the adsorption of ionic species such as Ca2+, 

SO4
2− and Mg2+ during seawater flooding trigger wettability reversal. Wettability 

modification is triggered by SO4
2− due to its ability to either directly displace the adsorbed 

carboxylate species (Gomari et al., 2006) or by shifting the surface potential toward more 

negative values thereby weakening the affinity of the carboxylates of the surface (Strand 

et al., 2006; Zhang et al., 2007). Recently, Song et al. (2020) reported that Na+ is 

responsible for oil wetness on calcite surface. This finding is similar to the quantum 

molecular dynamics (MD) simulation by Liu et al. (2018), and Koleini et al. (2018) 

reported that Na+ resides close to the calcite surface compared to divalent ions (Ca2+, 

Mg2+), thus reducing the overall calcite/water adhesion energy and consequently, more oil-

wet surface. Therefore, reducing the NaCl concentration during low salinity water flooding 

implies altering the wettability of the calcite surface to more water wetting (Song et al., 

2020). The visualization study by Ricci et al., (2013) and Guo & Kovscek, (2019) using 

atomic force microscopy (AFM) showed that Na+ exists in the Stern layer closer to the 

surface than the divalent ions. Similar conclusions were drawn in the work of (Sakuma et 

al., 2014) based on density function theory (DFT). 

 

2.1.5 Rock Dissolution 

Fluid injection into the reservoir system will induce different levels of rock dissolution 

depending on the type of the injected fluids and the reservoir mineralogy. For example, 

carbonate rocks are more reactant compared to sandstone, hence, more rock dissolution 

will be expected in carbonate reservoirs. The fluid type can significantly affect the level of 

surface dissolution; acids have shown the highest impact due to their fastest reaction rate. 
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Typically, rock dissolution is associated with chemical EOR which is extensively applied 

to improve reservoir productivity (e.g., by wettability alteration) and increase oil recovery 

(Mahmoud & Abdelgawad, 2015; Mahmoud et al., 2017).  

 

2.1.6 Clay Swelling and Fines Migration 

Reservoir rocks consist of numerous minerals e.g. sandstone is rich in quartz and also 

contains clays (illite, kaolinite, chlorite, and smectite) while carbonates are rich in calcite, 

dolomite, and may also contain clay (Muecke, 1979). These minerals interact with the 

injected fluids (e.g. brine etc.) leading to alteration of the reservoir properties at various 

levels. The alteration of reservoir properties includes rock dissolution, clay swelling, and 

fine migration.  

Clay swelling can be induced during the water injection leading to a reduction in the pore 

space, and hence permeability impairment. The main mechanism for clay swelling is the 

hydration phenomena that lead to expanding the clay layers (Fink & Thomas, 1964; Foster 

et al., 1954; Karpiński et al., 2015; Li et al., 2019; Zhang & Low, 1989).  

The common factors that influence fines migration process are carrier fluid properties, 

reservoir type, and operation parameters (Miri et al., 2021). Fluid properties such as 

salinity, pH, and composition significantly impact fines migration process. Operation 

parameters such as temperature or pressure can affect the fines migration process. While 

fine migration can lead to several types of formation damages, it is also reported to be one 

of the main factors for achieving higher oil recovery (Katende & Sagala, 2019). Fine 

migration can change the rock surface properties such as wettability, thereby creating 

favorable flow conditions, and more oil can be produced.  
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2.1.7 Wetting and IFT Characteristics 

There is a consensus that wettability alteration and interfacial tension (IFT) reduction are 

the mechanisms for oil recovery improvement due to surfactant flooding (Yang et al., 

2021). In a water-wet rock, the residual oil is trapped due to capillary forces (Jun Lu & 

Pope, 2017). Thus, a reduction in IFT following surfactant injection mobilizes the trapped 

oil and improves oil recovery. The influence of surfactant on wettability alteration is rather 

more complex where a surfactant arguably turns the rock more water-wet and thus 

increases the spontaneous imbibition of water. 

It is widely agreed that wettability alteration is one of the dominant mechanisms that leads 

to enhanced oil recovery due to low salinity waterflooding (LSW) (Alotaibi et al., 2011; 

Kafili Kasmaei & Rao, 2015). While it is generally believed that wettability alteration 

towards water-wet results in improved oil recovery (due to associated greater water 

imbibition and oil removal), still a few investigations reported weakly water-wet or mixed-

wet as optimal wettability for EOR due to LSW (Ding & Rahman, 2017; Liu & Wang, 

2020). Mechanistically, wetting behavior of a rock/oil/brine system is governed by 

interplay of the interfacial interactions among the thin water film at the rock and oil 

interface. These interactions and thus the wettability alteration due to LSW are influenced 

by: a) electric double layer (EDL) expansion, b) multicomponent ion exchange, c) change 

of interfacial tension, d) pH change, e) fine migration, f) mineral dissolution, and g) micro 

dispersion formation (Liu & Wang, 2020; Mahani et al., 2017; Morrow et al., 2011; 

Rezaeidoust et al., 2009; Sadeqi-Moqadam et al., 2016). Specifically, during LSW, the 

EDL expands due to low ionic concentration leading to an increase in repulsive forces – 
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thereby shifting the wettability towards more water-wet (Liu & Wang, 2020). While these 

interactions at the EDL can be determined through zeta potential measurements, the precise 

quantification of zeta potential of intact reservoir core samples is still a challenge. 

Furthermore, in terms of multicomponent ion exchange, the high valance ions which act as 

a bridge between rock and oil, a reduction in their concentration (during LSW) leads to a 

wettability shift towards water-wet since the bridge gets broken (Liu & Wang, 2020).  

 

 

2.2 Implications of Rock/Fluid Interactions on EOR 

Complex mineralogy in hydrocarbon reservoirs can affect the performance of several EOR 

operations due to the nature of the minerals present. This section discusses the impact of 

anhydrite/fluid interaction on rock wettability, formation damage, and rock surface 

characteristics.   

2.2.1 Wettability Modification 

The rock wettability depends significantly on the mineralogical composition, changing the 

surface minerals content can lead to altering the surface wettability. During the EOR 

process, several interactions will take place due to the physical and chemical reactions 

between the injected fluids and reservoir matrix. In carbonate reservoirs, different rock 

minerals will interact differently compared to other minerals due to their variable reaction 

rates. For instance, anhydrite minerals consist mainly of calcium and sulfate ions which 

are soluble in different fluids. The dissolution of calcium and sulfate ions is usually 

associated with magnesium adsorption on the rock surface, due to multi-ion-exchange 
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phenomena. Consequently, the mineral content on the rock surface will be changed 

considerably as well as the surface wettability (Mogensen & Masalmeh, 2020). This 

process can help in designing the EOR applications for anhydrite-rich carbonate reservoirs 

as well as other heterogeneous reservoir formations.  

2.2.2 Change in Surface Charge 

Fluid injection into the reservoir system has the potential of changing rock surface charges 

due to ions dissolution or adsorption on the rock surface (Bonto et al., 2019). Electrokinetic 

measurements are usually conducted to evaluate the rock surface changes before and after 

EOR treatments (Kim et al., 2020; Li, 2004).The rock surface charges can be indicated by 

determining the zeta potential and the double layer thickness (Arif et al., 2017). The degree 

of surface charge changes depends on the rock mineralogy, injected fluid type, chemical 

concentration, and reservoir conditions. For example, chemical injection would lead to 

more changes in the rock surface charges compared to water injection, due to the high rock 

dissolution by the injected chemicals and enhanced adsorption. For carbonate rocks, the 

common adsorbed ion is the magnesium due to the multi-ion exchange (MIE) process (Bai 

et al., 2021; Karoussi & Hamouda, 2007). This phenomenon will lead also to an increase 

in the negative surface charges for carbonate rocks and improve the rock wettability 

towards water-wet. However, for carbonate reservoirs with high anhydrite content, the MIE 

phenomenon could be more complex due to the low anhydrite solubility. There are limited 

studies in this area, and further research should be conducted to elaborate on the changes 

in rock surface charges due to mineralogical heterogeneity and fluid/rock interactions.  
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2.2.3 Surface Roughness Modification 

Surface roughness is a key parameter that tends to influence wettability of rock surfaces 

(Arif et al., 2020). Due to roughness, a rock surface demonstrates a range of peaks and 

valley; and the associated root mean square (RMS) roughness of rock surfaces ranges from 

micrometers to nanometers (Arif et al., 2020). The roughness of the rock surface gets 

modified due to the interaction between the rock matrix and injected fluids. The primary 

factor for changing the rock surface roughness is rock dissolution. The injected fluids can 

dissolve part of the rock matrix, leading to more peaks or valleys in the rock surface 

(AlRatrout et al., 2018). 

2.2.4 Formation damage 

Fluid injection into the reservoir system can induce some formation damage due to 

incompatibility between the reservoir fluids/rocks and the injected fluids (Civan, 2015). 

The common types of formation damages are fine migration, pore throat plugging, and clay 

swelling (C. Xu et al., 2016). In anhydrite-rich reservoirs, the dissolution of anhydrite and 

calcite minerals, due to the fluid injection, can lead to fine migration or solid precipitation, 

and consequently, the reservoir productivity will decrease (AlSada & Mackay, 2017). 

During fluid-rock interactions, a complex interplay between mineral detachment, mineral 

replacement and mineral dissolution processes will control the porosity and permeability 

of the reservoir rock (Pudlo et al., 2014; Putnis, 2002). Several factors, such as fluid 

residence time, brine composition, rock mineral composition as well as its location and 

distribution might play important roles in reservoir quality assessment (Huq et al., 2015). 
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2.3 Rock/Fluid Interaction Quantification Methods and Equipment 

Rock/fluid interactions (discussed above) can occur at multiple scales ranging from 

nanoscale to core-scale. For instance, fluid adsorption, rock dissolution can be evaluated 

using several techniques e.g. ion chromatography and inductively coupled plasma (ICP) 

analysis. The ions concentration in the injected and produced fluids during waterflooding 

can be analyzed, increasing the concentration of any certain ions (such as calcium or iron) 

will indicate rock dissolution. On the other hand, a reduction in ions concentration suggests 

that the ions are adsorbed on the rock surface due to the multi-ion exchange phenomena. 

Other advanced techniques such as nuclear magnetic resonance (NMR), scanning electron 

microscope (SEM), X-ray fluorescence (XRF), and X-ray diffraction (XRD) can be used 

to characterize the rock surface and help in investigating rock surface modification (Abbasi 

& Khamehchi, 2021; Nasralla et al., 2018). Furthermore, pH measurements can be used to 

assess rock dissolution; mineral dissolution can lead to an increase in the pH of the 

produced effluent by around 10 – 30% depending on the degree of rock dissolution 

(Abbaszadeh et al., 2016; Mohammadi et al., 2021a). Therefore, this section describes the 

equipment, measurement methods and principles for examining rock/fluid interactions at 

various scales.  

2.3.1 Core-flooding (Tracers, pressure drop, permeability) 

Core flood experiment is conducted for a realistic representation of fluid-rock interaction 

in porous media. The technique is typically performed on a cylindrical rock plug obtained 

during coring or from consolidated outcrops or a quarried rock. The usual core flooding 

procedure is to inject the EOR fluid (i.e. displacing fluid such as surfactant, polymer, 

smartwater, etc.) at a required and known flowrate into the brine/oil-saturated (displaced 
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fluid) core. Core flooding experiments can thus be conducted / interpreted in three ways as 

described below: 

Pressure profile during core flooding.  

Fluid-rock interaction can be quantified based on the pressure profile during core flooding. 

An increase in pressure drop across the core can suggest pore plugging by precipitation 

while a decrease in pressure drop signifies an increase in flow path which may be due to 

rock minerals dissolution. These can as well be quantified through changes in permeability 

(Mishra et al., 2014) a high and low pressure drops imply reduction and increase in 

permeability respectively. This allows for additional evaluation of whether the measured 

species (surfactant/polymer or ions) loss; was adsorption or a combination of adsorption 

and precipitation (Mannhardt et al., 1994). Core flooding technique can be used to evaluate 

fluid-rock interaction using actual reservoir rock and fluid, as well as under reservoir 

conditions of pressure and temperature for conventional rocks.  

Effluent analysis  

The effluent is collected, and the corresponding concentrations of individual components 

can then be determined using various methods such as titration (Gogoi, 2011; Wang et al., 

2015), chromatography (Austad et al., 2015; Sharma & Mohanty, 2018), ultra-violet (UV) 

spectrophotometry (Curbelo et al., 2007; Ferreira & Moreno, 2020; Kakati et al., 2020; Lv 

et al., 2011; Saxena et al., 2019), total organic content (TOC) measurement (Alhassawi & 

Romero-Zerón, 2015; Lv et al., 2011; Zhang & Seright, 2015), and total nitrogen (TN) 

content analysis (Han et al., 2014; Rodriguez et al., 2014). The concentrations of the 

components are then compared with the injected values to determine 
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adsorption/precipitation (decrease in concentration), dissolution (increase in the 

concentration of the dissolved mineral species in the effluent), or migrated fines.  

Tracer measurements  

Another way to quantify retention using core flooding is to employ a non-reactive tracer 

(or non-adsorbing, in case of adsorption measurement) which can be injected with the test 

solution (for example surfactant or polymer) to serve as a check on the material balance 

(e.g. (Amirmoshiri et al., 2020; Dang et al., 2014; Ghosh & Mohanty, 2019; Romero-Flores 

et al., 2018). The relative positions of the tracer and the test solution profiles give a direct 

visual indication of adsorption. A shift of the surfactant/polymer concentration profile to 

the right with respect to the tracer profile, indicates adsorption. While if the tracer and 

surfactant/polymer concentration curves (or normalized concentration curves) vs pore 

volume (PV) injected (throughput) coincides, it indicates that there is insignificant 

adsorption (Dang et al., 2014; Mannhardt et al., 1994). The area between the effluent curves 

for the two components (tracer) and (adsorbate) is directly proportional to the affinity of 

component, and can be calculated using the trapezoidal method (Strand et al., 2006). 

2.3.2 Contact angle and IFT 

Wettability refers to the tendency of a solid to be wet by a particular fluid in the presence 

of another fluid. A range of experimental techniques are available for characterizing the 

wetting behaviour of a given rock/fluids system. In this context, the Wilhelmy balance, 

capillary rise contact angle and spontaneous imbibition methods are the classical methods 

for wettability measurements (Washburn, 1921) while Amott, Amott-Harvey index, and 

USBM (U.S. Bureau of Mines) require forced imbibition tests via core flooding setup to 
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quantify wettability (Anderson, 1986). Furthermore, the relative permeability and capillary 

pressure curves provide an indirect (qualitative) assessment of wetting behaviour.  

Specifically, the contact angle method is a direct method for quantifying wettability, and it 

allows a sensitivity analysis of the influence of pressure, temperature, and salinity (Arif et 

al., 2019; Iglauer, 2017). Measuring the contact angle at the rock/oil/brine interface can 

effectively indicate the wettability condition. In general, the contact angle < 90° indicates 

water-wet condition, while oil-wet status is indicated by a contact angle > 90°. The higher 

the contact angle (through the denser phase), the higher the oil wetness. Three common 

configurations of contact angle measurements are: a) sessile drop method, b) captive 

bubble method, and c) tilted plate method (Al-Yaseri et al., 2016; Lander et al., 2002). The 

tilted plate method allows a simultaneous measurement of advancing and receding contact 

angles at the leading and trailing edges of brine (or water) droplets in the presence of crude 

oil or CO2 (Broseta et al., 2012). Note that the advancing angle mimics the displacement 

during imbibition mechanism while the receding contact angle is pertinent to drainage 

behavior (Broseta et al., 2012).   

During contact angle measurements, the lighter phase (CO2, crude oil, decane) is injected 

into the pressure cell at a predetermined pressure and a fixed cell temperature. This is 

followed by brine (or water) injection at a low flow rate (typically ~ 4 µl/min) to allow 

creation of a droplet which is eventually dispensed onto the rock surface (Arif et al., 2019). 

Finally, the contact angle is measured at the three-phase contact line (TPCL). Note that, in 

a captive bubble method, the cell configuration is reversed, and the denser phase (brine) is 

injected first followed by a bubble of lighter phase (Arif et al., 2019). For a detailed 

illustration of contact angle methods, the reader is referred to a recent review (Arif et al., 
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2019). Furthermore, such an arrangement also allows for the measurement of IFT of 

fluid/fluid system while the droplet is handing at the edge of the needle (Arif et al., 2017). 

Contact angle method is arguably more suitable when pure fluids and clean minerals with 

smooth surfaces are used (Arif et al., 2019; Kaveh et al., 2014). The RMS (route mean 

square) surface roughness of a given sample can have a notable impact on contact angle 

where an increase in roughness of a hydrophilic sample tends to decrease the contact angle 

while increasing roughness of hydrophobic surfaces leads to an increase in contact angle 

(Al-Yaseri et al., 2016). On the porous surfaces, contact angles are influenced by the 

organic polish on the rock surface (Kaveh et al., 2014) – which leads to an apparent contact 

angle. Recent advancements can now allow contact angle measurements from the 3D in-

situ micro-CT imaging (Alhammadi et al., 2017), as well as FESEM (Deglint et al., 2017b) 

or cryo-BIB-SEM imaging (Schmatz et al., 2015).  

 

2.3.3 SEM/Thin section / FE-SEM 

Scanning Electron Microscopy (SEM) is an imaging technique that creates images of a 

sample through beam rastering or scanning. It uses a focused beam of electrons to generate 

a visualization of sample surface topographic details. As the electron beam is accelerated 

on the sample surface, electrons interact with the sample, and as a result, secondary, back-

scattered electrons as well as X-rays are emitted. The X-rays and electrons emitted are then 

captured by detectors and analyzed to obtain information about surface topography, sample 

density, or chemical composition. The other modified versions of SEM are Field Emission 

Scanning Electron (FE-SEM) and Focused-Ion-Beam Scanning Electron Microscopy FIB-

SEM. It is evident from the literature that, these imaging techniques are crucial for 
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understanding fluid-rock interaction in various contexts. Thin section images can be used 

to create two-dimensional microfluidic devices (micromodels) with pore scale geometry 

that is identical to real rocks to allow for the direct visualization of flow behavior through 

a porous medium (e.g., (Buchgraber et al., 2012; Song & Kovscek, 2015)). Recent 

advances in imaging technologies for characterization of fluid – rock interaction such as 

FIB-SEM can reveal nanometric pore structure (Curtis et al., 2012; Long et al., 2013). 2D-

SEM and 3D FIB-SEM imaging are employed to characterize nano-to micro-scale pore 

structure and connectivity before and after fluid exposure, SEM is also used to assess the 

fluid distribution and micro-wettability (Clarkson et al., 2016). In addition, SEM imaging 

allows the visualization of variation in pore surface structure and pore morphology. 

Alhassawi & Romero-Zerón, (2015) and Hou et al., (2018) performed SEM to determine 

the change in surface morphology (size and shape) of rocks due to surfactants adsorption. 

Moreover, SEM imaging is also applied in the study of modification of mineral phases,  

Prakash et al. (2019) used microscopy (FE-SEM) to evaluate the alteration in mineral 

phases as a consequence of fluid-rock (CO2-rich brine -shale) interaction during CO2 -EOR 

and CO2 storage in unconventional reservoirs. Real-time pore-scale imaging of the 

interactions between reservoir fluids, injected fluids, rock grains, and other rock minerals 

(clays) particles is needed to develop a fundamental understanding of the mechanisms that 

govern the recovery efficiency of hydrocarbons reservoirs (Song & Kovscek, 2015). 

Recently, a real-time FE-SEM imaging of fluids on rock surfaces to enabled quantification 

of sessile and dynamic micro-droplet contact angles and droplet dimensions was presented 

by (Deglint et al., 2017a) (see Figure 2.1). However, real-time whole-core scans can take 

long time (up to 40 minutes), making these imaging techniques opaque to the dynamics of 
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microscale rock minerals (for instance, clay) detachment studies in the time frame that is 

required (Song & Kovscek, 2015). FIB-SEM allows for high 3D spatial resolution; 

however, the nanometric scale FIB-SEM is destructive and small sample size is typically 

used (only a few millimeters in diameter). Thus, large area 2D maps maybe needed using 

an SEM for in-depth visualization of heterogeneities (Clarkson et al., 2016).  

  
(a) (b) 

Figure 2.1. Determination of contact angle and dimensions of droplet on dolomite sample 

using SEM; (a) droplet on dolomite;  (b) zoom-in of the dolomite surface to estimate left 

and right contact angles, and droplet dimensions; the right and left contact angles are 69° 

and 69°, respectively, while the droplet height and width are 17.1 μm and 48.4 μm, 

respectively (adapted from Deglint et al., (2017) with permission from Springer). 

 

2.3.4 Nuclear Magnetic Resonance (NMR) 

There are two types of NMR relaxation times: the longitudinal or spin-lattice relaxation 

time (T1) and the transverse or spin-spin relaxation time (T2). Transverse relaxation T2 

occurs in the xy-plane, whereas the T1 refers to the decay time of magnetization in the z 

direction. The transverse relaxation time (T2) and the longitudinal relaxation time (T1) 

usually in milliseconds (ms), are both caused by the magnetic interactions between the 

hydrogen protons. Both the T1 and T2 relaxation times are a function of fluid type and its 

interaction with the pore structure of the porous media. It is one of the most effective 
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techniques of characterization of rocks, NMR imaging and quantification can be used to 

evaluate the pore connectivity (Fleury et al., 2007), wettability alteration (Al-Mahrooqi et 

al., 2003; Totland et al., 2011; Zhang et al., 2000) where water-wet rocks were found to 

have lower relaxation times than oil-wet sandstones, because water interacts more strongly 

with pore walls, such stronger interactions increase surface relaxation and shorten 

relaxation time (Abbasi et al., 2021). The NMR T2 relaxation time is faster to acquire than 

the T1 relaxation, this account for the more frequent use of T2 relaxation measurements 

over the T1, and usually gives similar results (Al-Mahrooqi et al., 2006; Ausbrooks et al., 

1999). Compared to other imaging techniques, NMR measures fluid, not the rock matrix. 

The relaxation time is proportional to the pore size, that is, small pores have smaller values 

of T2, and large pores have large T2 values. It can also be used to obtain pore structure at 

all length scale with high precision. Meanwhile, NMR measurement is sensitive to 

environmental conditions (temperature and pressure), it cannot distinguish microfractures 

from pores (Tang et al., 2021), additionally, differentiating between the pore throats and 

micropores using NMR is a challenge.  

 

2.3.5 Computed Tomography (CT) 

Conventional core experiments failed to capture the pore-scale events that dictate fluid – 

rock interaction effect (Prakash et al., 2019). Advanced visualization (imaging) techniques 

such as X-ray computed tomography (X-ray CT) (Vega et al., 2014) and micro X-ray 

computed tomography (micro X-ray CT) (Nguyen et al., 2013) are able to obtain pore-

scale visualization either ex-situ or in-situ . Micro-computed tomography (micro-CT) can 

be used for analyzing the spatial distribution and textural alteration of constituents of tight 



 
 

27 
 
 

rocks after reaction. Micro-CT imaging, can as well, be carried out before and after fluid-

rock interaction to identification dissolution and precipitation in the fluid-rock system and 

spatial distribution of different minerals in the altered regions based on microstructure 

changes after exposure. Micro-CT is also employed in pore network modelling to develop 

an understanding of petrophysical transport behavior in heterogeneous rocks (Bauer et al., 

2012; Bultreys et al., 2015, 2016; Peng et al., 2014) and to assess pore geometry on 

electrical behavior of rock during fluid interaction (Youssef et al., 2008). In order to 

establish a comprehensive understanding of CO2-fluid-rock interaction, Prakash et al., 

(2019) studied the microstructural evolution and chemo-mechanical interaction of shales 

with CO2-rich brine using micro-CT. Microstructural evolution such as rock dissolution 

and precipitation can be observed using CT imaging via porosity change (dissolution 

implies an increase in porosity while a decrease in porosity of the rock after exposure to 

reactive fluid, (CO2-rich brine) corresponds to precipitation and consequent pore 

blockage). Another advantage of CT imaging technique is the ability to perform in-situ 

quantification of fluid-rock interaction (Brattekås & Fernø, 2016). 

Meanwhile, the X-ray attenuation coefficient of quartz and clay are similar, the intensity 

of both minerals is very similar in the micro-CT images, which makes it difficult to 

differentiate them from the image. Also, since shales and tight rocks have the majority of 

their pores at nanometer scale and the dimension of a voxel of the scans is typically around 

5 μm, not all pores’ sizes can be captured in micro-CT images. Hence, it may leave some 

non-identified pores (Prakash et al., 2019). While CT-scan imaging has the advantage of 

capturing micron- and large-scale pores for conventional formations, it failed to resolve the 

required pores and pore connectivity necessary for the extraction of a pore network from 
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shales and other tight rocks with sub-micron scale pore structure. Another disadvantage of 

this technique is the difficulty in up-scaling the result to core-scale to estimate flow 

characteristics (e.g., permeability) (Clarkson et al., 2016). 

 

2.3.6 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) is a high-resolution microscopic technique invented in 

1986 by Binnig (Binnig et al., 1986). Geomaterials, among others, can be imaged at 

nanoscale using AFM. While SEM typically requires vacuum in the sample chamber, AFM 

can still work in liquid or air environments. The typical imaging scale of AFM varies from 

0.1 nm to 0.01 nm – thereby resolving the atomic scale features (Wang et al., 2021). Some 

of the key applications of AFM in rock-fluid interactions, include but not limited to, 

measurement of surface roughness, pore structure, crystalline structure which collectively 

are known as surface topography. Furthermore, AFM can also measure rock mechanical 

properties such as elastic modulus and adhesion forces. It can also be employed to 

determine the change in wettability of rock surfaces (Figure 2.2).   

  

(a)  (b)  
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(c) (d) 

Figure 2.2. Determination of wettability alteration of an oil-wet sandstone surface by 

AFM; (a) clean sandstone surface;(b) aged sandstone surface (oil-wet); (c) aged 

sandstone surface treated with TX-100; (d) aged sandstone surface treated with TX-100 

(adapted from Hou et al., (2018) with permission from Elsevier). 

 

2.3.7 Zeta potential 

To discuss zeta potential, first, we need to define the electric double layer (EDL) model. It 

is referred as a physical model that describes the ionic charge in the vicinity of a charged 

particle in a colloidal solution. The EDL consist of a central (layer) fixed charged particle, 

a surface/titratable charge that is firmly bound to the particle/solid surface, and a slipping 

charged layer within the solution in contact with the surface. The later contains an excess 

of ions opposite in sign to the fixed charged (counterions) and has a deficit of ions of the 

same sign as the fixed charge particle (co-ions). In a colloidal system, the zeta potential 

measures the difference in the electrical charge between the dense layer of ions surrounding 

the particle and the charge of the bulk of the suspended fluid surrounding the particles 

(Strand et al., 2006). Thus, the potential at the slipping plane (where slip with respect to 

the bulk solution is postulated to occur) is the electrokinetic or zeta potential, ζ (Clogston 

& Patri, 2011; Delgado et al., 2007). Various methods and techniques used to obtain the 
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zeta potential of colloidal interfaces are electrophoresis (centered on charged colloidal 

particles movement with respect to stationary liquid due to applied electric field), electro-

osmosis (based on liquid flow caused by an applied electric field to charged porous plug, 

membrane or capillaries), and streaming current and streaming potential (established on 

charge displacement in the EDL due to pressure induced liquid movement in pores and 

capillaries, and can be used to study interfaces of different shapes and geometries).  

Based on electrophoretic technique, Helmholtz – Smoluchowski (HS) equation (Eqn. 3) is 

commonly employed to obtain the zeta potential, for uniform and moderate electric fields: 

 

𝑣𝑒 = 𝑢𝑒 𝐸                                      (2) 

where 𝑣𝑒   (m s−1), is the particle velocity with respect to a stagnant medium (electrophoretic 

velocity), 𝐸 (V m-1) is the applied electric field, 𝑢𝑒 (m2 V−1 s−1), is the electrophoretic 

mobility of the particle and is given by; 

𝑢𝑒 =
𝜀𝑒𝑞𝜀𝑜

𝜇
𝜁                                   (3) 

where 𝜀𝑒𝑞 is the relative permittivity of the electrolyte solution, 𝜀𝑜 is the electric 

permittivity of vacuum, and 𝜇 is the dynamic viscosity of the liquid. 

Zeta potential is governed by the nature of the surface, surface charge (which is determined 

by pH), the concentration and nature of the electrolyte and solvent in the solution. Under 

given conditions (those parameters fixed), ζ -potentials are unique characteristics for the 

charge state of interfaces, it is independent of the technique used, therefore, whether 

different techniques and interpretations are used, identical ζ -potentials values are obtained. 

It is noteworthy that, researchers often reported different zeta potential values for 
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supposedly identical interfaces. This is attributed to the fact that zeta potential is not 

directly measurable property, thus the disparity might be due to an inappropriate model 

used to convert the electrokinetic signal into a ζ -potential, presence of impurities, or the 

surfaces are not in fact identical (Delgado et al., 2007). 

The principle of zeta potential measurement can be employed to investigate fluid-rock 

interactions such as adsorption, rock dissolution, measurement of particle size (H. Ding & 

Rahman, 2018), characterization of wettability modification of rock minerals and surfaces 

(Jiang et al., 2010), and effect of chemicals and fluid ionic composition on rock minerals 

(Orozco et al., 2021). Electrokinetic (zeta potential) measurements provide useful 

information such as identification of the isoelectric point (point of zero charges) in 

titrations with a potential determining ion (for instance, pH titration) or using ionic reagents 

such as surfactants, and in the identification of adsorption plateau of ionic species (Delgado 

et al., 2007). Nevertheless, zeta potential measurements only consider the average of 

surface charge and fail to provide information about particular charged species on rock 

surface. Also, difficulties are often encountered when interpreting experimental results 

obtained for non-ideal surfaces/particles/interfaces such as non-rigid, porous, and rough 

surfaces or particles (Delgado et al., 2007). An overall summary of fluid-rock interaction 

quantification methods is provided in Table 2.1. 

 

Table 2.1. Summary of the measurement range and principles of measurement of fluid-

rock interaction quantification techniques 

Method/Technique Range of 

measurement 

Advantages Disadvantages References 
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Core flooding ≥ 10 mm 1. Fluid-rock 

interaction can 

be evaluated on 

actual reservoir 

rock and fluid, 

as well as 

under reservoir 

conditions of 

pressure and 

temperature. 

2. It can as well, 

be 

incorporated 

with other 

measurement 

techniques 

such as X-ray, 

resistivity, and 

CT scan for in-

depth analysis. 

1. Difficult to 

conduct, and 

the in-situ 

behavior of 

fluid-rock 

interaction 

directly from 

core flood is 

impossible.  

2. It is not 

effective or 

impossible to 

apply for 

analysis of 

unconventional 

rocks (e.g., 

tight rocks and 

shale). 

3. It is time 

consuming. 

(Sharma & 

Mohanty, 

2018a) (Wang 

et al., 2015) 

(Yang et al., 

2020)  

Contact angle  Sessile drop 

and captive 

bubble 

methods = 

millimeter 

scale  

 

 

1. Allows robust 

quantification 

of wettability.  

2. Measurements 

can be done for 

a broad range 

of influencing 

factors (e.g. 

pressure, 

temperature, 

salinity etc.).  

1. Surface 

contamination 

and cleaning 

methods may 

introduce a 

bias in reported 

contact angles.  

2. It is not a bulk 

measurement.  

 

(Arif et al., 

2019; Iglauer, 

2017) 

SEM/ FE-SEM/ 

FIB-SEM 

0.8 nm – 1 

mm 

1. High 

resolution 

images can be 

obtained; FIB-

SEM allows 

for high 3D 

spatial 

resolution, it 

can reveal 

nanometric 

pore structure. 

2. Applied to both 

conventional 

and 

unconventional 

rocks (nano-to 

micro-scale).  

1. Nanometric 

scale FIB-SEM 

is destructive 

and small 

sample size is 

typically used 

(only a few 

millimeters in 

diameter).  

2. Thus, large 

area 2D maps 

maybe needed 

for in-depth 

visualization of 

heterogeneities  

(Lim et al., 

2018)(Clarkson 

et al., 2016)  

Thin Section  1 µm – 2 mm 1. It is fast and the 

experimental 

preparation is 

easy. 

2. It captures 

mineral and 

1. Low resolution 

compared to 

SEM and CT. 

2. Sample size 

limitation. 

 

(Reedy et al., 

2014)(Tang et 

al., 2021)  
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cementation 

types, 2D pore 

types and pore 

connectivity. 

NMR/MRI 0.1 nm – 10 

mm 

1. High 

resolution and 

non-

destructive. 

2. It can also be 

used to obtain 

pore structure 

at all length 

scale with high 

precision. 

1. It is affected by 

test 

environmental 

conditions 

(temperature 

and pressure). 

2. It is unable to 

distinguish 

between the 

pore throats 

and 

micropores, 

and pores and 

microfractures. 

(Khather et al., 

2019) 

(Gao & Li, 

2015)  

CT 10 nm – 10 

mm 

1. Captures 3D 

distribution of 

microstructure 

at high 

resolution in 

non-

destructive 

manner. 

2. In-situ CT 

images allow 

pore-scale 

visualization of 

fluid 

distribution.  

3. The spatial 

distribution 

and textural 

alteration of 

tight rocks 

after reaction 

can be 

obtained. 

1. High test cost 

and long time 

to acquire. 

2. Difficulty in 

up-scaling the 

result to core-

scale to 

estimate flow 

characteristics 

(e.g., 

permeability).  

(Maire & 

Withers, 2014) 

(Gou et al., 

2019) (Falat et 

al., 

2020)(Clarkson 

et al., 2016)  

AFM nanometer 

scale 

1. Provides 3D 

surface profile 

as opposed to 

2D SEM 

image.  

2. Samples do not 

require coating 

thereby 

preventing any 

damage to 

sample.  

3. Provides 

higher 

1. Maximum 

height on the 

order 10-20 

microns can be 

imaged in the 

single scan.  

2. AFM has low 

scanning speed 

compared to 

SEM (several 

minutes 

required for a 

scan).  

 

(Wang et al., 

2021) 
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resolution than 

SEM.  

Zeta potential nanoscale  1. Easy and fast 

to acquire. 

2. Can be applied 

to all rock 

types. 

1. Zeta potential 

is not directly 

measurable 

property, thus, 

for supposedly 

identical 

interfaces, 

disparity in 

values might 

occur due to 

inappropriate 

model used to 

convert the 

electrokinetic 

signal into ζ -

potential. 

2. Zeta potential 

measurement 

is very 

sensitive to 

impurities.  

3. Assessment of 

wettability is 

qualitative 

(Delgado et al., 

2007)(Clogston 

& Patri, 2011). 

 

 

 

2.4 Anhydrite-Rich Reservoirs  
Anhydrite is a common chemically reactive sulfate rock/mineral found in both sandstones and 

carbonates. The presence of anhydrite, its distribution and the associated anhydrite–fluid–

interactions are thus important to precisely evaluate the effectiveness of oil recovery techniques. 

While anhydrite dissolution is the key interaction mechanism in anhydrite-rich rocks, its presence 

may also lead to a complex rock wetting behavior. Therefore, this research also explores the effect 

of anhydrite mineral on EOR such as and CO2 and CO2 – brine/CO2-foam will be investigated.  

 

2.5 EOR Applications in Anhydrite-rich carbonate: Prospects and Challenges 

Some fluid/rock interactions represent adverse effects while others are favorable to the overall 

effectiveness of the EOR process. For instance, during low salinity waterflooding, the brine 

displaces the formation water that initially established equilibria with the rock. Consequently, 
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anhydrite dissolution occurs. The dissolution of anhydrite results in an increased concentration of 

the released (into aqueous solution) SO4
2– and Ca2+ ions in the low salinity brine (effluent). 

Furthermore, CO2 injection and CO2-foam injection are known to be the two most suitable methods 

for EOR in carbonates. This is attributed to their excellent sweep and interfacial properties. Moffitt 

et al. (2015) also reported that CO2-foam flooding can lead to rock dissolution and result in 

permeability increase. However, additional oil recovery after injection of these fluids can be 

dramatically lower than expected due to the complex wettability and mineralogical heterogeneity 

of the carbonate rocks. A summary of the prospects and challenges of EOR applications in 

anhydrite-containing reservoirs. 

2.6 Significance of the Research Study/Contributions  

There has been consensus that wettability alteration towards water-wetting is a main 

mechanism of EOR, however, the understanding of the interplay of various mechanisms 

causing this wettability shift and the experimental characterization of the effect require a 

rigorous experimental approach at multiple scales. The current state-of-the-art research on 

carbonates often ignored the mixed-wet nature of carbonate rocks. There are, however, 

recent investigations which experimentally evaluated the mixed-wet carbonate wettability. 

For instance, Alhammadi et al., (2017) explored mixed-wet carbonate behavior via direct 

observation of contact angles at the curvature of oil-water interface using 3D micro-CT 

imaging. Moreover, the measurement of advancing and receding contact angles (at the 

leading and trailing edges of rock/oil/water interface) is regarded as a reliable way of 

wetting characterization as opposed to static or pseudo-equilibrium contact angles (Arif et 

al., 2019; Marmur et al., 2017). Recently, Blunt et al. (2019) used micro-CT imaging and 

the interface energy balance approach to characterize wettability of sandstone rocks in a 
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thermodynamically consistent manner. It was shown that the contact angles obtained via 

energy balance at the local capillary equilibrium states are more sensitive than the 

geometric contact angles measured at the interface of the three-phase contact line (i.e. the 

rock, oil, and brine interface). Rücker et al. (2020) proposed a wettability upscaling 

approach by taking into account the wettability changes at the nanoscale to core-scale. In 

addition, mixed-wet rock wettability state was also related to the nano-scale surface 

roughness of the rock surface, where it was argued that rougher surfaces leads to lower 

contact angles arguably due to water occupying the grooves of the rough rock surface 

(AlRatrout et al., 2018). However, it may be argued that carbonates due to their widespread 

mineralogical heterogeneity (Oliveira et al., 2019) may exhibit different behavior on a 

range of length-scales, and this discrepancy maybe even more pronounced for Arabian 

carbonates with complex mineralogy. Indeed, research have shown a sizeable quantity of 

anhydrite in Arabian carbonates. This anhydrite may play a vital role in fluid flow through 

porous media. It is so far not known how the presence of anhydrite and multiscale 

heterogeneity in carbonates influence wettability, pore connectivity, fluid distribution and 

fluid flow.  

Since rock/fluid interactions are complex and require a range of experimental techniques 

at multiple scales, and all the fluid-rock interactions quantification techniques have some 

limitations either in their applicability or measurement range, and uncertainty level. For 

instance, it is challenging to apply core flooding in unconventional tight rocks. 

Micromodels are easy to observe and record fluid-solid interaction data, yet, they cannot 

represent the actual rock situations due to pressure limitations. Imaging technique such as 

AFM provides high resolution but takes long time. NMR can indicate the pore structure 
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with high precision, but it is affected by test environmental conditions. Overall, the 

incorporation of various imaging and characterization tools would be required for better 

understanding of wettability and rock/fluids interactions at different scales. 

Thus, in summary, the state-of-the-art indicates a clear gap in terms of our understanding 

of the wetting behavior of the Middle Eastern carbonates (Ivanova et al., 2019), and due to 

massive heterogeneous conditions in carbonates and shales, the expected hydrocarbon 

recovery may be dramatically lower than the expected. This research will develop a new 

approach to characterize wettability of carbonate/oil/CO2-foam/brine systems at multiple 

scales by capturing the fluid flow dynamics at nano- to millimetre scale. As established 

earlier, CO2 EOR and CO2-foam EOR in Arabian carbonate rocks have demonstrated 

significant potential as evident from Saudi Aramco’s recent project (AlOtaibi et al., 2017). 

The associated impact of anhydrite in calcite and dolomite will also be evaluated. The rock 

samples (carbonates and tight sandstone) from Saudi Arabian oil and gas fields will be 

investigated. Notably, since this research attempts to work on new and pertinent research 

questions that are to be addressed using a new approach (i.e. multiscale wettability and 

mineralogical heterogeneity and its impact on fluid flow in porous medium). It is thus 

expected that the project will lead to better understanding of fluid/rock interaction and 

associated hydrocarbon recovery. Furthermore, the multiscale characterization of 

carbonate wettability is a new innovative approach. Thus, the accomplishment of this 

approach will be a significant milestone for the technological advancement at the institute 

and at the industry level. 
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The findings from this research are expected to significantly enhance our knowledge of the 

fluid/rock interactions and thereby reduce the uncertainties associated with laboratory-

scale predictions and EOR planning.  

 

2.7 Research Hypothesis  

Based on the reviewed literature, we identified and highlighted some research hypothesis 

in the domain of rock wetting behavior and fluid-rock interactions, as follows:  

1. A crucial, though poorly understood aspect in the context of wettability and fluid/rock 

interactions, is the presence of anhydrite on wettability and improved productivity. One 

key example is the giant carbonate oil fields in the Middle East (e.g. Arab-D oil 

reservoir) which demonstrate appreciable anhydrite content (Clerke et al., 2008) – as 

high as 20% anhydrite is observed (Mahmoud et al., 2020) – indicting notable 

mineralogical heterogeneity. Understanding the rock/fluid interaction is key to the 

success of any enhanced oil recovery (EOR) method. However, EOR methods are 

significantly affected when the reservoir formation contains calcium sulfate minerals 

such as anhydrite. Thus, we hypothesize that the presence of anhydrite and its 

distribution in reservoirs is important to precisely evaluate the impact of any IOR 

method on oil recovery. We also hypothesize that the presence of anhydrite may be a 

factor that is responsible for the complex wetting behavior of carbonates at a range of 

scales. The underpinning logic is that the pure anhydrite is strongly oil-wet (Esfandyari 

et al., 2020), while pure calcite is somewhat weakly water-wet (Arif et al., 2017; Lopez-

Salinas et al., 2011) – and thus the question remains unclear what would be the 

wettability of calcite and anhydrite, and dolomite – anhydrite combination. 
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2. Surface roughness of rocks is known to cause discrepancies in contact angle 

measurements, meanwhile, the effect of rock surface roughness coupled with the rock 

nanomechanical properties such as the Young’s modulus and surface hardness on the 

wetting behavior is poorly investigated. We believe that evaluating the rock surface 

roughness and changes in rock mechanical properties at nano-scale can provide 

important information about rock wetting behavior. Moreover, imaging techniques can 

help in quantifying the rock surface topography as well as the rock surface wettability. 

However, limited studies are available in this area, and more work will be done to 

investigate the impact of chemical injections (CO2 and CO2-foam) on the combined 

effects of rock surface roughness, rock elastic modulus, surface hardness and 

wettability. Thus, nanoindentation and contact angle measurements will be conducted 

before and after exposure to CO2-foam to assess how changes in rock surface roughness 

and rock mechanical properties affect the wetting characteristics of the rock.   

3. Contact angle measurements on clean and flat surfaces is widely applied for 

characterization of wetting behavior before and after exposure to a certain injected 

fluid.  Contact angle method is arguably more suitable when pure fluids and clean 

minerals with smooth surfaces are used (Arif et al., 2019; Kaveh et al., 2014). Thus, 

since the higher the porosity and pore sizes the higher the minimum rock surface 

roughness attainable, we therefore hypothesis that wettability measurement for 

permeable and porous rock may not be the actual and valid wettability of the medium, 

thus, wettability measurements for smooth, zero permeability and zero porosity rock 

surface should be the base line for measurement of this important petrophysical 
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parameter. Therefore, since porous rock surfaces have some degree of roughness, 

without a set standard RMS surface roughness, the validity of wettability measurement 

results might be contentious. Changes in rock surface roughness will significantly 

affect the rock surface charges and the wettability conditions (Sari et al., 2020). 

Therefore, these factors (roughness, surface charges, and wettability) will be studied 

together to ensure that any change in one of them will not induce a negative impact on 

the other parameters.  

 

4. Various oil well operations such as drilling, stimulation, CO2 injection, etc. can induce 

different formation damages to the reservoir formation which affects the reservoir 

productivity. Moreover, the severity of the formation damage induced by anhydrite 

minerals can be estimated based on the reservoir parameters. (Foroutan & Moghadasi, 

2013) used neural network techniques to assess the formation damage due to anhydrite 

precipitation. The effect of several parameters (such as flow rate, temperature, and 

pressure) on permeability impairment was investigated. However, more studies are 

required to predict anhydrite formation damage under a broad range of influencing 

conditions. For example, the reservoir mineralogy, anhydrite content, surface charge, 

treatment type, and injected fluid type and properties will be considered. Such studies 

will be helpful for designing the EOR in anhydrite-rich hydrocarbon reservoirs. 

Additionally, simulation studies will be conducted to examine the fluid/anhydrite 

interactions at reservoir and molecular scales. Such studies would help in 

understanding the pore- to molecular-scale processes responsible for improved the oil 

recovery from anhydrite-rich carbonates with minimum formation damage.   
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2.8 Research Questions  
 

• What will be the changes in carbonate wetting behavior with mineralogical 

heterogeneity? Specifically, what would be the wettability of calcite and anhydrite, 

and dolomite and anhydrite combination? 

• Besides, should anhydrite mineral in carbonate reservoirs be harnessed or avoided? 

• How does rock surface roughness coupled with mineralogy, rocks’ elastic modulus 

and hardness affect the wetting characteristics of carbonate and tight sandstone pre- 

and post CO2- treatments? 

• Does the wetting behavior of heterogeneous rocks changes at various length scales 

(e.g. at the nanoscale, pore-scale (sub-micron scale), and core-scale)?   

• Does contact angle measurement for a “flat”, permeable and porous medium 

represents its actual wettability?  

 

2.9 Research Objectives  

The objectives of this research are as follows: 

1. To investigate the impact of mineralogical heterogeneity (i.e. anhydrite, dolomite and 

calcite) on wettability of oil/brine/rock system at various length scales.  

2. To investigate fluid-rock interactions and the wettability of oil/brine/rock system for 

EOR and CO2 storage applications from nano- to macro-scale.  

3. To establish a relationship between rock surface roughness, mineralogy, rocks’ 

nanomechanical properties with wetting characteristics of carbonate, pre- and post 

CO2- treatments. 
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CHAPTER 3 

 

GENERAL METHODS 

 

This section describes the methodology adopted for the research; it is subdivided based on 

the different objectives. The methodology includes procedures adopted for microstructural 

analysis/characterization of the rock samples via NMR and imaging techniques (CT scan, 

QEMSCAN, XRD/XRF, SEM and thin section) and zeta potential measurements. 

Additionally, nanomechanical and rock surface properties relationship with wettability will 

be studied using nanoindentation equipment and contact angle measurements. Finally, the 

macro structural studies will be performed using micro-CT set-up. The different phases of 

the methodology are explained in the following sections. 

3.1 Phase I: Carbonate and tight sandstone samples characterization 

3.1.1 Task 1: Nano – to – Microstructural characterization 

Rock samples microstructural analysis/characterization via NMR, imaging techniques (CT 

scan, QEMSCAN, XRD/XRF, SEM, Thin section) and zeta potential measurements will 

be performed:  

Nuclear magnetic resonance (NMR) 

State-of-the-art nuclear magnetic resonance relaxation time (NMR T2) spectroscopy will 

be used for pore network characterization, this is, to estimate the rocks’ pore throat from 

NMR and pores sizes distribution. 
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Micro X-ray computed tomography (CT) 

Micro-computed tomography (micro-CT) will be used to obtain 3D pore-scale 

visualization of the pore network.  The micro-CT is adopted for analyzing the spatial 

distribution and textural alteration of constituents of the tight rocks (tight sandstone), 

identification of dissolution and precipitation in the fluid-rock system and spatial 

distribution of different minerals in the altered regions based on microstructure changes 

after exposure to CO2-foam. 

Micro-CT is also employed in pore network modelling to develop an understanding of 

petrophysical transport behavior in heterogeneous rocks. Here, the ultimate goal is to create 

a neural network function that can map 2D QEMSCAN to 3D micro-CT data. 

Quantitative Evaluation of Minerals by Scanning Electron Microscopy (QEMSCAN) 

This measurement provides information on the elemental composition and distribution at 

each measurement point, it helps to confirm the rocks’ bulk mineralogy and its chemical 

assays. 

X-ray diffraction (XRD) and X-ray fluorescence (XRF) 

X-ray diffraction of the powdered samples was conducted using the Rigaku Ultima IV 

which is a state-of-the-art multipurpose x-ray diffraction system (Cu-source).  X-ray 

fluorescence, a non-destructive analytical technique was used to determine the elemental 

composition of the powdered rock samples. 

3.1.2 Task 2: Surface charge investigation of calcite and anhydrite, dolomite and 

anhydrite combination. 

Improved oil recovery processes such as CO2 foam, low salinity water injection, etc. induce 

different pH environments in the reservoir due to dissolution or buffering effect of injected 
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fluids. This will likely lead to adsorption of ionic species that may alter the wetting state 

of the formation. Thus, this task aimed at understanding the surface charge of rock minerals 

at different pH environments and to identify conditions that would induce or promote 

wettability alteration. This will be achieved via zeta potential measurement. Therefore, the 

research work seeks to (1) provide insight into the surface charge of rock minerals in a 

wide range of pH environments, (2) identify environments and mineralogical composition 

that would induce wetting alteration of carbonates (3) evaluate the effect of anhydrite 

mineral concentrations in rock surface charge. 

Materials and Methods 

Materials 

Anhydrite, calcite, dolomite, and quartz samples were pulverized to a fine powder with 

their particle sizes measured by dynamic light scattering with backscatter detection. Five 

different salts: sodium chloride (NaCl), calcium chloride (CaCl2), magnesium chloride 

(MgCl2), sodium bicarbonate (NaHCO3), and sodium sulfate (Na2SO4) purchased from 

Sigma-Aldrich were used to prepare the experimental brine, while 0.1 M sodium hydroxide 

(NaOH) and 1 M and nitric acid (HNO3) solutions were used for buffer solution 

preparation. 

 

Sample preparation. 

Various proportions (1%, 5%, 10%, 15%, 20% and 25%) of powdered anhydrite minerals 

in 10 mg calcite mineral samples were conditioned in a 10 ml solutions of deionized (DI) 

water at various pH values (2 – 12) and left for 24 hours for possible dissolution and to 
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attain equilibrium before zeta potential measurements were performed. The same time 

frame (24 hours equilibration time) was adopted throughout the study of the effect of 

anhydrite mineral concentration on the calcite – anhydrite surface charge. The samples 

mixtures were sonicated for 3 minutes to ensure the complete interaction of dissociated 

ions with the surfaces and allowed to attain equilibrium before measurements were 

conducted.  The same procedure carried out for DI water was repeated for sea water and 

formation water to investigate salinity effect. The Ionic Compositions of formation brine 

and Arabian Gulf seawater adopted in this research (in accordance with the Arabian gulf 

brines composition) is shown in Table 3.1. 

 

Table 3.1. Ionic Compositions of formation brine and Arabian Gulf Seawater 

Ions 

Formation water 

ions (ppm) 

Seawater ions (ppm) 

Na+ 59,491 18,300 

Ca2+ 19,040 650 

Mg2+ 2,439 2,110 

SO4
2- 350 4,290 

Cl- 132,060 32,200 

HCO3
- 354 120 

TDS 213,734 57,670 

 

X-ray diffraction 
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X-ray powder diffraction of the samples was conducted using the Rigaku Ultima IV which 

is a state-of-the-art multipurpose x-ray diffraction system (Cu-source).  

Zeta potential measurements 

Zeta potential measurement of powder samples in electrolytic solution was measured using 

a Malvern Zetasizer Nano ZS instrument. Laser doppler electrophoresis was used to 

measure the zeta potential of the colloidal suspensions, the cell and instrument were 

calibrated before measurement. The electrophoretic mobility and conductivity of each 

sample were measured, and zeta potential is computed. 

Based on electrophoretic technique, Helmholtz – Smoluchowski (HS) equation (Eqn. 3) is 

commonly employed to obtain the zeta potential, for uniform and moderate electric fields: 

𝑣𝑒 = 𝑢𝑒 𝐸                                      (2) 

where 𝑣𝑒   (m s−1), is the particle velocity with respect to a stagnant medium (electrophoretic 

velocity), 𝐸 (V m-1) is the applied electric field, 𝑢𝑒 (m2 V−1 s−1), is the electrophoretic 

mobility of the particle and is given by; 

𝑢𝑒 =
𝜀𝑒𝑞𝜀𝑜

𝜇
𝜁                                   (3) 

where 𝜀𝑒𝑞 is the relative permittivity of the electrolyte solution, 𝜀𝑜 is the electric 

permittivity of vacuum, and 𝜇 is the dynamic viscosity of the liquid. 

The measurements were performed at 25 oC and ambient pressure, with each measurement 

repeated 2 times, and the means value with the standard deviation recorded.  Disposable 

pipettes were used for all zeta potential measurements to avoid contamination.  

Task 3: To probe the validity of the current wettability quantification methodology for the 

conventional rocks (porous and permeable) compared to the zero porosity and zero 
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permeability rocks.  Here, rock samples having almost zero porosities and permeability 

will be utilized to quantify wetting characteristics. This will then be compared to the 

wetting behavior of conventional rocks (porous and permeable). Contact angle 

measurements will be carried out under this task. 

 

3.2 Phase II: Wettability characterization across nano-to-millimeter scale 

Nanoindentation and contact angle measurements. 

Experiments under this research phase are aimed at establishing the relationship between 

rock mineralogy, surface roughness, nanomechanical properties and wettability. Thus, 

nanoindentation, AFM/SPM and contact angle measurements will be conducted before and 

after exposure to CO2-foam. Based on their XRD analysis, carbonate, tight sandstone rock 

samples having almost zero porosity and zero permeability will be obtained or casted to 

compare the wetting characteristics of the two class of samples. This is aimed at probing 

the validity of the current wettability quantification methodology for the conventional 

rocks (porous and permeable rock) compared to the zero porosity and zero permeability 

rocks.  Thus, findings from this research phase will provide answers to the questions of 

how the rock surface roughness, elastic modulus and surface hardness affect the wetting 

characteristics of carbonate, tight sandstone pre- and post CO2-foam treatments.  The 

validity of contact angle measurements for rough, permeable, and porous surfaces will also 

be assessed under this research theme.  

 

Materials 
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Anhydrite-rich carbonate, tight sandstone will be used. The fluid, CO2 foam will be 

prepared using forming surfactant (Triton X-100, a nonionic surfactant that has a 

hydrophilic polyethylene oxide chain and an aromatic hydrocarbon hydrophobic group). 

Rock samples having almost zero porosity and zero permeability were obtained/casted 

using the molding method. 

Sample preparation. 

Casting artificial rock samples  

Rock samples are often casted to have similar lithology, mechanical, and petrophysical 

properties to natural rock. Synthetic rock samples are made for the purpose of 

understanding the influence of mineral content and physical properties of pore spaces. 

Since one of our aims is to investigate the influence of mineralogy and distribution on 

carbonate wettability, various rock samples will be synthesized with different anhydrite 

composition (Table 3.2) using cylindrical mold with Portland cement as the artificial 

binding material. The following compositions will be considered: 

 

Table 3.2. Composition of synthetic rock samples 

 

Sample 

# 

Compositions 

 Set A Set B Cement slurry 

Anhydrite (wt%) Calcite (wt%) Dolomite (wt%) 

1 1.0 99.0 99.0 5% 

2 5.0 95.0 95.0 5% 

3 10.0 90.0 90.0 5% 

4 20.0 80.0 80.0 5% 

5 25.0 75.0 75.0 5% 

 

 

Core casting procedure: 
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Step I: The rock minerals are sieved based on the required grain sizes. The petrophysical 

properties of the sample are controlled by varying the mineralogy, grain size, grain size 

distribution, grain shape, and cement content (Rice-Birchall et al., 2021). Grain size 

distribution was controlled by sieving the rock aggregates into different grain size fractions 

and then mixing these size fractions together to obtain a known grain size distribution.  

Step II: The rock minerals, the cement and water are weighed according to the required 

fractions. Note that the quantity of the cement slurry (mixture of cement and water) 

influences the petrophysical properties of the casted sample. That is, the higher the 

cementing fluid, the lower the porosity and permeability (Fedrizzi et al., 2018).  

Step III: The rock minerals aggregate and the cementing fluid are then blended to obtain a 

homogeneous mixture.  

Step IV: The cast (molding piece) is cleaned and the inside is lubricated with grease to 

allow easily removal once samples has been made. Then the mixture is carefully placed in 

stainless steel mold of required shape (in this case, a cylindrical mold) and mechanical 

compression was applied for compaction. The porosity and permeability of the simulant 

rock is set to a required target values since the higher the compressional stress applied 

during molding, the lower the porosity and permeability.  

Step V: The molded sample is then placed in an oven for curing at elevated temperature to 

develop the required compressive strength. Finally, the finished synthetic rock samples 

were obtained after curing.  

Procedures 

The ability to conduct nanoindentation studies with nanometer depth, and sub-nanonewton 

force resolution is possible using a standard AFM/SPM setup. The AFM/SPM allows for 
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nanomechanical studies to be conducted alongside topographic analyses. The samples were 

first flattened using end face grinding equipment and polished to the minimum acceptable 

indenter RMS roughness, then the advancing and receding contact angles are measured 

using the tilted plate sessile drop method to assess the wettability.  The samples’ 

mechanical properties (elastic modulus and hardness) are computed at nano-scale using the 

nanoindentation equipment. 

3.2.1 Task 1: Surface roughness 

The surface roughness of the rocks samples before and after CO2 foam exposure as well as 

after every nanomechanical test is analyzed and recorded using AFM and Optical 

Microscopy at the nano- and micro-scale respectively. 

3.2.2 Task 2: Nanomechanical tests (nanoindentation)  

Bruker Hysitron TI 980 TriboIndenter system is utilized for nanomechanical testing, based 

on our application, the Berkovich probe is used for the indenter. The Berkovich probe is 

trihedral pyramidal indenter, it is a standard nanoindentation probe. It has a total included 

angle, the angle from one edge to the opposite side, of 142.35°. The half-angle of the probe 

is 65.35°. The aspect ratio of the probe is 1:8. The radius of curvature for the standard 

Berkovich probe is approximately 150 nm. This probe work best for most bulk samples 

compared to other types of probes unless the roughness is more than approximately 50 nm 

RMS. All TriboIndenter measurements were performed at room temperature with the help 

of diamond indenter of Berkovich’s triangular pyramid probe. 

3.2.3 Task 3: Contact angle measurement 

The wettability variations at multiple length scales are investigated by measurements of 

advancing and receding contact angles using the tilted plate contact angle technique.  
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3.3 Phase III: Macroscale structural studies 

The implications of nano- scale to macroscale characterization on EOR 

Oil recovery and wettability at macro- to core-scale were assessed under this research 

phase. Core flooding to monitor changes in porosity, permeability, fluid recovery, and in-

situ fluid displacement will be performed. This macro structural studies is performed using 

micro-CT-and/or NMR-incorporated coreflooding set-up.  

3.3.1 Task 1: Amott-Harvey wettability Index 

Amott-Harvey wettability index is adopted to quantify the samples core-scale wetting 

behavior and compared with the contact angle measurements conducted in the previous 

research phases. 

3.3.2 Task 2: Core-flooding 

The samples are saturated with brine and then displace using crude oil to attain the 

irreducible water saturation (Swi) to mimic initial oil migration into reservoir, this is then 

followed by primary recovery via spontaneous imbibition of 5 wt% NaCl brine. Secondary 

forced imbibition through injection of brine will be conducted until no oil is produced. CO2 

foam will be injected in the tertiary recovery stage. 
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Research Timeline 

 

Figure 3.1. Research timeline and experimental schedules. 
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CHAPTER 4 

 

MULTI-SCALE WETTABILITY CHARACTERIZATION OF ANHYDRITE-

RICH CARBONATE ROCKS: INSIGHTS INTO ZETA POTENTIAL, 

FLOTATION, AND CONTACT ANGLE MEASUREMENTS 

 

Summary 

Anhydrite is a chemically reactive rock/mineral with chemical formula CaSO4 found 

predominantly in carbonates. The main constituents of anhydrite are calcium and sulfate 

ions. The presence of anhydrite, its distribution, and the associated anhydrite–fluid–

interactions are thus important to precisely evaluate the effectiveness of oil recovery 

techniques. While anhydrite dissolution is the key interaction mechanism in anhydrite-rich 

rocks, its presence may also lead to a complex rock wetting behavior. The underpinning 

logic is that pure anhydrite is strongly water-wet, while pure calcite and dolomite are 

somewhat intermediate to weakly oil-wet – and thus the question remains unclear what 

would be the wettability of anhydrite and calcite, and anhydrite and dolomite combination. 

Moreover, since anhydrite in negatively charged while dolomite and calcite in formation 

water are positively charged, depending on the mixture composition, pH and the brine type, 

it is not immediately clear what a combination of anhydrite-calcite, and anhydrite-dolomite 

charge would be, consequently, the wetting behavior of calcite and dolomite due to 

anhydrite presence. Therefore, this research explores the effect of anhydrite mineral on 

carbonates wetting characteristics. The effect of mineralogical heterogeneity, specifically, 
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the presence of anhydrite minerals in calcite and dolomite wettability is investigated across 

a range of scales. 

The results show that anhydrite dissolution occurs in DI, SW and FW as evident from the 

general increase in sulfate ions concentration with increased anhydrite content in the 

anhydrite-carbonate system. We also found that zeta potential demonstrates an instable 

colloidal system which is indicated by a near-zero and low zeta potential values (less than 

±10) of the anhydrite-carbonate-brine systems. It also shows a non-monotonic behavior of 

wetting behavior with brine salinity and pH variations. Accordingly, the zeta potential is 

not a general and valid candidate to justify the wettability behavior of heterogeneous 

carbonates. However, based on flotation and contact angle techniques of wettability 

estimation, anhydrite presence has the tendency to alter the wetting state of anhydrite-

carbonate-brine-oil systems to more water wet. Thus, findings from this research will 

provide answers to the question of how the mineralogy affect the wetting characteristics of 

carbonate. What will be the changes in carbonate wetting behavior with mineralogical 

heterogeneity? Specifically, what would be the wettability of calcite and anhydrite, and 

dolomite and anhydrite combination?  This research therefore provides a systematic 

investigation of rock/fluid interactions and its implications on wettability and ultimate 

recovery of oil at different range scales. The findings from this study will significantly 

enhance our knowledge of the fluid/rock interactions, in particular, anhydrite-rich 

carbonate wetting behavior and thereby reduce the uncertainties associated with 

laboratory-scale predictions and oil recovery planning. 
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Keywords: Multi-scale wettability, Wettability alteration, Calcite mineral, Dolomite 

mineral, Anhydrite mineral 

 

4.1 Background 

A crucial, though poorly understood aspect in the context of wettability and fluid/rock 

interactions, is the presence of anhydrite on wettability and improved productivity. One 

key example is the giant carbonate oil fields in the Middle East (e.g. Arab-D oil reservoir) 

which demonstrate appreciable anhydrite content (Clerke et al., 2008) – as high as 24% 

anhydrite is observed (Mahmoud et al., 2020) – indicting notable mineralogical 

heterogeneity (Figure 4.1). During improve oil recovery processes, physical and chemical 

reactions between the reservoir matrix and the injected water occurs, consequently, several 

interactions will take place leading to alteration in reservoir properties. In particular, 

anhydrite minerals consist mainly of sulfate and calcite ions when dissociated in different 

fluids. During water injection, rock minerals dissolution occurs, for instance, anhydrite 

dissolution leads to an increase in concentration of sulfate and calcite ions (Isah et al., 

2022a). The release of these ion is sometime accompanied by magnesium adsorption onto 

rocks surface, as a consequence, the rock surface mineralogy will change significantly, as 

well as surface wetting behavior (Mogensen & Masalmeh, 2020). 
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Figure 4.1 Middle Eastern carbonate reservoirs rock mineral composition showing a 

sizeable amount of anhydrite (M. Mahmoud et al., 2021a). 

 

It is well established that wettability alteration towards water-wetting is one of the 

governing mechanisms of enhanced oil recovery (EOR), yet, the understanding of the 

interplay of various mechanisms causing this wettability shift and the experimental 

characterization of the effect require a rigorous experimental approach at multiple scales 

(Isah et al., 2022b). The current state-of-the-art research on carbonates often ignores the 

mixed-wet nature of carbonate rocks. There are, however, recent investigations which 

experimentally evaluated the mixed-wet carbonate wettability. For instance, Alhammadi et 

al., (2017) explored mixed-wet carbonate behavior via direct observation of contact angles 

at the curvature of oil-water interface using 3D micro-CT imaging. Moreover, the 

measurement of contact angle is regarded as a reliable way of wetting characterization (Arif 

et al., 2019; Marmur et al., 2017). Rücker et al. (2020) proposed a wettability upscaling 
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approach by taking into account the wettability changes at the nanoscale to core-scale. In 

addition, mixed-wet rock wettability state was also related to the nano-scale surface 

roughness of the rock surface, where it was argued that rougher surfaces leads to lower 

contact angles arguably due to water occupying the grooves of the rough rock surface 

(AlRatrout et al., 2018). However, it may be argued that carbonates due to their widespread 

mineralogical heterogeneity (Oliveira et al., 2019) may exhibit different behavior on a 

range of length-scales, and this discrepancy maybe even be more pronounced for Arabian 

carbonates with complex mineralogy.  

One of the main complexity of carbonates is the presence of mineral heterogeneity such as 

anhydrite (Mogharrab et al., 2022). Indeed, research have shown a sizeable quantity of 

anhydrite in Arabian carbonates (M. Mahmoud et al., 2021a). This anhydrite may play a 

vital role in fluid flow through porous media. It is so far not known how the presence of 

anhydrite and multiscale heterogeneity in carbonates influence wettability, pore 

connectivity, fluid distribution and fluid flow. Additionally, visual evidence to support the 

dissolution of anhydrite and calcite in carbonates and how they contribute to the overall oil 

recovery is lacking (Tetteh et al., 2020). Hence, one of the purposes of this work is to study 

the impact of anhydrite mineral on wetting characteristics of carbonates. 

Mineralogical composition of rocks has strong influence on its wettability, surface minerals 

alteration may likely results in altering the wetting state of the rock. In heterogeneous 

carbonate reservoirs, rock minerals react differently due to their variable solubility and 

reaction rates. This can be a controlling factor for the design of EOR applications in 

anhydrite-rich carbonate reservoirs. Understanding the rock/fluid interaction is key to the 

success of any EOR method. However, EOR methods are significantly affected when the 
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reservoir formation contains calcium sulfate minerals such as anhydrite (Esfandyari et al., 

2020; Mogharrab et al., 2022). Thus, we hypothesize that the presence of anhydrite and its 

distribution in reservoirs is important to precisely evaluate the impact of any IOR method 

on oil recovery. We also hypothesize that the presence of anhydrite may be a factor that is 

responsible for the complex wetting behavior of carbonates at a range of scales. Moreover, 

anhydrite has more dissolution (2 orders) than calcite and dolomite (Mogharrab et al., 

2022), thus the solubility effects of these rock minerals may also play a vital role. The 

underpinning logic is that the pure anhydrite is strongly water-wet (Mogharrab et al., 2022), 

while pure calcite and dolomite are somewhat weakly oil-wet (Arif et al., 2017; Lopez-

Salinas et al., 2011) – and thus the question remains unclear what would be the wettability 

of calcite and anhydrite, and dolomite – anhydrite combination. 

The presence of anhydrite and in-situ supply of sulfate ions via anhydrite dissolution were 

emphasized as the main justifications of wettability improvements in anhydrite-rich 

carbonates (AlQuraishi et al., 2015; Austad et al., 2015; Mogharrab et al., 2022; Yousef et 

al., 2012). Conversely, other investigators argued that anhydrite-supplied sulfate ion is not 

capable of changing the wettability of carbonate reservoirs, and does not have influence on 

low salinity or sea water flooding (Chandrasekhar & Mohanty, 2013; Chen et al., 2018; 

Mohammadi et al., 2021; Uetani et al., 2019). This shows an insufficient understanding of 

the actual mechanism and effect of anhydrite minerals on low salinity and sea water 

flooding, as well as the influence of anhydrite on the wetting characteristics of carbonates. 

These inconsistent and contradictory results in improved oil recovery efficiencies in 

carbonate rocks could be sought in the rock chemistry and mineral heterogeneity (Isah et 

al., 2022a; Mogharrab et al., 2022). 



 
 

60 
 

Thus, in summary, the state-of-the-art indicates a clear gap in terms of understanding of 

the wetting behavior of carbonates, specifically, the Middle Eastern reservoirs (Ivanova et 

al., 2019) and due to massive heterogeneous conditions in carbonates, the expected 

hydrocarbon recovery may be dramatically lower than the expected. Thus, the goal of the 

current study is to develop a systematic approach to characterize wettability of 

anhydrite/carbonate/oil/brine systems at multiple scales by capturing the interactions at 

nano- to millimeter scale. Notably, since this research attempts to investigate new and 

pertinent research questions that are to be addressed using a new approach (i.e. multiscale 

wettability and mineralogical heterogeneity and its impact on fluid flow in porous 

medium). Thus, the research will lead to better understanding of fluid/rock interaction and 

associated hydrocarbon recovery. The findings from this research will significantly 

enhance our knowledge of the fluid/rock interactions, in particular, anhydrite-rich 

carbonate wetting behavior and thereby reduce the uncertainties associated with 

laboratory-scale predictions and oil recovery planning. 

 

1.1 Materials and Methods  

4.3.1 Materials                   

4.3.1.1 Rock properties 

Calcite, dolomite and anhydrite rocks were collected from the outcrop of one of the 

carbonate oil fields in the Middle East. The rock minerals used in this study include calcite, 

dolomite, and anhydrite samples with average particle sizes of 19.01 µm for calcite, 

dolomite, and anhydrite for zeta potential measurements. Rock minerals average particle 

sizes is 50 µm for all flotation measurements, this is to avoid using small particles sizes 



 
 

61 
 

that may overestimate oil wetness and also over estimating water wetness which may 

results from large particle sizes (Sadeghi et al., 2022). Rocks samples used for contact 

angle measurements are synthesized using sintering technique. All chemicals used in this 

study were of the American Chemical Society (ACS) reagent grade. 

 

4.3.1.2 Fabrication of Artificial Rock Samples  

Some experiments are destructive in nature; therefore, the natural samples cannot be tested 

repeatedly. Often, natural rock has a high degree of heterogeneity, it is thus difficult to 

generate the same results from different samples even if the plugs are taken from the same 

rock body. It is also difficult to analyze the effect of mineralogy and grain size, shape and 

distribution on the physical and mechanical properties whilst controlling other variables 

(Rice-Birchall et al., 2021; Shahsavari & Shakiba, 2022). Another important issue is that 

when several experiments are to be conducted on different samples, some degrees of 

uncertainty is introduced since the samples may not be identical due to natural events 

(Kong et al., 2019). Rock samples are often constructed to have similar lithology, 

mechanical, acoustic and petrophysical properties to natural rock. Synthetic rock samples 

are made for the purpose of understanding the influence of mineral content and physical 

properties of pore spaces (Fedrizzi et al., 2018). Artificial rock fabrication has the 

advantage of overcoming the issue of sample reproducibility, especially when it becomes 

necessary to reproduce representative mineralogical and petrophysical characteristics of 

natural rocks. Thus, artificial rock samples allow the repeatability of investigations and 

makes it possible to study independent property (Gell et al., 2019). 
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Synthetic rocks are made by either 3D printing or casting using a mold. However, based 

on the fabrication process and the binding materials employed, different methods have been 

utilized in the construction of artificial rock samples including (i) sintering natural sand 

grains or artificial beads (Carbillet et al., 2021); (ii) the use of artificial binding materials 

such as cement and resins (Galindo et al., 2021; Yan et al., 2021), and; (iii) three-

dimensional (3D) printing (Gomez et al., 2019; Kong et al., 2019; Osinga et al., 2015). 

However, some of these methods may have some drawbacks, for example, the high 

temperature applied during sintering may lead to microstructural deterioration of rock 

properties (Shen et al., 2018); some artificial cements such as resins are not chemically 

similar to those found in natural rocks, and 3D printing of artificial rocks is expensive 

(Perras & Vogler, 2019). Thus, in this research, artificial rocks samples are made in order 

to have a well-controlled study of carbonate heterogeneity and a broad range of 

mineralogical composition. Therefore, for the first time, we use glass powder (coesite) as 

binding material to replicate quartz in the synthetic rocks. 

 

Synthetic sample using sintering  

Customized rocks are made in order to have the required percentage and distribution of 

different minerals in the rock. We thus used the sintering technique for the creation of 

synthetic rock samples of a broad range of anhydrite content in both calcite and dolomite. 

Since our aim is to investigate the influence of anhydrite content and distribution on 

carbonate wettability and fluid-rock interactions, various rock samples were synthesized 

with different anhydrite compositions shown in Table 4.1. The procedure for the 

construction of the synthetic rock is given in the following steps: 
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Step I: The rock minerals (anhydrite + calcite for set A and anhydrite + dolomite for set B) 

and glass beads (coesite) were grinded and sieved to the required grain sizes (average of 

75 µm) and then weighed according to the required fractions (see Table 3). Note that the 

quantity of the binding/cementing material (coesite) may influence the petrophysical 

properties of the sintered sample. Thus, the binder was kept constant for all the samples 

prepared. The rock minerals aggregate and the binder were then mix to obtain a 

homogeneous mixture.  

Step II: The molding piece is cleaned to avoid contaminant and to allow easily removal 

once samples has been made. Then the mixture is carefully placed in stainless steel mold 

of cylindrical shape and 10,000 psi mechanical compression was applied for compaction. 

The porosity and permeability of the simulant rock can be set to a required target values 

since the higher the compressional stress applied during molding, the lower the porosity 

and permeability. The high compression pressure was applied to minimize the effects of 

porosity and permeability on contact angle. 

Step III: The molded sample is then placed in a muffle furnace for sintering at 680 oC for 

15-minute hold time to develop the required compressive strength (Khan et al., 2019). 

Finally, the finished synthetic samples are obtained after heating.  

 

 

Table 4.1. Composition of synthetic rock samples. 

 

 

 

Sample # 

Compositions 

 Set A Set B 

Anhydrite (wt%) Calcite + Coesite 

(wt%) 

Dolomite + Coesite 

(wt%) 

1 1.0 99.0 99.0 
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2 5.0 95.0 95.0 

3 10.0 90.0 90.0 

4 15.0 85.0 85.0 

5 20.0 80.0 80.0 

6 25.0 75.0 75.0 

 

 

 QEMSCAN  

QEMSCAN (quantitative evaluation of minerals by scanning electron microscopy) was 

conducted on the artificial rock samples to confirm the compositions and distribution of 

the anhydrite-calcite and the anhydrite-dolomite minerals in the synthetic rocks. 

 

4.3.1.3 Fluids 

Crude oil 

Arab light crude oil was used for all the experiments in this study, Table 4.2 shows the 

properties of the crude oil. 

 

Table 4.2. Crude oil properties. 

 

Density at 25 

oC (g/ml) 

Kinematic viscosity 

at 25 oC 

(m2s-1) 

Dynamic viscosity 

at 25 oC 

(MPa.s) 

 

API gravity (o) 

 

Asphaltene  

(wt.%) 

0.8 8.4 7.1 34.6 6.8 

 

Brine 
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Five different salts: sodium chloride (NaCl), calcium chloride (CaCl2), magnesium 

chloride (MgCl2), sodium bicarbonate (NaHCO3), and sodium sulfate (Na2SO4) purchased 

from Sigma-Aldrich were used to prepare the experimental brines, while 0.01 M sodium 

hydroxide (NaOH) and nitric acid (HNO3) solutions were used for buffer solution 

preparation for pH adjustment. The synthetic brine solutions used are with compositions 

mimicking the Arabian Gulf seawater (SW) and formation water (FW) (Table 4.3).  

Table 3: Ionic composition of Arabian gulf formation water (FW) and seawater (SW) 

(Abdel-Azeim et al., 2021). 

Table 4.3.  Ionic composition of Arabian gulf formation water (FW) and seawater (SW). 

Ions FW (ppm) SW (ppm) 

Na+ 59,491 18,300 

Ca2+ 19,040 650 

Mg2+ 2,439 2,110 

SO4
2– 350 4,290 

Cl– 132,060 32,200 

HCO3
– 354 120 

TDS 213,734 57,670 

 

4.3.2  Methods 

4.3.2.1 Zeta potential measurement 

Pure calcite and dolomite powder were used to mimic carbonate rocks considering the fact 

that these minerals are the main constituent of carbonate rocks. Pure anhydrite powder was 

added to calcite (anhydrite-calcite) and dolomite (anhydrite-dolomite) in 1 wt.%, 5 wt.%, 
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10 wt.%, 15 wt.%, 20 wt.% and 25 wt.% to replicate the presence of anhydrite mineral in 

carbonates. The mixtures were then conditioned in deionized water (DI), seawater (SW), 

and formation water (FW) as well as in mixtures whose pH was modified to different values 

(2, 4, 6, 8, 10 and 12) to cover a wide range of possible reservoir pH conditions. The pH 

adjustment of the DI, SW and FW was achieved using 0.01 M NaOH and HNO3. For all 

samples, the total dissolved solids (TDS) particles were 1g, with the compositions of 

anhydrite, calcite and dolomite as shown in Table 3, however, without coesite except for 

contact angle measurements. This was followed by the addition of 10 mL of liquid (DI, 

SW or FW) to the sample mixtures and shaken using the VWR automatic reciprocating 

shaking bath at 25 oC for 1 hour to allow possible dissolution. The sample mixture is then 

kept undisturbed for 24hrs. Before zeta potential measurement, the sample mixtures were 

centrifuged at 25 oC for 2 min at 3000 rpm using a Benchtop Hermle Z326K centrifuge 

system, sample to be analyzed is taken from the clear supernatant.  The zeta potential 

measurements were conducted using Anton Paar Litesizer 500 at 25 oC and ambient 

pressure. To avoid contamination, disposable pipettes were used for all zeta potential 

measurements, and for repeatability, each measurement was repeated 2 times, and the 

means value and the standard deviation recorded.   

 

4.3.2.2 ICP-OES, TIC and pH measurements 

The pH of the freshly prepared brines and all samples in this study was measured using the 

Thermo Scientific™ Orion Star™ A215 pH/conductivity benchtop multi-parameter meter, 

with an accuracy of ± 0.002. Various proportions (1 wt.%, 5 wt.%, 10 wt.%, 15 wt.%, 20 

wt.% and 25 wt.%) of powdered anhydrite minerals in 1 g calcite/dolomite mineral samples 
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were conditioned in a 10 ml solutions of deionized (DI) water at average pH of 8.0 and left 

for 24 hours for possible dissolution and to attain equilibrium before zeta potential, pH and 

inductively coupled plasma - optical emission spectrometry (ICP-OES), and total inorganic 

carbon (TIC) measurements were performed. The ICP-OES technique was conducted to 

analyze the ionic composition (sulfate ions) of the supernatant using the Metrohm’s 930 

Compact IC Flex–Compact ion chromatography equipment, while the carbonate and 

hydrogen carbonate ions (the total inorganic carbon (TIC)) were determine using the 

Analytikjena’s multi N/C 3100 Flow injection TOC analyzer with an accuracy of ± 1.0 

ppm and detection limit up to 0.2 ppm. 

 The ion chromatography was carried out to determine the change in sulfate and carbonate 

ions concentrations in the various fluids under different anhydrite compositions. 

Carbonates (calcite and dolomite) and anhydrite dissolve in solution resulting in change of 

pH and ionic (Ca2+, Mg2+, CO3
2–, and SO4

2–  ) concentrations (X. Hao et al., 2021). 

The same time frame (24 hours equilibration time) was adopted throughout the study of 

the effect of anhydrite mineral concentration on the anhydrite-calcite and anhydrite-

dolomite surface charge. The samples mixtures were sonicated for 3 minutes to ensure the 

complete interaction of dissociated ions with the surfaces and allowed to attain equilibrium 

before measurements were conducted.  The same procedure carried out for DI was repeated 

for SW and FW. 
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4.3.2.3 Wettability measurement 

Different wettability measurement techniques such as the flotation and contact angle were 

employed to estimate the wetting characteristics of the anhydrite-calcite and anhydrite-

dolomite synthetic rocks. 

4.3.2.4 Flotation 

The rocks minerals (calcite, dolomite and anhydrite) were grinded using the Retsch Mixer 

Ball mill MM 400 and then sieved. Rock minerals average particle sizes of 75 µm was used 

for all flotation measurements, this is to avoid using small particles sizes that may 

overestimate oil wetness and/or overestimate water wetness which may results from large 

particle sizes (Mwangi et al., 2018a; Sadeghi et al., 2022). 2g of total rock powder for the 

anhydrite-calcite (CaSO4 + CaCO3) and for the anhydrite-dolomite (CaSO4 + 

CaMg(CO3)2) based on the required compositions (Table 3) was placed in a test tube. The 

composition was varied for different anhydrite contents (1 wt.%, 5 wt.%, 10 wt.%, 15 

wt.%, 20 wt.%, and 25 wt.%) in 2g of total solids. 15 ml each of oil and DI water is poured 

into the test tube containing the rocks powder mixture and then shaken for 1 hour at 25oC. 

The mixture is allowed to settle overnight to separate the oil-water emulsion and obtain 

two phases for oil and water. The oil-wet particles will be suspended in the oil phase while 

the water-wet particles are settled at the bottom of the test tube in the water phase. The 

water-wet particles are collected and cleaned with toluene to remove any adsorbed oil and 

then cleaned with methanol to remove adsorbed salts (in the case of SW and FW). The 

cleaned sample is then oven dried and weighted. The percentage oil-wet and water-wet 

particles was calculated and reported. This experimental procedure was repeated for 

seawater and formation water. Since flotation result may be affected by the test time, test 
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temperature, particle size and powder quantity, and oil/water volume. We maintain the 

same measurement procedure and parameters throughout the flotation experiments. 

 

4.3.2.5 Contact angle  

To measure the contact angle of anhydrite-calcite and anhydrite-dolomite combination 

having different mineral composition, synthetic rocks were made using sintering method 

(see above). The composition and distribution of the anhydrite minerals in the synthetic 

samples was confirmed using QEMSCAN analysis. Since the rocks were made using the 

same rock particle sizes and under the same conditions, no rock surface polishing was 

performed. However, prior to contact angle measurement, the rocks surface topography 

(surface roughness) was analyzed using the Kruss surface roughness analyzer – SRA, the 

average surface roughness of the rocks samples is 25 µm. Rocks surface wettability is 

estimated via captive bubble technique of measuring contact angle using the Theta 

Attension Tensiometer from Biolin Scientific, the contact angle (θ) is computed through 

the denser phase, all contact angle measurements were carried out at ambient condition. 

The wettability of the rock samples as estimated by contact angle techniques was conducted 

in DI, SW and in FW. 

 

4.4 Results and Discussions 

 

Relating electrostatic interactions at the rock/fluid interface to rock wettability.  

The effect of anhydrite mineral on calcite and dolomite surface charge and its tendency to 

alter the wetting state of these rocks minerals is investigated at nanometric scale using the 
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zeta potential. Different anhydrite compositions (1 wt.%, 5 wt.%, 10 wt.%, 15 wt.%, 20 

wt.%, and 25 wt.%) in 1g of total solids was investigated.  

 

4.4.1 Rock Dissolution 

Rock dissolution was investigated via ICP-OES, TIC, and pH measurements of anhydrite-

calcite and anhydrite-dolomite mixtures in 10 ml each of deionized water (DI), Arabian 

Gulf seawater (SW) and formation water (FW). Inductively coupled plasma – optical 

emission spectrometry (ICP-OES) technique was conducted to analyze the relative change 

in ionic composition of the supernatant which is an indication of rock dissolution. The ion 

chromatography was carried out to determine the change in sulfate and carbonate ions 

concentrations in the various fluids under different anhydrite compositions. During water 

flooding in anhydrite-rich reservoirs, the brine displaces the initial water in the formation 

that initially established equilibrium with the rock matrix. Consequently, anhydrite 

dissolution occurs. Ruiz-Agudo et al. (2015) showed experimentally that during the 

interaction of calcite (CaCO3) surfaces with sulfate-bearing solutions, calcium ion (Ca2+) 

from the dissolved calcite surface react with sulfate ions (SO4
2–) in the aqueous phase. 

Ultimately, depending on the reaction conditions of temperature and pressure, calcite is 

replaced by anhydrite (CaSO4). 

Fig. 2 shows the effect of anhydrite concentration on the ionic composition of anhydrite-

calcite effluent. The sulfate ion concentration obtained by subtracting the sulfate content 

in the base fluid from the sulfate concentration in the effluent is shown in Fig. 2a. Since 

the initial concentration of SO4
2– in DI (base fluid, i.e., fluid without any rock mineral) and 

at zero anhydrite concentration is zero, the sulfate concentration indicates how much 
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anhydrite was dissolved. As the anhydrite composition in the anhydrite-calcite mixture 

increases from 5 wt.% up to 100 wt.%, sulfate ion concentration increases. The increase in 

SO4
2– concentration is attributed to dissolution of anhydrite mineral, this is consistent with 

previous findings (Sharma & Mohanty, 2018b). Brady & Thyne (2016) documented that, 

in anhydrite-bearing formation, the dissolution of anhydrite during water injection results 

in an increased concentration of SO4
2– and Ca2+ ions in the injected brine. Sulfate ions 

introduced by anhydrite dissolution can improve surface wettability (Austad et al., 2015b; 

Karimi et al., 2016; Qiao et al., 2016; Sharma & Mohanty, 2022). Similarly, in both 

seawater and formation water, sulfate ions concentration increases with increased anhydrite 

content in the anhydrite-calcite mixture. In anhydrite-containing rocks, the anhydrite serves 

as a source of dissolved sulfate, thus, the presence of anhydrite in carbonate reservoirs can 

be favorable to water injection processes (Al-Shalabi et al., 2015; AlQuraishi et al., 2015; 

Pu et al., 2010). It is further observed that the lower the SO4
2– concentration in the initial 

fluid (base fluid) the higher the SO4
2– concentration. Largest SO4

2– concentration is seen 

in DI, followed by FW, while least concentration in sulfate ions in SW is noticeable. The 

dissolution of anhydrite increases as the concentration of sulfate and calcium ions in the 

injected fluid decrease because of common ions effect (Al-Shalabi et al., 2015; Isah et al., 

2022a). Sulfate is the most important potential determining ion which can be added to smart 

water flooding or can be generated in-situ by anhydrite minerals dissolution to create low 

salinity EOR effect (Isah et al., 2022b). An increase in sulfate ions concentration in the 

aqueous phase is evidence of anhydrite dissolution. Based on equation (1), calcium ion is 

fed into the brine in an equal mole with sulfate ions during anhydrite dissolution 
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(Mogharrab et al., 2022). However, reacting high-sulfate brine with carbonate may result 

in anhydrite precipitation (Ku et al., 2009; Rosenbauer et al., 2005).  

𝐶𝑎𝑆𝑂4(𝑠) ⇌  𝐶𝑎2+(𝑎𝑞) +  𝑆𝑂4
2−(𝑎𝑞)                                      (1) 

Fig. 2b shows the total inorganic carbon (TIC) concentration, this comprises the carbonate 

and hydrogen carbonate ions (CO3
2– and HCO3

–), and it infers carbonate dissolution. A 

slight increase in TIC is observed in DI, while the TIC concentration decreases in FW, and 

a non-monotonic behavior in SW. In anhydrite-calcite mixture, increase of the TIC is due 

to increase in CO3
2– and/or HCO3

– as a result of calcite dissociation or dissolution, 

respectively (see the equations 2 and 3) depending on the interaction conditions (E. Ruiz-

Agudo et al., 2015). Recently, Mohammadi et al. (2021) documented that diluting sea water 

intensify dissolution in carbonate. Increased dilution reduces Ca2+ ions, thus, shifts the 

reaction equilibrium to the right and more rock will be dissolved with resulting increase in 

pH due to additional OH– ions, this is shown in Fig. 2c. Moreover, it has been reported that 

partial dissolution of calcite or dolomite in DI increases the solution pH. The dissolution 

reaction of calcite or dolomite leads to increase in HCO3− and OH− concentrations in DI 

which will likely increase pH of the solution (Al-Shirawi et al., 2021). It’s worth noting 

that the reverse (mineral precipitation) is also possible (Chandrasekhar et al., 2018). 

𝐶𝑎𝐶𝑂3(𝑠)  ⇌  𝐶𝑎2+(𝑎𝑞) +  𝐶𝑂3
2−(𝑎𝑞)                                                     (2) 

𝐶𝑎𝐶𝑂3(𝑠) +  𝐻2𝑂 (𝑙) ⇌  𝐶𝑎2+(𝑎𝑞) + 𝐻𝐶𝑂3
−(𝑎𝑞) +  𝑂𝐻−(𝑎𝑞)      (3) 
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However, a decrease in the TIC content is either due to the consumption of CO3
2– by Ca2+ 

released as a result of anhydrite dissolution or the removal of  HCO3
– via equation 4 to 

form acidic HSO4
−(aq) with corresponding decrease in pH.  

 

𝐶𝑎𝑆𝑂4(𝑠)  + 𝐻𝐶𝑂3
−(𝑎𝑞) → 𝐶𝑎𝐶𝑂3(𝑠)  + 𝐻𝑆𝑂4

−(𝑎𝑞)                           (4) 

 

The effect of anhydrite concentration on the ionic composition of anhydrite-dolomite 

effluent is shown in Figure 4.2. Figure 4.2a shows the sulfate ion concentration, the base 

concentration of SO4
2– in DI and at zero anhydrite concentration is zero. The trends in ionic 

concentrations in anhydrite-dolomite are similar to those of anhydrite-calcite combination, 

however, highest SO4
2– concentration is seen in DI, followed by SW, while lowest 

concentration of sulfate ions in is observed in SW. 

Moreover, slightly higher carbonate ion concentrations with increase in anhydrite content 

are observed for anhydrite-dolomite in all the ‘waters’ (Figure 4.2b) which is attributed to 

the higher carbonate content of the dolomite rock compared to calcite. 

𝐶𝑎 𝑀𝑔 (𝐶𝑂3)2(𝑠)  ⇌  𝐶𝑎2+(𝑎𝑞) +  𝑀𝑔2+(𝑎𝑞) + 2𝐶𝑂3
2−(𝑎𝑞)          (5) 

Moreover, there is little pH changes with an increase in the anhydrite concentration in the 

anhydrite-dolomite mixture effluent (Figure 4.2c). However, Chandrasekhar et al. (2018) 

noted that changes in pH (increase up to pH 8–9) and brine composition can still impact 

oil recovery at the field scale. The presence of anhydrite in dolomite and calcite affects the 

pH and solution composition due to their dissolution and consequently, it could affect the 

interaction between the brine, crude oil and carbonate (Mogharrab et al., 2022). 
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Figure 54.2. Effect of anhydrite concentration on the ionic composition and pH of 

anhydrite-calcite effluent: a) sulfate ion concentration; b) carbonate ion concentration; c) 

solution pH after 24 hrs. 
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Figure 6.1. Effect of anhydrite concentration on the ionic composition and pH of 

anhydrite-dolomite effluent: a) sulfate ion concentration; b) carbonate ion concentration; 

and c) solution pH after 24 hrs. 
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an average pH of 8 is shown in Figure 7. Anhydrite shows negative surface charge in DI, 

SW and in FW, this is due to the presence of the sulfate ions (SO4
2–) in the aqueous solution. 

Anhydrite shows the highest negative charge in seawater which is attributed to the higher 

contribution of SO4
2– from the seawater than in DI and FW, as well as the SO4

2–  supplied 

due to anhydrite dissolution. Although DI has the lowest SO4
2– content, least magnitude of 

the negative charge for anhydrite is observed in FW owing to lower mineral dissolution 

compared to DI water. Similarly, calcite mineral in DI and SW is negatively charged while 

it shows a positive charge in FW. Al-Balushi et al. (2020) studied the wettability alteration 

of calcite surfaces under different base and acid numbers, it was shown that the zeta 

potential of fresh calcite changed from positive to negative over a pH range of 6 – 10 in a 

0.001 M potassium chloride (KCl) solution. The zeta potential of fresh calcite at pH 8 was 

reported as +5 mV, while at pH of 10, 2.7 mV zeta potential value was reported. This is 

similar the conclusions draw by other researchers (Mohammed, et al., 2022). However, 

based on the zeta potential analyses, dolomite exhibit positive charge in all the three waters, 

this is likely due to the presence divalent cations (Mg2+ and Ca2+) in this rock mineral. 

Accordingly, the mineralogical study by (Arif et al., 2020) showed that surface chemistry 

of carbonate rocks suggest that calcite-based samples are relatively more hydrophilic 

compared to dolomitic carbonate. 
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Figure 7.1. Pure anhydrite, calcite and dolomite mineral surface charge in DI, SW, and 

FW at 8 pH. 

 

Effect of anhydrite on calcite and dolomite minerals surface charge. 

The effect of anhydrite concentration (1 wt.%, 5 wt.%, 10 wt.%, 15 wt.%, 20 wt.%, and 25 

wt.%) on the surface charge of calcite minerals is shown in Figure 8. For DI water, the 

calcite mineral is observed to remain negatively charged as in the case of pure calcite 

mineral (see Figure 7 above), however, the magnitude of the surface charge is reduced due 

to the presence of the anhydrite. The lowest magnitude of the surface charge is observed at 

1 wt. % anhydrite concentration.  However, above this anhydrite concentration, the surface 

charge magnitude increases with increased anhydrite content to approximately –3.3 mV at 

25 wt. %. The surface charge at 1 wt.% can be attributed to the dominance of the Ca2+ at 

low anhydrite concentration, however, as the anhydrite composition increases above 1 wt. 

%, the SO4
2– due to dissolution of anhydrite in the DI water dominate the interactions thus 

the increase the negative surface charge.  

-25

-20

-15

-10

-5

0

5

10

15

Anhydrite Calcite Dolomite

Ze
ta

 P
o

te
n

ti
al

 (
m

V
)

Pure rock minerals

DI SW FW



 
 

79 
 

 

Figure 8.1. Effect of anhydrite (1 wt. % to 25 wt. %) On calcite surface charge: zeta 
potential values of anhydrite-calcite mixture in DI, SW and FW. 
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negative charge (-1.8 mV), this due to the higher SO4
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concentration increases. The magnitude of the surface charge is reduced due to the presence 

of the anhydrite, thus, the presence of anhydrite reduces the net positive charge of calcite 

in formation water. 

Figure 9 shows the effect of anhydrite presence (1 – 25 wt. %) in dolomite surface charge 

via zeta potential. Positive surface charge was observed for pure dolomite minerals in DI, 
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positive charge of 2.1 mV at 1 wt. % anhydrite concentration which is lower than the 

observed surface charge for pure dolomite (8 mV), this is as a result of the negative sulfate 

ions introduced into the solution by anhydrite dissolution. As the concentration of anhydrite 

in dolomite rock increases, the magnitude of the surface charge decreases. Anhydrite-

dolomite surface charges of 2.1 mV, 1.1 mV, -0.4 mV, -1.1 mV, -2.5 mV and -2.8 mV 

were observed at anhydrite concentrations of 1 wt.%, 5 wt.%, 10 wt.%, 15 wt.%, 20 wt.%, 

and 25 wt.%, respectively. As the anhydrite concentration increased, more sulfate ions are 

supplied into the aqueous phase, hence dominating the cationic magnesium and calcium 

ions in the solution, this thus, results in the observed increase in the anhydrite-dolomite 

negative surface charge in DI water.  

 

Figure 9.1. Effect of anhydrite (1 wt. % to 25 wt. %) on dolomite surface charge:  zeta 

potential values of anhydrite-dolomite mixture in DI, SW and FW. 
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Accordingly, Mogharrab et al. (2022) also showed that the presence of anhydrite leads to 

SO4
2– release in the aqueous phase. Consequently, high negatively charged surface sites 

will be formed compared to pure calcite or dolomite. 

On the other hand, anhydrite-dolomite shows predominantly positive charge in SW and 

FW, this demonstrate the dominant effect of the divalent Ca2+ and Mg2+ over SO4
2– in the 

aqueous solution of the anhydrite-dolomite mixtures. The presence of magnesium ions 

(Mg2+) in water reduces CaSO4 precipitation. Thus, the interaction of seawater (which 

contains Mg2+) can greatly increase the solubility of anhydrite and increase recovery 

(Strand et al., 2006; Peimao Zhang et al., 2007). Yet, the presence of anhydrite in FW for 

anhydrite-dolomite shows higher positive charge relative to the surface charge in SW 

which is explained by the higher concentration of SO4
2– in the SW. In another study, it was 

shown that the maximum wettability alteration for anhydrite-carbonate mixture was at 

lower salinity than that of pure calcite. This was attributed to the adsorption of sulfate ions: 

the  anhydrite-carbonate mixture experiences a small decrease in SO4
2– adsorption with 

salinity reduction in contrast to the large decrease in the case of pure calcite (Mogharrab et 

al., 2022).  In the anhydrite-carbonate mixture there is in-situ supply of SO4
2– in lower 

salinity by anhydrite dissolution which is not the case for pure carbonate (calcite or 

dolomite). 

 

Surface Charge of Anhydrite-Calcite and Anhydrite-Dolomite at Different pH 

Changes in pH have significant influence on fluid interactions at the mineral/fluid 

interfaces. Improved oil recovery processes such as smart water, low salinity water 

injection, etc. induce different pH environments in the reservoir due to dissolution or 
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buffering effect of injected fluids (Mohammed, et al., 2022). This will likely lead to 

adsorption of ionic species that may alter the wetting state of the formation. 

Correspondingly, Mogharrab et al. (2022) developed an experimental and diffuse double 

layer (DDL) based surface complexation model (SCM) approach to investigate wettability 

behavior of carbonates due to anhydrite composition. The presence of 10 wt.% anhydrite 

over a wide range of brine salinity/composition and the non-monotonic behavior of zeta 

potential with change in salinity was investigated. The authors showed that the DDL based 

SCM using PHREEQC suggested an anhydrite dominant window exist in which the 

presence of anhydrite, its dissolution, and in-situ supply of sulfate ions, lead to altering the 

wettability to more water wetness. Thus, it is necessary to understand the surface charge of 

rock minerals at different pH environments and to identify conditions that would induce or 

promote wettability alteration via zeta potential measurement. Therefore, in this section, 

we seek to provide insight into the surface charge of rock over a wide range of pH (2 to 

12), and to identify pH condition and anhydrite mineralogical composition that would 

induce wetting alteration in carbonates.  

Anhydrite dissolution by low salinity brine can provides additional SO4
2– ions to 

rock/brine/oil system, thus decreasing the zeta potential and increase water wetting of 

calcite surface (Al-Shalabi et al., 2014; Austad et al., 2012; Yousef et al., 2012b). Figure 

4.7 shows the zeta potential of anhydrite-calcite mixture in DI, SW and FW at various pH, 

the effect of pH and anhydrite on calcite mineral surface charge for 1, 5, 10, 15, 20, and 25 

wt.% anhydrite in anhydrite-calcite sample mixture demonstrate the non-monotonic 

behavior of zeta potential with change in solution pH. The zeta potential of the anhydrite-

calcite mixture is negative in DI, positive in FW, while the charge sign flipped from 
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positive to negative as the anhydrite concentration increases in the case of SW. Although 

there is consistency in the charge signs, the zeta potential values are low; and near-zero 

(less than ±10), thus cannot be relied on, with certainty to make conclusions about the 

propensity of anhydrite to alter the wetting state in anhydrite-calcite surfaces.  
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Figure 10. –Zeta potential of anhydrite-calcite mixtures in DI, SW and FW: the effect of 
pH and anhydrite on calcite mineral surface charge at 1, 5, 10, 15, 20, and 25 wt.% 

anhydrite/calcite sample mixture, respectively. 

 

Similarly, the zeta potential of anhydrite-dolomite mixture in DI, SW and FW at pH of 2, 

4, 6, 8, 10, and 12 is shown in Figure 4.8. It is observed that for 1, 5, 10, 15, 20, and 25 

wt.% anhydrite in anhydrite-dolomite mixtures the zeta potential behavior is also non-

monotonic as the solution pH changes. Based on these observations, one can conclude that 

even at wide range of pH values and at different anhydrite compositions, the surface charge 

(via zeta potential measurements) cannot be used to justify the wetting states of neither 

anhydrite-calcite nor anhydrite-dolomite mixtures.  
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Figure 11. Zeta potential of anhydrite-dolomite mixtures in DI, SW and FW: the effect of 

pH and anhydrite on dolomite mineral surface charge at 1, 5, 10, 15, 20, and 25 wt.% 

anhydrite/dolomite sample mixture, respectively. 
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A similar finding was presented by (Mogharrab et al., 2022), the authors showed that and 

zeta potential measurement and mineral dissolution analyses showed no comprehensive 

correlation with the wettability state of carbonate particles obtained via flotation technique. 

The authors noted that zeta potential was not able justify the wettability states of pure 

calcite and the mixture of calcite and anhydrite particles in allover ranges of brine salinity 

and composition studied. However, the equilibrium of anhydrite reversed the surface 

potential of carbonate from positive to negative and resulted in repulsive (positive 

disjoining pressure) force (X. Hao et al., 2021). Moreover, the calcite surface charge is 

influenced by the presence of anhydrite; yet, the magnitude of the surface charge via ζ-

potential measurement is insignificant to cause wettability alteration in carbonate 

(Mohammed, et al., 2022). 

In response to a question that states why the maximum anhydrite dissolution cannot make 

the rock surface at its most negatively charged state, Mogharrab et al. (2022) suggested 

that the non-monotonic behavior of zeta potential with brine properties 

(salinity/composition) is due to the contribution of other component (e.g., oil components 

and sulfate ions introduced by anhydrite dissolution) in adjusting the pH of the system. 

Accordingly, the zeta potential is not a general and valid candidate to justify the wettability 

behavior of carbonates. Thus, neither the mineral dissolution, nor the zeta potential 

(electrical surface charge) could justify the non-monotonic behavior of wettability 

alteration with brine salinity, composition and pH variations. 
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4.4.3 Flotation wettability 

The wettability of the powdered anhydrite, calcite and dolomite pure minerals is first 

investigated to serve as a reference in which the effect of different anhydrite compositions 

in calcite and dolomite would be compared. The wettability of pure anhydrite, calcite and 

dolomite minerals in DI, SW, and FW with an average pH of 8 using flotation technique is 

shown in Figure 4.9. Pure anhydrite particles show percentage water wetness of 59.65 %, 

48.85 %, and 51.75 % in DI, SW and in FW, respectively. This shows that the 

hydrophilicity is highest in DI and lowest in SW. Based on flotation measurement, the 

presence of sulfate has the tendency to increase oil-wetting of carbonate surfaces (Sohal et 

al., 2017). In the case of calcite particles, a percentage water wet particles of 24.6 %, 22.35 

%, and 17.3 % are observed in DI, SW and FW, respectively. This implies that pure calcite 

in its powdered form is predominantly oil-wet, and the hydrophobicity increases as the 

salinity increases. Correspondingly, dolomite in its pure form shows mainly oil-wet since 

the percentage water-wet particles in DI, SW and FW are 40.95 %, 28.9 % and 29.85 %, 

respectively. Pure anhydrite particles show the highest percentage water wetness in DI, SW 
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and FW compared to pure calcite and dolomite particles. However, based on the flotation 

wettability test, calcite appears less hydrophilic than dolomite particles. 

 

Figure 12. Flotation wettability of pure rock minerals (anhydrite, calcite, and dolomite). 

 

The effect of anhydrite concentration on calcite wettability via flotation measurement is 

shown in Figure 4.10. The water wetness of calcite in DI increases slightly as the anhydrite 

concentration increases. Similarly, in SW the percentage of water-wet calcite particles are 

12.1 %, 13.45 %, 16.5 %, 18.25 %, 22.4 %, and 23.45 % at 1 %, 5 %, 10 %, 15 %, 20 %, 

and 25 % anhydrite concentrations, respectively. This shows a consistent increase in 

hydrophilicity with increased anhydrite composition. A similar trend was observed for 

anhydrite-calcite mixtures in FW. Based on the results of flotation measurements for pure 

calcite, the amount of water wet calcite grains increases as the salinity of the brine 

decreases from FW to SW (Mogharrab et al., 2022). Overall, anhydrite-calcite mixtures in 

FW shows lower water wetness compared to DI and SW. 
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For anhydrite-dolomite mixtures (Figure 4.11), a general increase in water wetness is 

observed in all the fluid types (this is, in DI, SW, and in FW) as the anhydrite content in 

dolomite rock increases. Highest water wetness is observed in DI followed by SW, while 

the anhydrite-dolomite mixtures is seen to have the lowest water wetness in FW. This is in 

line with conclusions from previous literature (Mogharrab et al., 2022; Mwangi et al., 2018; 

Sadeghi et al., 2022).  

 

Figure 13. Effect of anhydrite (1 wt.% to 25 wt.%) on calcite flotation wettability. 
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Figure 14. Effect of anhydrite (1 wt.% to 25 wt.%) on dolomite flotation wettability. 

 

4.4.4 Contact angle.  

The wettability of pure anhydrite, calcite and dolomite rocks is determined via contact 
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DI water is strongly water-wet with contact angle 33o, pure calcite rock is somewhat 

intermediate-wet (contact angle 85o), while pure dolomite rock is slightly oil-wet (contact 

angle 102o). Similarly, in sea water, the contact angles of anhydrite, calcite and dolomite 

are 47o, 92o, and 109o, respectively. This shows strong water wetness for anhydrite, 

intermediate-wet for calcite and slightly oil-wet for dolomite in sea water (Figure 15b). 

However, in formation water (Figure 15c), anhydrite is water-wet (contact angle 55o) while 

calcite and dolomite are oil-wet with contact angle wettability of 113o and 115o, 

respectively. This results is similar to the findings of previous researchers – Arif et al. 
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(2020) investigated the influence of rock mineralogy on wettability of carbonates using 

contact angle measurements, the authors suggested that calcite-based rocks are relatively 

more hydrophilic compared to dolomitic carbonates, while pure calcite mineral was 

completely water-wet. 

 

Figure 15. Contact angle of pure anhydrite, calcite and dolomite rocks in de-ionized 

water, seawater and formation water. 

 

Since pure anhydrite is water-wet in DI, SW and FW, while calcite and dolomite are 

intermediate- to oil-wet in these fluids, we aim to study the effect of anhydrite composition 
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in both calcite and dolomite at millimeter scale under different conditions. We thus, 

measured the wettability via contact angle technique on the synthetic calcite and dolomite 

rocks having various compositions of anhydrite. 

 

4.4.5 Synthetic rocks composition and minerals distribution 

The composition and minerals distribution of the synthetic rocks is analyzed using 

QEMSCAN. This aimed at confirming the compositions and distribution of the anhydrite-

calcite and the anhydrite-dolomite in the artificial rock samples. Table 4.4 & 4.5 shows 

the anhydrite-calcite and anhydrite-dolomite synthetic rocks composition acquired via 

QEMSCAN, respectively. Although there is slight difference between the anhydrite mixed 

percentage during synthesis (1 wt.%, 5 wt.%, 10 wt.%, 15 wt.%, 20 wt.%, and 25 wt.%) 

and the composition acquired via QEMSCAN, the disparities are within reasonable range. 

The distributions of the various rocks minerals for anhydrite-calcite and anhydrite-

dolomite synthetic rocks are shown in Figure 4.4, it can be seen that the rocks minerals are 

well dispersed/distributed in the rocks. 

 

Table 4.4. Anhydrite-calcite samples minerals composition acquired via QEMSCAN. 

Anhydrite 

mixed (%) 

1 5 10 15 20 25 

 

Rock mineral 

      

 Composition by QemScan (%)   

Anhydrite 0.5 4.2 13.7 14.6 19.8 27.5 

Dolomite 0.0 0.1 0.2 0.0 0.2 0.0 

Calcite 71.4 67.3 66.4 44.7 56.5 49.4 



 
 

93 
 

Coesite 28.0 27.2 19.5 39.2 23.3 22.5 

Others 0.1 1.2 0.2 1.5 0.2 0.6 

 

Table 4.5. Anhydrite-dolomite samples minerals composition acquired via QEMSCAN. 

Anhydrite 

mixed (%) 

1 5 10 15 20 25 

Rock 

mineral 

      

 Composition by QemScan (%)   

Anhydrite 1.6 6.5 12.8 16.2 21.3 26.1 

Dolomite 69.4 66.5 62.9 59.2 55.7 52.0 

Calcite 0.0 0.1 0.2 0.1 0.0 0.2 

Coesite 27.8 25.8 22.9 23.2 22.2 20.3 

Others 1.2 1.1 1.2 1.3 0.8 1.4 
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Figure 16. Anhydrite-calcite-dolomite samples compositional analysis by QEMSCAN. 



 
 

95 
 

 

Anhydrite-calcite and anhydrite-dolomite synthetic rocks 

The wettability of anhydrite-calcite rocks measured via contact angle in DI, SW and FW 

is shown in Figure 4.4. Generally, the hydrophobicity increases with increase in salinity, 

at 1 wt.% anhydrite concentration, the contact angles of the anhydrite-calcite are 58o, 67o, 

and 77o, at 5 wt.% anhydrite concentration, the contact angles are 52o, 56o, and 60o, at 10 

wt.% anhydrite concentration, the contact angles are 67o,, 71o, and 70o , at 15 wt.% 

anhydrite concentration, the contact angles are 57o, 61o, and 74o , at 20 wt.% anhydrite 

concentration, the contact angles are 56o, 60o, and 70o, at 25 wt.% anhydrite concentration, 

the contact angles are 55o, 58o, and 63o in DI, SW and FW, respectively. Overall, the 

contact angle, and thus, oil-wetness of the anhydrite-calcite rocks slightly decreases as the 

anhydrite composition increases from 1 to 25 wt.%.  

Similarly, the anhydrite-dolomite rocks in Figure 4.5 also shows increase in 

hydrophobicity with increase in salinity, at 1 wt.% anhydrite concentration, the contact 

angles of the anhydrite-dolomite are 77o, 79o, and 102o, at 5 wt.% anhydrite concentration, 

the contact angles are 802o, 71o, and 99o, at 10 wt.% anhydrite concentration, the contact 

angles are 81o,, 85o, and 111o , at 15 wt.% anhydrite concentration, the contact angles are 

83o, 79o, and 110o , at 20 wt.% anhydrite concentration, the contact angles are 71o, 79o, and 

98o, at 25 wt.% anhydrite concentration, the contact angles are 68o, 71o, and 97o in DI, SW 

and FW, respectively. In general, the contact angle of the anhydrite-dolomite rocks slightly 

decreases as the anhydrite composition increases from 1 to 25 wt.%.  
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Figure 17. Effect of anhydrite (1 wt.% to 25 wt.%) on calcite contact angle. 

 

 

Figure 18. Effect of anhydrite (1 wt.% to 25 wt.%) on dolomite contact angle. 
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4.5 Summary and Conclusions 

Results thus far show that the presence of anhydrite influences the surface charge and thus 

affects the electrostatic interactions at the rock/fluid interface, and the wetting 

characteristics of carbonates. However, the change in the zeta potential due to the presence 

of anhydrite shows no significant difference in terms of the wetting state for both calcite 

and dolomite surfaces. The zeta potential demonstrates an instable colloidal system which 

is indicated by a near-zero and low zeta potential values (less than ±10) of the anhydrite-

calcite, and anhydrite-dolomite systems. However, the flotation and contact angle 

techniques of wettability estimation showed that anhydrite presence has the tendency to 

alter the wetting state of anhydrite-carbonate-brine-oil systems to more water wet. 

Similarly, Sadeghi et al. (2022) showed that, in wettability alteration measurements for 

carbonate minerals, flotation wettability results were consistent with contact angle 

measurements. This also leads to the conclusion that the presence of the anhydrite can alter 

the wetting state of these carbonates. Based on the results obtained, we identified and 

highlighted some of the major findings in the domain of rock wetting behavior and fluid-

rock interactions in anhydrite-bearing carbonates, as follows:  

• Pure anhydrite is water-wet while calcite and dolomite are intermediate- to oil-wet 

in  DI, SW and FW. However, based on the flotation wettability test, calcite appear 

less hydrophilic than dolomite particles, in contrast to the observed trend via contact 

angle technique. 

• Anhydrite dissolution and in-situ supply of sulfate ions occur in DI, SW and FW as 

evident from the general increase in sulfate ions concentration with increased 

anhydrite content in the anhydrite-calcite and anhydrite-dolomite mixtures.  
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• The zeta potential values observed in anhydrite-carbonate-brine systems are low; 

and near-zero (less than ±10), thus cannot be relied on, with certainty to make 

conclusions about the propensity of anhydrite to alter the wetting state in anhydrite-

carbonate-brine-oil systems. 

• Even at wide range of brine pH (2 to 12) and at different anhydrite compositions, 

the surface charge (via zeta potential measurements) cannot be used to justify the 

wetting states of neither anhydrite-calcite nor anhydrite-dolomite mixtures. Thus, 

the zeta potential is not a general and valid candidate to justify the wettability 

behavior of heterogeneous carbonates. 

• Although anhydrite shows no potential to alter the wettability from oil- to water-

wet via zeta potential, the flotation and contact angle results shows that its presence 

notably increases the water wetness in calcite and dolomite formations.  

• Generally, the hydrophilicity of anhydrite-carbonate-brine-oil systems as estimated 

via contact angle and flotation techniques in DI, SW and FW increases with 

decrease in salinity, and increases as the anhydrite composition increased from 1 to 

25 wt.%. 
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CHAPTER 5 

 

EXPLORING THE IMPACT OF MINERALOGY ON PORE 

STRUCTURE AND FLUID DYNAMICS IN TIGHT RESERVOIR 

ROCKS: INSIGHTS FOR ENHANCED OIL RECOVERY AND GAS 

STORAGE 

 

Summary 

The mineralogy, pore structure and fractal characteristics of rock has a great influence on 

its physical and flow properties. This study investigates the influence of mineralogy, 

particularly anhydrite relative to dolomite content, on the pore structure, petrophysical 

characteristics, and fluid flow potential of six rock samples (S-1 to S-6) from a Middle East 

outcrop reservoir. The main purpose of this research is to give novel perception into the 

interplay of the rock mineralogy, petrophysical properties, and fluid flow in tight 

formations, which are candidates for EOR/EGR processes as well as CO2 subsurface 

storage. To achieve this, experimental techniques included XRD analysis, routine 

petrophysical measurements, thin section, SEM-EDS observations, and NMR experiments 

were performed. In addition, oil recovery potential was also assessed using formation brine 

spontaneous imbibition, seawater, and surfactant and CO2 flooding experiments to mimic 

the primary, secondary, and tertiary oil recovery processes, respectively. Pore structures 

were categorized into micropores, mesopores, and macropores based on pore sizes and 
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fluid flow capabilities, and multiscale fractal dimensions were analyzed. Results show that 

the rocks predominantly consist of anhydrite and dolomite, having varying pore types with 

broad distributions. Higher dolomite compared to anhydrite content correlates with better 

reservoir quality. Fractal analysis reveals complex pore structures, with macropores 

exhibiting medium complexity and mesopores being the most complex. Fractal analysis of 

the pore structure revealed that no apparent trend was observed for fractal dimension of 

micropores D1. The fractal dimension of macropores D3 ranged from 2.41 to 2.96, 

indicating a medium complexity pore structure. The fractal dimension of mesopores D2 is 

between 2.68 and 2.99, implying that the pore structure of the mesopores is the most 

complex. Inverse correlations between the fractal dimensions with porosity and 

permeability were observed. In addition, rocks predominated by anhydrite (S-1 to S-3) 

showed water-wet behavior, whereas samples (S-4 to S-6), primarily consisting of 

dolomite, displayed oil-wet characteristics. Moreover, while there was no significant 

correlation between the cumulative oil recovery achieved in the EOR process and the 

amount of anhydrite, it was noted that CO2 flooding proved to be more effective than 

surfactant flooding in rocks containing anhydrite. The study emphasizes the significance 

of mineralogy, physical properties, and pore characteristics in selecting recovery methods, 

particularly during EOR processes. These findings offer a quantitative assessment of 

microscopic pore structures linked to macroscopic rock properties and oil recovery 

enhancing our understanding of reservoir dynamics and implications for oil and gas 

storage.  

Keywords: Petrophysics, Reservoir quality, Anhydrite, Tight rocks, Fractal dimension, 

Gas storage. 



 
 

101 
 

 

5.1 Background 

Anhydrite rock is a geological material, which will produce a series of physical and 

chemical changes upon encountering injected and reservoir fluids, such as dissolution, 

precipitation, softening, and the salt-induced swelling phenomenon (Isah et al., 2022a; 

Serafeimidis et al., 2015; Serafeimidis & Anagnostou, 2015). It is important to highlight 

that about 70% of the global oil fields hosted by carbonate rocks are interbedded with 

evaporites (Yi‐gang, 1981). A substantial portion of the oil fields in the Middle East are 

situated beneath or between the upper Jurassic anhydrite beds (Omidpour et al., 2023; Yi‐

gang, 1981). Previous researches have studied the physical and mechanical properties of 

anhydrite rock under various conditions (Wang et al., 2020), and a chemomechanical 

processes model in anhydrite rock have been proposed (Huber et al., 2015). Yin & Xie 

(2019) designed mechanical and acoustic synchronization tests. They acquired the effects 

of mineral composition on the dynamic and static mechanical properties of the anhydrite 

rock. Other studies (Isah, Mahmoud, Kamal, Arif, & Al Jawad, 2023; Mogharrab et al., 

2022; Mohammed, Isah, Al Shehri, Mahmoud, Arif, et al., 2022b) performed series of 

fluid-rock interaction tests to determine the influence  of anhydrite on reservoir rock 

wettability and fluid behavior related to production.  

Anhydrite plays a significant role in various recently discovered hydrocarbon prospects, 

particularly in anhydrite-bearing carbonate successions, and where it serves as trap seals 

influenced by the stratigraphic distribution of anhydrite-carbonate facies (Aleali et al., 

2013; Amel et al., 2015; El-Tabakh et al., 2004; Mohammed-Sajed & Glover, 2022; Sarg, 

2001). Typically occurring interbedded with carbonates, anhydrite is indicative of dry 
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periods and shallow depositional environments (Aleali et al., 2013; Amel et al., 2015). The 

Marat Formation, investigated in this study, stands as a prominent example of anhydritized 

carbonate in the Middle East. While anhydrite cement often negatively impacts reservoir 

quality by occluding pores and fractures (Mohammed Sajed & Glover, 2020; Warren, 

2010), some studies indicate that significant amounts of anhydrite components may not 

necessarily deteriorate overall reservoir quality (Al-Awwad & Collins, 2013; Gindre-

Chanu et al., 2015; Nader et al., 2013). In certain cases, they might even enhance reservoir 

quality, especially after uplift or late dissolution (Kadkhodaie et al., 2022; Lucia & Ruppel, 

1996; Morad et al., 2012; Nader et al., 2013; Ruppel & Bebout, 1996). The influence of 

anhydrite on reservoir properties has been extensively studied in major Middle Eastern 

hydrocarbon reservoirs, including the early Triassic Kangan Formation, the Permian Khuff 

and Dalan formations, the Jurassic Butmah Formation, and the Arab-D and C members of 

Jurassic Arab formation (Amel et al., 2015; Mohammed-Sajed & Glover, 2022; 

Mohammed Sajed & Glover, 2020; Morad et al., 2018; Wilson, 1986). 

While fluid flows through porous media, the migration of the fluid can bring about changes 

in the reservoir, potentially leading to modifications in the pore structure due to variations 

in mineral composition. However, there is limited research on the specific characteristics 

of alterations in pore structure resulting from the combined influence of rock/fluid 

interactions and mineralogy (Isah et al., 2022b). Anhydrite holds significance as a vital 

rock mineral, by nature, it tends to exhibit low permeability and porosity. This 

characteristic makes it commonly occured as caprock in reservoirs, playing a crucial role 

in controlling the movement of fluids within the subsurface. Moreover, the influence of 

anhydrite on reservoir dynamics can undergo changes due to diagenetic processes. Through 
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diagenesis, anhydrite or its hydrated form, gypsum, can form within reservoir rocks as 

cementating, pore filling, or grain coating meneral (Isah et al., 2022a; Mohammed-Sajed 

& Glover, 2022; Nafisi & Tavakoli, 2023). These diagenetic alterations have substantial 

implications for reservoir performance (Mohammed Sajed et al., 2021; Omidpour et al., 

2023; Rashid et al., 2017; Usman et al., 2020).  

The presense of anhydrite in the reservoir rock alters its physical properties, potentially 

affecting permeability, porosity, and overall fluid flow characteristics (El-Tabakh et al., 

2004; Mohammed-Sajed & Glover, 2022; Omidpour et al., 2023). An example that 

underscores the impact of anhydrite on reservoirs is observed in the Arab-D carbonate 

reservoir in the Middle East. This reservoir is found to contain a substantial amount of 

anhydrite, significantly influencing the reservoir's quality and ultimate production potential 

(Aleali et al., 2013; M. Mahmoud et al., 2021b). The presence of anhydrite in this context 

can act as a modifying factor, influencing the reservoir's response to reservoir and injected 

fluids and determining its overall productivity. Quantitatively evaluating the microscopic 

pore structures of porous rocks, which involves analyzing irregularities in pore shapes and 

distributions of pore sizes, presents a challenge. The pore structure of rocks can be obtained 

using the Nuclear magnetic resonance (NMR) T2 spectrum, as indicated in the previous 

studies (Gao et al., 2019; Isah et al., 2021b; Yao et al., 2010; Zhang et al., 2019). Nuclear 

magnetic resonance measurements offer a means to obtain characteristics related to pore 

structures (Elsayed et al., 2022; Isah et al., 2021a; Wang et al., 2022). The relationship 

between the NMR relaxation, fractal dimension characteristics, and the pore structure can 

be analyzed using NMR T2 distribution data.  
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Therefore, this study addresses this gap by examining the changes in pore structure in 

anhydrite-bearing rocks based on different anhydrite content. The investigation includes 

the analysis of the multiscale fractal dimensions of micropores, mesopores, and 

macropores, as well as an exploration of the oil recovery potential associated with different 

mineral compositions. Moreover, limited research has explored the effects of 

anhydritization on porosity-permeability relationships (Gindre-Chanu et al., 2015; 

Mohammed-Sajed & Glover, 2022; Warren, 2010). Therefore, this paper represents a study 

investigating anhydrite content in the Marrat Formation, analyzing the impact of anhydrite 

fraction and petrophysical properties on pore network and fluid recovery. The study 

attempts to identify relationships between anhydrite amount and various petrophysical 

properties (e.g., porosity, permeability, electrical resistivity, and average pore size) for 

comparison with pore structure and fluid flow potentials. In addition, the research 

endeavors to examine the positive and negative effects of the amount of anhydrite minerals 

on reservoir quality and recovery potential, seeking a comprehensive understanding of its 

overall influence. The findings are then discussed in terms of their implications for the 

production of oil coupled with CO2 storage in rock formations. Therefore, the ultimate goal 

is to comprehend the control that anhydrite has on porosity-permeability and porosity-

electrical resistivity relationships, fractal dimension-petrophysical properties relationships, 

and, consequently, on the fluid flow potential within the formation. 

(Pfeifer & Avnir, 1983)(R. Yang et al., 2016) 
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5.2 Fractal Dimension  

Porous sedimentary rocks, being complex geological materials, exhibit numerous irregular 

pores distributed across various scales (M. Wang et al., 2017). Due to the complex and 

irregular nature of pore size distribution, which includes pore size, shape, tortuosity, and 

connectivity, characterizing pore structure quantitatively using the traditional methods or 

Euclidean geometry is challenging (Wang et al., 2012). Several studies suggested that the 

pore systems in sedimentary rocks exhibit a fractal nature (Bird et al., 2006; Mandelbrot, 

1982; B. Yu & Cheng, 2002). Fractals are described as virtual, self-similar entities that 

maintain identical appearances regardless of the scale of magnification (Kulesza & 

Bramowicz, 2014; Mandelbrot, 1982; Schlueter et al., 1997; Xu, 2015), and these self-

similar fractal objects can be characterized by the fractal dimension (D) (Y. Ding et al., 

2017; Giri et al., 2012; Lai & Wang, 2015; Zheng et al., 2018). Fractal theory establishes 

the relationship between microscopic pore structures and macro petrophysical parameters 

such as porosity and permeability (Hu et al., 2012; Zhang et al., 2020). By computing the 

fractal dimensions of sedimentary rocks, it becomes possible to quantitatively characterize 

the complexity and heterogeneity of highly disordered pore systems (Cai et al., 2010; K. 

Li, 2010). Furthermore, the fractal descriptions of pore systems can be applied to predict 

petrophysical properties such as permeability, wettability, tortuosity, diffusivity, and 

electrical conductivity (Daigle et al., 2014). 

Fractal theory has been employed to provide a quantitative representation of the complexity 

and heterogeneity in the pore systems in various types of rocks, such as carbonates, 

sandstone, shale, and coal. The analysis extends to the fractal dimension of micropores, 

mesopores, and macropores, providing insights into the morphology and heterogeneity of 
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the pore structure at multiple scales (Isah et al., 2021b; Ma et al., 2019; Z. Ouyang et al., 

2016). A higher fractal dimension for micropores implies rougher surfaces, creating more 

adsorption sites favorable for gas storage (Cai et al., 2010; Jun Liu et al., 2018). In contrast, 

a higher fractal dimension for macropores (seepage pores) suggests a more complex pore 

structure with rougher surfaces, potentially hindering fluid flow and migration in the 

reservoir (F. Yang et al., 2014). 

A comprehensive understanding of pore network is essential for grasping the fluids storage 

and transport characteristics of porous sedimentary rocks (Clarkson et al., 2013). 

Micropores play a significant role in influencing the fractal dimensions of pore systems. It 

is the primary causes of heterogeneity in tight rocks, and samples with shorted NMR T2 

relaxation time and unimodal T2 distribution behaviors have the highest fractal dimension 

and heterogeneity (Lai et al., 2018). Previous research indicates that when smaller pores, 

characterized by shorter T2 relaxation times, dominate the NMR T2 spectrum, the resulting 

calculated fractal dimension tends to be high. Conversely, if the NMR T2 distribution is 

predominantly composed of longer T2 components, the associated fractal dimension value 

generally tends to be lower (Lai et al., 2018; K. Li, 2010).  

To explore the evolution of heterogeneity in the pore structure of anhydrite-bearing rocks 

and its variation in relation to petrophysical properties and flow behavior, the fractal 

dimension (D) of the pore network was examined using NMR test results. The transverse 

relaxation time (T2) of brine in rocks consists of three different components (Coates et al., 

1999).  
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In eq. (1), the bulk volume, surface, and diffusion transversal relaxation time are in ms. 

However, as the pore in rock is confined, the T2 relaxation time is rapid and has a shorter 

echo time. Hence, T2 of pore fluids is effectively only influenced by bulk and surface 

transverse relaxation time. Therefore, the impact of diffusion transverse relaxation time in 

eq. (1) can be neglected (Coates et al., 1999; Daigle et al., 2014a; Dunn et al., 2002), thus: 

1

𝑇2
=

1

𝑇2,𝐵𝑈𝐿𝐾
+

1

𝑇2,𝑆𝑈𝑅𝐹𝐴𝐶𝐸
                                        (2) 

Moreover, the surface relaxivity is strongly related to the specific surface to volume ratio 

of the pores (Anovitz & Cole, 2015; Fleury et al., 2007b; Mitchell & Fordham, 2014). It 

follows that: 

1

𝑇2
= 𝜌 (

𝑆

𝑉
) = 𝐹𝑔 (

𝜌

𝑟
)                                                (3) 

where, ρ₂ is the transverse surface relaxivity which is measured in µm/ms, and S/V is the 

pore surface area (µm2) to volume (µm3) ratio, 𝐹𝑔 is the geometry factor related to pore 

shape, and r denotes the pore radius. Typically, a higher T2 value indicate larger pore 

radius. The area enclosed by the T2 curve corresponds to the pore volume of the porous 

medium (Isah et al., 2021a; Xu et al., 2019). The NMR signal provides relative pore size 

distribution and pore structure, the cumulative volume fraction 𝐶𝑝 of pores with radius less 

than r can be expressed (Westphal et al., 2005; Zhang et al., 2020; Zhang & Weller, 2014; 

Zhao et al., 2022). The fractal dimensions can be computed using the relationship outlined 

(Daigle et al., 2014b; Pang et al., 2022; Yao et al., 2010): 

𝐶𝑝 =
𝑉 (𝑟)

𝑉𝑠
=

𝑟3−𝐷 − 𝑟𝑚𝑖𝑛
3−𝐷

𝑟𝑚𝑎𝑥
3−𝐷 − 𝑟𝑚𝑖𝑛

3−𝐷                                                        (4) 

where D is the NMR fractal dimension. But 𝑟𝑚𝑖𝑛 is far less than 𝑟𝑚𝑎𝑥. Hence, Eq. (4) can 

be simplified as  
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𝐶𝑝 =
𝑟3−𝐷

𝑟𝑚𝑎𝑥
3−𝐷  =  

𝑇2
3−𝐷

𝑇2,𝑚𝑎𝑥
3−𝐷                                                                     (5) 

Taking the logarithm of both sides of Eq. (5), yields 

log(𝐶𝑝)  = (3 − 𝐷) log(𝑇2)  + (𝐷 − 3) log(𝑇2,𝑚𝑎𝑥)                    (6) 

In this equation, 𝐶𝑝 represents the proportion of the pore volume smaller than the 

corresponding T2 value to the total pore volume, and 𝑇2,𝑚𝑎𝑥 is the maximum transverse 

relaxation time. A larger D corresponds to a rougher pore surface and a more complex pore 

structure.  

 

5.3 Samples and Methods 

5.3.1 Samples 

The samples for this study were collected from the upper Marrat Formation, prominently 

exposed in central Saudi Arabia (Al-Hussaini et al., 2021; Al-Mojel et al., 2020; Farouk et 

al., 2018; Milton, 1967; Powers et al., 1966). This formation is stratigraphically positioned 

between the Minjur Formation below and the Dhruma Formation (Figure 5.1). Early 

studies on the Marrat Formation identified three distinct members—Lower, Middle, and 

Upper—each characterized by unique lithological compositions (Figure 5.1). The Lower 

Member includes glauconitic claystone predominance, the Middle Member is 

characterized by red clay beds, and the Upper Member is consisting of limestone base, 

transitioning to interval with interbedded dolostone and evaporite beds (Figure 5.1). 

The dolostone and evaporite strata define three shallowing upward cycles, with dolostone 

indicating relatively deeper environmental conditions and evaporites marking shallower 



 
 

109 
 

settings (Figure 5.1). This study focuses on six samples from the lowest of these cycles, 

evenly distributed between evaporite and dolostone beds to ensure a balanced 

representation. Three samples were obtained from evaporite layers (identified as S-1, S-2, 

and S-3 respectively, with S-1 representing the uppermost layer), and the remaining three 

from dolostone beds (labeled S-4, S-5, and S-6, with S-6 as the lowermost), following a 

systematic sampling strategy that ensures equal spacing within each layer.   
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Figure 19. Illustrated stratigraphic section of the Marrat Formation in central Saudi 

Arabia (Adapted from (Farouk et al., 2018). This figure presents the lithology and 

stratigraphic details of the Marrat Formation, highlighting the Upper Marrat Member. 

Note the location from which the six samples were collected for this study, specifically 

from the lowest cycle of the three identified cycles of dolostone-evaporite interbedding. 
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5.3.2 Experiments 

To systematically investigate the influence of mineralogy and pore structure on the 

petrophysical and flow potential of tight carbonate rock samples, a series of experiments 

were conducted. These included NMR measurements to ascertain pore type and structure 

through NMR T2 and fractal characteristics. Additional analyses involved XRD 

examinations and SEM-EDS observations, with thin section analyses performed to gain 

insights into the pore/grain characteristics of the samples. The NMR experiments focused 

on anhydrite-bearing carbonates obtained from the Marrat formation, a Middle Eastern 

outcrop, utilizing a low magnetic field (2 MHz) NMR system, specifically the Geospec 2.1 

rock analyzer from Oxford Instruments. Core samples were introduced into the NMR cell 

for T2 relaxation time measurements. The NMR scanning parameters included a Tau value 

of 0.1 milliseconds, signal-to-noise ratio of 100, and a recycle delay of 11,250 

milliseconds. Measurements were conducted on each sample at 100% water saturation (Sw 

=1) and after desaturation (at Sir) using the centrifuge. Centrifuging is to expel movable 

water within connected mesopores and macropores using centrifuge equipment at 16,000 

RPM for 4 days. The T2 distribution of NMR was acquired for six samples under both 

water-saturated and centrifuged conditions. The T2 distribution curves, under water-

saturated and centrifuged conditions were derived. The T2 cutoff (T2C) is the effective 

boundary for identifying the free fluid index (FFI) corresponding to macropores (seepage 

pores) and the bound water irreducible (BWI) corresponding to mesopores and micropores 

(adsorption pores). This distinction helps differentiate between bound and movable fluids 

in rock pores. SEM experiments were conducted on anhydrite-bearing samples. Six 

samples with varying anhydrite compositions underwent SEM-EDS observations using the 
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Zeiss Laser Crossbeam 550 scanning electron microscopic equipment. In this experiment, 

samples were divided into small pieces and coated with a thin layer of palladium. The 

mineral composition of the samples was determined through X-ray diffraction (XRD), 

employing the D8 DISCOVER X-ray diffractometer for the experiment. 

Oil recovery experiments were conducted for two of the rock samples (samples S-5 and S-

6), where dolomite predominated in the composition along with substantial amount of 

anhydrite. The experiments include spontaneous imbibition oil recovery using Amott 

imbibition cells. Subsequently, the samples underwent seawater flooding, followed by 

nonionic foaming surfactant (0.025% wt. Triton X-100 solution) and CO2 injections. These 

experiments aimed to evaluate the influence of anhydrite composition on oil recovery 

potential, simulating primary reservoir recovery through spontaneous imbibition of 

formation brine, as well as secondary recovery via seawater flooding, and tertiary recovery 

through injection of foaming surfactant and supercritical CO2. 

 

5.4 Results  

5.4.1 Physical properties and Mineralogy 

The rock samples' petrophysical properties and mineral composition are outlined in Table 

5.1. The quantitative analysis of the rocks' mineral composition by XRD reveals that the 

predominant mineralogy is anhydrite, its content ranges from 9.3 – 99.8%, with dolomite 

following as the subsequent major component (0 – 90.2%). Traces of other minerals such 

as calcite, quartz and feldspar were also noticed, and the range of these combined minerals 

composition is 0. – 3.7%. The XRD results are presented in Figure 5.2. Permeability and 

porosity data (Table 11) indicated that the porosity of the samples is within the range of 
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0.35% to 6.55%. Although an increase of surrounding rock pressure due to compaction of 

the rock matrix can also impact the porosity, there is a notable correlation between 

decreasing anhydrite content and increased dolomite composition, leading to an increase 

in porosity. The permeability values range from 0.040 to 0.165 mD.  

Table 5.1. Dimension and basic properties of the samples. 

Sample 

# 

Anhydrite 

(%) 

Dolomite 

(%) 

Others        

(%) 

Diameter 

(cm) 

Length 

(cm) 

Dry 

weight 

(g) 

Porosity 

(%) 

Permeability 

(mD) 

S-1 99.8 0 0.2 3.769 4.55 115.46 
0.35 0.040 

S-2 96.9 2.9 0.2 3.746 4.31 106.4 
1.46 0.067 

S-3 91.1 8.9 0.0 3.762 4.69 119.36 
1.78 0.068 

S-4 49.5 50.5 0.0 3.740 4.14 103.12 
2.38 0.087 

S-5 18.2 78.1 3.7 3.789 5.10 143.93 
5.15 0.126 

S-6 9.3 90.2 0.5 3.823 5.12 90.81 
6.55 0.165 
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Figure 20. XRD spectra shows the mineralogy of the samples (S-1 to S-6) composed 

mainly of anhydrite and dolomite. 

 

5.4.2 Pore types and morphology 

The petrographic analysis of the studied samples is consistent with the other analyses tools 

such as XRD and field observations. The dolomite units are mainly composed of skeletal 

wackestone-packstone to skeletal oncoidal grainstone (Figure 5.3 D-F) with variable 

skeletal grains such as bivalves, gastropods and brachiopods. The lower dolomite unit (S-

6) is composed of skeletal oncoidal grainstone that have some visible pores (macropores) 

in form of moldic and intra-particle pores and micropores within the matrix as well as 

within some grains. However, anhydrite is occurring as a cement that fills some of the 

interparticle pores and partial filling of some molds (Figure 5.3 E & F). Passing upward in 

the section (S-5 & S-4) with increase of anhydrite content, the anhydrite fills the 
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macropores; interparticle pores as well as the moldic and vuggy pores and leaves only 

mesopores and micropores, reducing both porosity and permeability (Figure 5.3 C & D). 

Further passing to the top of the section, the anhydrite content increases, with decrease of 

dolomite content, and form blocky anhydrite crystals that have no obvious pores 

(micropores), reducing both porosity and permeability (S-3 to S-1). Similar cases of this 

diagenetic parasequence were reported in literature where anhydrite had a significant role 

in porosity and permeability reduction (Abdolmaleki et al., 2016; S. Morad et al., 2012; 

Nikbin et al., 2021). 
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Figure 21. Thin-section photomicrograph of the studied samples. (A) PPL thin-section 

photomicrograph of sample (S-1) showing the anhydrite blocky crystals with no obvious 

porosity. (B) XPL of (A). PPL thin-section photomicrograph of anhydrite precipitation within 

large vug of the dolomite unit (S-4). (D) XPL thin-section photomicrograph showing the 

anhydrite cement within bivalve skeletal mold (arrow) of sample S-5. (E) PPL thin-section 

photomicrograph showing gastropod skeletal grain (dotted line) with microporosity within 

grain chambers of sample S-1. (F) PPL thin-section photomicrograph showing the presence of 

moldic pores within the skeletal oncoidal grainstone unit (arrow) of sample S-1.  

 

 

 



 
 

117 
 

The scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS) 

analysis revealed a variation in mineral composition from the upper to the bottom sections 

of the sampled intervals (Figure 5.4). Specifically, it was observed that moving from the 

upper section towards the bottom, there is a decrease in anhydrite content accompanied by 

an increase in dolomite content. This transition is characterized by the formation of blocky 

anhydrite crystals in the upper sections, which exhibit minimal porosity. However, as one 

progresses downward through the sections (from S-1 to S-3), there is a shift towards the 

formation of porous anhydrite-dolomite units, indicating a more heterogeneous 

composition. Further down the sections (S-4 to S-6), dolomite becomes the predominant 

mineral component, with reduced anhydrite content compared to the upper sections. 

S-1 

 

 

Element Mass (%)  

 Spc  Spc  Spc  

C 12.65 16.29 11.05 

O 43.27 25.38 46.48 

Na nd nd nd 

Mg 0.04 0.01 0.02 

Al 0.03 0.07 0.16 

Si nd nd nd 

S 14.38 22.62 17.24 

Ca 29.63 35.64 25.06 
 

S-2 

 

 

Element Mass (%)  

 Spc 4 Spc 2 Spc  

C 50.86 35.61 9.70 

O 14.60 34.19 41.93 

Na 0.02 0.14 0.01 

Mg 0.06 0.21 0.04 

Al 0.21 4.64 0.09 

Si nd nd nd 

S 12.90 8.85 19.71 

Ca 21.19 16.17 28.52 
 

10 µm 

10 µm 
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S-3 

 

 

Element Mass (%)  

 Spc  Spc   Spc  

C 10.36 34.43 13.76 

O 45.29 38.03 26.49 

Na nd 0.54 0.02 

Mg 0.03 2.15 0.02 

Al 0.05 0.70 0.03 

Si nd 1.37 nd 

S 18.43 6.85 23.51 

Ca 25.83 15.28 36.16 
 

S-4 

 

 

Element Mass (%)  

 Spc  Spc Spc 

C 9.15 8.31 4.68 

O 34.15 35.75 25.96 

Na 0.14 0.05 0.04 

Mg 17.73 6.74 7.53 

Al 0.24 0.17 0.06 

Si nd nd nd 

S nd nd nd 

Ca 38.50 48.86 61.01 
 

S-5 

 

 

Element Mass (%) 

 Spc  Spc  Spc 

C 10.55 6.98 29.27 

O 44.04 51.00 17.04 

Na 0.08 nd 0.18 

Mg 14.60 0.08 3.45 

Al 0.55 0.07 1.39 

Si 0.39 nd 1.92 

S nd 17.49 nd 

Ca 28.72 24.34 39.03 
 

S-6 

 

 

Element Mass (%) 

 Spc  Spc  Spc   

C 3.27 14.03 8.89 

O 26.99 49.71 34.91 

Na 0.01 nd nd 

Mg 2.49 13.14 0.82 

Al 0.17 0.20 0.10 

Si 0.07 nd nd 

S nd nd 19.65 

Ca 62.59 21.33 35.62 
 

Figure 22. Scanning electron microscope-electron dispersive X-ray spectroscopy (left 

column) showing the corresponding elemental compositions of the six anhydrite/dolomite 

samples obtained from the Marrat formation. 

10 µm 

10 µm 

10 µm 
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5.4.3 Petrophysical properties 

The petrophysical properties of the rocks, including porosity, permeability, and electrical 

resistivity at brine saturated condition, were compared through cross-plots to analyze 

relationships. Specifically, the relationship between permeability and porosity was found 

to be linear and positively correlated, with correlation coefficient of 0.9866 as shown in 

Figure 5.5a. Additionally, permeability demonstrated an exponential direct correlation 

with the average pore size, yielding an R-squared value of 0.9081 (Figure 5.5b). 

Conversely, both permeability and porosity exhibited a linear inverse correlation with 

electrical resistivity, both with R-squared values greater than 0.81 (Figure 5.5c and d). 

This implies that as the porosity and permeability of the samples increases, the electrical 

resistivity of the rocks decreases. 
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Figure 23. The relationship between the rocks’ porosity, anhydrite and dolomite 

composition, resistivity, average pore size and the log mean of the transverse relaxation 

time. 

 

5.4.4 Relationships between mineralogy and the physical properties 

The lithology of the rock samples, specifically the anhydrite and dolomite content, were 

compared with the petrophysical parameters of the rocks, including permeability, porosity, 

and electrical resistivity. For each case, the best-fitting relation was selected for the 

analysis. As shown in Figure 5.6a and b, the permeability of the studied samples 

demonstrated a power-law inverse correlation with anhydrite content (R2 = 0.9496), while 

the amount of dolomite exhibited an exponentially direct correlation with permeability, 

with an R-squared value of 0.9369. 

For porosity versus mineralogy, an exponential fit was found to be the most suitable. The 

porosity of the samples is inversely proportional to anhydrite content and directly 

proportional to dolomite percentage as illustrated in Figure 5.6c and d. The resistivity of 

the rocks is exponentially correlated to both anhydrite and dolomite content, with a direct 

correlation for anhydrite and an inverse relationship with dolomite content (Figure 5.6e 

and f). This shows that the reservoir quality, as indicated by the analyzed petrophysical 
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parameters including porosity, permeability, and electrical resistivity of the rocks decreases 

as anhydrite content in the rocks increases. This is mainly attributed to the fact that 

anhydrite precipitate as cement that, at first, fills the interparticle pores, and with more 

anhydrite concentration other pore types such as inter-particle, moldic vuggy, and fractures 

will be filled by anhydrite, leading to decrease porosity and permeability significantly. 

Similar findings were also reported in the literature (Amel et al., 2015; Kadkhodaie et al., 

2022; Morad et al., 2012). 
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(e) (f) 

  

Figure 24. Relationship between the rocks’ permeability, anhydrite and dolomite 

composition, porosity, resistivity, average pore size and the log mean of the transverse 

relaxation time. 

 

5.4.5 NMR T2 Relaxation time Distribution 

The samples exhibit a noticeable shift of the NMR T2 curve towards the right, from S-1 

through S-6 with decreases anhydrite composition as shown in Figure 5.7. The T2 

relaxation time of the spectra varies across different samples: for S-1 and S-2, it ranges 

from 0.01 to less than 10 ms; for S-3 and S-4, it spans from 0.01 to 1000 ms; and for S-5 

and S-6, it extends from 0.01 up to 10000 ms. The amplitude peaks also varies, starting as 

low as 0.085 p.u for S-1 and up to 0.19 p.u. This shift signifies a gradual enlargement of 

pore size, corresponding to an increase in the dolomite content in the rocks. Additionally, 

the pore size distribution ranges from unimodal to multimodal, emphasizing the diverse 

pore sizes and the considerable heterogeneity in the studied rocks. This observed pattern 

highlights that the studied rocks are composed of both small and relatively larger pores. 

Moreover, the diverse mineralogy also controls the relaxation time, for example, in the 

study by (Heng Wang et al., 2018), the influence of mineralogy on NMR T2 relaxation time 
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was observed. They indicated that in carbonates and sandstones, the presence of anhydrite 

cements leads to reduced NMR T2 values for both micropores and macropores. The 

presence of broad pore systems contributes to the complexity observed in the T2 

distribution (Wang et al., 2018). 

Moreover, a reduction in anhydrite composition results in a larger area enclosed by the T2 

curve, indicating an increase in the pore space of the rocks due to changes in mineral 

composition. For the de-saturated rocks, there is a decrease in the signals of the macropores 

peaks, with some samples, such as S-6, showing complete disappearance of this signal. 

This is attributed to larger pores being more easily displaced, suggesting that movable 

fluids reside in these pores. 

To further investigate the impact of mineralogical heterogeneity on pore structural changes, 

the pores can be categorized into micropores, mesopores, and macropores based on the 

NMR T2 distribution. Micropores, representing the initial peak in the T2 spectrum (from 

the left), are distinguished from the mesopores and macropores, identified as the second 

and third peaks, respectively, in Figure 5.7. These larger pores are commonly referred to 

as seepage pores, i.e., the path responsible for fluid flow (Yao et al., 2008). In this 

classification, NMR signals with a T2 value less than 1.0 ms (1.0 < T2) are designated as 

micropores, while signals with a T2 relaxation time ranging from 1.0 ms to 10.0 ms (1.0 ≤ 

T2 ≤ 10.0) are identified as mesopores, specifically adsorption pores. The pore size 

distribution of the anhydrite-bearing rocks is in the range of 0.01–125 nm shows a 

multimodal distribution. Both micropores and mesopores have an average pore size of less 

than 50 nm. Conversely, NMR signals with a T2 value larger than 10.0 ms (T2 > 10 ms) 
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correspond to macropores, are seepage pores with pore sizes exceeding 50 nm (Elsayed et 

al., 2022; Isah et al., 2021b; Ma et al., 2019; Yao et al., 2010).  
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Figure 25. T2 relaxation measurements for the six rock samples at fully brine saturation 

and after centrifuge displacement test: S1, S2, S3, S4, S5, and S6, where incremental 

porosity at fully brine saturation (blue line), cumulative porosity at fully brine saturation 

(blue continues line), cumulative porosity post drainage with air (red continues line), and 

incremental porosity post drainage with air (red dashed line).   

 

5.5 Discussions 

5.5.1 Fractal dimension characteristics using NMR. 

Figure 5.8 shows the results of the linear fit of log (𝐶𝑝) versus log(T2) using Eq. (6). The 

analysis of D (fractal dimension) for total pores indicates that the R2 values are relatively 

low, suggesting a lack of strong correlation. The fitting correlation coefficients range from 

0.4642 to 0.6151, suggesting that the pore structure obtained through NMR across the 

whole scale does not exhibit clear fractal characteristics. This implies that the fractal 

dimension of the pore structure is not consistent across the entire spectrum of pore radius 

(Zhou et al., 2022). The poor correlation coefficients indicate the presence of heterogeneity 

and complexity in the pore structures of the studied rocks. Consequently, for complex pore 

system, it is deemed unreliable to draw definitive conclusions based on relationships with 

low R2 values. Therefore, since NMR can describe the fractal features of wider range of 
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pore sizes compared to other methods (Zhao et al., 2017). The multiscale fractal 

dimensions of sub-pores, specifically the micropores, mesopores, and macropores, are 

subsequently computed and analyzed. 
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Figure 26. Total NMR fractal dimension (Dt) for the six rock samples at fully brine 

saturation obtained using NMR method. 

 

The pores in the rock are grouped into three categories based on the pore size, i.e., 

micropores, mesopores, and macropores. As for the whole sample fractal dimension Dt, it 

was found that Dt ranges from 2.069 to 2.567 with correlation coefficients that are much 

lower than those of D1, D2 and D3, implying that the sample has a medium complexity 

pore structure with fractal characteristics, however the low R2 value make this unreliable. 

For the multiscale fractal dimensions, the correlation coefficients are greater than 0.81 in 

most cases, indicating clear fractal characteristics in macropores (D1), mesopores (D2), 

and micropores (D3). The D1 values are notably lower than D2 and D3, signifying that 

mesopores and macropores exhibit greater complexity compared to micropores (Zhang et 

al., 2023; Zhou et al., 2022). Table 5.2 and Figure 5.9 present the multiscale fractal 

dimensions of micropores, mesopores, and macropores within the rocks. Figure 5.9 shows 

the results of the linear fit of 𝑙𝑜𝑔 𝐶𝑝 versus log(T2) using the NMR method for fractal 

dimensions of the extracted micropores (D1), mesopores (D2), and macropores (D3). This 

analysis corresponds to different values of 𝑇2, representing various pore sizes, structures, 

and complexity in the pore network. The fractal dimension of macropores and mesopores 
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are generally larger than the values for the micropores, suggesting a more complex pore 

structure in the larger pores. Samples S-1 and S-2 uniquely display only two fractal 

dimensions, D1 for micropores and D2 for mesopores, linked to their bimodal pore size 

distribution evident in the NMR T2 relaxation (refer to Figure 5.7 above). 

According to fractal geometry theory, the fractal dimensions of pores in rocks typically fall 

within the range of 2 to 3 (Benoit et al., 1984; Wang et al., 2012; Yao et al., 2010). A fractal 

dimension closer to the lower limit of 2 suggests a more uniform pore structure, while a 

value closer to the upper limit of 3 indicates a more complex, irregular pore structure (Z. 

Ouyang et al., 2016). While typical fractal dimensions based on fractal theory range 

between 2 and 3 (see above), the fractal dimensions of the micropores (D1) are observed 

to be consistently less than 2. Therefore, the fractal characteristics of the micropores of the 

studied rocks are not obvious (Zhao et al., 2022). In contrast, fractal dimensions of 

mesopores D2 and macropores D3 show significant fractal characteristics. The fractal 

dimension of mesopores demonstrates a decreasing trend from S-1 to S-6, indicating less 

complex pore structures within this range. 

Fractal dimension of pore hosting the movable fluid (mesopore and macropores) are 

typically larger than the fractal dimension of the bound fluid (micropores), indicating that 

the distribution of pores associated with movable fluid is more complex compared to those 

linked to bound fluid (Jun Liu et al., 2018; Xinhe Shao et al., 2017). This suggests that the 

pore network related to movable fluid within the tight rock exhibits more evident fractal 

characteristics compared to the pore network associated with bound fluid. In addition, the 

fractal dimensions of micropores and macropores exhibit irregular trends, which can be 

attributed to the complex spatial distribution of minerals in the rock matrix and the varied 
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responses of different minerals to NMR relaxation. Alternatively, the irregularities may 

have resulted from the presence of microcracks or microfractures in the rock, contributing 

to the porosity of macropores and influencing the observed fractal dimensions. 

 

Table 5.2. Fractal dimensions of the micropores, mesopores and macropores for the rock 

samples with their corresponding correlation coefficient. 

 

Sample # 

 

Fractal Dimension 

Micropore 

(D1) 

R2 Mesopores 

(D2) 

R2 Macropores 

(D3) 

R2 

S-1 0.608 0.8277 2.999 0.291 - - 

S-2 0.505 0.8785 2.993 0.2498 - - 

S-3 0.624 0.8769 2.979 0.7463 2.410 0.8433 

S-4 0.564 0.8536 2.838 0.9700 2.982 0.8111 

S-5 0.249 0.9227 2.683 0.9693 2.960 0.8925 

S-6 0.498 0.8488 2.724 0.9536 2.958 0.8802 

 

Analyzing Figure 5.9, it follows that the values of D1 and D2 for samples exhibiting a 

unimodal/bimodal NMR T2 distribution are higher than those with a multimodal T2 

distribution. Interestingly, samples displaying multimodal behavior exhibit a broader 

distribution of NMR parameters and fractal dimensions (D1, D2, and D3), indicating a 

wider distribution of porous material, characterized by the coexistence of small and large 

pores. In particular, for samples exhibiting unimodal/bimodal T2 distribution behaviors and 

a high content of short components (T2), the fractal dimension of the pore structure tends 

to approach 3.0. For instance, samples like S-1 and S-2 demonstrate a fractal dimension of 

2.999 and 2.993 (Figures 5.9a and b) for D2. It is documented in the previous studies that 

micropores are the primary contributors to heterogeneity and irregularity in tight rocks, and 
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the fractal dimensions serve as indicators of the degree of micropore development (Cai et 

al., 2010; F. Yang et al., 2014). Conversely, samples displaying multimodal behaviors and 

a high content of long components (T2) exhibit the lowest fractal dimensions (Lai et al., 

2018). Similarly, a study by  (Zhang et al., 2019), showed using NMR that based on the 

fractal theory, the pore structure of macropores is more complex compared to the 

mesopores. In contrast, the pore structure of micropores corresponds to the least 

complexity. They indicate that macropores have the most obvious fractal characteristic, 

followed by mesopores and micropores.   
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S-5 S-6 

  

Figure 27. Multi-scale fractal dimensions: micropore (D1), mesopore (D2), and 

macropore (D3) obtained using NMR T2 relaxation measurements for the six rock 

samples at fully brine saturation. 

 

5.5.2 Relationships between fractal dimensions and physical properties 

A series of plots are used to analyze the relationships between fractal dimensions and 

petrophysical properties of the rocks as shown in Figure 5.10. The fractal dimensions of 

micropores (D1) and macropores (D3) do not exhibit consistent correlations with the 

porosity, permeability, electrical resistivity, and average pore size of the rock samples, as 

indicated by their R-squared values in Figs. 9a through d. This poor correlation is explained 

by the fact that micropores do not contribute to the flow or storage of movable fluids in the 

rocks. On the other hand, macropores may consist of microfractures and microcracks, 

introducing a complex nature to the pore network. There is no apparent correlation between 

porosity, permeability, and the roughness and complexity of micropores and macropores 

in this study. Consequently, the relationship between fractal dimensions D1 and D3 with 

rock permeability is not evident. Thus, the analysis relies more on mesopores, as they host 

both movable and bound fluids in the rock and considering the excellent correlation 

coefficients (0.79 to 0.95) displayed.  
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Similar study by (Zhou et al., 2022), utilizing mercury injection porosimetry (MIP) and 

NMR experimental data, showed that the contribution to permeability from distinct pore 

diameters were computed. The findings reveal that the permeability contribution from 

micropores was negligible and can be ignored. Mesopores accounted for approximately 1–

5% of the permeability contribution, while macropores constituted approximately 95–99%, 

playing a crucial role in determining the fluid flow dynamics. Fractal dimensions are 

typically associated to the complex nature of micropores, while the presence of mesopores 

and macropores improves porosity (Jun Liu et al., 2018; F. Yang et al., 2014). Thus, higher 

porosity can be attributed to a smaller proportion of micropores relative to total pores. 

Consequently, rocks with high porosity tend to exhibit a lower pore fractal dimension, as 

observed in Figure 5.10a. 

The fractal dimension of mesopores (D2) shows a linear inverse correlation with porosity 

and permeability (Figures 5.10a and b). The correlation coefficients (R²) for the fitted 

curves are 0.0.7862 and 0.8088 for fractal dimension versus porosity and permeability, 

respectively, indicating a strong correlation D2. This implies that as the porosity increases, 

the fractal dimension decreases, signifying that a higher fractal dimension corresponds to 

complex pore network development. Similarly, (Zhang et al., 2019) documented that 

correlation coefficients of micropores, mesopores, and macropores with porosity were 

0.75, 0.93 and 0.92, respectively. This indicates that for the three pore subsystems, D2 has 

a strong dependence on porosity. With increasing porosity, the fractal dimension of the 

mesopores decreased. This means that the pore structure of the mesopores became less 

complex, i.e., more uniform. In another research, the porosity decreases exponentially with 

the increase of pore structure fractal dimension (C. Hou et al., 2022). 
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(a) (b) 

  
(c) (d) 

  
Figure 28. Relationship between the multi-scale fractal dimensions: micropore (D1), 

mesopore (D2), and macropore (D3) with anhydrite and dolomite compositions, porosity, 

permeability, resistivity, and average pore size. 

 

The permeabilities of the rock samples decrease proportionally with increase in fractal 

dimensions, as depicted in Figure 5.10b. The interconnections among micropores, 

mesopores, macropores, and micro-fractures in the rocks play a crucial role in governing 

the matrix permeability. The increasing dominance of micropores and mesopores implies 

that the connecting channels between pores and/or fractures become progressively 

narrower, resulting in lower permeability (F. Yang et al., 2014). With the fractal 

dimensions increasing, the permeability contribution of microscale pores and nanoscale 
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pores in carbonates decreases (Wang et al., 2018; Xu, 2015; Yu & Li, 2011). Consequently, 

rocks with higher fractal dimensions (D1 and D2) typically exhibit lower permeability, 

given that higher fractal dimensions are often associated with an increased presence of 

micropores and mesopores compared to those with lower fractal dimensions. Moreover, 

higher porosity and permeability correspond to lower complexity and roughness in the pore 

structure.  

D2 is linearly and directly correlated with formation resistivity (Figure 5.10c), indicating 

improved pore connectivity and reservoir quality. Consistent with the trend observed for 

the fractal dimension of mesopores regarding porosity and permeability, D2 also exhibit a 

linear inverse relationship with the average pore size of the rocks (Figure 5.10d), implying 

that larger pore sizes are associated with lower pore structural complexity. Furthermore, 

the complexity of pore distribution in mesopores is directly linked to porosity, 

permeability, and average pore size. If there is no mineral filling between the fluid pores, 

better connectivity corresponds to higher permeability. Thus, carbonate permeability is 

primarily attributed to the pore size and pore connectivity within the matrix. Additionally, 

the correlation coefficients in Figure 5.10 indicate that the petrophysical properties of the 

samples are more sensitively influenced by the structure of mesopores rather than larger 

macropores. The observed relationships indicate that high complexity of pore networks 

generally results in poor reservoir quality in tight rocks, whereas the influences on bound-

fluid and movable-fluid pore volumes differ (Xinhe Shao et al., 2017). 
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5.5.3 Relationship between fractal dimensions and mineralogy 

The lithology reflects the mineral composition of the rock samples. To investigate the 

relationship between various mineral compositions and fractal dimensions of distinct pore 

types (micropores, mesopores, and macropores), comparative diagrams illustrating fractal 

dimensions and different mineral compositions were plotted (Figure 5.11). Anhydrite is 

the primary mineral component in the samples, with its content varying from 9.3% to 

99.8% (see above). The presence of anhydrite in carbonate is associated with diagenesis. 

Previous studies have indicated that the fractal dimension is either negatively correlated or 

not correlated with anhydrite content (C. Hou et al., 2022). The results show that the fractal 

dimension of micropores (D1) shows a linear and direct proportionality to anhydrite 

content; however, the poor correlation coefficient (R2 = 0.3457) suggests that this 

relationship is not highly reliable. The fractal dimension of mesopores (D2) exhibits a 

linear positive correlation with anhydrite composition (Figure 5.11a, grey curve), 

displaying a strong correlation coefficient (R2 = 0.9053). Conversely, there is no clear 

connection between the fractal dimension of macropores (D3) and anhydrite content, based 

on the low R2 value of 0.2182. 
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Figure 29. Correlation between the multi-scale fractal dimensions: micropore (D1), 

mesopore (D2), and macropore (D3) with anhydrite and dolomite compositions, porosity, 

permeability, resistivity, and average pore size. 

 

Figure 5.11a shows a direct correlation between D2 and anhydrite content, indicating that 

high content of anhydrite may result in higher complicacy of pore network related to 

movable fluid and bound fluid pores. It's essential to note that mesopores hosts both 

movable and bound fluids. High anhydrite content increases the complexity of pore 

distribution in both bound and movable fluids related to mesopores. Thin section analysis 

reveals that anhydrite content in the samples primarily acts as pore-filling minerals (see 

Figure 5.3 above). The high anhydrite content reduces the pore space of both bound and 

movable fluid pores in the rock matrix, leading to an increase in fractal dimension (D2) 

and higher complexity and roughness. However, anhydrite exhibits lower brittleness and 

compaction resistance, and a high anhydrite content reduces fracture development, 

primarily serving as a reservoir cap rock. The high content of anhydrite minerals in 

carbonate increases matrix heterogeneity and irregular pore morphology, contributing to 

an increase in the fractal dimension D2 observed. The fractal dimension of micropores and 

mesopores increases with an increase in anhydrite percentage. The irregular distribution of 

minerals in the rocks contributes to the uneven and complex pore structure of the pores. 

Additionally, the presence of anhydrite results in pore filling and the generation of more 

micropores on the pore surfaces, further enhancing surface roughness and heterogeneity. 

Similar to the weak correlation observed between the fractal dimension of macropores and 

anhydrite, there is no evident connection between D3 and dolomite composition (R2 = 

0.2175) as depicted in Figure 5.11b. Conversely, for D1 and D2, an opposite trend 

compared to anhydrite content is noted for dolomite composition. The D1 exhibits a low 
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R2 (0.3398). The fractal dimension of mesopores (D2) demonstrates a linear inverse 

proportionality with dolomite composition (Figure 5.11b, grey curve), showing a strong 

correlation (R2 = 0.9021). This suggests that rocks with higher dolomite composition 

display lower complexity and roughness in the mesopores, thus better reservoir quality. 

 

5.6 Evaluation of oil recovery Performance 

Despite the large occurrence of anhydrite in carbonates, the influence of reservoir 

mineralogy, specifically, anhydrite content on recovery enhancement, has not been 

comprehensively investigated. Understanding the effect of mineralogy in rock/fluid 

interaction is key to the success of any EOR method (Isah et al., 2022b). The presence of 

anhydrite and its distribution in rocks is important to precisely evaluate the performance of 

any IOR/EGR processes. To evaluate the potential for oil recovery in the anhydrite-bearing 

carbonates, spontaneous imbibition oil recovery and coreflooding experiments were 

conducted under varied temperature and pressure conditions, employing different fluid 

displacement processes. This includes spontaneous imbibition of formation brine in the 

primary recovery, and seawater, surfactant, and CO2 floodings during the secondary and 

tertiary recovery processes. 

5.6.1 Oil recovery by spontaneous imbibition of formation brine.  

The spontaneous imbibition experiment utilized the Amott cells. Initially, the samples (S-

5 and S-6) were saturated with formation water using the Vinci automatic saturation 

system. This involved vacuuming the samples for 3 hours, followed by loading brine using 

the suction principle. The samples were then pressurized at 3000 psi and left for 3 days to 

ensure complete saturation. Subsequently, the samples were centrifuged in Arabian 
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ultralight crude oil to displace the brine, using the ultracentrifuge system at 16000 RPM 

for 4 days to ensure proper brine displacement by the crude oil. Following this, the samples 

were aged in the crude oil for two weeks, and the spontaneous imbibition oil recovery was 

initiated: the cells were filled with formation brine surrounding the rock samples. Oil 

production was measured using the graduated Amott cells over a two-month period after 

no oil is being produced, and the recovered oil was measured and recorded. 

In the case of sample S-5, the initial oil saturation (Soi) and irreducible water saturation 

(Swir) were calculated to be 78% and 22%, respectively. The total oil recovery during 

spontaneous imbibition amounted to 3.8% of the original oil in place (OOIP). For sample 

S-6, the initial oil and irreducible water saturations are computed as 83% and 17%, 

respectively. The total oil recovery during spontaneous imbibition for this sample was 

5.0% of the original oil in place (OOIP). These results indicate that there is no significant 

difference in primary oil recovery for the two rock samples with different anhydrite 

compositions. 

 

5.6.2 Impact of minerals composition on coreflooding EOR 

Following the initial recovery through spontaneous imbibition, samples S-5 and S-6 

underwent assessment for secondary and tertiary oil recovery potential through two 

comparable coreflooding experiments. In the secondary recovery phase, the samples were 

flooded with seawater, followed by surfactant, and CO2 flooding in the tertiary recovery 

stage. The coreflooding was conducted at a temperature of 60 °C, with a confining pressure 

of 5500 psi, and a backpressure of 1500 psi was applied. For both seawater and surfactant 

flooding, the injection flow rate was maintained at 0.005 cc/min, while CO2 flooding was 
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carried out at a rate of 0.05 cc/min. Each sample underwent injection of a total of 18 pore 

volumes of fluids during these coreflooding experiments. Effluent samples were taken at 

intervals during the seawater and surfactant flood for ions analysis. 

For sample S-5, the overall oil recovery reached 19.7% of the original oil in place (OOIP) 

after seawater flooding, increased to 23% OOIP after surfactant flooding, and notably rose 

to 33.9% OOIP at the end of the experiment following the injection of 8 pore volumes (PV) 

of CO2 as shown in Figure 5.12. This represents a substantial increase of up to 9.9% in 

recovery attributed to CO2 flooding, noteworthy is that the CO2 flooding was performed at 

supercritical state. Figure 5.13 shows the oil recovery and pressure gradient profile for 

sample S-6, the cumulative oil recovery amounted to 23.7% OOIP after seawater flooding, 

rose to 27.3% OOIP after surfactant flooding, and further increased to 36.9% OOIP after 

injecting 8 PV of CO2. Similar to S-5, this signifies a notable increase of up to 9.6 % in 

recovery following CO2 flooding. Table 5.3 provides a summary of the percentage 

cumulative oil recovery for the different production processes. 

Table 5.3. Summary of the cumulative oil recovery for different production processes 

Sample 

# 

Primary 

recovery (%) 

Secondary 

recovery 

(Seawater 

flooding) (%) 

Tertiary recovery 

Surfactant 

flooding (%) 

Tertiary 

recovery (CO2 

flooding) (%) 

S-5 3.8 19.7 23.3 33.9 

S-6 5.0 23.7 27.3 36.9 
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Figure 30. Cumulative oil recovery and pressure gradient profile for sample S-5; 6 pore 

volumes (PV) of sea water was flooded followed by 4 PV surfactant solution and 8 PV 

CO2. 

 

 

Figure 31. Cumulative oil recovery and pressure gradient profile for sample S-6; 6 pore 

volumes (PV) of sea water was flooded followed by 4 PV surfactant solution and 8 PV 

CO2. 
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5.6.3 Effluent ions analysis 

The ion chromatographic (IC) analysis conducted on the effluent after the primary 

production experiments in the Amott cells, specifically the brine sample obtained after 

spontaneous imbibition experiments, was compared with the initial brine. The results 

indicate that there was no notable change in the concentrations of calcium, magnesium, 

and sulfate ions. This suggests that there was no significant rock dissolution during the 

primary recovery phase. 

However, an analysis of the effluent during the seawater and surfactant flooding, as shown 

in Figure 5.14 (for sample S-5), there is an increase in the concentrations of sulfate (SO4
2-

), calcium (Ca2+), and magnesium (Mg2+) ions. This observed increase is attributed to rock 

dissolution, indicating that the dissolution of the rock leads to increased concentration of 

these ions in the effluent. This shift in ion concentrations during seawater and surfactant 

flooding provides valuable insights into the geochemical interaction occurring during these 

EOR methods. However, despite the increase in sulfate content, the cumulative oil 

produced was not significant compared to the CO2 flooding. 
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Figure 32. Ionis composition of the effluent sample for seawater and surfactant flooding 

obtained at predetermined pore volumes injected. 

 

5.6.4 Implications for EOR and CO2 storage 

Considering the role of pore spaces in the storage and flow of oil and gas in reservoirs, the 

pore system of rocks are categorized based on their sizes and fluid flow capabilities into 

micropores, mesopores, and micropore. The micropores and some portion of the 

mesopores, are assotiated with bound or irriducible fluid, also called adsorption pores, 

while the macropores, with some fraction of the mesopores stores the movable fluids, and 

are reffered to as the seepage pores. The adsorption pores, characterized by smaller sizes 

compared to seepage pores, primarily facilitate gas adsorption, influencing the storage and 

diffusion capacity of reservoirs. Seepage pores, on the other hand, serve as pathways for 

fluid migration (Wang et al., 2022). The relationships between petrophysical parameters, 

NMR parameters, mineralogy, and fractal dimensions were analyzed. The work presents 

the application of rock physical properties and NMR measurements for the understanding 
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of the microscopic pore structure and heterogeneity of reservoir rocks, particularly for tight 

carbonates with wide range of anhydrite relative to dolomite content and having 

experienced extensive diagenetic modifications. Noting that there is a direct relation 

between increasing dolomitic intervals and the occurrence of anhydrite in reservoirs 

(Omidpour et al., 2023). The findings from this study show that NMR fractal dimension 

can be employed as an effective indicator to characterize the pore network of tight 

anhydrite-bearing carbonates. 

While the ions chromatographic analysis of effluent fluid revealed indications of rock 

dissolution, as evidenced by increased compositions of SO4
2-, Ca2+, and Mg2+, the results 

in both secondary and tertiary recovery stages demonstrated no significant difference in 

the oil recovery between samples S-5 and S-6, despite their varying anhydrite content. 

Notably, in tertiary recovery, a higher cumulative oil production was observed in CO2 

flooding compared to surfactant flooding. This shows that CO2 injection proves more 

effective than chemical surfactant flooding in anhydrite-bearing carbonate formation. It is 

important to address the influence of anhydrite on fractional fluid flow and understand how 

mineralogical changes affect fractional flow and waterflood recovery of oil. The wettability 

of the samples was assessed via contact angle measurements, as presented in Figure 5.15, 

rocks predominated by anhydrite exhibited water-wet behavior, whereas the flooded 

samples (S-5 and S-6), primarily consisting of dolomite, displayed oil-wet characteristics. 
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Figure 33. Wettability using contact angle for the rock samples; the top of the section (S-

1 to S-3), the dolomite content increases, with decrease in anhydrite content, increasing 

the oil-wetness, The lower dolomite section (S-4 to S-6) shows oil-wet behavior. 

 

It is known that water-wet rocks have good fractional flow performance yet oil-wet rocks, 

like dolomite exhibit poorer fractional flow performance (Al-Ibadi et al., 2019; Isah, 

Mahmoud, Kamal, Arif, & Al Jawad, 2023; Manceau et al., 2015; Noh et al., 2007). This 

performance typically shows up as early water breakthrough and rapidly increasing water 

cuts.  However, with anhydrite, a water-wet mineral would have the opposite effect on 

fractional flow; later water breakthrough and not as rapid watercut build (compared to an 

oil-wet rock).   However, having anhydrite in the rock pore space complicates the fractional 

flow effects of wettability because it is impermeable, however, soluble, and it may form 

scales that could potentially block the pores and/or pore throats from fluid flow.  Therefore, 

in this sense, the water wetness of anhydrite would be a secondary effect to fractional flow, 

compared to the impact of pore blocking. The investigation is specifically targeted at 
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Middle East carbonates as they are predominantly carbonates and are typically 

waterflooded.  This is particularly useful for field practices such as improved oil and gas 

recovery applications, and for the practicing engineers to better screen these types of 

reservoirs for waterflooding/EOR processes. 

In addition, this approach can serve as a CO2 storage strategy, integrating enhanced oil 

recovery (EOR) with CO2 geo-storage. Concerns about CO2 emissions, along with the 

growing demand for energy, necessitate effective strategies to reduce atmospheric CO2 

intensity while simultaneously enhancing the recovery of subsurface hydrocarbon 

resources in depleted oil reservoirs. The conventional practice of injecting CO2 to improve 

hydrocarbon recovery through enhanced displacement, dissolution, and reactive transport, 

also presents an opportunity for the safe storage of CO2 in the subsurface. This study 

emphasizes the combined approach of CO2 storage and EOR through CO2 injection. In 

addition to increasing oil recovery, CO2 flooding offers the added benefit of CO2 

sequestration, serving as a significant economic incentive for early CO2 storage initiatives. 

Therefore, the CO2 EOR should be considered for production enhancement in the presence 

of anhydrite, thus the mineralogy, physical properties and pore characteristics are the key 

criteria in selecting the proper recovery methods. The original rock textures should not be 

considered as the single important factor controlling the physical and flow properties in 

tight carbonate reservoir rocks since diagenetic modification can potentially change the 

depositional rock structure. This work explores the interactions between surfactant EOR 

and CO2 in reactive reservoir rock minerals, such as anhydrite. This enhances our 

understanding of how reservoir rock minerals, particularly anhydrite, influence chemical 
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and CO2-based oil recovery processes. Addressing the dual challenge of meeting energy 

demands while mitigating climate change. 

 

5.7 Conclusions 

The pore structure, mineralogy, fractal characteristics and recovery potentials of the tight 

rocks from an outcrop in the Middle East were studied by SEM-EDS, XRD observations 

and NMR experiment. Fractal characteristics of the samples were studied by NMR and 

applied to analyze the mineralogy and physical properties. This study explores the complex 

relationship between pore structures, rock physical properties and fluid flow within 

reservoir rocks, focusing on the impact of the mineralogy. The study extends fractal 

analysis to micropores, mesopores, and macropores in different rocks, providing insights 

into morphology and heterogeneity at multiscales. Anhydrite's presence in reservoir rocks 

alters physical properties and reservoir quality, impacting fluid flow. The study examines 

changes in pore structure of anhydrite-bearing rocks, assessing the implications for oil 

recovery and potential gas storage. The results show that anhydrite, relative to dolomite 

content in rock does affect its physical properties and pore structure, and fluid flow 

characteristics. The relationships between mineralogy, pore system, and electrical 

properties variation with permeability and porosity were also examined. Multimodal pore 

size distributions are identified according to the T2 spectra, indicating a broad pore 

distribution in the studied samples. Fractal dimensions of the micropores, mesopores and 

macropores are identified as D1, D2, and D3 with different value ranges, and mesopores 

possess more obvious fractal characteristics than the micropores and the macropores, the 

following specific conclusions are drawn: 



 
 

147 
 

(1) Permeability exhibits a strong correlation with porosity (positive correlation), average 

pore size (positive correlation), and electrical resistivity (negative correlation) with R2 

values greater than 0.81. Similarly, permeability and porosity correlate with the content of 

anhydrite (negative correlation) and dolomite (positive correlation), (R2 > 0.94). 

(2) The rocks pore distribution is irregular and complex, with multifractal and multimodal 

characteristics. D1 and D3 are the fractal dimensions of bound fluid pores associated with 

adsorption pores and movable fluid pores associated with seepage pores, respectively. 

While D2 is related to both the adsorption and seepage pores that host some portions of 

bound and movable fluids.  

(3) Rock compositions have different influence on the multiscale fractal characteristics of 

pores in tight carbonates: The anhydrite content is linearly direct proportional to the 

multiscale fractal dimensions of the micropores (D1), mesopores (D2) and the macropores 

(D3), whereas dolomite content is negatively correlated with the multiscale fractal 

dimensions (D1, D2, and D3).  

(4) Considering the poor correlation coefficients, D1 and D3 have no apparent connection 

with porosity (R2 = 2182 and 0.3457 for D1 and D3, respectively) and permeability (R2 = 

2226 and 0.4667 for D1 and D3, respectively). While the fractal dimension of mesopores 

(D2) shows a linear inverse correlation with porosity and permeability. The correlation 

coefficients (R²) for the fitted curves are 0.0.7862 and 0.8088 for fractal dimension versus 

porosity and permeability, respectively. This implies that as the porosity increases, the 

fractal dimension decreases, signifying lower pore network complexity in the mesopores. 

(5) Rocks predominated by anhydrite (S-1 to S-3) showed water-wet behavior, whereas 

samples (S-4 to S-6), primarily consisting of dolomite, displayed oil-wet characteristics. 
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For the oil recovery analysis, CO2 injection proves more effective than chemical surfactant 

flooding in tight anhydrite-bearing carbonate formations. 
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CHAPTER 6 

 

ENFORCED CO2 MINERALIZATION IN ANHYDRITE-

RICH ROCKS: SrCl2 

 

Summary 

The utilization of subsurface geologic media for carbon capture and storage through 

mineralization has been recognized as a reliable approach. However, less attention has been 

given to anhydrite rock type for CO2 mineralization and storage. Anhydrite-rich rock 

formations, commonly found in various geological settings, have the potential to serve as 

natural carbon sinks through the mineralization of CO2. Therefore, this study aims to 

investigate the mechanisms and potential of anhydrite-CO2-brine interactions for carbon 

storage. The experimental approach involved exposing anhydrite-rich rock to supercritical 

CO2-brine environments under varying conditions of fluid composition. For the first time, 

we conducted novel mineral transformation of an outcrop anhydrite-rich rock sample in 

static reactor under subsurface conditions of high temperature (60 °C) and pressure (104 

bar), in the absence and the presence of SrCl2 for a one-month period. Mineralogical and 

geochemical analyses, including, X-ray fluorescence, X-ray diffraction, ions analysis, 

micro-computed tomography, and mechanical properties were conducted to examine the 

changes in the rock structure and composition resulting from the interactions. The findings 

revealed that anhydrite undergoes mineral transformation upon exposure to supercritical 

CO2-saturated brine to form stable minerals including calcite, dolomite, magnesite, and 
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strontianite, which contributes to the long-term storage of CO2 in the subsurface geologic 

media. The efficiency and extent of carbon mineralization were found to be influenced by 

brine composition. Notably, for the CO2-brine interaction, the carbonation reactions are 

driven by the coupled dissolution-precipitation mechanism. However, in the presence of 

Sr2+, anhydrite transformation occurs via dissolution-precipitation and diffusion 

mechanism, the elements diffuse between the solid and the fluid phase. These findings 

contribute to the understanding of the potential of these formations for carbon storage, 

opening avenues for further research and the development of effective carbon capture and 

storage strategies. 

 

Key words: Carbon mineralization, Gas storage, Anhydrite/gypsum, CO2-brine, 

Interactions 

 

6.1 Background 

The increasing concentration of carbon dioxide (CO2) in the atmosphere and its 

contribution to global climate change have sparked a growing interest in carbon capture 

and storage (CCS) (Ajayi et al., 2019; Boot-Handford et al., 2013; Bui et al., 2018; Gibbins 

& Chalmers, 2008; L’Orange Seigo et al., 2014; Zhong et al., 2023). Carbon capture and 

storage by mineralization (CCSM) in subsurface geologic media has been identified as a 

robust approach in igneous mafic rocks (P. B. Kelemen et al., 2018; Matter et al., 2016a; 

Parkinson, 2018a; Power et al., 2013a; A. Raza et al., 2022; Zevenhoven et al., 2016). CO2 

mineralization refers to the process of converting CO2 into a solid form through reactions 

with suitable geological media, essentially turning it into stone underground. Anhydrite-
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rich rock (CaSO4) have recently gained attention as a potential medium for carbon 

mineralization due to their high calcium and sulfate content (Forjanes et al., 2020; L. Yu 

et al., 2019). When exposed to water, anhydrite readily transforms to the more commonly 

occurring gypsum, (CaSO4·2H2O), which further dissociates into its constituents’ calcium 

(Ca2+) and sulfate (SO4
2-) ions (Isah et al., 2022a; J. L. Ricci et al., 2008). It's worth 

emphasizing that the transformation from anhydrite to gypsum happens via hydration, and 

this conversion is a gradual process that takes place over extended periods. The released 

calcium ions tend to react with ionic species such as carbonate ions (CO3
2-) to form 

minerals precipitates. The anhydrite-CO2-brine interactions involves complex geochemical 

processes that influence the fate of CO2 and the potential for carbon mineralization. Upon 

exposure to CO2-charged fluid, anhydrite undergoes dissolution, leading to the release of 

calcium and sulfate ions into the surrounding brine. These released ions subsequently react 

with dissolved CO2 to form stable carbonate minerals, thus sequestering CO2 over 

geological timescales (Azdarpour et al., 2018; Kelemen et al., 2020; Lee et al., 2012; Wang 

et al., 2021; Wang et al., 2023).  

CCSM can be carried out through two main methods: in-situ and ex-situ approaches. The 

ex-situ method primarily involves utilizing industrial waste for CO2 sequestration. The 

utilization of byproduct gypsum (BG), which is an industrial solid waste, has been explored 

for carbon dioxide fixation through mineral carbonation. Mineral carbonation of flue gas 

using  industrial BG for CO2 storage is documented by several authors (de Beer et al., 2014; 

Lee et al., 2012; Veetil et al., 2021; Wang et al., 2019).  Furthermore, additional 

information regarding BG carbonation can be found elsewhere (Azdarpour, et al., 2015; 

Wang et al., 2021). 
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On the other hand, the in-situ method is predominantly applied in subsurface environments, 

such as depleted oil and gas reservoirs or aquifers, to store CO2. When reservoir formation 

or evaporite cap rocks containing gypsum and anhydrite come into contact with carbonate-

rich water at a pH range of 5.0 to 7.5 (depending on the CO2 partial pressure), they are 

likely to carbonate quickly. In this scenario, evaporite deposits have the potential to be 

utilized for carbonation, provided there is enough alkalinity to counterbalance the acid 

released during the process of carbonation (L. Yu et al., 2019). Roncal-Herrero et al. (2017) 

performed mineral carbonation of anhydrite in static reactor. The authors showed the 

presence of calcite as the primary component formed on the outer layer of the anhydrite 

samples undergoing carbonation, starting from the early stages of the process. This 

observation holds true regardless of the specific surface of the anhydrite being considered. 

The reaction proceeds through the dissolution of anhydrite and the simultaneous 

development of calcite crystals. This is evident from the images of anhydrite surfaces, 

where even after just 1 minute, small calcite crystals were visible, indicating both the 

dissolution of anhydrite and the formation of calcite crystals (Roncal-Herrero et al., 2017).  

In most cases, a means of accelerating the carbonation rate is considered. The host rock 

dissolution rates are slower than the corresponding carbonate precipitation rates, so 

hastening dissolution is the key to optimization. The dissolution rates of the storage host 

rock are accelerated by increasing the water-mineral interface area, by altering temperature 

or pressure, and by adding acid. However, in some cases, base is added to enhance minerals 

precipitation. Furthermore, the injection of additives could also be helpful in promoting the 

dissolution and precipitation of minerals along with reaction-induced mechanisms (Oelkers 

et al., 2008). Accordingly, Ruiz-Agudo et al. (2019) and (Forjanes et al., 2020) carried out 
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mineral replacement of gypsum by barite (BaSO4) and celestite (SrSO4). Their 

investigation approach involved the addition of BaCl2 and SrCl2 solutions in deionized (DI) 

water prior to each experimental run. The gypsum crystals were held in the aqueous 

solution for reaction times ranging from 5 min to 168 h. The authors noted the occurrence 

of distinct layers of barite and celestite. Nevertheless, it's important to highlight that these 

studies involved only mineral transformation (no carbon mineralization was considered), 

the conversion of gypsum to barite and celestine during mineral transformation does not 

involve any CO2 and no carbonates were formed. 

In a different approach, other researchers initially extracted calcium ions using acids from 

a calcium sulfate source , and subsequently expose it to CO2 for carbonation (Azdarpour 

et al., 2015; Raza et al., 2018). In addition, some studies have focused on minerals 

transformation using aqueous phase (no CO2 involved) (Forjanes et al., 2020; C. Ruiz-

Agudo et al., 2019), while others have used bases to enhance the solution pH and promote 

carbonate precipitation in the presence on CO2 (Bang et al., 2014; L. Yu et al., 2019). Some 

other studies have used other novel ideas, such as in-situ pH swing, to promote divalent 

ions extraction and carbonate precipitation (Altree-Williams et al., 2017; Azdarpour et al., 

2015). Table 6.1 provides a summary of previous studies on CO2/brine/anhydrite-gypsum 

mineralization under various conditions and reaction duration. 

Understanding the anhydrite-CO2-brine interactions and their influence on carbon 

mineralization can aid in the identification of suitable reservoirs for carbon capture and 

storage projects. The implications of anhydrite-CO2-brine interaction for carbon storage is 

vital for evaluating the suitability of anhydrite-rich formations and evaporite cap rocks as 

potential carbon sinks. The process of carbon mineralization in anhydrite-rich rock 
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formations offers the potential for long-term carbon storage, however, the role of SrCl2 to 

trigger the CCSM under subsurface conditions has not been investigated.  

Therefore, in this study, we aim to investigate the mechanisms and potential of anhydrite-

CO2-brine interactions for carbon mineralization. Through novel experimental analyses, 

this work examines the dissolution of anhydrite, the release of calcium and sulfate ions, 

and the simultaneous formation of other minerals in the presence of supercritical CO2 and 

brine. For the first time, we enforce minerals replacement in anhydrite-rich rock for the 

purpose of CO2- geostorage. We conducted anhydrite mineral transformation experiments 

on an outcrop rock in a static reactor under subsurface conditions of high temperature (60 

oC) and pressure (104 bar), both with and without the presence of SrCl2 salt. The purpose 

of introducing SrCl2 is to facilitate the precipitation of strontium carbonate and sulfate. 

Since strontium sulfate density is about 30% greater than calcium sulfate, this will create 

additional capacity for geostorage, as well as enhanced reactions and mineralization 

processes. Thus, the findings from this research is expected to contribute to our 

understanding of carbon storage potential in anhydrite-rich formations and provide insights 

for the development of effective CCSM strategies. 

 

Table 6.1. Previous studies on CO2/brine/anhydrite-gypsum mineralization under various 

conditions and reaction duration. 

Referenc

es 

Setu

p 

Fluid 

phase 

Rock type Temperatu

re 

/Pressure 

Rock/flu

id ratio 

Reactio

n 

duratio

n 

Mineral 

transformati

on 

(Forjanes 

et al., 

2020) 

batch 

react

or 

1.5 ml of 

0.5 M 

SrCl2·6H2

gypsum 25 oC /1.0 

bar 

 

5 × 5 × 2 

mm 

5 min 

to 168 

h 

Gypsum to 

celestite and 

barite (note 
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O & 

BaCl2·2H2

O 

solutions 

fragment

s 

that no CO2 

was involved 

in this study) 

(Q. Chen 

et al., 

2020) 

glass 

beake

r 

NaCl and 

NH4OH 

solutions, 

then CO2 

phosphogyps

um 

30 oC/ 

ambient 

pressure 

150µm 

rock 

powder 

60 – 

150 

mins 

Gypsum 

transformed 

to calcite 

 (C. Ruiz-

Agudo et 

al., 2019) 

static 

react

or 

BaCl2 

solutions 

(1–250 

mM) in 50 

ml 

solution 

gypsum 22 oC /1.0 

bar 

 

0.095g;  

5 × 6 × 1 

mm 

crystals  

30 min 

to 168 

h 

Gypsum 

transformed 

to barite 

(however, no 

CO2 

mineralizatio

n was 

considered) 

 

 

(L. Yu et 

al., 2019) 

 

 

batch 

react

or 

Aqueous 

0.1 M 

Na2CO3; 

0.1 M 

NaHCO3 

synthetic 

gypsum 

powder 

 

 

 

25 oC /1.0 

bar 

 

 

4.8g 

gypsum 

in 220ml 

fluid 

287 h Gypsum 

transformed 

to vaterite, 

calcite and 

trace 

aragonite 

Aqueous 

0.1 M 

Na2CO3 + 

0.2 M 

NaOH  

gypsum 

powder 

189 h Gypsum 

transformed 

to vaterite 

and calcite 

(Azdarpo

ur et al., 

2018) 

static 

react

or 

CO2 up to 

70 bar in 

–DI water 

red gypsum 25 to 400 

oC /1 to 70 

bar 

10 g in 

50 ml 

5 to 

120 

min 

Red gypsum 

to calcite and 

siderite 

(González

-Illanes et 

al., 

2017a)  

batch 

react

or 

aqueous 

Na2CO3 

and 

MgCl2 

anhydrite & 

gypsum 

25 oC /1.0 

bar 

3x3x1m

m sample 

in 2 ml 

solution 

30 min 

to two 

months. 

Anhydrite & 

gypsum 

transformed 

to calcite and 

aragonite 



 
 

156 
 

(Altree-

Williams 

et al., 

2017) 

static 

react

or 

aqueous 

Na2CO3 

and 

NaHCO3 

anhydrite  25 – 80 oC 

/1.0 bar 

pH 8 – 11.5 

10 – 

15mg in 

5 ml 

powder 

5 min 

to 28 

days. 

Anhydrite 

transformed 

to calcite and 

aragonite 

(Roncal-

Herrero et 

al., 2017) 

static 

react

or 

1 ml 

aqueous 

0.5 M 

Na2CO3 

anhydrite 25 oC /1.0 

bar 

pH ≈ 11.4 

2 × 2 × 

1.5 mm 

fragment

s 

1 min 

and 1 

month 

Anhydrite 

transformed 

to calcite 

(Azdarpo

ur  et al., 

2015) 

static 

react

or 

2 M 

H2SO4, 

HCl, and 

HNO3 pH 

was 

regulated 

using 

NH4OH 

red gypsum 

powder 

30 to 70 °C 

/ambient 

pressure 

10 g in 

200 ml 

5 min 

to 120 

min 

Ca2+ and Fe2+ 

extracted 

from gypsum 

for carbon 

mineralizatio

n (by CO2 

interaction) 

(Bang et 

al., 2014) 

static 

react

or 

CO2 at 

0.4, 0.8, 

and 1.0 

L/min + 6 

M NaOH 

in DI 

gypsum Ambient 

conditions 

0.05 – 

0.5 M 

gypsum 

in 1000 

ml  

 Gypsum 

transformed 

to calcite 

(Fernánde

z-Díaz et 

al., 2009) 

static 

react

or 

1 ml 

aqueous 

0.05 to 0.5 

M 

Na2CO3 

gypsum 25 oC /1.0 

bar 

3x3x1m

m sample 

in 1 ml 

solution 

1 min 

to 15 

days 

Gypsum 

transformed 

to vaterite, 

calcite and 

aragonite 

 

 

6.2 Experimental Methodology 

6.2.1  Fluids 

The experimental brine used in this study was prepared using five distinct salts obtained 

from Sigma-Aldrich: sodium chloride (NaCl), calcium chloride (CaCl2), magnesium 

chloride (MgCl2), sodium bicarbonate (NaHCO3), and sodium sulfate (Na2SO4). These 
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salts were combined in specific proportions to create a synthetic brine solution that closely 

resembled the composition of seawater found in the Arabian Gulf (Isah, Mahmoud, Kamal, 

Arif, & Jawad, 2023a). Carbon dioxide (CO2) of purity 99.9 % is used as the gas phase for 

the anhydrite-CO2-brine interactions. The seawater ionic composition is shown in Table 

6.2. 

Table 6.2. Ionic composition of Arabian gulf seawater. 

Ions Concentration (ppm) 

Na+ 18,300 

Ca2+ 650 

Mg2+ 2,110 

SO4
2- 4,290 

Cl- 32,200 

HCO3- 120 

TDS 57,670 

 

 

6.2.2 Rock sample preparation  

This study was carried out on a 1.8 by 1.5-inch diameter anhydrite-rich outcrop rock 

sample. The rock sample initial gas porosity and permeability were 1.46% and 0.068 mD, 

respectively. The bulk mineralogy of the rock sample was evaluated using X-ray diffraction 

(XRD). The sample is mainly composed of calcium sulfate (CaSO4), with traces of other 

rock minerals such as quartz, dolomite, and calcite. The properties of the sample before 

CO2-brine treatments are presented in Table 6.3. Initial measurements of the rocks’ 

mineralogical composition, micro-CT imaging, petrophysical properties (porosity and 

permeability) and geomechanical properties via acoustic measurements and strength tests 

were performed. The rock sample was then exposed to supercritical CO2-brine treatment 
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under high-pressure high-temperature (HPHT) conditions in a static reactor for one month, 

specifically, at temperature and pressure of 60 °C and 104 bar, respectively. The total 

volume of the reactor is 1000 cm³. Within this volume, 750 cm³ was filled with brine, about 

52 cm³ was occupied by the rock (rock bulk volume), and the remaining space in the reactor 

was filled with CO2 at supercritical conditions. 

After the CO2-brine treatment, the assessment of the rocks’ mineralogical composition, 

micro-CT imaging, petrophysical properties (porosity and permeability), geomechanical 

properties via acoustic measurements and strength tests were repeated.  The above 

procedures were repeated with the same rock sample; however, strontium chloride salt was 

added (to make 0.1 M SrCl2 solution) to the brine used in the first CO2-brine interaction 

(note that the solution was filtered before use). The rock-CO2-brine interactions flowchart 

is presented in Figure 6.1. 

 

 

Table 6.3. Rock properties prior to CO2-brine treatment. 

Parameter Pre-treatment 

Dry weight (g) 119.85 

Diameter (mm) 38.04 

Length (mm) 46.02 

Vp (m/s) 4899 

Vs1 (m/s) 2491 

Vs2 (m/s) 2560 

Porosity (%) 1.46 

Permeability (mD) 0.067 

Grain rho (g/ml) 2.321 
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Core Preparation 
Core Cutting into 1.8” by 1.5 diameter 

 
 

 

Static Reactor used for CO2-Brine treatments under HPHT 

conditions (104 bar and 60 oC) for 01 month. 

Pre-Treatment Tests 

XRD, XRF, micro-

CT Scan 

Porosity and 

permeability 

Acoustic 

measurement 

IC/TIC fluid 

analysis 

Strength test 

 

 Post-Treatment Tests 

(CO2-Brine) 

XRD, XRF, micro-

CT Scan 

Porosity and 

permeability 

Acoustic 

measurement 

IC/TIC fluid 

analysis 

Strength test 

 

Static Reactor used for CO2-Brine + SrCl2 treatments under 

HPHT conditions (104 bar and 60 oC) for 01 month. 

XRD, XRF, micro-

CT Scan 

Porosity and 

permeability 

Acoustic 

measurement 

IC/TIC fluid 

analysis 

Strength test 

 

 Post-Treatment Tests 

(CO2-Brine + SrCl2) 

 

Figure 34. The steps followed and the laboratory experiments that were executed 

for the rock-CO2-brine interactions. 
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6.2.3 Micro-CT Scan and EDX spectroscopy 

The micro-CT imaging analysis of the rock pre- and post-CO2-brine interactions was 

performed using the Bruker cone-beam helical micro-CT equipment. The helical micro-

CT equipment setup used in this study consists of a sample holder, X-rays/light source, and 

the camera. Micro-CT X-ray imaging employs a pinhole cone-beam geometry, where X-

rays are emitted from a small focal point to achieve high resolution. A flat, rectangular X-

ray camera detects the emitted X-rays. This imaging technique is referred to as "cone 

beam" geometry due to its conical shape. The X-ray path forms an angle known as the 

"cone angle" at the top and bottom of the resulting image. The powdered sample was 

attached to pin-type stubs to facilitate analysis through electron dispersive X-ray (EDX) 

spectroscopy. Point-based EDX spectra were acquired using the Zeiss Laser-Crossbeam 

550 scanning electron microscopic equipment to observe and assess any alterations after 

the treatments. 

 

6.2.4 Acoustic measurements and rock strength tests 

The geomechanical properties of rock sample were studied through acoustic measurements 

to evaluate the physical changes of the sample after supercritical CO2-brine exposure. For 

the acoustic measurements, the New England Research, Inc. (NER) instruments was 

employed. The shear wave (Vs) and the compressional wave (Vp) velocities were 

measured. These parameters were then used to compute the Young’s modulus (E), bulk 

modulus (K) and the Poisson’s ratio (v) for the sample pre- and post-CO2-brine treatments. 

Young's modulus (𝐸) is a crucial geomechanical property of rocks that quantifies the 
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stiffness or resistance of the material to compression or extension caused by applied stress. 

It is considered a key measure of the rock's rigidity. The Young’s modulus of the rock 

samples is computed before and after CO2-brine treatments using the compressional and 

shear waves velocities (Vp and Vs) (Fjær et al., 2008). Poisson's ratio (𝑣) indicates the 

relationship between lateral expansion or contraction deformation and long-term extension 

deformation. For most mineral deposits, Poisson's ratio falls within the range of 0 to 0.5. 

More rigid, competent, and incompressible rocks generally exhibit lower Poisson's ratios, 

whereas the opposite is true for less rigid rocks (Domenico, 1984)(Usama Alameedy et al., 

2022). The bulk modulus (𝐾) gives the resistance of a substance to uniform compression 

or volume change when subjected to an applied force or pressure. The rock sample was 

subjected to a controlled environment, where it was exposed to supercritical CO2-saturated 

brine solution at a temperature of 60°C for a duration of one month. Subsequently, a 

comprehensive characterization technique was employed to analyze the sample and 

evaluate its response to the exposure. Through the utilization of acoustic techniques, the 

mechanical properties of the sample were determined, providing valuable insights into the 

rock's stiffness and elasticity.  

 

𝐸 =
𝜌 𝑉𝑠2 (3 𝑉𝑝2 −  4 𝑉𝑠2)

𝑉𝑝2 −   𝑉𝑠2
                                             (1) 

𝑣 =
0.5(𝑉𝑝/𝑉𝑠)2 − 1

(𝑉𝑝/𝑉𝑠)2 − 1
                                                           (2) 

𝐾 =
𝐸

3(1 − 2𝑣)
                                                                       (3) 
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While the NER AutoScan scanner, a non-destructive measurement system was used to 

measure the rock surface hardness (H) pre- and post-CO2-brine treatments. In AutoScan, 

the impulse hammer probe serves as a valuable measurement tool for evaluating the elastic 

stiffness and mechanical strength of rocks. One notable advantage of this probe is its non-

destructive nature, as it utilizes millimeter-scale indentations to obtain measurements. 

Measurement area size is 2 mm with typical measurement times of 10 seconds per point. 

 

6.2.5 IC, TIC and pH measurements 

The ion chromatography (IC) was carried out to determine the changes in ionic 

concentrations in the various fluids under different CO2-brine interactions. An average of 

2 cm3 samples of the supernatant were taken every 48 hours during the experimental run 

and the ions analysis and pH measurements were performed. Over the one-month period 

of CO2-brine interactions, each for CO2-brine and CO2-brine+SrCl2, thirty fluid samples 

were obtained (15 each for CO2-brine and CO2-brine+SrCl2). These fluids were analysed 

for rock-CO2-brine interaction using ion chromatography (IC), and total inorganic carbon 

(TIC), and pH measurements. It's important to highlight that the brine-CO2 ratio in the 

reactor undergoes a slight changes as effluent samples (averaging 2 cm3 per sample) are 

periodically collected over time from the batch reactor, having a volume of 1000 cm3 (750 

cm³ occupied by brine, about 52 cm³ by the rock, and about 200 cm3 was filled with CO2 

at 60 °C and 104 bar). 

 While this may impact the carbonation process, it's worth noting that the total sampled 

volume represents less than 5% of the initial brine volume, which does not affect the 

reaction temperature. Additionally, there was no significant pressure decrease attributed to 
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the sampling procedure. The final pressure at the end of the reaction remained at 102 bar, 

indicating only a minor 2-bar drop. 

The IC technique was conducted to analyze the ionic composition of the effluent using 

Metrohm’s 930 Compact IC Flex–Compact ion chromatography equipment, while the TIC 

(Total Inorganic Carbon) analysis for carbonate and bicarbonate ions were determined 

using Analytikjena’s multi N/C 3100 Flow injection TOC analyzer with an accuracy of 

±1.0 ppm and a detection limit up to 0.2 ppm. The pH of the brines and the effluent was 

measured immediately after sampling (before cooling and CO2 degassing) using the 

Thermo Scientific™ Orion Star™ A215 pH/conductivity benchtop multi-parameter meter, 

with an accuracy of ±0.002. Figure 6.2 shows the schematic of the static reactor system 

used in this study for rock-CO2-brine interaction. 
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Figure 35. Schematic of the static reactor system used in this study for rock-CO2-brine 

interactions. 

6.3 Result and Discussion  

The photographical images of the rock sample before and after supercritical CO2-brine 

treatments show noticeable modification (see Figure 6.3), this is attributed to fluids 

exposure and subsequent compositional alteration via carbon mineralization. Moreover, 

the process of carbonation progresses from the outer layers towards the inner parts of the 

rock. This advancement happens through a series of reactions that involve the dissolution 

of anhydrite and the simultaneous formation of various forms of carbonates (such as 

aragonite and calcite) through crystallization (Fernández-Díaz et al., 2009). 

(a) (b) (c) 
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Figure 36. Rock sample before and after supercritical CO2-brine interactions; (a) before 

treatment, (b) after CO2-brine treatment, (c) after CO2-brine+SrCl2 treatment. 

 

6.3.1 XRD mineralogical analysis 

The mineralogical analysis of the rock before and after treatments were carried out using 

the XRD. The presence of magnesium (Mg2+) and iron (Fe2+) in the anhydrite sample 

prompted an investigation into the potential formation of magnesium carbonate (MgCO3) 

and iron carbonate (FeCO3).  Table 6.4 presents the mineralogical composition of the 

anhydrite sample pre- and post CO2-brine treatments. It is important to highlight that the 

XRD sample used for analyzing the treated rocks was obtained by carefully and evenly 

scraping across the outer section of the rock sample. The result of the bulk XRD analysis 

for the untreated rock indicates that the predominant mineral is anhydrite (CaSO4), with 

volume percent of 98 %. In addition, the results show traces of other rock minerals such as 

quartz, dolomite, calcite, aragonite, and siderite having a volume percent of 0.3 %, 0.8 %, 

0.5 %, 0.2 %, and 0.1 %, respectively (Figure 6.4). After interaction with supercritical 

CO2–saturated brine, the XRD analysis indicates an overall change in minerals 

composition and formation of new rock minerals. The minerals composition after treatment 
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with CO2–saturated brine shows 97.9 % gypsum, while quartz, dolomite, calcite, aragonite, 

and siderite have volume percent of 0.4 %, 0.3 %, 0.6 %, 0.3 %, and 0.4 %, respectively 

(see Figure 6.3). This indicates a slight decrease in anhydrite and dolomite due to 

dissolution and minerals replacement with corresponding increase in quartz, calcite, 

aragonite, and siderite composition. The initial step of the mineral transformation process 

is the dissolution of anhydrite surfaces, which determines the rate of the overall process. 

Additionally, a trace of new rock mineral, feldspar is observed after interaction. The 

formation of trace feldspar, specifically (K-feldspar), is linked to the presence of quartz in 

the original rock, as quartz provides the necessary silicate ions. Previous research has 

confirmed that the interaction between CO2 and brine can induce the dissolution of 

anhydrite minerals present in rocks, leading to the formation of new minerals (Song et al., 

2020; Yu et al., 2019). According to Fernández-Díaz et al. (2009) and (Altree-Williams et 

al. (2017), when anhydrite interacts with fluids such as CO2–saturated brine, it can be 

converted into other mineral in a process known as carbonatation. This transformation 

leads to the formation of different rock minerals such as aragonite and calcite, as described 

in references (Altree-Williams et al., 2017; González-Illanes et al., 2017a; L. Yu et al., 

2019). 

𝐶𝑎𝑆𝑂4 +  2𝐻2𝑂 ⇌  𝐶𝑎𝑆𝑂4. 2𝐻2𝑂                         𝐴𝑛ℎ𝑦𝑑𝑟𝑖𝑡𝑒 𝑡𝑜 𝐺𝑦𝑝𝑠𝑢𝑚 

𝐶𝑎𝑆𝑂4. 2𝐻2𝑂 ⇌ 𝐶𝑎2+ + 𝑆𝑂4
2−  + 2𝐻2𝑂               𝐴𝑛ℎ𝑦𝑑𝑟𝑖𝑡𝑒 𝑑𝑖𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 

𝐶𝑎2+ + 𝐶𝑂3
2−  ⇌ 𝐶𝑎𝐶𝑂3                              𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑎𝑙𝑐𝑖𝑡𝑒/𝑎𝑟𝑎𝑔𝑜𝑛𝑖𝑡𝑒 

𝐹𝑒2+ + 𝐶𝑂3
2− ⇌ 𝐹𝑒𝐶𝑂3                       𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑆𝑖𝑑𝑒𝑟𝑖𝑡𝑒 
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Dolomite undergoes dissolution while simultaneously precipitating a new carbonate 

mineral through its reaction with water-saturated supercritical carbon dioxide (𝑆𝑐𝐶𝑂2). The 

process of dolomite dissolution in brine is described through a coupled dissolution-

precipitation reactions (Wang et al., 2013; Zhang et al., 2007). The study highlights a 

unique dissolution behavior in anhydrite and dolomite compared to other carbonates, 

particularly, calcite tends to dissolve at a higher rate than other carbonates (Pokrovsky et 

al., 2009). The XRD results confirm that anhydrite generally has higher solubility when 

compared to carbonates like calcite and dolomite. The implications of this unique behavior 

on the overall mineral transformations observed in the study are significant. Since 

anhydrite dissolves more readily, it contributes to the formation of stable minerals like 

calcite, magnesite, and strontianite when exposed to supercritical CO2-saturated brine 

through the supply of calcium ions. On the other hand, dolomite exhibits a distinctive 

behavior in which it tends to lose calcium ions through dissolution at a faster rate than 

magnesium ions when exposed to CO2-brine treatment (Zhu et al., 2023). The equilibrium 

between solid calcium magnesium carbonate (CaMg(CO3)2) and its dissolved ionic 

components, calcium ions (Ca2+), magnesium ions (Mg2+), and carbonate ions (CO3
2-) is 

presented: 

𝐶𝑎𝑀𝑔(𝐶𝑂3)2(𝑠)  ⇌ 𝑀𝑔𝐶𝑂3(𝑠) + 𝐶𝑎2+ +  𝐶𝑂3
2−  

𝑀𝑔𝐶𝑂3(𝑠) ⇌ 𝑀𝑔2+ +  𝐶𝑂3
2− 

Several authors have conducted investigations on the replacement of anhydrite with other 

rock minerals such as carbonate, and their findings have been documented (Altree-

Williams et al., 2017; Fernández-Díaz et al., 2009; González-Illanes et al., 2017a; L. Yu et 
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al., 2019). These studies have identified two primary mechanisms involved in the mineral 

replacement reactions. These mechanisms involve the diffusion of elements between the 

solids and the fluid phase, where elements are extracted from the solid and necessary 

elements diffuse into the solid from the interface between the solid and fluid (Pokrovsky 

et al., 2009; Zhu et al., 2023). The second mechanism is the coupled dissolution-

precipitation (CDP), which involves the dissolution of the original mineral and the 

simultaneous precipitation of the resulting products. These processes are interconnected 

through a layer of interfacial fluid that separates the two phases, as explained in references 

(Adegoke et al., 2022) and (Altree-Williams et al., 2017). Likewise, as shown in the study 

by González-Illanes et al. (2017) and Altree-Williams et al. (2017), the replacement of 

anhydrite and gypsum involves dissolution and precipitation as the steps that determine the 

overall rate. Interestingly, the dissolved magnesium in the reacting solutions is found to be 

incorporated into the pseudomorphs formed, irrespective of the precursor phase (anhydrite 

or gypsum) or the mineralogical composition of the replacements. Many mineral 

replacement reactions are driven by fluid-induced dissolution and follow the coupled 

dissolution-precipitation mechanism. 

 

Table 6.4. XRD of the rock sample pre- and post-CO2-brine treatments. 

Minerals 

Pre-

treatment 

Treated with 

CO2-saturated 

brine 

Treated with CO2-

saturated brine + 

SrCl2 

Anhydrite [%] 98.0 97.9 18.8 

Pyrite [%] 0.0 0.0 0.4 

Quartz [%] 0.3 0.4 0.4 

Dolomite [%] 0.8 0.3 1.2 
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Calcite [%] 0.5 0.6 1.6 

Aragonite [%] 0.2 0.3 0.3 

Feldspar [%] 0.0 0.1 0.0 

Magnesite [%] 0.0 0.0 0.9 

Siderite [%] 0.1 0.4 0.0 

Celestine [%] 0.0 0.0 76.4 

Strontianite [%] 0.0 0.0 0.2 

Total 100 100 100 

 

The XRD results for the CO2-brine interaction in the presence of strontium chloride (SrCl2) 

salt shows significant mineralogical alteration in the rock mainly due to carbon 

mineralization. The minerals composition after treatment with CO2–saturated brine 

containing 0.1 M  𝑆𝑟𝐶𝑙2 shows only 18.8 % gypsum, while significant amount of pyrite 

(𝐹𝑒𝑆2), dolomite (𝐶𝑎𝑀𝑔(𝐶𝑂3)2), calcite (𝐶𝑎𝐶𝑂3), magnesite (𝑀𝑔𝐶𝑂3), strontianite 

(𝑆𝑟𝐶𝑂3) and celestine (𝑆𝑟𝑆𝑂4) with volume percent of 0.4 %, 1.2 %, 1.6 %, 0.9 %, and 

76.4 %, respectively, resulted. When 𝑆𝑟𝐶𝑙2 is dissolved in brine, complexation reactions 

can occur between the strontium ions (Sr2+) and various ligands or complexing agents 

present in the brine. These complexation reactions involve the formation of coordination 

complexes, where the strontium ion is surrounded by ligands. In seawater, mineral 

precipitation occurs with ions such as carbonate ions (CO3
2-) and sulfate ions (SO4

2-). These 

ions interact with Sr2+ and form stable complexes. For example, strontium ions can form 

complexes with carbonate and sulfate ions to create strontium carbonate complexes such 

as 𝑆𝑟𝐶𝑂3 and  𝑆𝑟𝑆𝑂4 as indicated in the XRD results. 

𝐶𝑎𝑆𝑂4(𝑠)  ⇌  𝐶𝑎2+(𝑎𝑞) + 𝑆𝑂4
2−(𝑎𝑞)                   𝑏𝑢𝑙𝑘 𝑟𝑜𝑐𝑘 𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛      
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𝑆𝑟2+(𝑎𝑞) +  𝑆𝑂4
2−(𝑎𝑞)   ⇌  𝑆𝑟𝑆𝑂4(𝑠)              𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑒𝑙𝑒𝑡𝑖𝑛𝑒    

𝑆𝑟2+(𝑎𝑞) +  𝐶𝑂3
2−(𝑎𝑞)   ⇌  𝑆𝑟𝐶𝑂3(𝑠)           𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑡𝑟𝑜𝑛𝑡𝑖𝑎𝑛𝑖𝑡𝑒 

𝑀𝑔2+ +  𝐶𝑂3
2− ⇌ 𝑀𝑔𝐶𝑂3(𝑠)                     𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑎𝑔𝑛𝑒𝑠𝑖𝑡𝑒 

𝑀𝑔𝐶𝑂3(𝑠) + 𝐶𝑎2+ +  𝐶𝑂3
2− ⇌  𝐶𝑎𝑀𝑔(𝐶𝑂3)2(𝑠)      𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑜𝑙𝑜𝑚𝑖𝑡𝑒 

The reaction for bulk rock dissolution represents the equilibrium between solid anhydrite 

(CaSO4) and its dissolved ionic components, calcium ions (Ca2+) and sulfate ions (SO4
2-). 

By reducing the concentration of Ca2+ and SO4
2- ions through mineral carbonation 

(formation of carbonate minerals) and mineralization (formation of celestine), the 

equilibrium of the reaction is shifted towards the right, resulting in continues dissolution 

of the rock. The reaction of strontium ion (Sr2+) with the released SO4
2-, leading to the 

formation of celestine (SrSO4) mineral is also presented. Given that anhydrite contains Ca 

ions suitable for carbonate formation, the introduction of Sr ions serves a dual purpose. It 

leads to the formation of strontianite, a valuable component for CO2 carbonation, and 

celestine, which serves to disrupt equilibrium by removing sulfate ions from the products, 

thereby facilitating the progression of the reaction. 
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1 → Pre-treatment;   2 → Treated with CO2 – brine;    3 → Treated with CO2–brine + 

SrCl2 

Figure 37. XRD mineralogy showing mineralogical compositions before and after 

supercritical CO2-brine treatments. 

 

6.3.2 EDX analysis 

Point-based Energy-Dispersive X-ray (EDX) spectroscopy was employed to analyze the 

surface mineralogy of the samples based on their elemental composition. This involved 

preparing samples by adhering powdered materials onto copper (Cu) tape and subsequently 

coating them with gold (Au) or platinum (Pt). The analysis focused on three specific points 

within the untreated samples, those subjected to CO2-brine treatment, and samples treated 

with CO2-brine and SrCl2. These points are indicated in Figure 6.5 by red arrows. The 
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EDX analysis of the untreated sample revealed a predominant composition of oxygen (O), 

calcium (Ca), sulfur (S), and carbon (C). Additionally, traces of silicon (Si), aluminum 

(Al), and magnesium (Mg) were detected. This composition aligns with primarily calcium 

sulfate, as observed in the XRD analysis (refer to section 6.3.1). Upon treatment with CO2-

brine, a noticeable alteration in surface elemental composition was observed. Specifically, 

there was an increased percentage of calcium (Ca), which can be attributed to the increased 

presence of calcite and aragonite, as confirmed in the XRD analysis. In the case of samples 

treated with CO2-brine in the presence of SrCl2, there was a notable increase in surface 

carbon (C) content across all EDX spectra. This increase in carbon content can be linked 

to the mineralization of carbon into various forms, including calcite, strontianite, dolomite, 

and magnesite, as elaborated in section 6.3.1 above. 

Untreated 

 
 

CO2-brine treatment 

A B 
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CO2-brine+SrCl2 treatment 

 
 

Figure 38. EDX spectroscopy of the elemental composition before and after supercritical 

CO2-brine treatments; the colored marks indicate the spectrum points (A); and the 

corresponding elemental compositions of the points (B) for the untreated, CO2-brine 

treatment and CO2-brine + SrCl2 treatment. 

 

6.3.3 XRF elemental analysis  

Micro-XRF was employed to determine the elemental composition of the sample pre- and 

post-treatments. The XRF compositional analysis shows that the sample is mainly 

composed of calcium (Ca) (55.93 wt. %) and sulfur (S) (42.55 wt.%), with traces of other 

elements including magnesium (Mg), aluminum (Al), silicon (Si), iron (Fe), and strontium 

A 

A 

B 

B 
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(Sr). The XRF data for the rock sample after CO2-brine treatments shows modification of 

the rocks’ elemental composition (see Table 6.5). 

After interaction with supercritical CO2–saturated brine, the XRF indicates a slight change 

in elemental composition. The composition after treatment with CO2–saturated brine 

showed that Al, Si, K, and Fe increases, this is attributed to the elemental replacements that 

occurred on the rock surface due to dissolution/precipitation. This is also corroborated in 

the XRD results where noticeable amount of feldspar (KAlSi3O8), quartz (SiO2), and 

siderite (FeCO3) are formed. The XRF analysis of the sample after being exposed to 

supercritical CO2-saturated brine with SrCl2 reveals significant differences in its elemental 

composition. The dominant elements detected are Sr (52.16 wt.%), Ca (15.86 wt.%), and 

S (30.59 wt.%). The observed changes in composition can be attributed mainly to 

mineralogical modifications resulted from the exposure to supercritical CO2-brine in the 

presence of SrCl2, as well as the chemical reactions discussed in the previous section. 

 

Table 6.5. XRF elemental composition (wt.%) of the rock sample pre- and post- 

supercritical CO2-brine treatments. 

Element 

Pre-

treatment 

Treated with 

CO2-saturated 

brine 

Treated with CO2-

saturated brine + 

SrCl2 

Ca 55.93 54.67 15.86 

Mg 0.11  –   0.20 

Al 0.38 0.62 –   

Si 0.30 0.83 0.34 

S 42.55 42.39 30.59 

Cl –   0.23 0.72 

K –   0.31 –   
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Fe 0.19 0.81 0.13 

Sr 0.54 0.16 52.16 

 

6.3.6 IC, TIC and pH analyses 

The ionic analysis of the effluents pre- and post-supercritical CO2-brine treatments 

provides information about the changes that occur due to dissolution/precipitation of the 

anhydrite sample in the aqueous phase. Figure 6.6a presents the ionic composition of the 

CO2-brine effluent, while the pH and conductivity are shown in Figure 6.6b. Anhydrite, 

being the predominant constituent, is chemically reactive and undergoes dissolution and 

precipitation (Isah et al., 2022a). When in contact with the interacting fluids, several factors 

influence its solubility, such as temperature and pressure, thus, these influencing factors 

are kept constant, while salinity and pH, are govern by the resulting interactions (Carlberg 

& Matthews, 1973; Creaser et al., 2022; Zajacz & Tsay, 2019). The dissolution of anhydrite 

decreases as the concentration of Ca2+ and SO4
2- increases in aqueous phase, this can be 

observed in Figure 6.6a (green and purple curves, respectively). CO2 is an active gas that 

has the ability to initiate the dissolution and precipitation of minerals. In addition, it can 

dissolve in water to generate carbonic acid (H2CO3) (Tang, Hu, et al., 2021), which can 

further dissociates to bicarbonate (𝐻𝐶𝑂3
−) and/or carbonate (𝐶𝑂3

2−) ions according to the 

following equilibrium reactions:  

𝐶𝑂2 + 𝐻2𝑂 ⇌ 𝐻2𝐶𝑂3                                   𝐶𝑂2 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑖𝑜𝑛 

𝐻2𝐶𝑂3  ⇌ 𝐻+ + 𝐻𝐶𝑂3
−                                      𝐵𝑖𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒  

𝐻+ + 𝐻𝐶𝑂3
−  ⇌ 2𝐻+ + 𝐶𝑂3

2−                                  𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 𝑖𝑜𝑛 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 
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Consequently, a gradual increase in the total inorganic carbon (TIC) content in the aqueous 

phase is observed in Figure 6.6a (blue curve), this is also accompanied by a decrease in 

the pH level due to hydrogen ions (𝐻+) formed in the solution (see Figure 6.6b).  Thus, the 

acidic medium, in turn, enhances mineral dissolution and the release of ions from the 

mineral surface. Therefore, for the CO2-brine interaction, the mineralization reactions are 

driven by fluid-induced dissolution and follow the coupled dissolution-precipitation 

mechanism as evident from the effluent analysis. This involves the dissolution of the 

original mineral and the simultaneous precipitation of the resulting products.   

(a) 

 

(b) 
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Figure 39. The ionic composition of the effluent of the rock-CO2-brine interaction. 

 

SrCl2 dissociates into strontium ions (Sr2+) and chloride ions (Cl-) in water. The addition 

of SrCl2 to seawater leads to change in composition of the seawater, affecting the overall 

salinity and ion concentrations of the solution. Once in the seawater, the strontium and 

chloride ions interact with other ions present. These interactions can involve ion exchange, 

complexation, or precipitation reactions, depending on the specific chemical conditions 

and concentrations of other ions. Accordingly, this can be one of the possible reasons of 

the observed reduction in 𝑀𝑔2+ concentration of the initial CO2-charged brine before 

interaction with the rock. In the presence of Sr2+, anhydrite dissolution is often 

accompanied by Sr/Ca substitution which can be expressed by the following equilibrium 

equations:  

𝐶𝑎𝑆𝑂4(𝑠) + 𝑆𝑟2+ ⇌ 𝑆𝑟𝑆𝑂3(𝑠)  +  𝐶𝑎2+ 

This provide additional 𝐶𝑎2+ ions to rock-CO2-brine system, thus an initial sharp increase 

in 𝐶𝑎2+  concentration is seen in Figure 6.7a. The reaction of calcium and carbonate ions 
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reduces 𝐶𝑎2+ ions in the aqueous phase, thus, shifts the reaction equilibrium to the right 

and more rock will be dissolved with resulting decrease in pH due to additional 𝐻+ ions 

(see above). 

𝐶𝑎𝑆𝑂4(𝑠) ⇌ 𝐶𝑎2+(𝑎𝑞) + 𝑆𝑂4
2−(𝑎𝑞) 

Moreover, solid CaSO4 and bicarbonate ions (HCO3-) have the tendency to react, which 

leads to the formation of solid calcite and hydrogen sulfate ions (An et al., 2021; Worden 

& Smalley, 1996). In addition, a decrease in the total inorganic carbon (TIC) content of the 

solution can be attributed to either the consumption of carbonate ions (CO3
2-) through 

crystallization of carbonates with Ca2+ and other divalent ions present during anhydrite 

dissolution or the removal of bicarbonate ions (𝐻𝐶𝑂3
−) via the following equation, 

resulting in the formation of acidic hydrogen sulfate ions (𝐻𝑆𝑂4
−) and a corresponding 

decrease in pH.  

𝐶𝑎𝑆𝑂4(𝑠)  + 𝐻𝐶𝑂3
−(𝑎𝑞) ⇌ 𝐶𝑎𝐶𝑂3(𝑠)  + 𝐻𝑆𝑂4

−(𝑎𝑞)                           (4) 

𝐻𝑆𝑂4
−(𝑎𝑞) ⇌ 𝐻+ + 𝑆𝑂4

2−(𝑎𝑞) 

The ionic composition of the effluent of the rock-CO2-brine interaction in the presence of 

SrCl2 is presented in Figure 6.7a. Significantly lower sulfate ions concentration is 

observed compared to brine without added SrCl2, this is attributed to strontium sulfate 

crystallization. Moreover, Figure 6.6a displays a slight increase in sulfate ion concentration 

(purple curve), which shows an initial constant trend. Similarly, the calcium ion 

concentration (red continuous curve) increases at the start of the interaction, this is due to 

rock dissolution and subsequent release of Ca2+ and SO4
2- into the aqueous phase (see 

above). 
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Furthermore, almost all the carbonated CO3
2–  in the CO2-charged brine is consumed in the 

carbon mineralization process up to 240 hrs reaction time and then a slight gradual increase 

is observed (Figure 6.7a blue curve). In addition, a decrease in the TIC content is either 

due to the consumption of CO3
2– by Ca2+ released as a result of anhydrite dissolution or the 

removal of HCO3
– to form acidic HSO4

−(aq) with corresponding decrease in pH, while the 

fluid conductivity remains unchanged (Figure 6.7b).  

The slight gradual decline in Ca2+ and Mg2+ ion concentrations, the stable and non-

increasing concentrations of SO4
2- ions and TIC content in the reaction region characterized 

by the lowest pH (4.33 to 4.44), that is, from 0 to 240 hrs reaction time, suggest that the 

primary carbonation phase is taking place. This indicates that pH might not be the 

predominant factor influencing CO2 mineralization in formations rich in anhydrite. Instead, 

it is the composition of the brine charged with CO2 that plays a significant role. As SO4
2- 

and CO3
2- ions are depleted from the solution, more rock dissolves, leading to enhanced 

carbon mineralization. Similar conclusion was also reported in the literature (Dai, Wei, 

Wang, Ma, et al., 2023). 

Therefore, the introduction of strontium ions plays a crucial role in the reactions kinetics 

and subsequent transformation of anhydrite to carbonates and celestine: In the presence of 

Sr2+, anhydrite replacement occurs via both dissolution-precipitation and diffusion 

mechanism, the elements diffuse between the solid and the fluid phase. In this case, 

elements are extracted from the solid and necessary elements diffuse into the solid from 

the interface between the solid and fluid. This was evident in the relatively higher 

concentration of Ca2+ (extracted from the CaSO4) coupled with lower ionic concentrations 
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of 𝑆𝑂4
2−, and the TIC content (carbonic acid (H2CO3), bicarbonate (𝐻𝐶𝑂3

−), and carbonate 

(𝐶𝑂3
2−)) in the reaction effluent when compared to the scenario without Sr2+. 

(a) 

 

(b) 

 

Figure 40. The ionic composition of the effluent of the rock-CO2-brine interaction in the 

presence of SrCl2. 
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6.3.7 Micro-CT Analysis 

The micro-CT scan of the rock sample was conducted both before and after supercritical 

CO2-brine treatments. The micro-CT scanning was conducted with specific imaging 

parameters, including an X-ray voltage of 140 kV, a current of 71 µA, an exposure time of 

3.5 seconds, a total of 2401 projections, a scan duration of 3 hours, a voxel size of 24.95 

microns, a circular scan trajectory, and the application of a reconstruction algorithm. The 

reconstruction process utilized the Filter Back Projection technique, with adjustments for 

center shift, beam hardening, sample drift corrections, and the application of a Gaussian 

filter with a kernel size of 0.7. The purpose of this analysis was to examine any changes in 

the rock's structure and identify potential dissolution effects caused by the CO2-brine 

interactions. The results of the micro-CT scan revealed clear evidence of rock dissolution 

(see Figure 6.8). A comparison of the scans before and after the CO2-brine treatments 

showed noticeable differences in the rock's morphology. The dissolution process caused 

certain regions of the rock to undergo material loss, leading to increased pore volume and 

changes in the overall rock structure. 

 

Before treatment CO2-brine CO2-brine + SrCl2 
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Figure 41. Micro-CT scan of the anhydrite-rich rock sample pre- and post-CO2-brine 

interactions (the scale of the images is 5000 µm). 

 

6.4 Geomechanical properties analysis 

Geomechanical properties play a crucial role in evaluating the suitability of anhydrite-rich 

formation as CO2 storage media, as it determines the rock's ability to securely store CO2. 

Rock surface strength, Young's modulus, bulk modulus, and Poisson's ratio are key 

parameters used to assess the mechanical behavior of the rock sample (Usama Alameedy 

et al., 2022; Hangx et al., 2009).  The mechanical properties of the rock before and after 

supercritical CO2 exposure serve as critical factors in evaluating its suitability as potential 

carbon sinks. A robust rock minimizes the risk of CO2 leakage and ensures the long-term 

integrity of the storage site. To assess the geomechanical properties of the rock sample and 

analyze its physical changes following supercritical CO2-brine exposure, acoustic 

measurements were conducted. The shear wave (Vs) and compressional wave (Vp) 
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velocities were carefully measured. Utilizing these velocity measurements, key parameters 

such as Young's modulus (E), bulk modulus (K), and Poisson's ratio (v) were computed for 

both pre- and post-CO2-brine treatment conditions. The experimental findings revealed a 

notable reduction in Young's modulus, decreasing from an initial value of 39.92 MPa to 36 

MPa following exposure to CO2-saturated brine (Figure 6.9. Notably, the subsequent 

exposure to supercritical CO2-saturated brine supplemented with SrCl2, further contributed 

to a reduction in Young's modulus, reaching a final value of 33 MPa. The observed slight 

decrease in dynamic Young's modulus can be primarily attributed to mineralogical 

alterations induced by the exposure to supercritical CO2, as well as the ensuing chemical 

reactions and associated physical processes. The interactions between the anhydrite-rich 

rock and supercritical CO2, including potential dissolution and precipitation of minerals, 

likely influenced the overall structural integrity and mechanical behavior of the rock (An 

et al., 2021; Espinoza et al., 2018; Hangx et al., 2009). Moreover, the presence of SrCl2 in 

the CO2-saturated brine solution is believed to have contributed to the observed reduction 

in Young's modulus, possibly through its influence on the mineralogical changes and 

stress-strain response of the rock. The mineralogy changes observed through XRD analysis 

conducted post-treatment shows mineralogy changes happen resulting in mechanical 

properties changes (see above). 
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Figure 42. Young’s modulus and bulk modulus of anhydrite rock sample pre- and post 

CO2-brine interactions. 

 

Furthermore, the bulk modulus was calculated using acoustic data. Figure 6.9 shows the 

bulk modulus of the rock. The bulk modulus, which signifies the change in volume or 

compression in response to applied stress, was initially determined to be 35.42 MPa for 

untreated anhydrite rock. After exposing the rock sample to supercritical CO2 saturated 

brine, a slight reduction in bulk modulus was observed, yielding a measured value of 34.77 

MPa. Interestingly, the introduction of SrCl2 salt into the brine solution prevented any 

further decrease in bulk modulus. These findings suggest that the inclusion of SrCl2 may 

have acted as a stabilizing factor, mitigating the adverse effects of supercritical CO2-brine 

exposure on the bulk modulus of rock sample. This observation potentially indicates 

unaltered response or enhanced stability of the rock under the influence of SrCl2 in the 

brine solution. 

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

Young's modulus (MPa) Bulk modulus (MPa)

40

3537
35

33
35

Pre-Treatment CO2-Brine CO2-Brine+SrCl2



 
 

185 
 

 

Figure 43. Hardness and poisson’s ratio of anhydrite rock sample pre- and post CO2-

brine interactions. 

 

The rock surface hardness (H) was measured before and after the supercritical CO2-brine 

exposure using the NER AutoScan instrument (see above). These geomechanical 

parameters provide valuable insights into the rock sample's structural integrity and 

mechanical response, allowing for a comprehensive evaluation of its behavior under CO2-

brine conditions. The results revealed a noticeable reduction in hardness, decreasing from 

an initial value of 13.16 GPa for the untreated sample to 9.25 GPa after exposure to CO2-

saturated brine as shown in Figure 6.10. Interestingly, the introduction of SrCl2 into the 

brine solution did not lead to an improvement in the strength profile; instead, it further 

decreased the hardness to 6.23 GPa. This decline in hardness can be attributed to 

mineralogical changes that occurred during the treatment phase. Similar observation was 

reported in the previous studies (Aman et al., 2018; S. Kim & Santamarina, 2014; S. Li et 

al., 2022). The observed reduction in hardness highlights the influence of CO2 and SrCl2 
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on the mechanical properties of anhydrite-rich formation, emphasizing the importance of 

considering these factors when evaluating its suitability as storage media for CO2. 

Poisson's ratio is a dimensionless material property that quantifies the relationship between 

transverse strain (lateral contraction or expansion) and axial strain (longitudinal 

deformation) when a material is subjected to an applied stress (Usama Alameedy et al., 

2022; Domenico, 1984). In the context of this study, Poisson's ratio (v) was computed for 

both pre- and post-CO2-brine treatment conditions of the anhydrite-rich rock. The untreated 

sample exhibited a Poisson's ratio of 0.31. Following treatment with supercritical CO2-

saturated brine, there was a negligible change in Poisson's ratio, with a slight increase to 

0.32. Subsequently, when the rock sample was exposed to a solution containing both CO2 

and SrCl2, there was an additional increase in the Poisson's ratio, resulting in a value of 

0.34. This indicates that the interaction with both CO2 and SrCl2 in the solution further 

influenced the lateral contraction or expansion behavior of the rock. This increase in 

Poisson's ratio indicates that the material became more resistant to volume changes. 

Essentially, the rock demonstrated an enhanced ability to deform under stress by expanding 

or contracting perpendicularly to the applied force. 

 It is worth noting that the changes in Poisson's ratio were relatively small, suggesting that 

the treatment had a limited effect on the lateral contraction or expansion behavior of the 

rock (see Figure 6.11). Both porosity and permeability of the sample increases after 

exposure to supercritical CO2-saturated brine with added SrCl2. The mineral replacement 

process is favored by the porosity generated, due to the differences in molar volume and 

solubility between precursor and product sulfate phases, allowing the progress of the 

reaction (Isah et al., 2022b; C. Ruiz-Agudo et al., 2019). While there are differences in the 
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conclusions regarding the trends and extent of porosity and permeability changes, previous 

research has also indicated that interactions between CO2 and brine can lead to the 

dissolution of carbonates in rock formations, resulting in modifications to their porosity 

and permeability (Carroll et al., 2013; Wang et al., 2021). Studies have shown that the 

variations in porosity and permeability near injection wells steadily decrease over time 

(Pan et al., 2016). The alterations in geomechanical properties align with existing literature 

findings on porosity and permeability. For example, Espinoza et al. (2018) observed about 

14% reduction in uniaxial compressive strength in CO2-treated cores. Rathnaweera et al. 

(2015) demonstrated a decrease in the damage strength (UCS) of rocks saturated with CO2-

rich water. Typically, the introduction of CO2 into rock formations leads to a weakening of 

the rock's strength (Feng et al., 2023). This is primarily attributed to the dissolution and 

precipitation of rock minerals, which significantly affect the intergranular contacts within 

the rocks and reduce the bonding energy of the pore structure, ultimately lowering the 

rocks' strength (Marbler et al., 2013; Song et al., 2023). Thus, these findings provide 

insights into the petrophysical and mechanical response of the rock under the influence of 

CO2 and SrCl2, contributing to our understanding of its deformation characteristics and 

potential implications for CO2 storage applications. 
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Figure 44. Changes in mechanical and petrophysical properties of the sample after 

supercritical CO2-brine interactions. 

 

6.5 Implications for Carbon Storage 

Carbon mineralization converts carbon dioxide into stable carbonate minerals through 

chemical reactions with certain rock formations. This process has significant implications 

for carbon storage and climate change mitigation. CO2 mineralization in anhydrite/gypsum 

offers the potential for long-term and permanent carbon storage. The carbon mineralization 

in anhydrite-rich formation involves the capture and permanent storage of CO2 by 

chemically transforming it into stable rock minerals such as calcite, dolomite, pyrite, 

magnesite, strontianite, and celestine. By converting CO2 into solid mineral forms, it 

effectively locks away carbon dioxide, preventing its release into the atmosphere. Unlike 

some other carbon capture and storage methods that require ongoing monitoring and 

maintenance, mineralized CO2 is stable over geological timescales. 
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Figure 6.12 shows the total carbon (TC, mg/kg of rock) content in the solid phase before 

and after supercritical CO2-brine interactions. The TC in the bulk rock increased after CO2-

brine exposure. The experimental findings revealed a notable increase in the carbon content 

within the rock. For the untreated sample, the TC was measured at 1473.07 mg/kg of rock, 

this value increased to 2773.75 mg/kg after exposure to CO2-saturated brine. Moreover, 

the subsequent exposure to supercritical CO2-saturated brine with added SrCl2 led to a 

further increase in the TC, reaching a final value of 5132.51 mg/kg. The observed increase 

in the carbon content is primarily attributed to the extent of carbon mineralization achieved 

by the respective CO2-brine treatments, as well as the resulting chemical reactions and 

associated physical processes. The introduction of SrCl2 in the aqueous phase shows great 

potential: The outcome indicates higher carbon mineralization efficiency after CO2-brine 

interaction in the presence of aqueous Sr2+ compared to treatment with CO2-brine alone. 

Carbon mineralization in anhydrite-rich formation shows promising prospects for CO2 geo-

storage and can be employed as a potential strategy for mitigating CO2 emissions in field 

scale. 
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Figure 45. The total carbon (TC, mg/Kg of rock) results in the solid phase before and 

after supercritical CO2-brine treatments. 

 

 Furthermore, while most of the geomechanical parameters were minimally affected by 

CO2-brine exposure, the hardness experienced a notable reduction. However, even after 

CO2-brine treatments, the hardness remained relatively high, indicating its potential as a 

suitable CO2 geo-storage medium. 

A conceptualized schematic of the carbon mineralization in anhydrite-rich formation in the 

presence of aqueous SrCl2 is presented in Figure 6.13. The purpose of introducing SrCl2 

is to facilitate the precipitation of strontium carbonate and sulfate. Since SrSO4 density is 

about 30% greater than CaSO4, this will create additional capacity for geostorage, as well 

as enhance reactions and mineralization processes. The generated porosity plays a 

significant role in facilitating the mineral replacement process, which arises from variations 

in molar volume and solubility between the original sulfate phases and the resulting 

products, favoring the mineral replacement process. The geochemical analysis of the 

reaction effluent demonstrates that the replacement of anhydrite is not solely governed by 
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the pH; rather, the primary factor is the reaction kinetics that favors 

dissolution/precipitation reactions. As more sulfate is precipitated due to the introduced 

Sr2+ to form SrSO4, Ca2+ becomes available for CO2 mineralization, leading to increased 

dissolution of anhydrite and simultaneous formation of carbonates (CaCO3, CaMg(CO3)2, 

MgCO3, and SrCO3) and celestine (SrSO4) minerals. Carbonates and the sulfate (SrSO4) 

minerals formed during the CO2 mineralization process are stable and have long-term 

geological storage potential. They can exist for long time, ensuring the sequestered CO2 

remains securely stored. 

 

Figure 46. Conceptual schematic of carbon mineralization in anhydrite-rich formation in 

the presence of aqueous SrCl2. 

 

6.6 Conclusions 

In this research, we examined how anhydrite interacts with supercritical CO2-saturated 

brine as a means of carbon storage via mineralization. Our experimental approach involved 
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exposing a sample of anhydrite-rich rock to supercritical CO2-brine environments, while 

varying the fluid composition. We conducted anhydrite mineral transformation 

experiments on an outcrop rock sample in a static reactor under subsurface conditions of 

high temperature (60 oC) and pressure (104 bar), both with and without the presence of 

aqueous SrCl2. To understand the effects of these interactions, we performed 

mineralogical, geochemical, and geomechanical analyses to observe changes in the 

composition and structure of the rock.  

The results presented herein, demonstrated that under subsurface conditions of temperature 

and pressure, the replacement of anhydrite with carbonates, followed by the formation of 

new sulfate mineral, occur through both coupled dissolution-crystallization reactions and 

elemental diffusion mechanisms. By analyzing XRD data, the reaction effluent, and 

conducting measurements of TIC on the bulk rock after interactions, several significant 

findings have been revealed: (i) the initial step of the replacement process is the dissolution 

of anhydrite surfaces, which determines the rate limitation of the overall process, (ii) for 

the CO2-brine interaction, the mineralization reactions are driven by fluid-induced 

dissolution and follow the coupled dissolution-precipitation mechanism as evident from 

the effluent analysis. This involves the dissolution of the original mineral and the 

simultaneous precipitation of the resulting products.  (iii) The introduction of strontium 

ions plays a crucial role in the reactions kinetics and subsequent transformation of 

anhydrite to carbonates and celestine: In the presence of Sr2+, anhydrite replacement occurs 

via dissolution-precipitation and diffusion mechanism, the elements diffuse between the 

solid and the fluid phase, where elements are extracted from the solid and necessary 

elements diffuse into the solid from the interface between the solid and fluid. This was 
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evident in the relatively higher concentration of Ca2+ coupled with lower ionic 

concentrations of 𝑆𝑂4
2−, and the TIC content (𝐻2𝐶𝑂3, 𝐻𝐶𝑂3

−, and 𝐶𝑂3
2−) in the reaction 

effluent when compared to the scenario without Sr2+. 

Therefore, this paper presents a novel investigation of the mineral transformation of 

anhydrite-rich rock obtained from an outcrop. The study explores the kinetics of 

dissolution, precipitation, and mineralization involved in the replacement process of sulfate 

(anhydrite) with carbonates (calcite, dolomite, magnesite, strontianite), as well as the 

formation of an additional sulfate (celestine) mineral. These results contribute to better 

understanding of the factors controlling the mineral carbonation of CO2 for carbon geo-

storage. By utilizing available rock formations rich in calcium and sulfate ions, large 

volumes of CO2 can be mineralized and stored, contributing to significant reductions in 

greenhouse gas emissions. 
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CHAPTER 7 

 

ENFORCED CO2 MINERALIZATION IN ANHYDRITE-

RICH ROCKS: BaCl2 

 

Summary 

Carbon dioxide (CO2) emission is a major contributor to global warming and climate 

change. Consequently, there is an urgent need to decrease the concentration of CO2 in the 

atmosphere and develop reliable methods for its storage. Subsurface carbon mineralization 

is an effective solution to mitigate atmospheric CO2 emissions. This study is focused on 

investigating anhydrite-CO2-brine interactions as a means of carbon storage in anhydrite-

rich reservoirs. To achieve this, we conducted experiments involving anhydrite-rich rock 

exposed to supercritical CO2-brine environments. Notably, we conducted a novel mineral 

transformation of an outcrop anhydrite-rich rock within a static reactor, replicating 

subsurface conditions of high temperature (333 K) and pressure (104 bar). These 

experiments were conducted over fifteen days, both in the absence and presence of BaCl2. 

A comprehensive suite of mineralogical, elemental, and geochemical analyses was 

employed, including X-ray fluorescence (XRF), X-ray diffraction (XRD), scanning 

electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy, ion 

chromatographic (IC) analysis, and micro-computed tomography (micro-CT) assessments. 

These analyses allowed capturing the changes occurring in the rock's structure and 
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composition due to the CO2-brine interactions. The outcomes revealed that anhydrite, when 

exposed to supercritical CO2-saturated brine, undergoes a significant mineral 

transformation. This mineral modification leads to the formation of stable minerals, 

including calcite, siderite, feldspar, and barite. Consequently, there was an observed 

increase in total carbon (TC) content of up to 177 % for the CO2-brine treatment and 266 

% for the CO2-brine + BaCl2 treatment. These findings provide valuable insights into the 

potential of anhydrite-based CO2 storage mechanisms. 

 

Keywords: Carbon mineralization, CO2 storage, Anhydrite, barium chlorite,  

 

7.1 Background 

Carbon dioxide (CO2) emissions contribute to global warming and climate change. As a 

result, there is a need to reduce the concentration of CO2 in the atmosphere and find secure 

methods for its storage. One approach to address this challenge is subsurface CO2 storage, 

which has gained increasing attention in recent years (Alcalde et al., 2018; Bachu, 2008; 

Baines & Worden, 2004; Caudle et al., 2023; Dou et al., 2023; Hills et al., 2020; Rochelle 

et al., 2004; S. Yuan et al., 2022; Y. Zhang et al., 2022). This method involves storing CO2 

underground, either in its supercritical form (Alhosani et al., 2020; LI et al., 2023; Pawar 

et al., 2015) or by transforming it into solid minerals through carbon (Azdarpour et al., 

2018; Q. Chen et al., 2020; Dai, Wei, Wang, Zhang, et al., 2023; Gadikota et al., 2020; 

Matter et al., 2016b; Ostovari et al., 2022; M. Ouyang & Cao, 2023; Parkinson, 2018b; 

Riffaldi et al., 1996), with the aim of preventing its release into the atmosphere. Carbon 

mineralization entails injecting CO2 into underground rock formations along with other 
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fluids and/or chemicals. Through a series of geochemical reactions, the injected CO2 

interacts with minerals present in the rock, leading to its transformation into various solid 

rock minerals. This process effectively immobilizes the CO2 within the geological 

formation. One of the primary advantages of carbon mineralization is the long-term and 

safe storage. Once the CO2 has been solidified into minerals within the rock formation, it 

can remain stored permanently. Unlike some other CO2 storage methods, such as 

traditional reservoirs or geological traps, carbon mineralization reduces concerns about 

potential leakages and significantly mitigates the need for extensive and ongoing 

monitoring efforts (Fathy et al., 2023; Madhav et al., 2023; Mouallem et al., 2023; Ostovari 

et al., 2022). 

Utilizing subsurface geological formations such as basalts for CO2 storage via 

mineralization has been identified as a dependable approach (Gislason et al., 2010; Jingwen 

Lu et al., 2024; Mcgrail et al., 2006; Power et al., 2013b; A. Raza et al., 2022; Riffaldi et 

al., 1996; Romanov et al., 2015). However, there are a few experimental studies in the 

literature on carbon mineralization in anhydrite-rich rocks to evaluate their potential for 

subsurface CO2 storage (Bang et al., 2014; González-Illanes et al., 2017a; Isah et al., 

2022a). Anhydrite is chemically reactive and undergoes dissolution and precipitation; 

therefore, it holds great potential for CO2 storage via mineralization (Isah et al., 2022a; L. 

Yu et al., 2019). In particular, Forjanes et al. (2020) investigated brine/anhydrite-gypsum 

mineralization under various conditions and reaction duration. Gypsum was exposed to 1.5 

ml of 0.5 M SrCl2·6H2O and BaCl2·2H2O solutions in a batch reactor at a temperature of 

298 K and 1.0 bar pressure over a wide duration (5 min to 168 h). Their results 

demonstrated the mineral transformation of gypsum to celestite and barite. Ruiz-Agudo et 
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al. (C. Ruiz-Agudo et al., 2019) conducted similar experiments in a static reactor at ambient 

conditions for 30 minutes to 168 hours reaction time and reported the mineral conversion 

of gypsum to barite. 

Recently, several innovative approaches to accelerate CO2 mineralization have also been 

reported. For instance, the in-situ pH swing, to promote divalent ions extraction from the 

precursor rock surface and enhanced carbonate precipitation (Altree-Williams et al., 2017; 

Azdarpour, Asadullah, Junin, et al., 2015; Fernández-Díaz et al., 2009; Roncal-Herrero et 

al., 2017; Xu Shao et al., 2024; L. Yu et al., 2019). Chen et al. (Q. Chen et al., 2020) 

experimentally studied the carbonation of phosphogypsum as a means of CO2 storage. The 

experiment was carried out in the presence of NaCl and NH4OH solutions as pH swing 

agents, and subsequently 150µm rock powder was exposed to CO2 in a glass beaker at 303 

K and ambient pressure for 60 to 150 minutes. Their results showed a significant 

transformation of gypsum to calcite. González-Illanes et al. (González-Illanes et al., 2017b) 

investigated the mineral transformation of anhydrite via batch reactor experiments in the 

presence of aqueous Na2CO3 and MgCl2 at ambient temperature and pressure. The results 

revealed a notable transformation of anhydrite and gypsum to calcite and aragonite over 

the 30-minutes to two months period. Additionally, the study found that mineral 

transformation occurs even during a short experimental duration. 

Thus, it is clear that carbon mineralization represents a promising and environmentally 

responsible approach to CO2 storage in subsurface formations. It leverages natural 

geochemical processes to lock away CO2 in solid mineral form, ensuring its long-term 

storage and contributing to efforts to combat global climate change. 
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Although several experimental studies on carbon mineralization as a means of CO2 

conversion have been conducted on anhydrite and gypsum (Forjanes et al., 2020; Isah et 

al., 2022a; L. Yu et al., 2019), as well as in basaltic rocks (Hills et al., 2020; P. Kelemen et 

al., 2019; Matter et al., 2016b; Mohammed et al., 2024). However, there is currently no 

existing work investigating carbon mineralization and storage capacity specifically for 

assessing the potential of anhydrite-rich reservoirs for underground CO2 storage 

applications. This specific research gap exists in assessing the potential of these reservoirs 

for underground CO2 storage applications under subsurface conditions of high temperature 

and pressure. Therefore, this study aims to explore the mechanisms and potential of 

anhydrite-CO2-brine interactions for CO2 storage. We conducted experiments using an 

anhydrite-rich rock exposed to supercritical CO2-brine environments, with variations in 

fluid composition. The storage capacity and extent of CO2 mineralization at different fluid 

compositions were assessed in a batch reactor under reservoir conditions. A noteworthy 

aspect of our research is the novel mineral transformation of an outcrop anhydrite-rich rock 

sample within a static reactor, simulating subsurface conditions of high temperature (333 

K) and pressure (104 bar), both in the absence and presence of BaCl2. The addition of 

BaCl2 aims to promote the complexation of Ba2+ and SO4
2- so more Ca2+ will be released 

for carbonation while sustaining a continuous reaction that includes CaSO4 dissolution and 

the formation of carbonate minerals, ultimately enhancing CO2 mineralization. 
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7.2 Methods 

7.2.1 Fluids: Brine and CO2 

The brine solution was prepared using five salts: sodium chloride (NaCl), calcium chloride 

(CaCl2), magnesium chloride (MgCl2), sodium bicarbonate (NaHCO3), and sodium sulfate 

(Na2SO4) (Sigma-Aldrich). These salts were carefully combined in specific proportions to 

create a synthetic brine solution that closely mimicked the ionic composition of seawater 

typically found in the Arabian Gulf (Mohammed, Isah, Al Shehri, Mahmoud, Arif, et al., 

2022c). High-purity carbon dioxide (CO2) at 99.9% was employed as the gas phase for 

brine carbonation and interactions with anhydrite. The ionic composition of the seawater 

is detailed in Table 7.1. 

 

Table 7.1. Ionic composition of Arabian gulf seawater. 

Ions Concentration (ppm) 

Na+ 18,300 

Ca2+ 650 

Mg2+ 2,110 

SO4
2- 4,290 

Cl- 32,200 

HCO3- 120 

TDS 57,670 

 

7.2.2 Experimental Procedure 

The study was conducted using anhydrite-rich rock and a series of experiments were 

performed to characterize the rock. The initial gas porosity and permeability of the rock 

sample were measured at 1.46% and 0.068 mD, respectively. The rock was then cut into 

sister samples with dimensions measuring 8 and 15 mm in diameter and each 7 mm in 
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thickness. The 7 by 8 mm samples were used for micro-computed tomography (micro-CT) 

and scanning electron microscopy- electron dispersive X-ray spectroscopy (SEM-EDS) 

analysis while the 7 by 15 mm samples were used for other measurements pre- and post-

experiments. To assess the bulk mineral composition of the rock, X-ray diffraction (XRD) 

analysis was performed. The primary constituent of the sample was identified as calcium 

sulfate (CaSO4), with amounts of other minerals such as quartz, dolomite, calcite, and 

scapolite group. The initial properties of the rock before undergoing CO2-brine treatments 

measured: Initial evaluations included measurements of the mineralogical and elemental 

compositions via XRD and X-ray fluorescence (XRF), Fourier Transform Infrared (FTIR) 

spectroscopy, micro-CT imaging, and total carbon (TC) content. The FTIR analysis 

provides information on the changes in functional groups and modifications that occurred 

during the CO2-brine treatments. Micro-CT scans were conducted to quantify the 

dissolution/precipitation and evaluate the changes in porosity following the interactions. 

Additionally, TC analysis was employed to determine the carbon content of the rock 

corresponding to CO2 mineralization. The subsequent step involved exposing sister rock 

samples to a supercritical CO2-saturated brine treatment under high-pressure high-

temperature (HPHT) conditions in the presence and absence of BaCl2. The addition of 

BaCl2 is to enforce the concurrent precipitation of barium sulfate and carbonate while 

maintaining a balanced reaction that involves the dissolution of rock and the precipitation 

of carbonate minerals. This addition of BaCl2 is a controlled step designed to influence the 

CO2 mineralization processes during the rock-CO2-brine interaction, thus enhancing the 

dissolution/precipitation and overall dynamics of the reactions. These treatments were 

conducted in a 300 ml static reactor (75 vol.% was filled with brine while 25 vol.% was 
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occupied by supercritical CO2). The interaction duration is fifteen days, with operating 

conditions set at a temperature of 333 K and a pressure of 104 bar, while collecting effluent 

samples at predetermined intervals. 

Post CO2-brine treatment, the series of assessments were repeated. These include the 

measurement of the rock's mineralogical composition, micro-CT imaging, XRF, FTIR, 

SEM-EDS, and carbon content for both rock and effluent fluids. Moreover, the same set of 

procedures was replicated on the other sister rock sample, with the addition of 2.08 wt.% 

(equivalent to 0.1 M) BaCl2 salt to the brine used in the initial CO2-brine interaction. It's 

worth noting that the solution was filtered before use in the experiments. The flowchart 

outlining the sequence of rock-CO2-brine interactions is depicted in Figure 7.1.  
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Figure 47. Rock-CO2-brine interactions experimental flowchart with and without BaCl2. 

 

7.2.3 Geochemical analysis 

To monitor the geochemical changes, 2 ml samples of the effluent were collected 

approximately three times per week (making a total of 14 ml for seven samples) during the 

anhydrite-CO2-brine interactions. While the periodic collection of effluent samples may 

slightly alter the rock-brine-CO2 ratio in the reactor and potentially influence the 

carbonation process, it is important to note that the total sampled volume (approximately 



 
 

203 
 

6% of the initial brine volume) has no impact on the reaction temperature. Moreover, the 

sampling procedure does not lead to a significant pressure decrease; the final pressure at 

the end of the experiment remains at 101 bar, indicating only a minor 3-bar drop. A required 

volume of the collected effluent samples was diluted by a factor of 100 using deionized 

water with a specific resistance of 18.2 MΩ-cm at a temperature of 25°C. This dilution was 

necessary to ensure that the samples fell within the linear range of the Metrohm's 930 

Compact IC Flex-Compact ion chromatography system. After completing the ion 

chromatography (IC) analysis, a series of peaks corresponding to each ion present in the 

effluent sample was generated. The area under each peak was considered to be directly 

proportional to the concentration of the respective ions in the fluid. This proportional 

relationship was established by comparing the peak areas to known standards with 

predetermined concentrations.  

The analysis of Total Inorganic Carbon (TIC) for carbonate and bicarbonate ions was 

conducted using Analytikjena's multi-N/C 3100 flow injection TOC analyzer. This 

analyzer provides results with an accuracy level of ±1.0 ppm and the capability to detect 

concentrations as low as 0.2 ppm. 

The pH of both the initial brines and the effluent was determined using the Thermo 

Scientific™ Orion Star™ A215 pH/conductivity benchtop multi-parameter meter, which 

offers a high level of precision with an accuracy of ±0.002. 

 

7.3 Results and Discussions 

Anhydrite, a mineral composed of calcium sulfate (CaSO4), can hold great potential in 

mineral carbonation. This involves the capture and storage of carbon dioxide (CO2) by 
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reacting it with minerals to form stable carbonate compounds, effectively removing CO2 

from the atmosphere and storing it in a solid form within subsurface geological formations. 

 

7.3.1 Assessment of Minerals Modification via XRD 

The X-ray diffraction analysis of the rock samples exposed to various treatments revealed 

significant changes in their mineral composition. Anhydrite is chemically reactive and can 

readily dissolve in water (Isah et al., 2022a). When CO2 is injected into an underground 

reservoir (e.g., a depleted oil or gas reservoir or a saline aquifer) or mixed with water and 

brought into contact with anhydrite-rich rocks or minerals, it can react with the anhydrite 

to form carbonates (e.g., CaCO3 and FeCO3), sulfates (𝑆𝑂4
2−), and other rock minerals 

depending on the fluids composition and rock mineral impurities. The resulting carbonates 

are stable solid minerals that do not readily dissolve. These minerals can precipitate within 

the rock formations, effectively locking away the carbon dioxide in a geological reservoir. 

These reactions can be represented as follows: 

𝐶𝑎𝑆𝑂4(𝑠)  ⇌  𝐶𝑎2+(𝑎𝑞) + 𝑆𝑂4
2−(𝑎𝑞)                   𝑏𝑢𝑙𝑘 𝑟𝑜𝑐𝑘 𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛    

 

𝐶𝑎𝑆𝑂4(𝑠) + 𝐶𝑂2 +  𝐻2𝑂 

⇌ 𝐶𝑎𝐶𝑂3 +  2𝐻+ + 𝑆𝑂4
2−(𝑎𝑞)             𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎𝑛ℎ𝑦𝑑𝑟𝑖𝑡𝑒   

𝐵𝑎2+(𝑎𝑞) +  𝑆𝑂4
2−(𝑎𝑞)   ⇌  𝐵𝑎𝑆𝑂4(𝑠)              𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑏𝑎𝑟𝑖𝑡𝑒   

𝐹𝑒2+ +  𝐶𝑂3
2− ⇌ 𝐹𝑒𝐶𝑂3(𝑠)                           𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑖𝑑𝑒𝑟𝑖𝑡𝑒 

𝐶𝑎𝑀𝑔(𝐶𝑂3)2(𝑠)  ⇌ 𝑀𝑔2+ + 𝐶𝑎2+ +  2𝐶𝑂3
2−         𝑑𝑖𝑠𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑑𝑜𝑙𝑜𝑚𝑖𝑡𝑒 
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As shown in Figure 7.2, the primary mineral content of the unaltered sample consisted of 

85.4 wt.% anhydrite, 2.2 wt.% calcite, 7.8 wt.% dolomite, about 3.7 wt.% composition of 

the scapolite group, with traces of quartz, aragonite, feldspar, and siderite. Scapolites 

represent a group of silicate minerals found in rocks, composed of aluminum, calcium, and 

sodium silicate, with chlorine, carbonate, and sulfate. This mineral group encompasses 

various aluminosilicates, including meionite, marialite, and silvialite (Almeida & Jenkins, 

2017; Evans et al., 1969). The scapolite occurs in sedimentary, metasedimentary, and 

igneous rocks depending on the depositional environment. They can be calcic (where 

calcium is predominant over sodium). These different forms can include carbonate 

(meionite component, formula as (Ca4Al6Si6O24(CO3)), sulfate groups (silvialite 

component, Ca4Al6Si6O24(SO4)), or predominant over chlorine (marialite component, 

Na4Al3Si9O24Cl) (David K. Teertstra & Sherriff, 1996; Torró et al., 2018).  

 

Figure 48. Bulk XRD mineralogy for untreated and CO2-brine treated rock.  
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Upon CO2-brine interaction, a pronounced shift in mineral composition became evident. 

The most notable transformation occurred in calcite, which saw a significant increase from 

2.2 wt.% to 4.1 wt.%, and dolomite, which decreased from 7.8 wt.% to 6.4 wt.%. Notably, 

the NaCl-scapolite (marialite) decreases from 2.6 wt.% to only 0.2 wt.%, while CaCO3-

scapolite (meionite) increases from 0.2 wt.% to 1.2 wt.%; moreover, the scapolite group 

(which might contain other members such as mizzonite), increases from 0.6 wt.% to 1.4 

wt.%. This shows a significant shift in the minerals’ composition after CO2-brine 

interaction. It has been indicated that scapolites can transform from one composition to 

another depending on the environmental conditions (Ellis, 1978; Hamisi et al., 2023; 

Satish-Kumar et al., 2006; Torró et al., 2018; S. Yuan et al., 2022). Their composition may 

vary depending on the prevailing condition; for instance, scapolite found in evaporitic 

settings may be rich in chlorine, whereas non-marine settings might yield carbonate-rich 

scapolite due to the prevalence of sodium and calcium carbonates rather than halides and 

sulfates (Mora & Valley, 1989; Vanko & Bishop, 1982). Studies by Teertstra & Sherriff 

(David K. Teertstra & Sherriff, 1996) and Morrissey & Tomkins (Morrissey & Tomkins, 

2020) suggest that Cl-rich scapolites can transform into carbonate-rich forms and vice 

versa since they form a solid solution. These minerals have been identified as potential 

carbon dioxide sinks due to their properties (Deer et al., 2013; Newton & Goldsmith, 1975). 

Additionally, there were increases in the proportions of feldspar and siderite, shifting from 

0.2 to 0.5 wt.% and 0.1 to 0.3 wt.%, respectively. This altered mineral composition in the 

CO2-brine treated sample strongly suggests the formation of carbonate minerals, with a 

remarkable increase in its presence. Furthermore, it indicates a slight decrease in aragonite, 
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and a decline in the weight percentage of dolomite which implies its dissolution from the 

rock under these conditions. 

In the case of the CO2-brine + BaCl2 treated sample, the prominent alteration occurred in 

calcite, it increased from 2.2 wt.% to 4.5 wt.%. In contrast, the composition of dolomite 

showed a marked reduction from 7.8 wt.% to 4.5 wt.%. The transformation in the scapolite 

endmembers is not as prominent as in the case of CO2-brine treatment; the meionite 

increases from 0.2 wt.% to 0.4 wt.%, while the CaSO4 endmember (Silvialite) slightly 

increased from 0.3 wt.% to 0.6 wt.%. Furthermore, there was a slight increase in feldspar 

from 0.2 to 0.4 wt.%, and the emergence of barite (0.9 wt.%). These observations suggest 

mineralization and the formation of calcite, barite, and transformation of scapolite 

endmembers in response to CO2-brine +BaCl2 treatment. Meanwhile, the decrease in the 

weight percentage of dolomite implies its dissolution during exposure to this fluid and 

conditions. The formation of carbonates favors carbonation, while the dissolution of 

dolomite promotes de-carbonation. Nevertheless, the most important is the net 

consumption of CO2 in the process which is further discussed in the subsequent sections. 

These changes in mineral composition provide valuable insights into how different 

treatments affect the rock's mineralogical makeup, which can have significant implications 

for various geological and engineering applications related to CO2 storage. This minerals 

transformation process helps to store the captured CO2 securely over geological timescales. 

Once CO2 is mineralized into carbonates, it is no longer in a gaseous form and is thus stable 

and immobile. This provides a long-term CO2 storage solution, as the carbonate minerals 

can persist for thousands or even millions of years without releasing the stored CO2 back 

into the atmosphere. 
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7.3.2 Elemental Composition by XRF 

The principal elements comprising the analyzed rock are calcium and sulfur, with smaller 

quantities of silicon, aluminum, iron, and magnesium. An X-ray fluorescence analysis of 

the sample following exposure to supercritical CO2-saturated brine indicate that the 

elemental composition remained relatively consistent with the original composition, except 

for the observable higher intensity of silicon and chlorine (Figure 7.3). However, for the 

CO2-brine + BaCl2 treatment, a notable variation was observed. Specifically, there is a 

distinct presence of barium on the XRF spectrographic map, indicating that barium was 

introduced into the rock as a result of this particular treatment. This contrast suggests that 

the introduction of barium chloride (BaCl2) into the CO2-brine fluid led to a significant 

alteration in the rock's elemental composition, manifesting as a noticeable spread of barium 

on the elemental spectrographic map, presumably due to the complexation of barium and 

sulfate to form barite as observed in the XRD earlier reported. 

 

Element/Treatment Untreated CO2-brine CO2-brine+BaCl2 

 

 

 

Calcium (Ca) 

   
 

 

 

Sulphur (S) 
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Barium (Ba) 

   
 

 

 

Silicon (Si) 

   
 

 

 

Iron (Fe) 

   
 

 

 

Magnesium (Mg) 

   
 

 

 

Chlorine (Cl) 

   
Figure 49. Maps of the dominant elements from X-ray fluorescence (XRF) spectrograph 

for the untreated, CO2-brine treated, and CO2-brine+BaCl2 treated rock. 

 

7.3.3 SEM Morphology 

The scanning electron microscopic (SEM) images provide valuable insights into the 

structural changes within the three different rock samples: the untreated rock, the rock 

exposed to supercritical CO2-saturated brine, and the rock interacted with supercritical 
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CO2-saturated brine in the presence of BaCl2. The SEM images shown in Figure 7.4 offer 

a visual distinction among these samples. In the case of the CO2-brine-rock treatment, the 

SEM images reveal a notable dissolution and precipitation on the rock surface. This 

observation aligns well with the results of the geochemical analysis, which suggested that 

the primary process occurring during CO2-brine interaction was dissolution and 

precipitation. The dissolution of the rock surface, as evidenced by the SEM images, 

corroborates this finding, and underscores the significance of rock-fluid interactions in 

altering the rock's physical structure. Conversely, for the rock treated with CO2-brine in 

the presence of BaCl2, a different surface morphology emerges. The SEM clearly shows 

the presence of mineral precipitates on the rock's surface. This indicates that, in this case, 

the introduction of BaCl2 to the CO2-brine-rock system led to predominantly mineral 

precipitation. These visual observations in the SEM images provide direct evidence of 

minerals transformation on the rock's surface as a result of the interaction between the fluid 

and the anhydrite-rich rocks. The dissolution seen in the CO2-brine-treated sample aligns 

with geochemical findings, while the clear mineral precipitation in the CO2-brine + BaCl2-

treated sample highlights the influence of specific chemical additives (BaCl2) on rock-fluid 

interactions (Isah et al., 2022b; Tooseh et al., 2018).  

 

Untreated 
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Treated with CO2-brine 

 

 
Treated with CO2-brine+BaCl2 

 

 
Figure 50. SEM morphology of the rock untreated, and post-CO2-brine treatments. 

(A) 
(B) 

(A) 
(B) 

(A) 
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7.3.4 SEM-EDS Analysis 

The Energy-Dispersive X-ray (EDX) spectroscopy elemental mapping focuses on the key 

elements present. The results reveal that the untreated rock primarily consists of CaSO4 

with scattered areas of carbonates (indicated by the purple areas) as shown in Figure 7.5A. 

The rationale behind this interpretation lies in the fact that the combination of carbon (in 

red) and oxygen (in blue) results in a purple color, indicating the presence of carbonates. 

To further corroborate the presence of carbonates, we refer to the elemental maps in Figure 

S1 in the supplementary material. The map (Figure S1g) exhibits an abundance of 

magnesium in these regions, suggesting that the purple-colored regions contain some 

carbonates of magnesium, however since no magnesite was observed in the XRD (see 

above), this potentially represents dolomite. This aligns with the XRD mineralogy findings 

discussed in the previous section. Additionally, minerals containing aluminum (Al) and 

silicon (Si) (see aluminum and silicon distribution in Figure S1d and S1e of the 

supplementary material), which are presumed to be aluminosilicate-based exhibited a 

similar distribution in the carbonate regions, suggesting the presence of carbonate of 

aluminosilicate, possibly, the scapolite group observed in the XRD. The percentage 

composition of the elements within the EDX-mapped area is presented in Figure 7.5b. The 

point-based SEM-EDX analysis (Figure 7.5c) and the spectrum of elemental composition 

(Figure 7.5d) of the untreated sample also confirm that the untreated sample is primarily 

composed of CaSO4. 



 
 

213 
 

 

Figure 51. SEM-EDX spectroscopic elemental composition of the untreated rock: (A) 

EDS layered image, (B) elemental composition of the layered map; (C) point-based 

SEM-EDS showing the spectrum points, (D) elemental composition of the spectra. 

 

The analysis of the CO2-brine treated rock revealed notable alteration in minerals. Figure 

7.6a showed the layered image from the EDS that highlighted considerable presence of 

carbon (red spots) and carbonates (shown in purple) following the interaction. In Figure 

7.6b, the elemental map spectrum primarily pointed to the dominance of calcium sulfate. 

For a more in-depth understanding of the mineral transformation, the point-based SEM-

EDS analysis (Figure 7.6c) showed that the formed carbonate is composed of aluminum, 

silicon, chlorine, and sodium, as observed in spectrum 16. Conversely, spectra 18 and 19 

(Figure 7.6d) primarily represented the host rock (comprising calcium sulfate). In the 

(A) 
(B) 

(C) 
(D) 
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supplementary material, Figure S2 displayed the dissolution of CaSO4, indicated by dark 

areas in Figure S2a and S1b for Ca and S. Additionally, there was a notable presence of 

Al and Si, with traces of Mg, which were evident due to the high intensity of the assigned 

coloration for these elements in Figure S2d, S2e, and S2i, respectively, suggesting the 

presence of carbonates of aluminosilicate. This information was particularly useful for 

indicating the presence of the scapolite group. 

 

Figure 52. SEM-EDX spectroscopic elemental composition of the CO2-brine treated 

rock: (A) EDS layered image, (B) elemental composition of the layered map; (C) point-

based SEM-EDS showing the spectrum points, (D) elemental composition of the spectra. 

 

(A) (B) 

(C) (D) 
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Figure 7.7 provides a detailed analysis of the elemental composition of the CO2-brine 

treated sample in the presence of BaCl2 using SEM-EDX spectroscopy. Notably, there is a 

significant presence of carbonates, depicted in purple, while orange-colored regions 

indicating the presence of barium (Figure 7.7a). This observation is further confirmed in 

Figure 7.7b, where the map spectrum displays the elements O, C, Ba, Ca, S, Si, Al, and 

Cl. This indicates a substantial alteration in the elemental composition of the rock 

compared to the untreated sample, as shown in Figure 7.5 above.  

Analyzing the point-based SEM-EDS spectra, especially point 8, reveals the precipitation 

of new minerals primarily composed of C, Ba, O, and S. This new mineral could likely be 

barium sulfate or carbonates, consistent with the findings in the XRD analysis discussed 

earlier. Furthermore, the surface morphology and structure of the surface minerals, as 

observed in Figure 7.7c, align with the presence of these new minerals. This correlation is 

further substantiated by the characteristics of Spectrum 12 and 14 in Figure 7.7d, which 

provide additional evidence of the mineral transformation. Moreover, Figure S3 in the 

supplementary material portrays a remarkable alteration in the composition of the sample 

subjected to CO2-brine treatment in the presence of BaCl2. There is an evident replacement 

of calcium (Ca) and sulfur (S) (Figure S3a and S3b) with aluminum (Al), silicon (Si), 

barium (Ba), and chlorine (Cl), as depicted in Figure S3d, S3e, S3g, and S3i, respectively. 

It's essential to note that the elemental EDS analysis cannot conclusively determine 

whether the presence of Al, Si, and Cl seen in these figures is due to precipitation resulting 

from the CO2-brine interaction or if it is due to the differing dissolution rates that left these 

elements undissolved, hence displaying higher concentrations. Nonetheless, the primary 

objective was to verify the changes that occurred post-treatment compared to the untreated 
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rock. For further validation of the specific functional groups present or formed, an FTIR 

and the ions analyses were presented in the subsequent sections. 

 

Figure 53. SEM-EDX spectroscopic elemental composition of the CO2-brine+BaCl2 

treated rock: (A) EDS layered image, (B) elemental composition of the layered map; (C) 

point-based SEM-EDS showing the spectrum points, (D) elemental composition of the 

spectra. 

 

7.3.5 FTIR Analysis 

We analyzed the spectral domain within the range of 4000 to 500 cm−1 of the FTIR to 

identify the various species formed or transformed after CO2-brine interactions. The 

analysis of FTIR spectra presented in Figure 7.8 revealed a set of distinct peaks at various 

wavenumbers, namely 600, 669, 729, 881, 1001, 1111, 1464, 1620, 1684, 2340 - 2360, 

(A) (B) 

(C) (D) 
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2850 - 2930, 3410, and 3541 cm⁻¹. Notably, the presence and intensity of these peaks 

provide essential insights into the mineral composition and structural changes within the 

rock after CO2-brine interactions. For instance, the anhydrite is characterized by strong 

bending peaks at 600, 669, and 1111 cm⁻¹ is detected in the FTIR spectra. The spectra at 

600 and 669 cm−1 are attributed to the SO4 bending in anhydrite (Al Dabbas et al., 2014; 

Yanyan Chen et al., 2015). The carbonates in the samples were demonstrated by the 

absorption bands between 3000 and 2850 cm−1, 1620, 1684, and at 881 cm−1, 729 cm−1 (Ji 

et al., 2009). 

Additionally, the stretching peaks at 729 cm−1 and 881 cm⁻¹ corresponds to the presence of 

dolomite within the sample. The bands at 729 cm−1 and 881 cm−1 are the characteristic 

absorption peaks of CO3
2− , which are caused by the bending vibration of CO3

2− in the 

dolomite structure (Ji et al., 2009; Mroczkowska-Szerszeń et al., 2018; Swayze & Clark, 

1990). The band at 729 cm−1 is attributed to the in-plane bending mode of CO3
2− in the 

dolomite structure (Farmer, 1974; M. B. Nguyen et al., 2020; T. T. Nguyen et al., 1991). 

These FTIR bands illustrate the changes in the amount of dolomite with decreasing trend 

(peak intensity) from the intact, CO2-brine to the CO2-brine + BaCl2 treated rock as 

observed in the XRD section. The bending peak at 1464 cm⁻¹ is indicative of aragonite 

(Estep et al., 1968), and this peak is most prominent in the untreated rock. Interestingly, 

this peak disappears entirely in the CO2-brine + BaCl₂ treated sample implying no 

aragonite, aligning with the findings from the XRD analysis discussed the preceding 

section.  
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Figure 54. FTIR composition of the untreated rock, and post-CO2-brine interactions. The 

zoomed-out spectral domains indicate the changes that occur in the dolomite, aragonite, 

molecular CO2, and the scapolite group for the different CO2-brine treatments. 

 

The FTIR results provide insights on the mineralogical transformations that occurred 

during the CO2-brine treatments and their subsequent impact on the sample's composition. 

Earlier studies have shown that carbon can exist in rocks as molecular CO2, or as carbonate 

groups [(CO3)
-2] (J. G. Blank et al., 1993). The two peaks at 2342 cm−1 and 2361 cm−1 

shows the presence of molecular CO2 (Della Ventura et al., 2010; Webler et al., 2014). 

However, the CO2 antisymmetric stretching vibration (specifically at 2351 cm–1) could also 



 
 

219 
 

overlap with the signal of atmospheric, gaseous CO2, in that case it cannot be easily 

distinguish (Ni & Keppler, 2013; Schanofski et al., 2023)  

The presence of absorption bands within the range of 2800 to 3000 cm−1 is especially useful 

for indicating the presence of the scapolite group. The absorption peaks at 2885 cm−1 and 

2962 cm−1  are attributed to the frequency doubling peak of CO3
2− antisymmetric stretching 

vibration which is related to the content of scapolite (Rao et al., 2023; Satish-Kumar et al., 

2006; Sokolova & Hawthorne, 2008; D. K. Teertstra et al., 1999; P. Yuan et al., 2022). 

Meanwhile, the band near 2850 cm–1 is linked to calcite (Ji et al., 2009), presumably a 

CaCO3-scapolite end-member as shown in the XRD section. The absorption peak at 1001 

cm–1 is caused by an aluminosilicate (Rao et al., 2023; Speelman & Schwarcz, 1965), while 

the band near 1004 cm–1 corresponds to silica vibration (Eniu et al., 2015; Mormone et al., 

2011).  

Previous studies have found that the character of the carbonate bands in rocks containing 

aluminosilicate (such as the scapolite) strongly depends on composition. Early 

investigations conducted by Blank & Brooker (Jennifer G. Blank & Brooker, 1994) and 

Dixon & Pan (Dixon et al., 1995) highlighted that in NaAl-rich silicate, carbon can exist 

both as molecular CO2 and as carbonate groups (Dixon et al., 1995; Fine & Stolper, 1985; 

Kubicki & Stolper, 1995). Conversely, in Ca and CaMg-rich silicate rock, carbon 

predominantly exists in the form of carbonate groups. FTIR spectra of CO2-bearing rocks 

on the NaAlSi3O8-CaAl2Si2O8 join exhibit characteristics transitional between those of the 

Na- and Ca-rich endmember compositions. The ratio of carbonate to molecular CO2 

increases as the composition shifts from albite (Ab) to anorthite (An), and at a composition 

of Ab:An of 1:1, all carbon exists as carbonate. The FTIR spectra show bands 
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corresponding to the asymmetric stretching of CO3
2− around 2850–2980 cm−1 as evidence 

of carbonation and transformation among the scapolite endmembers (also observed via 

XRD, as illustrated in Figure 7.2 above). 

 

7.3.6 Geochemical Analysis 

CO2 is an active gas that can initiate the dissolution and precipitation of minerals. In 

addition, it can dissolve in water to generate carbonic acid (H2CO3) (Tang, Hu, et al., 2021), 

which can further dissociates to bicarbonate (𝐻𝐶𝑂3
−) and/or carbonate (𝐶𝑂3

2−) ions 

according to the following equilibrium reactions:  

𝐶𝑂2 + 𝐻2𝑂 ⇌ 𝐻2𝐶𝑂3                                   𝑏𝑟𝑖𝑛𝑒 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑖𝑜𝑛 

𝐻2𝐶𝑂3  ⇌ 𝐻+ + 𝐻𝐶𝑂3
−                                      𝐵𝑖𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒  

𝐻+ + 𝐻𝐶𝑂3
−  ⇌ 2𝐻+ + 𝐶𝑂3

2−                                  𝐶𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 𝑖𝑜𝑛 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 

These species (carbonate and bicarbonate) are collectively categorized as total inorganic 

carbon (TIC) content in the interacting fluids. 

 

7.3.6.1 CO2-Brine-Rock Interactions 

Rock-fluid interactions have significant impact on the ion concentration of the effluent 

brine. In Figure 7.9a, we observe the variations in ion concentrations of some key cations: 

calcium, and sodium for the anhydrite-CO2-brine interaction process. The decrease in 

sodium concentrations implies that the sodium ions were taken onto the mineral surfaces 
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of the rock. A similar pattern of decreasing concentration of Cl ion is also noticeable, 

confirming that both Na and Cl were adsorbed by the rock or precipitated on the rock.  

Interestingly, there is dissolution of the rock's primary mineral component, calcium sulfate, 

releasing calcium ions into the solution, this is evident from the observed increase in Ca 

and SO4 ions concentration of the effluent fluid (Figure 7.9a and 7.9b). In addition, the 

Ca and S distribution in Figure S2a and S2b of the supplementary material shows lower 

concentrations of these elements in some regions on the rock surface, confirming calcium 

sulfate dissolution. As a result, other calcium-bearing minerals such as calcite precipitate, 

driving up the calcium concentration as indicated by previous studies (Isah, Mahmoud, 

Kamal, Arif, & Jawad, 2023b; Minde et al., 2020; Zimmermann et al., 2015).  

Figure 7.9b illustrates the sulfate and TIC concentrations in the effluent brine for the 

anhydrite-CO2-brine interaction. The sulfate concentration exhibits a slow and gradual 

increase over time, while TIC concentrations experience a more rapid surge. These changes 

can be attributed to the dissolution of calcium sulfate (see above) and the precipitation of 

sulfate-bearing minerals, such as barite, as confirmed by the X-ray diffraction (XRD) 

analysis. The rapid increase in TIC concentration is primarily linked to the CO2 

dissolution/carbonation of the brine. It's worth noting that the increase in sulfate 

concentration occurs at a relatively slower rate compared to the rapid increase in TIC 

concentration. Moreover, both species (TIC and sulfate ions) are being introduced into the 

fluid (TIC by CO2 dissolution/carbonation in the brine, while SO4 is introduced via 

anhydrite dissolution), as well as being removed by precipitation and mineralization (for 

carbonate). It is important to note that the increase in TIC of the effluent could suggest a 

net release of CO3
2− from the rock, as the dissolution of dolomite can release carbonate 
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ions into the brine. However, if the observed TIC rise resulted from the dissolution of 

dolomite, there would typically be a concurrent increase in Mg ion concentration in the 

effluent. Contrarily, the results showed a decrease in Mg ion concentration instead (as 

depicted in Figure 7.9a). This variation and change in ions concentration highlights the 

intricacies of the chemical reactions occurring during the anhydrite-CO2-brine interactions, 

emphasizing that the dissolution and precipitation processes are not uniform and proceed 

at different rates.  

(a) (b) 

  
Figure 55. The ionic compositions of the key ions in the effluent of the rock-CO2-brine 

interactions. 

 

7.3.6.2 CO2-Brine+BaCl2-Rock Interactions 

The effluent's ion concentrations of Ca, Na, and Ba ions, along with their initial 

concentrations (measured at the start of the experiment), are presented in Figure 7.10a for 

the rock-CO2-brine + BaCl2 interactions. Notably, the presence of BaCl2 introduces some 

distinctive behavior in these ion concentrations compared to the anhydrite-CO2-brine 

interactions without BaCl2. First, there's no significant change observed in the ion 

concentrations of Na and Ca compared to their initial values. Notwithstanding, an initial 
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increase in Ca ions concentration suggests dissolution of calcium sulfate (see the Ca and S 

distribution in Figure S3a and S3b of the supplementary material). The presence of BaCl2 

causes slight alteration of the effluent concentrations of these ions. Presumably, there is no 

precipitation of sodium or chlorine containing components such as halite. Conversely, the 

concentration of barium ions in the effluent shows a noticeable decrease over time. This 

decrease is attributed to specific chemical processes occurring in the system: It is primarily 

linked to the complexation of barium and sulfate ions, culminating in the precipitation of 

barium sulfate within the rock. As barium sulfate forms and settles within on the rock 

surface, it reduces the concentration of barium ions in the effluent. 

 

(a) (b) 

  
Figure 56. The ionic composition of the effluent of the rock-CO2-brine interaction in the 

presence of BaCl2. 

 

In Figure 7.10b, we examine the concentrations of sulfate ion and total inorganic carbon 

in the effluent during rock-CO2-brine interactions when BaCl2 was introduced into the 

system. It is seen that the sulfate ions' concentration sharply decreases initially and then 

remains relatively constant over time. This trend can be explained by a combination of 
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precipitation/dissolution and equilibrium processes. The sharp decrease in SO4 

concentration is a result of sulfate precipitation that predominates anhydrite dissolution. 

The observed stabilization, beginning after 144 hours of interaction, is thought to result 

from the concurrent dissolution and precipitation of minerals containing sulfate. This 

process counteracts the declining trend caused by sulfate precipitation. When BaCl2 is 

introduced, it promotes the formation of barium sulfate (BaSO4) through precipitation. 

Barium ions from BaCl2 react with sulfate ions present in the system, leading to the 

precipitation of barium sulfate as seen in the XRD as discussed earlier. 

Unlike sulfate ions, TIC concentration shows a consistent increase over time. This behavior 

is due to the carbonation of CO2 in brine. When CO2 dissolves in water, it forms carbonic 

acid (H2CO3). Carbonic acid, in turn, can dissociate into bicarbonate ions (HCO3-) and 

carbonate ions (CO3
2-) (see above). As CO2 continuously dissolves in the brine during the 

interactions, it leads to the gradual accumulation of these carbonate and bicarbonate 

species. These chemical changes are fundamental in understanding the complex 

geochemical reactions in such rock-CO2-brine systems.  

The rise in TIC concentration in the effluent is a direct consequence of CO2 dissolution in 

brine. This increase leads to a decrease in the pH level of the brine, as supported by (Boyd, 

2015; Mohammadian et al., 2023; Todd & Peter, 2005). The acidity is a result of the 

formation of hydrogen ions during CO2 carbonation. The pH measurement was conducted 

on the effluent samples immediately after collection, before degassing and cooling. Figure 

7.11 shows that for the CO2-brine system, the pH of the brine was 7.41 before the 

introduction of CO2 and contact with the rock. However, this value decreased to 4.95 upon 

encountering CO2 and the rock. Over time, the pH gradually increased to 5.69 after 360 



 
 

225 
 

hours of interaction. In the case of the CO2-brine + BaCl2 system, the initial pH of the same 

brine, with the addition of BaCl2, was slightly acidic at 6.53. Upon the introduction of CO2 

and interaction with the rock, the pH dropped to 4.93. Subsequently, as reaction progressed, 

the pH increased to 5.33 at 360 hours. It is important to emphasize that the sudden reduction 

in pH from 0 to 24 hours interaction time in both cases was due to carbonation of brine as 

discussed earlier.   Nevertheless, the pH gradually increases as the reaction advances, a 

result of rock dissolution and precipitation, which contributes to a diluting effect on the pH 

level. 

 

Figure 57. pH of the effluent of the rock-CO2-brine interactions over 360 hours 

interaction time. 

 

7.3.7 Micro-CT Analysis 

Micro-CT (μ-CT) scans of two similar anhydrite-rich mini-plugs were performed pre and 

post exposure to CO2-brine and CO2-brine+BaCl2 using the Xradia (Zeiss) Versa 500 μ-
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CT equipment. The measured dimensions and mass for the two samples before and after 

CO2-brine interactions are tabulated in Table 7.2. Comparing the masses before and after 

interaction, the CO2-brine treatment showed a more substantial change with a decrease of 

up to 7.37%, whereas exposure to CO2-brine with added BaCl2 exhibited a smaller decrease 

of 2.45%. However, relying solely on mass changes for a precise conclusion is limited. 

This implies the potential for either higher dissolution in CO2-brine treatment than CO2-

brine+BaCl2 or lower precipitation in CO2-brine compared to CO2-brine+BaCl2 treatment. 

Yet, this observation aligns with the findings in the SEM and geochemical analysis were 

higher Ca and SO4 ions were observed in the reaction effluent (see Figs. 9 and 10 above), 

signifying higher dissolution in the CO2-brine treatment. 

 

Table 7.2. Dimensions and mass of the samples before and after CO2-brine interactions. 

Treatment Length 

(mm) 

Average 

diameter 

(mm) 

Initial 

dry 

mass (g) 

Dry mass 

after 

interaction 

(g) 

Change in 

mass (g) 

CO2-brine 7.12 8.4 0.6815 0.6313 0.0502 (-

7.37%) 

CO2-

brine+BaCl2 

7.25 8.5 0.6762 0.6581 0.0166 (-

2.45%) 

 

A more definitive explanation of these changes will be provided through micro-CT 

analysis. To quantify the change that resulted from dissolution and precipitation, we 

analyze the micro-CT scans of the rocks pre- and post CO2-brine exposure. The voxel 

resolution was set to 4.5μm for all the scans while ensuring that the entire sample is 

included in the field of view. An X-ray tube voltage of 140 kV and target current of 64 µA 
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was used, and 2401 projections were obtained with an exposure time of 3.4 sec. A Filtered 

Back Projection (FBP) reconstruction algorithm was used to generate the 3D tomogram 

from the X-ray projections while also performing center shift, beam hardening and sample 

drift corrections. These images were computationally assessed using PerGeos software 

(FEI-ThermoFisher) to evaluate the changes in the mineral matrix before and after 

treatment.  

The image processing involved first aligning the orientations of the set of scans for each 

sample pre- and post-treatment. Followed by registering the two images using normalized 

mutual information as the metric while keeping the image of the untreated sample as 

reference. The transformed image was resampled using Lanczos interpolation. The 

registered images were compared to visually identify the dissolved and precipitated 

regions. Figure 7.12 shows the registered 2D µ-CT slices (slice number 80 and 200) for 

the sample before and after exposure to CO2-brine (Figure 7.12a and b, respectively). A 

blended image (blend of the pre- and post-treatment) of the same 2D slice shows clearly 

the change occurring in the sample (Figure 7.12c). Significant dissolution is observed 

mainly along the periphery of the treated sample. In Figure 7.13, similarly, 2D µ-CT slices 

are compared for sample before and after exposure to CO2-brine+BaCl2. In this case, 

significant precipitation of high-density mineral (white regions in grayscale image) was 

seen especially on the surface of the treated sample, whereas dissolution was quite less.  

 

Slice number 80 Slice number 200 
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Figure 58. 2D slices from micro-CT images of sample before and after exposure to CO2-

brine. a) pre-exposure 2D µ-CT slice, b) post-exposure 2D µ-CT slice, c) blended image: 

Grayscale: pre-, Yellow: post- CO2-brine. The red boxes show dissolved regions 

(decrease in intensity) while the green boxes indicate the precipitated regions (increase in 

intensity of the high-density objects. 

(a) (a) 

(b) (b) 

(c) (c) Blend  

Before  Before  

Blend  

After After  
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Slice number 120 Slice number 600 

 

Figure 59. 2D slices from micro-CT images of sample before and after exposure to CO2-

brine+BaCl2. a) pre-exposure 2D µ-CT slice, b) post-exposure 2D µ-CT slice, c) blended 

image: Grayscale: pre-, Yellow: post- CO2-brine+BaCl2. The red boxes show dissolved 

(a) (a) 

(b) (b) 

(c) (c) Blend  

Before  Before  

Blend  

After After  



 
 

230 
 

regions (decrease in intensity) while the green boxes indicate the precipitated regions 

(increase in intensity of the high density objects. 

 

These observations are also validated from Figure 7.14 and 7.15 for samples treated with 

CO2-brine and CO2-brine+BaCl2, respectively, where the 3D surface of the samples is 

compared. The white regions in grayscale images representing high-density material were 

separately analyzed. As shown in Figure 7.14, for supercritical CO2-brine treatment, an 

overall decrease was observed in the white regions mainly due dissolution (Figures 7.14a 

and b). Little precipitation was observed. In Figures 7.14c and d, the white regions in the 

pre-treated sample are shown in blue color and for the post-treated sample in red color. The 

two images (Figure 7.14c and d) at different levels of opacity indicate clearly that the 

change is mostly due to dissolution. However, Figure 7.15a and b for CO2-brine+BaCl2 

treatment shows the inverse effect where precipitation is dominant.  

An interactive overlay threshold segmentation was performed on the images that were 

generated from the difference between pre- and post-images (Figure 7.14c and d). The 

difference (A-B) of the untreated sample with that of the same sample post treatment 

indicates the amount of grain dissolution and the other way around (B-A) indicates the 

amount of grain precipitation occurring between these two timestamps. The volume 

fractions of the segmented labels were then obtained to compute the amount of grain 

precipitation and dissolution.  Table 7.3 below lists the computed values. The rock treated 

with CO2-brine revealed that the dissolved portion constitutes up to 9.85% of the total 

volume of the untreated sample, with only 0.91% volume precipitated. In contrast, the rock 

treated with CO2-brine+BaCl2 showed that the dissolved portion accounts for only 2.35% 
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of the total volume of the untreated sample, while a significant 6.04% volume was 

precipitated. 

Table 7.3. Volume fractions of the segmented labels with computed amount of grain 

precipitation and dissolution. 

Treatment Dissolved region as % of total 

volume of pre-treated sample  

Precipitated region as % of total 

volume of pre-treated sample 

CO2-brine 9.85% 0.91% 

CO2-

brine+BaCl2 

2.35% 6.04% 

 

  

  

(a) (b) 

(d) (c) 

Before  After 
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Figure 60. Two perspectives of the 3D image obtained from micro-CT scans comparing 

the surface pre- (a) and post- (b) CO2-brine exposure: Mapping together the high-density 

material; (c) pre-treated sample’s region shown in blue color and post-treated samples in 

red color; (d) shows the same image but with the blue color’s opacity reduced to 0.5. 

 

  

  

Figure 61. Two perspectives of the 3D image obtained from micro-CT scans comparing 

the surface pre- (a and c) and post- (b and d) CO2-brine exposure: Mapping together the 

high-density material; (c) pre-treated sample’s region shown in blue color and post-

treated sample’s in red color; (d) shows the same image but with the blue color’s opacity 

reduced to 0.5. 

 

(a) (b) 

(d) (c) 

Before  After 
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7.3.8 Analysis of the Total Carbon Content  

The total carbon content (combining both organic and inorganic) of the rock power was 

assessed using the elementar soli TOC equipment and it is presented in Figure 7.16. The 

analysis revealed that the untreated rock sample contained approximately 0.348 wt. % total 

carbon (TC). When exposed to CO2-brine treatment, the TC content increased to 0.963 wt. 

% (176.7 % increase in TC). This observed increase is attributed to the mineralization of 

CO2 that occurred because of the interaction with supercritical CO2-saturated brine. This 

aligns with the findings in the XRD section, where the formation of carbonate minerals, 

including calcite, was identified. The greater presence of molecular CO2 (observed in the 

FTIR section) likely contributed to the rise in TC content in the CO2-brine treated rock.  

Upon treating the sample with supercritical CO2-brine with added BaCl2, a higher TC 

content of 1.275 wt. % (266.4 % increase in TC) was recorded. This substantial increase 

demonstrates enhanced CO2 mineralization in comparison to the sample treated solely with 

CO2-brine. However, it's important to note that while the addition of BaCl2 enhances CO2 

mineralization, it may potentially reduce the porosity in comparison to cases without 

BaCl2. The formation of barite, facilitated by the addition of BaCl2, could occupy some 

pore spaces that might otherwise be available for storing other minerals. This may impact 

the available pore space for storing minerals formed during the treatment.  
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Figure 62. Total carbon content of the untreated, and post-CO2-brine treated rocks. 

 

7.4 Conclusions  

The need to reduce atmospheric carbon dioxide emissions to combat global warming and 

climate change has led to the exploration of reliable storage methods. Carbon 

mineralization emerges as a geologically stable and environmentally responsible solution. 

By converting gaseous CO2 into solid minerals within subsurface rock formations, this 

approach offers an effective means of safely storing CO2. This study delved into the 

mechanisms and potential of anhydrite-CO2-brine interactions for carbon storage in 

anhydrite-bearing reservoirs. Through a series of experiments conducted over fifteen days, 

including mineral transformation within a static reactor under high-temperature and high-

pressure conditions, we obtained valuable insights. The results revealed that anhydrite, 

when exposed to supercritical CO2-saturated brine, undergoes a significant mineral 

transformation, leading to the formation of stable minerals like calcite, siderite, feldspar, 

and in the presences of barium chlorite, barite. Analytical results showed that the untreated 
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rock sample had about 0.348 wt.% total carbon (TC), and exposure to CO2-brine treatment 

resulted in a TC increase to 0.963 wt.% (176.7 % increase); furthermore, treating the 

sample with supercritical CO2-saturated brine with added BaCl2 led to a higher TC content 

of 1.275 wt.% (266.4 % increase). These outcomes suggest great potential for CO2 storage 

through mineralization in anhydrite-bearing rocks. However, more work is required to 

understand the compositional dependence of mechanisms of CO2 mineralization as well as 

the kinetics of the coupled dissolution/precipitation of anhydrite-rich rocks for carbon 

subsurface storage. These findings underscore the potential of anhydrite-based CO2 storage 

methods and mechanisms, offering promise for addressing the critical challenge of 

reducing CO2 emissions and mitigating climate change.   
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CHAPTER 8 

 

EFFECT OF SULFATE-BASED SCALES ON CALCITE 

MINERAL SURFACE CHARGE AND ITS IMPLICATIONS 

ON WETTABILITY: INSIGHTS FROM ZETA-POTENTIAL 

MEASUREMENTS 

 

Summary 

Scales formation and deposition in the subsurface and surface facilities have been 

recognized as a major cause of flow assurance issues in the oil and gas industry. Sulfate-

based scales such as sulfates of calcium (anhydrite, gypsum) and barium (barite) are some 

of the commonly encountered scales during hydrocarbon production operations. Oilfield 

scales are a well-known flow assurance problem, which occurs mainly due to the mixing 

of incompatible brines. Researchers largely focused on the rocks’ petrophysical property 

modifications (permeability and porosity damage) caused by scale precipitation and 

deposition. Little or no attention is paid to their influence on the surface charge and 

wettability of calcite minerals. Thus, this study investigates the effect of anhydrite scales’ 

presence on calcite mineral surface charge and their propensity to alter the wetting state of 

calcite minerals. This was achieved vis-à-vis zeta potential measurement. Furthermore, two 

modes of scale control (slug and continuous injection) using ethylenediaminetetraacetic 
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acid (EDTA) were examined to determine the optimal control strategy as well as the 

optimal inhibitor dosage. 

Results showed that the presence of anhydrite scales in a calcite reservoir affects the 

colloidal stability of the system, thus posing a threat of precipitation, which would result 

in permeability and porosity damage. Also, the calcite mineral surface charge is affected 

by the presence of calcium and barium sulfate scales, however, the magnitude of change 

in the surface charge via zeta potential measurement is insignificant to cause wettability 

alteration by the mineral scales. Slug and continuous injection of EDTA were 

implemented, with the optimal scale control strategy being the continuous injection of 

EDTA solutions. The optimal dosage of EDTA for anhydrite scale control is 5 wt.% and 1 

wt.% for the formation water and seawater environments, respectively. Findings from this 

study further the understanding of not only the scale effects on calcite mineral systems but 

provide critical insights into the potential of scale formation and their mechanisms of 

interaction for better injection planning and development of scale control strategy. 

Keywords: Sulfate Scales, Calcite Mineral, Wettability Alteration, Scale Control, 

Precipitation, Chelating Agent. 

 

8.1  Background 

Scale formation in subsurface and surface facilities has been recognized as a major concern 

in oil and gas production operations.(Bader, 2007; Olajire, 2015; Verri et al., 2017) These 

scales are sulfates such as calcium sulfate (anhydrite, gypsum), barium sulfate (barite), and 

calcium carbonate. Sulfate scale precipitation and deposition is a serious oilfield 

operational problem that affects water (brine) injection systems.(P. Abbasi et al., 2020; 
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Stalker et al., 2003) The most common cause of oilfield scale is the mixing of brines that 

are incompatible. Brines are said to be incompatible if they interact chemically and 

precipitate minerals when mixed during water injection.(Bader, 2007) For instance, when 

seawater with a high concentration of SO4
2+ and low concentrations of Ca2+ and Ba2+, is 

mixed with formation brine that contains high concentrations of Ca2+ and Ba2+ but a low 

concentration of SO4
2+, this causes precipitation of CaSO4 and/or BaSO4.(P. Abbasi et al., 

2020; M. A. Mahmoud, 2014; Peimao Zhang et al., 2006) More so, when seawater is mixed 

with produced water for injection, scale precipitation is bound to occur  (Stalker et al., 

2003) 

Commonly encountered sulfate scales in the oil and gas industry are barium sulfate 

(BaSO4) and calcium sulfate (CaSO4), which can be anhydrous (anhydrite)(Isah et al., 

2022a) or hemihydrate (bassanite).(T. Liu et al., 2019) And unlike the CaSO4 scale, which 

has an inverse or retrograde solubility, BaSO4 solubility increases with temperature.(Isah 

et al., 2022a; Zarrouk & McLean, 2019) A major concern of the retrograde solubility of 

CaSO4 (e.g., anhydrite) is scale formation at elevated temperatures.(Isah et al., 2022a) 

Although CaSO4 has a high solubility in water compared to BaSO4, under the same 

conditions, the scales of the two sulfates behave similarly except that the CaSO4 is more 

soluble.(K. Abdelgawad et al., 2019; AlAamri et al., 2019) Moreover, some scales are pH-

dependent (calcium carbonate, and sulfide scales) while some are not (e.g., calcium, 

barium, and strontium sulfate scales). Generally, pH-dependent scales are easier to treat 

than pH-independent scales.(Olajire, 2015; Verri et al., 2017) This is because, pH-

dependent scales can be easily treated by acid injection, while this is not suitable for pH-

independent scales.(S. Kumar et al., 2018) Thus, it is better to inhibit their occurrence, 
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which can be achieved using chemical inhibitors such as chelating agents,(K. Abdelgawad 

et al., 2019; Gamal et al., 2021; M. A. Mahmoud & Abdelgawad, 2015a) regulation of 

thermodynamic conditions of temperature and pressure, or by proper formulation of 

injected brine.(Bukuaghangin et al., 2016; Olajire, 2015) 

The mechanisms of scale formation in reservoirs are (i) change in pressure and/or 

temperature, (ii) mixing of incompatible brines with different sulfate and cation (Ca2+ and 

Ba2+) concentrations, and (iii) brine evaporation and consequent increase in salt 

concentration.(BinMerdhah et al., 2010) These scales impede flow and damage the 

reservoir and flow equipment,(Mohammed, Al Shehri, Mahmoud, Kamal, Arif, et al., 

2022) with the problem more intense at elevated temperatures(AlAamri et al., 2019; Isah 

et al., 2022a).  

Sulfate-based scales limit and block oil and gas production by plugging the pore throats 

and causing wettability alterations.(Mohammed, Al Shehri, et al., 2021a) In water injection 

systems, sulfate scales could be deposited on pore walls or plug the pores, thus resulting in 

formation damage (porosity and permeability reduction), which leads to poor hydrocarbon 

recovery.(BinMerdhah et al., 2010) Even though sulfate scales also get deposited on rocks 

and alter their surface properties, most researchers focus on scaling on steel surfaces,(Sanni 

et al., 2015; Setta & Neville, 2011) and formation damage associated with scale deposition 

in rocks.(BinMerdhah et al., 2010) BinMerdhah et al.(BinMerdhah et al., 2010) 

investigated permeability reduction caused by BaSO4 scales in a sandstone formation. The 

authors by mixing seawater and formation brine demonstrated that the permeability 

reductions reported are due to BaSO4 scales deposition on the pore surface. However, the 

effect of the deposited scale on the rock’s surface wettability was not reported. 
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Abbasi et al.(P. Abbasi et al., 2020) investigated sulfate precipitation and scale formation 

in carbonate rock by mixing different injection water with varying concentrations of sulfate 

and salinity (high and medium sulfate waters, seawater, and low salinity water). The 

authors showed that the mixing of brine with high SO4
2– content increases the scale 

precipitation. The authors further employed the use of zeta potential for surface charge 

chemistry analysis to show that increasing the concentration of SO4
2– and consequently, 

higher magnitude of sulfate scales alters rock surface wettability into more water wet. 

However, they concluded that based on the results of the brine compatibility test, SEM, 

and zeta potential, optimal sulfate content should be defined to minimize the scale 

formation and obtain a high potential for wetting alteration simultaneously.  Nikoo and 

Malayeri(Nikoo & Malayeri, 2021b) researched the impact of rock surface type and 

topography during scale formation in scale/brine/rocks interactions. They showed that 

different rock surfaces have different affinities for CaSO4 scales. Interfacial interactions 

between scales and rock surface can be attributed to electrostatic, electrical double-layer, 

Lifshitz-van der Waals forces, or Lewis acid-base interactions and their magnitude is 

strongly salinity dependent.(Arsalan et al., 2013, 2015) However, Lewis’s acid-base 

interactions dominate for CaSO4 scales-rock interaction.  

Studies have shown that sulfate scales can alter the surface properties and wetting behavior 

of rock surfaces.(Bader, 2007; Elkatatny, 2017; Gamal et al., 2021) Although an extensive 

body of literature is available for bulk precipitation reactions,(Bukuaghangin et al., 2016; 

Sanni et al., 2015) only a limited number of published articles(P. Abbasi et al., 2020; Chang 

& Civan, 1997; H.A. Nasr-El-Din & Al-Humaidan, 2001; Taheriotaghsara et al., 2020) 

focuses on the effect of scales on rock surface chemistry which greatly influences its 
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wetting behavior. Nikoo and Malayeri,(Nikoo & Malayeri, 2021a) examined sulfate 

scale/brine/rock interfacial interactions and the rock wettability due to CaSO4 crystals. The 

authors used anhydrite, calcite, dolomite, and sandstone for their study and findings 

showed that the rocks become prone to scale formation and deposition as the fluid salinity 

and rock surface roughness are increased. Thus, researchers have recently faced the 

question as to how much surface chemistry and thus the wetting behavior of rocks is 

affected by sulfate scale deposition during the process of water injection. More so, scale 

introduction into the reservoir formation by drilling fluid that contains a high concentration 

of barite has received less attention as to how it affects the near-wellbore wettability. And 

with this question yet unanswered, it has become important to study and understand the 

mechanisms of CaSO4 precipitation and deposition on rocks. This is to be able to precisely 

predict scale occurrence and control the rock surface characteristics. 

To the best of our knowledge, the available published works,(Nikoo & Malayeri, 2021a, 

2021b)  which have precisely investigated the affinity of rock surface to scale formation 

are limited. Also, the wettability alteration potential of deposited scales on carbonate rock 

surfaces has not been investigated. The deposition of sulfate scales may affect the wetting 

characteristics of the rock surface, which, therefore, influence the ultimate recovery. 

Another point is the lack of experimental methods to verify the precise wetting potential of 

scales, their mechanism, and their effect on enhanced oil recovery. Thus, the current study 

reports systematic research (zeta potential measurements) from the perspective of surface 

charge by laboratory tests to assess the effect of sulfate-based scales on calcite mineral 

surface chemistry (charge). This stems from our earlier work,(Mohammed, Al Shehri, et 

al., 2021a) which revealed that different oilfield operations, as well as scales, affect the net 
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surface charge of calcite systems. Therefore, results from this study will enhance the 

understanding of the precise effect of scales on carbonate wettability and its implications 

in oilfield applications. 

 

8.1.1 Wettability alteration and zeta (ζ) potential 

Due to the significant impact, it has on the production capacity, reservoir wettability is a 

crucial concept in reservoir engineering and has been the focus of numerous studies over 

the years.(Mohammed et al., 2021) Changes in the pore system (for instance, adsorption), 

which may be brought on by fluid-fluid interactions, rock-fluid interactions, rock 

mineralogy, and brine chemistry, have been substantially responsible for wettability 

alteration.(Mohammed, Al Shehri, et al., 2021c; Mohammed, Al Shehri, Mahmoud, 

Kamal, & Alade, 2022) These could cause the rock's wettability to change completely or 

partially. Strong interfacial boundary conditions within the rock system that cause the fluid 

to be preferentially mobile in the presence of other fluids are what cause reservoir 

wettability.(Mohan et al., 2011) Therefore, it is mostly caused by a fluid that is either 

hydrophobic or hydrophilic and adheres to or coats the pore structure, making the carbonate 

rocks exhibit an oil-wetting state. Most largely confirmed in the literature, wettability 

alteration of rocks is attributed to the adsorption of the most polar crude oil component 

(asphaltene).(Mohammed et al., 2021) Asphaltene is said to be the heaviest and most polar 

crude oil component, soluble in aromatic fluids and insoluble in alkanes.(Mohammed et 

al., 2021) Because of the electrochemical interactions, asphaltene coats the pore surface 

and alters its wettability. Furthermore, the rate of asphaltene adsorption is linearly 

correlated with the change in wettability (Buenrostro-Gonzalez et al., 2004; Clementz, 
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1982; Gharbi et al., 2017; Ghedan et al., 2010; Ashish Kumar et al., 2016; Leontaritis, 

1998; LIN et al., 2018; Mwangi et al., 2018b; Xue et al., 2022; Peimao Zhang et al., 2006) 

Regarding the relationship between crude oil, asphaltene content, and adsorption, opposing 

views have been voiced. This could be because the different studies used varying 

experimental conditions and models, which failed to account for the effect of brine and 

rock-fluid interactions (Ancheyta et al., 2002; Riazi, 2018; Soulgani et al., 2020). 

Since asphaltene is believed to be predominately negatively charged, mineral surfaces must 

be positively charged for asphaltene adsorption to occur.(Mohammed et al., 2021) We have 

previously discussed the various minerals found in the reservoir, their surface charges, the 

composition of the brine, and the forms of salt that can create a mineral surface that can act 

as a precursor to asphaltene adsorption (Mohammed, Al Shehri, et al., 2021b, 2021c, 

2021a; Mohammed, Al Shehri, Mahmoud, Kamal, & Alade, 2022; Mohammed, Al Shehri, 

Mahmoud, Kamal, Alade, et al., 2022) According to the results of these investigations, the 

mineral/brine interface must be positively charged for asphaltene adsorption to occur 

because electrostatic interaction is said to be the primary regulating mechanism.(Du et al., 

2022) This consequently changes the wettability. Although various wettability alteration 

mechanisms have been identified in the literature,(Guo et al., 2020; J. Hao et al., 2019; 

Tetteh et al., 2020) several factors such as oilfield operations, and ion-specific interactions, 

affect reservoir wettability. 

Multivalent ionic exchange, an electrical double layer (EDL) expansion, electrostatic bond 

interactions, surface charge alteration, and calcite dissolution are the wettability 

modification mechanisms connected with carbonate rocks.(Abbas et al., 2021; Crundwell, 

2017; Elsaeed et al., 2021; Q. Liu et al., 2021; Mohammed, Al Shehri, et al., 2021c; Tetteh 
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et al., 2022)  This is highlighted by the report of Al-Bayati et al.(Al-Bayati et al., 2022) 

who described the change in the carbonate rock samples and concluded that the observed 

recovery was caused by the electrical double layer effect brought on by the injected fluid's 

reduced ionic strength. Thus, understanding the electrostatic interaction at the rock surface 

caused by the salinity and composition of the brine is necessary to understand these 

mechanisms. Because of the mineral dissolution, adsorption of counterions, and formation 

of chemical complexes, colloidal particles in aqueous solutions acquire charges on their 

surfaces, experimentally determined vis-à-vis zeta potential measurements. When an 

electric field is applied to an ionic solution, particles having net charges move with a 

predetermined velocity, thus, determination of the particles’ ζ-potential uses this 

movement, known as electrophoretic mobility.(Al-Araimi et al., 2021; Awolayo et al., 

2018; Derkani et al., 2018) ζ-potential is the potential at a particle's sliding plane in a 

medium, and its measurement can reveal details about a suspended particle's surface 

charge, including its nature and size.(Mohammed B. Alotaibi & Nasr-El-Din, 2011; Joekar-

Niasar et al., 2019) Additionally, it provides information on a particle's stability and 

flocculation potential. As a result, it has uses in the production of flocculants and 

dispersants as well as in water treatment. 

ζ-potential values can indicate changes in the state of the surface, such as wettability 

alterations.(Mohammed, Al Shehri, et al., 2021c) It is a qualitative technique that depicts 

a change in surface chemistry by reduction or increase in the magnitude and sign of the ζ-

potential value. But little or no correlation has been established with wettability other than 

a change in magnitude and sign of the ζ potential, which could be due to adsorption of 

fluids on the particle surface or dissolution of ions from the surface. However, studies were 
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conducted to see if zeta potential may be used as a special indicator of recovery for 

LSW.(Rodrigues et al., 2022) Streaming potential measurements and core flooding 

experiments were used by the authors to assess the crude oil/brine/rock system. Results 

showed that the recovery and ζ-potential of the water/oil and rock/water interfaces are 

correlated. Therefore, recovery was seen to be beneficial if both interfaces had the same 

surface charge; yet inferences were reached to the fact that ζ-potential cannot be used as a 

sole tool for recovery predictions. Thus, at best, it can only be used as a qualitative check, 

thus, a comparison of wettability alteration using the ζ-potential measurement and the 

popular Amott−Harvey and USBM methods is not straightforward and can be 

misleading.(Isah et al., 2022a) Depending on the adsorbing fluid properties and the fluids’ 

propensity to interact with the surface, the ζ-potential can be used as a sign of wettability 

change. Additionally, the use of ζ-potential measurement in wettability alteration 

experiments gives researchers insight into wettability changes but does not allow in situ 

changes to be observed.(Isah et al., 2022b) Furthermore, a thorough understanding of the 

chemistry of the fluids and surfaces involved in the interactions is necessary to infer the 

wettability alterations from ζ-potential measurements.  

To understand the interactions (intermolecular forces) acting on colloids or charged 

surfaces in an electrolyte solution, the Derjaguin, Landau, Verwey, and Overbeek (DLVO) 

theory was developed. The DLVO theory is a classical explanation of the intermolecular 

forces (electrostatic repulsion and van der Waals attraction) responsible for the stability of 

colloids in a suspension. The effect of crude oil fractions, pH, and salinity on the film 

thickness on mineral surfaces using the DLVO theory is well documented in the 

literature.(S. Basu & Sharma, 1997; Subhayu Basu & Sharma, 1996) The principles of thin-
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film thickness measurement using AFM were developed in Basu and Sharma's work.(S. 

Basu & Sharma, 1997) This was done to determine how much these factors affected 

wettability changes. According to the authors' findings, a decrease in film thickness was 

seen when both salinity and pH values were reduced. A higher salinity and pH, however, 

led to a more stable film in the case of the non-polar crude oil fractions. Because glass 

beads were used in the study and the pH range was only 5.5 – 8.0, these findings have some 

limitations. They thus give insight into the impact of salt interactions and pH circumstances 

on wettability alteration. To investigate the impact of altered water chemistry on oil 

recovery supported by ζ-potential and contact angle measurement, Sanaei et al.(Sanaei et 

al., 2018) used the DLVO theory and a surface complexation model. With the results 

showing the dominance of surface charge in the observed recovery, this is to capture the 

physics of improved recovery in low salinity water flooding. ζ-potential values and a 

measurement of the contact angle provided additional support for this; nevertheless, the 

impact of salt was not considered in their analysis. The presence of divalent cations and 

the sulfate ion is essential for determining surface wetness, according to Tirjoo et al.(Tirjoo 

et al., 2019) who studied the impact of brine ionic composition on wettability. More 

specifically, it clarified how to compute the film thickness using the DLVO theory. 

 

8.1.2 Smart and low salinity water  

A causative operation that can result in a sulfate scale problem is the injection of smart 

water. Smart water is a brine whose chemical composition has been altered to achieve ion-

specific interactions with the rock/fluid system.(P. Abbasi et al., 2020; Fathi et al., 2011; 

Prabhakar & Melnik, 2017; Zallaghi & Khaz’ali, 2021) In most cases, the said smart water 
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contains high and low dosages of SO4
2– and divalent cations, respectively.(P. Abbasi et al., 

2020) Smart water differs from low salinity water (LSW), which results from the dilution 

of formation brine (FW) or seawater (SW) (Taheriotaghsara et al., 2020). These two terms 

have been erroneously used in the literature(Snosy et al., 2021) however mean two different 

brine systems. The effect of both brines has gained significant attention recently and 

continues to be an active area of research. Several studies are available in the literature on 

smart and LSW water effects on reservoir wettability and oil recovery.(Al-Bayati et al., 

2022; Yongqiang Chen et al., 2020; El-Din Mahmoud, 2018; Mosallanezhad & 

Kalantariasl, 2021; Taheriotaghsara et al., 2020; Yutkin et al., 2018) For example, using 

AFM, contact angle, and ζ-potential measurements, Al Maskari et al.(Al Maskari et al., 

2020) described the impact of pH (caused by mineral dissolution under LSW) on carbonate 

surface wettability. Findings indicated that the contact angle decreased as pH increased, 

and this observation was corroborated by an increase in the magnitude of the negative 

surface charge under the same circumstances. Additionally, the AFM's adhesion test 

revealed that the adhesion force decreased as pH rose, indicating that the surface's 

hydrophilicity had increased. Snosy et al.(Snosy et al., 2021) in a thorough investigation 

of the effect of LSW on carbonate reservoirs concluded that the recovery is controlled by 

the water's composition rather than its salinity. More so, the concentrations of Na+, Mg2+, 

K+, and Cl– have the largest impact during the secondary recovery stage, whereas K+, 

HCO3
–, SO4

2–, and the mineralogy are the most important characteristics during the tertiary 

recovery stage. Similarly, Zekri et al.(Zekri et al., 2021) in an assessment of LSW  injection 

in different wettability states using core flood experiments and effluent analysis, concluded 
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that the optimum LSW is a function of the wetting state of the rock. Thus, priority should 

be accorded to the brine composition rather than the salinity level. 

In an analysis of the impact of LSW flooding on chalk core samples, Mokhtari et 

al.(Mokhtari et al., 2022) concluded that 10-fold diluted seawater exhibits greater recovery 

than FW and SW. Furthermore, the scientists deduced from the ion effluent study that 

mineral dissolution cannot be the sole mechanism responsible for the observed recovery 

and that the effect of SO4
2– is not responsible for observed recovery in all situations. More 

recently, Tetteh et al.(Tetteh et al., 2022) reported using the diffuse layer model (DLM) 

and triple-layer model (TLM) of surface complexation to model the carbonate rock 

wettability. The experimental ζ-potential values for the seawater brine used in the 

investigation were more closely matched by the DLM than by the TLM, according to the 

results. The computed interaction potential at the interfaces further demonstrated that a low 

Mg2+ and high SO4
2– resulted in a more negative calcite/brine interface. Therefore, to 

achieve a water-wet state, a more negative interface surface charge is required. 

As robust as the research on LSW and smart water is and their implications on oil recovery, 

it is not without a drawback, which includes sulfate-scale precipitation and salt dispersion. 

The salt dispersion, which happens when LSW mixes with high salinity water, is one of 

the downsides of LSW flooding; however, new research suggests that by adding around 

200 ppm of polymer, the salt dispersion can be decreased by roughly 70%, resulting in a 

lower volume of LSW usage.(Darvish Sarvestani et al., 2021) Also, with so many research 

articles emphasizing the benefits of increased SO4
2– concentration on oil recovery, no 

attention has been paid to the potential damage it can cause due to sulfate-based scale 

precipitation, which can result in wettability alterations and permeability damage. Thus, as 
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stated in the preceding section, this research is aimed at understanding the effect of sulfate-

based scales on calcite mineral surface charge and consequent wettability state. 

 

8.2 Materials and Methods 

8.2.1 Materials  

The rock minerals used in this study include calcite and anhydrite samples with average 

particle sizes of 8.4 and 8.26 µm for calcite and anhydrite, respectively. All chemicals used 

in this study were of the American Chemical Society (ACS) reagent grade. The synthetic 

brine solutions used are with compositions (Table ) mimicking the Arabian Gulf seawater 

(SW) and formation water (FW). The salts used in this study were purchased from Sigma 

Aldrich (Saint Lois, MO, USA).  

 

Table 8.1: Ionic composition of Arabian gulf formation water (FW) and seawater 

(SW).(Abdel-Azeim et al., 2021) 

Ions FW (ppm) SW (ppm) 

   
Na+ 59,491 18,300 

Ca2+ 19,040 650 

Mg2+ 2,439 2,110 

SO4
2– 350 4,290 

Cl– 132,060 32,200 

HCO3
– 354 120 

TDS 213,734 57,670 

 

8.2.2 Sample Preparation for Zeta potential Measurement. 

Rocks mineral particles were conditioned in deionized water (DI), seawater (SW), 

formation water (FW) as well as in mixtures whose pH was modified to mimic oilfield 

operations. For all samples, the total dissolved mineral particles were 1g, with the 
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proportion of anhydrite samples to achieve the required ratio added to the calcite mineral 

sample. After that, 10 mL of fluid was then added to the sample mixture and allowed to 

stand undisturbed for 24hrs. The pH adjustment of the FW and SW was achieved using 0.1 

mM NaOH and nitric acid to avoid surface etching. 

8.2.3 Zeta potential measurement and pH measurement 

Anton Paar Litesizer 500 (Graz, Austria) machine was used for the sample mixture zeta 

potential measurements. Before every measurement, the sample mixtures were centrifuged 

using a Hermle Z326K centrifuge (Gosheim, Germany). Samples were centrifuged at 23 

oC for 2 min at 3000 rpm before the zeta potential measurement, sample to be analyzed is 

taken from the clear supernatant. All reported measurements in this study are within ± 2 

mV standard deviation and an average of 20 runs for each sample. 

The pH value of the freshly prepared brines and all samples in this study was measured 

using the Thermo Scientific™ Orion Star™ A215 pH/conductivity benchtop 

multiparameter meter, with an accuracy of ± 0.002. 

8.3 Results and Discussions 

The effect of sulfate-based scales on calcite mineral surface charge is investigated using 

zeta potential measurement. To provide a holistic picture of the effects, the influence of the 

varying proportions (wt.%) of the scales (anhydrite) on calcite surface chemistry is 

explored. As an initial step, the pH of the fluids (DI and synthetic brines) used in this study 

was recorded. The pH values were 7.64, 7.65, and 6.27 for DI, SW, and FW, respectively. 

These pH values are the benchmark against which all reported pH values are compared in 

this study. This is so, to infer governing mechanisms responsible for the observed surface 

charges. 



 
 

251 
 

8.3.1 Calcite in DI, FW, and SW 

The surface charge of calcite mineral is first studied to serve as a benchmark against which 

the effect of scales would be compared. The zeta potential of calcite minerals in DI, SW, 

and FW is shown in Figure 63. Figure 63 shows that the calcite mineral in DI and SW is 

negatively charged while it shows a positive charge in FW. To understand the mechanism 

responsible for the observed surface charge, the initial and final pH values are critical. In 

the case of DI water, the initial pH was recorded as 7.64, however, after calcite mineral 

conditioning in DI water, the resulting pH of the Calcite/DI mixture was 8.50. This points 

to the fact that the H+ and OH– in the case of DI water are potential determining ions (PDIs). 

Also, the increase in pH from 7.64 to 8.50 shows that the dominant interaction is due to the 

Hwater and Ocalcite interactions, resulting in more OHwater in the system, thus, the shift in pH. 

In the case of SW and FW, no pH change is observed, which indicates that the H+ and OH– 

are not PDIs. Furthermore, this implies that the surface charge development of the calcite 

mineral in SW and FW is due to their respective fluid composition (ions).  

In the case of SW (Figure 63), the calcite mineral is negatively charged however the 

magnitude of the charge is small. The negative surface charge can be attributed to the 

presence of anions (Cl– and SO4
2–) in SW, especially the SO4

2–. However, the low 

magnitude of the charge can be attributed to the competitive interaction of the cations (Na+, 

Ca2+, and Mg2+) with the calcite surface. Although due to the high SO4
2– concentration in 

SW, the surface remains negatively charged, however, this can be easily reversed by a 

change in the fluid composition. The reported calcite mineral surface charge in SW agrees 

with the report of  Rodrigues et al.(Rodrigues et al., 2022) who studied the effect of 

controlled salinity flooding on the oil-water-carbonate system. Furthermore, our 
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observations differ slightly from the report of Belhaj et al.(Belhaj et al., 2022) who reported 

a higher magnitude of surface charge value even though both cases agree on the nature 

(negative surface charge) of the calcite mineral surface charge in SW. This disparity can 

be attributed to the fact that the samples used in their study contain quartz and dolomite 

which resulted in an increased negative surface charge. However, in our study, pure calcite 

minerals were used. Similarly, our observation is corroborated by the report of Kasha et 

al.(Kasha et al., 2021) The authors used old and unaged limestone samples and zeta 

potential measurements to describe the interactions of PDIs (Mg2+, Ca2+, and SO4
2–) on 

limestone. According to the authors' findings, SO4
2– dominates in creating and maintaining 

a negative surface charge for both aged and unaged samples when additional PDIs are 

present.  The case of FW is like that of SW, in that no pH change was observed. However, 

the FW has more cation concentration than SW and has ten (10) times less SO4
2– compared 

to SW. Thus, the surface charge of calcite in FW is positive due to the adsorption of cations 

on the calcite surface. Figure 63 also shows that increased salinity affects the resulting 

surface charge of calcite minerals, thus, salinity reduction may hold the key to the control 

of the mineral surface charge. This agrees with the report of Tetteh et al.(Tetteh et al., 2022) 

which demonstrated that increase in the cation concentration results in reduced negative 

surface charge. More so, an increase in cation concentration results in the formation of a 

salt layer on the calcite mineral surface.(Koleini et al., 2021). 
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Figure 63. Calcite Mineral surface charge in DI, SW, and FW. 

 

8.3.2 Effect of anhydrite scale on calcite mineral surface charge 

Anhydrite scales form due to acid sulfate water and calcium present in the reservoir(Cope 

et al., 1985) and like calcite, its solubility decreases with increased temperature (Zarrouk 

& McLean, 2019). The effect of anhydrite (1 – 20 wt.%) on the surface charge of calcite 

minerals is shown in Figure 64. In the case of DI water (Figure 64A), the calcite mineral 

is observed to remain negatively charged as in Figure 63 without the effect of anhydrite, 

however, the magnitude of the surface charge is reduced due to the presence of the 

anhydrite scale. The lowest magnitude of surface charge is observed at 1 wt.% anhydrite 

concentration; however, above this concentration (3 – 20 wt.%), the surface charge 

magnitude increased to approximately –10 mV. The surface charge at 1 wt.% can be 

attributed to the dominance of the Ca2+ at low anhydrite concentration however, above 1 
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wt.%, the SO4
2– dominated the interactions thus the increased negative surface charge as 

the anhydrite scale concentration increases. Notably, no significant pH changes (Figure 

64B) are observed with an increase in the anhydrite scale concentration except at 15 wt.%, 

which explains the reduction in the zeta potential value. Furthermore, except at an 

anhydrite concentration of 1wt.%, the same surface charge is observed, which implies the 

complete coverage of the active sites on the calcite surface by the anhydrite scale. This also 

points to the fact that the anhydrite scale has the most impact on the calcite surface charge 

when present at low concentrations (< 3 wt.%). 
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B 

 

Figure 64. Effect of anhydrite scale on calcite mineral surface charge. (A) zeta potential 

values of calcite/anhydrite mixtures in varying fluids. (B) pH value of the mixtures after 

24hr. conditioning. The X-axis represents fluids (DI, SW, and FW) in which the mineral 

was conditioned. 

 

The cases of SW and FW differ from that of DI water in that they have dissolved ions as 

shown in Table . Also, from the pH values (Figure 64B), no change is observed thus, the 

observed effect on the calcite mineral surface charge is due to the ionic composition of the 

brines. In the case of SW, at 1 wt.% anhydrite, a slight reduction in the calcite mineral 

surface charge is observed from a value of –3.3 mV without anhydrite (Figure 63) to –2.2 

mV in the presence of anhydrite (Figure 64A). Even though the SO4
2– concentration in SW 

was high, its effect only became pronounced at 3 wt.% anhydrite concentration. As the 

anhydrite scale concentration increased to 5 wt.%, a charge reversal due to counter 

adsorption of the Ca2+ present in the system or collapse of the double-layer with increased 

SO4
2– density is observed. Furthermore, an increase in the anhydrite scale concentration 

beyond 10 wt.% (i.e., 15 and 20 wt.%) does not increase the negative charge magnitude. 
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This can be attributed to the saturation of the calcite surface with adsorbed SO4
2–. In the 

case of FW, a positive surface charge is observed at anhydrite concentrations of 1 – 5 wt.% 

and 15 wt.%, with a negative surface charge observed at 10 and 20 wt.%. This is attributed 

to the adsorption of cations in the FW on the surface and the counterbalance of the SO4
2– 

from the anhydrite scale by the cations. Therefore, the effect of the anhydrite scale on 

calcite mineral surface charge shows that except in the case of FW, the calcite mineral is 

negatively charged due to the sulfate ion from the scale. More so, the low values of the zeta 

potential show that the presence of the anhydrite scale possesses no wettability alteration 

potential and does not in itself possess the capability to alter the wetting state of the calcite 

mineral.  

 

8.3.3 Effect of oilfield operations 

Oilfield operations, which include drilling, stimulations, waterflooding, low salinity and 

polymer injections, etc. are implemented during the life of a field. These operations induce 

pH change around the wellbore, which impacts fluid interactions at the mineral/fluid 

interfaces.(Mohammed, Al Shehri, Mahmoud, Kamal, Alade, et al., 2022) Thus, the effect 

of such pH changes along with the presence of scales is explored in this section.  

The effect of anhydrite (1 – 25 wt.%) and oilfield-induced pH on the calcite mineral surface 

charge is shown in Figure 65. Also shown in this figure is the surface charge of calcite due 

to these two factors in different fluids (DI, SW, and FW). In the case of DI water, regardless 

of the concentration of the anhydrite scale, the surface charge of calcite is observed to be 

negative; however, the magnitude varies with the scale concentration. Figure 65A depicts 

the case of 1 wt.% anhydrite/calcite mixture in different fluids. In the case of DI (Figure 
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65A), at pH values of 5 and 6, an average surface charge value of –4 mV is observed; 

however, with the decrease in the pH towards the acidic pH region, a reduction in the 

charge magnitude is recorded. This can be attributed to the interaction of the H+ with the 

calcite mineral surface. Furthermore, the sudden increase in the charge magnitude at pH 1, 

is caused by the compression of the double layer due to high H+ density. On the other hand, 

the reduction in the surface charge at pH values 9 – 11 is due to the compression of the 

double-layer with an increase in OH– as the pH increases. The provided explanation is 

plausible because in an electrolyte solution, when two charged surfaces (mineral surface 

and ions) and the electrical double layers (EDLs) that accompany them approach one 

another, the EDLs initially start to overlap resulting in the compression of the interfacial 

boundary before eventually collapsing under confinement.(Zachariah et al., 2016) Altering 

the pH or the salt concentration offers other ways, as in our case to change the interfacial 

populations and chemical potentials, and hence the relative stability of these structural 

components. Therefore, as earlier stated, the behavior of the calcite mineral in the DI water 

environment is controlled by the PDIs (H+ and OH–). In the case of SW, intermittent charge 

reversal is observed at pH values of 5 – 12. This can be attributed to the interplay between 

cation adsorption and sulfate ion adsorption as no observable pH change is recorded. 

However, in the acidic pH range (pH 1 – 4), the decrease in the negative surface charge is 

due to H+ ion interaction with the surface. In the case of FW, an all-positive surface 

condition is observed across all pH. This can be attributed to the high cation concentration 

in FW. Most probably, Na+, Mg2+, and Ca2+, however, the effect of the pH becomes 

apparent at the alkaline pH range with the reduction in the positive charge magnitude. This 

is corroborated by the work of Chen et al.(Yongqiang Chen et al., 2020) who investigated 
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the effect of pH and Ca2+ on the calcite/brine interface charge. The authors alluded that at 

any given pH, the surface species distribution varies thus, the effect of pH on the 

calcite/brine interface charge is due to the varying distribution of hydration sites (>CO3
– 

and CaOH2
+) on the calcite surface. Furthermore, calcite surface interactions with the ions 

are dependent on adsorption reaction which is significantly reduced due to high sulfate 

content (Mosallanezhad & Kalantariasl, 2021). 

The case of 5 wt.% anhydrite is depicted in Figure 65B and as can be observed, the surface 

charge is positive. In the case of SW, the highest magnitude of positive charge is recorded 

at pH 5, with a reduction in the surface charge magnitude observed as the pH value tends 

toward the acidic pH region. This reduction can be attributed to the compression of the 

double layer due to an increase in H+ density as the pH approaches a value of 1. On the 

alkaline pH region, with an increase in pH, the surface charge magnitude reduces due to 

OH– interaction with the surface; however, at a pH value of 12, charge reversal is observed. 

In the case of FW (Figure 65B), a similar trend as in SW is observed however the 

dominance of double-layer compression is more pronounced. Evident from Figure 65A – 

F, is the fact that with an increase in the anhydrite concentration, the surface charge across 

the pH values becomes positive, so a combined effect of induced pH and anhydrite 

concentration is what results in the surface charge reversal with the dominant mechanisms 

being ion-adsorption and electrical double layer compression. 
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Figure 65. Effect of Oilfield induced pH and anhydrite scale on calcite mineral surface 

charge. A-F represents 1, 5, 10, 15, 20, and 25 wt.% anhydrite/calcite sample mixture, 

respectively. 
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8.3.4 Scale Control  

Formation damage due to scales is remedied by the injection of fluids to dissolve the 

deposited scale,(Fredd & Fogler, 1998; Kremieniewski et al., 2021; Mohamed et al., 2020; 

Siddig et al., 2022) stabilize the formation and alter the wetting state of the rock.(M. 

Mahmoud et al., 2021b; M. A. Mahmoud, 2014; Hisham A. Nasr-El-Din et al., 2007) 

Another mechanism of scale control is the use of chelating agents which chelate specific 

ions from the rock surface and prevent their precipitation or deposition.(Mohammed, 

Mahmoud, Al Shehri, Kamal, & Alade, 2022) Of the several chelating agents, the most 

used is the ethylenediaminetetraacetic acid (EDTA). EDTA is reported to prevent anhydrite 

scale as well as alter the wetting state of the rock (Fredd & Fogler, 1998)  

Hassan and AL-Hashim(Hassan & Al-Hashim, 2020b) reported the surface charge 

modification of the carbonate system using EDTA chelating agents (1, 3, 5, and 10 wt.%). 

The authors analyzed the changes using ion concentration analysis via inductively coupled 

plasma-optical emission spectrometry (ICP-OES), and recovery evaluation using core 

flooding and spontaneous imbibition tests. Furthermore, nuclear magnetic resonance 

(NMR) was also used to evaluate the potential damage to the sample due to chelating agent 

treatment. Findings showed that the carbonate sample surface charge can be reversed to 

negative vis-à-vis the chelating agent. Also, an increase in chelating agent concentration 

results in an increased negative surface charge. The authors also alluded based on the ICP 

analysis, that the surface charge modification is attributed to Ca2+ dissolution or chelating 

from the carbonate surface. This was further corroborated by the recovery measurements 

from the imbibition test and core flooding experiments.  
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Mady et al.(Mady et al., 2021) report the use of organophosphorus, nitrogen-free scale 

inhibitors for calcite minerals. The authors conducted a compatibility test, efficiency 

evaluation, Density Functional Theory (DFT), solid-state computations as well 

environmental friendliness examination of the proposed fluids. In comparison to the 

commercial inhibitors, the nitrogen-free scale inhibitors performed well, with the distance 

and number of PO(OH)2 and COOH on the inhibitor backbone suggested to control the 

performance. Recently, a technique of converting anhydrite to calcite via a chelating agent 

was reported(M. Mahmoud et al., 2021b) however, in this study, the varying concentration 

of EDTA was employed to control the scale effect on the calcite mineral surface charge. 

This is to ascertain the optimal EDTA concentration required for anhydrite scale inhibition. 

Furthermore, the mechanism responsible for the EDTA interaction was investigated using 

ion concentration analysis. Therefore, to evaluate whether the dominant mechanism is ion 

chelating or wettability alteration, the concentration of Ca2+ and Ba2+ were monitored in 

our study.  

To understand the effect of EDTA solutions in chelating the cations from the mineral 

surface, 1g of the minerals (calcite, anhydrite) were conditioned in EDTA of different 

concentrations (1, 5, and 10 wt.%). After 24hrs, the mixture was sonicated, and a sample 

was taken from the clear supernatant. The samples were then analyzed for concentrations 

of Ca2+ and Ba2+ in the EDTA solution chelated from the mineral surfaces. This is to 

establish and affirm the earlier reports by Mahmoud et al.(M. Mahmoud et al., 2021b) 

Figure 66 shows the results of the ion concentration analysis for the minerals. The 

effectiveness of the EDTA solution in chelating cations from the mineral surfaces is in the 
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order anhydrite > calcite. More so, the amount of cations chelated by the EDTA solutions 

increases with an increase in EDTA concentrations in the cases of calcite and anhydrite.  

 

Figure 66. Ion concentration analysis. 

 

Two modes (Figure 67) of EDTA implementation (slug (Figure 67A) and continuous 

injection (Figure 67B)) and environment (primary and secondary production stage) were 

evaluated in this study. The primary and secondary production in this study means EDTA 

injection (slug or continuous) was implemented in the native reservoir state (FW) and after 

seawater injection commenced, respectively. In the case of slug injection, the EDTA 

contacts the mineral once, whereas, in the case of continuous injection, the mineral is 

contacted multiple times.(Mohammed, Mahmoud, Al Shehri, Kamal, & Alade, 2022)  

 

8.3.5 Slug injection. 

Error! Reference source not found. shows the zeta potential values of the effect of EDTA (

1, 5, and 10 wt. %) slug solution on the calcite/anhydrite systems in FW and SW 
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environments. In the case of a calcite/anhydrite system in the FW environment (Error! R

eference source not found.A), the highest magnitude of negative charge is –15.8 mV. This 

is in the case of 1 wt.% EDTA slug being applied to a  

calcite/anhydrite system with 1 wt.% anhydrite. For a calcite system with a 1wt.% 

anhydrite scale, the optimum EDTA concentration for slug treatment is 1 wt. %. This is 

because increased EDTA concentrations to 5 and 10 wt.% result in a lower magnitude of 

negative surface charge. This can be attributed to the compression of the double layer. 

Also, from the zeta potential values at 5 and 10 wt.% EDTA slug application, it can be 

inferred that there exists a limit to the double layer compression, beyond which the 

increased concentration of EDTA has no further effect. This is evident in the fact that the 

same value of surface charge results regardless of the increased EDTA concentration from 

5 – 10 wt.%. For a calcite rock with a 5 wt.% anhydrite scale system, a lower magnitude 

of negative surface charge results compared to the case of a 1 wt.% anhydrite scale. This 

is because, with a more anhydrite scale, more Ca2+, which is a PDI is introduced into the 

system. Moreover, the highest magnitude of negative surface charge was observed in the 

case of 1 wt.% EDTA slug, with a reduction in surface charge observed with an increase 

in EDTA concentration. This decrease in surface charge is due to the compression of the 

double layer and in this case (5 wt.% anhydrite), slug treatment with as much as 10 wt.% 

EDTA solution is not sufficient to improve the colloidal stability of the system.  
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Figure 67: Mode of chelating agent injection. (A) slug injection. (B) Continuous 

injection. 

 

With an increase in the anhydrite scale concentration to 10 wt.%, a positively charged 

surface results with all tested EDTA concentrations (1–10 wt.%) ineffective in reversing 

the calcite/anhydrite system surface charge. Thus, in the FW environment, the application 

of slug treatment is not effective due to the observed low negative and positive surface 

charges. This is attributed to the high concentration of cations in FW, which reduces the 

effect of the EDTA chelating agent on the calcite/anhydrite system. The effect of EDTA 

slug treatment on the calcite/anhydrite system in the SW environment, which has less 

cation concentration compared to FW is represented in Error! Reference source not f

ound.B. In the case of a calcite system with a 1wt.% anhydrite scale, an increase in EDTA 

solution concentration is observed to improve the negative charge magnitude of the system. 

This agrees with the report of Hassan and Al-Hashim(Hassan & Al-Hashim, 2020b) who 

reported carbonate  

A B 
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Figure 68. Effect of slug injection on scale control. A and B: zeta potential values for 

anhydrite/calcite case scenario in FW and SW, respectively. 

  

system surface charge modification using an EDTA chelating agent. In the cases of 5 and 

10 wt.% anhydrite concentrations, the optimum EDTA concentration for slug treatment 

was determined to be 5 wt.%. This is because a further increase in EDTA concentration 

above 5 wt.% showed an insignificant difference. Thus, in the SW water environment, 

calcite systems with 1 wt.% and above 5 wt.% anhydrite require 10 wt.% and 5 wt.% EDTA 

solutions for slug treatment, respectively.  

 

8.3.6 Continuous injection 

Continuous injection (see Figure 67B above) of chelating agents into the formation is the 

alternative to slug injection. This often requires a low dosage of chemical for economic 

concerns; thus, the most efficient chemical is that whose optimal concentration is 

exceptionally low and efficient. This is achieved by dosing the SW injected into the 

formation with the required chemical dosage. In this study, we investigate the use of 1 – 
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10 wt.% EDTA for continuous injection in a calcite scale system of varying scale 

concentration (1, 5, and 10 wt.%). 

Error! Reference source not found. shows the effect of continuous injection of 1, 5, and 10 w

t.% EDTA on the anhydrite/calcite system of 1, 5, and 10 wt.% anhydrite. Also shown in 

this figure is the effect of the EDTA chelating agent in different environments (FW (Error! R

eference source not found.A – C) and SW (Error! Reference source not found.D – F)). 

In the FW environment (Error! Reference source not found.A – C), the optimum EDTA 

concentration to achieve the highest magnitude of negatively charged surface is 1 wt.%, 1 

wt.%, and 5 wt.% for 1, 5, and 10 wt.% anhydrite/calcite systems, respectively. In an 

economic view, 1 wt.% EDTA is optimal for low anhydrite scale conditions, whereas, for 

higher scale percentages (10 >=), 5 wt.% continuous injections will suffice. On the other 

hand, in SW (Error! Reference source not found.D – F) environment, 1 wt.% EDTA 

continuous injection is the optimal injection dosage regardless of the anhydrite scale 

percentage. Thus, once SW injection has started, the dosage of the injected SW with 1 wt.% 

EDTA solution helps improve the colloidal stability against precipitation. This also ensures 

surface conditions that would not serve as precursor for polar crude oil compounds 

adsorption. Thus, an operational strategy to minimize wettability alteration and formation 

damage. 

A B 
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C D 

  

E F 

  

Figure 69. Effect of continuous EDTA chelating agent injection on the calcite/scale 

surface charge. (A – C) and (D – F) represent 1, 5, and 10 wt.% anhydrite/calcite system 

in FW and SW environments, respectively.
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8.4 Wettability alteration 

Results thus far show that the presence of scales affects the surface charge of calcite 

minerals and thus affects the calcite mineral interactions. As earlier presented in the 

preceding section, for wettability alteration to occur due to the adsorption of crude oil polar 

compounds, the calcite surface charge must be opposite that of asphaltene which is said to 

be negatively charged. The results of the effect of sulfate scale on calcite mineral surface 

charge (Figure 64 & 8.3) showed that the presence of the scales makes the surface 

negatively charged except in the case of anhydrite in the FW environment. Thus, if the 

surface is negatively charged, wettability alteration due to the asphaltene molecule is 

mitigated. However, the change in the zeta potential due to the presence of the scales 

possesses the threat of precipitation. The threat of scale precipitation is due to the instability 

of the colloidal system which is depicted by a near-zero and low zeta potential values (less 

than ±10) of the calcite/scale systems. This also leads to the inference that the presence of 

the scale does not affect the wettability of the calcite system, however, possesses a threat 

of permeability and porosity damage. Additionally, the injection of EDTA solution as a 

scale control method enhanced the magnitude of the system's negative surface charge, thus, 

improving the calcite surface's ability to mitigate changes in wettability brought on by 

asphaltene adsorption. 

Wettability alteration assessment using, for instance, the contact angle method was difficult 

to achieve in this study. The difficulties encountered that prevented the report of wettability 

alteration vis-à-vis contact angle measurements in this study involved making a core plug 

with scales at the proper percentage compositions. The samples must be heated and 
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compressed under high pressure to create a core plug from the powder. The core plugs 

would after that be cut into chips to quantify the contact angle. Additionally, cementing 

materials are employed to bind the powdered samples together to create the core plugs, and 

according to this study, a cementing material concentration of greater than 30 weight 

percent is needed. This, in our opinion, would affect the recorded contact angle. To reduce 

the cementing material's influence on surface contacts, a different study is devoted to the 

creation of representative core plugs.  

 

8.5 Conclusions 

The impact of sulfate-based scale (anhydrite) on calcite mineral surface charge is 

investigated in this study. Also, the effect of pH-inducing oilfield operations, as well as an 

evaluation of the optimal concentration of chelating agent for scale control, is presented. 

Based on our findings, the following conclusions are reached. 

The presence of sulfate-based scales in calcite-rich formation results in precipitation-

prone conditions even though the surface charge may be negative. 

Sulfate-based scales do not by themselves induce wettability alteration as they create a 

calcite mineral surface (negatively charged) that is inhibitive of asphaltene adsorption. 

The combined effect of sulfate scales and pH-inducing oilfield operations creates a 

positively charged calcite surface prone to polar crude oil compound adsorption and 

would consequently cause wettability alterations. 

Chelating agents are good candidates for sulfate-based scale control, with the best 

operational strategy being the continuous injection of chelating agents. 
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The optimal concentrations of EDTA for control of anhydrite scale in FW and SW 

environments are 5 wt.% and 1 wt.% for continuous injection strategy. 
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CHAPTER 9 

 

EFFECT OF SURFACE ROUGHNESS AND INTERFACIAL 

TENSION (IFT) OF ROCK WETTABILITY 

 

Summary 

Surface roughness at the grain-pore interface plays a critical role in various petroleum 

applications, influencing pore fractal characteristics, rock physical properties such as 

permeability, and fluid flow and distribution within porous media. The wetting behavior of 

rock is highly dependent on its root mean square (RMS) roughness, which, in turn, affects 

overall fluid dynamics. Despite its importance, the comprehensive effect of surface 

roughness and interfacial tension (IFT) on rock wettability remains insufficiently 

investigated. This study compares the wettability change with RMS roughness of pure, 

nonporous, and impermeable calcite substrates with that of conventional carbonate rock 

(Indiana limestone) under varying IFT conditions (ranging from 0.4 mN/m to 50 mN/m 

achieved by surfactant addition at different concentrations).  

Different sandpaper grit sizes were employed for mechanical polishing to achieve different 

surface roughness levels for both conventional calcite and nonporous, nonpermeable 

calcite substrates. Five rock samples were polished using diamond lapping foils (0.5 µm, 

2 µm, 9 µm, 15 µm, and 55 µm) to attain different surface roughness levels, and RMS 

roughness measurements were conducted at different spots on the polished surfaces of 
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Indiana limestone, specifically on the grain surface and around the pores. Surfactant was 

added to obtain 3 different IFT values, 50.33 mN/m at 0 wt%, 4.64 mN/m at 0.005 wt%, 

and 0.40 mN/m at 0.1 wt%. Dynamic contact angle measurements were conducted on the 

prepared two types of calcite substrates at 3 different IFT conditions. The results indicate 

that the RMS roughness of nonporous calcite substrates (ranging from 28 nm for 0.5 µm 

polishing foil, to 145 nm for 55 µm sandpaper) is comparable to that measured on the grain 

surface of conventional Indiana limestone (37.3 nm for 0.5 µm to 270.6 nm for 55 µm grit 

size). However, RMS roughness around the pores on the Indiana limestone surface is 

significantly larger than that of the nonporous calcite substrate, suggesting that pore 

presence in the rock increases microscale surface roughness. Peak to Valey (P-T) 

roughness also showed similar trend. Contact angle measurements revealed that lower IFT 

and surface roughness exhibit greater oil-wetting characteristics. A smoother surface 

appeared to increase the instability of the drop and the obtained contact angle values. 

Moreover, the nonporous calcite exhibits greater surface hardness than the conventional 

carbonate measured by nanoindentation.  However, wettability via contact angle does not 

show any correlation with the nanomechanical hardness of the rock surfaces, even under 

varying interfacial tension conditions. This study sheds light on the complex interactions 

between surface roughness, interfacial tension, and rock wettability, contributing to a 

deeper understanding of fluid-rock interactions in porous media. 

Key words: Surface roughness, Interfacial tension, Wettability, Nanoindentation, Contact 

angle 
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9.1 Experiments 

Contact angle measurement is the most used technique for evaluating surface wettability. Ideally, 

the measurement should be conducted on a homogenous, atomic smooth, flat surface. However, 

when studying the contact angle in the oil/water/rock system, the rock surface is inhomogeneous 

and rough. The impact of surface roughness has been found to have a profound influence on the 

obtained angle values. Dynamic contact angle measurement captures the contact angle values while 

the drop shape undergoes a continuous change. A consistent dynamic contact angle value indicates 

either the minimum or maximum Gibbs free energy. However, with a rough surface, it is difficult 

to reach a steady dynamic contact angle or a consistent static contact angle value. 

This work aims to study the impact of roughness and interfacial tension (IFT) on the dynamic 

contact angle measurement. The measurements were conducted using the DSA25B manufactured 

by KRUSS at room conditions. n-decane was chosen to represent oil. Deionized water was used as 

the surrounding phase. n-decane was injected through a manual syringe to form a droplet on the 

rock surface. The detected contact angle changed along the manually increased droplet volume. 

Angle values were recorded by the software. 

 

9.2 Results and Discussion 

Figure 9.1 presents the optical images and root mean square (RMS) roughness of Iceland 

spar for various polishing. The surface topographic images in both 2D and 3D are shown. 

The samples were polished using sandpapers with grit sizes of 55 µm (1), 15 µm (2), 9 µm 

(3), 2 µm (4), and 0.5 µm sample with roughness #5. Smoother surfaces were obtained 

with smaller sandpaper mi9cron sizes. The surface roughness ranges from 28.3 nm for 0.5 

µm polishing foil to 145 nm for 55 µm foil. 
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Figure 70. Nonporous-nonpermeable calcite: a) optical images, b) and c) are surface 

topographic images in 2D and 3D, respectively. Polished with 55 µm (1), 15 µm (2), 9 

µm (3), 2 µm (4), and 0.5 µm sandpapers (5). 

 

 For the porous and permeable Indiana rock sample, two different surface roughness 

measurements were performed for each surface polishing, that is, the RMS surface 

roughness is measured on the grain surfaces and around the pores of the samples surface. 
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Figure 9.2 and Figure 9.3 show the optical images and surface roughness of the Indiana 

limestone samples on the grain surfaces and around the pores, respectively. 

 
Figure 71. Indiana limestone: roughness of the grain surface; a) optical images, , b) and c) 

are surface topographic images in 2D and 3D, respectively. Polished with 55 µm (1), 15 

µm (2), 9 µm (3), 2 µm (4), and 0.5 µm sandpapers (5). 
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Figure 72. Indiana limestone: roughness around the pore spaces; a) optical images, , b) 

and c) are surface topographic images in 2D and 3D, respectively. Polished with 55 µm 

(1), 15 µm (2), 9 µm (3), 2 µm (4), and 0.5 µm sandpapers. 

 

The data presented in Figure 9.4 highlights similarities and differences in surface 

roughness between nonporous-nonpermeable calcite (Iceland spar) and Indiana limestone 

(ILS). The surface roughness of the Iceland spar and the grain surface of the limestone 

appear similar, suggesting comparable surface textures. However, the RMS roughness of 
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the limestone around its pores consistently exceeds that of both the limestone grain surface 

and the nonporous calcite. This disparity indicates that the presence of pores significantly 

influences the surface topography of the limestone. Such variations in surface roughness 

may have implications for other surface properties, such as surface energy and wetting 

behavior. The increased roughness around pores suggests a more complex and 

heterogeneous surface, which could affect interactions with fluids. 

The Peak to Valey (P-T) roughness against sandpaper size for the Iceland spar (nonporous-

nonpermeable calcite) and Indiana limestone (ILS) are also computed and tabulated in 

Table 9.1 and Figure 9.5, and this shows similar trend observed in the RMS roughness 

with polishing foil micron size.  

Table 9.1. Roughness and sandpaper size for the Indiana limestone (ILS) and the 

nonporous-nonpermeable calcite. 

      Porous Indiana LS 
Iceland spar (Non-

Porous Calcite) 

Sample 
Sandpaper Around the pores Grain surface Surface 

Grit 
Micron size 

(µm) RMS (nm) P-T (nm) RMS (nm) P-T (nm) RMS (nm) P-T (nm) 

1 280 55 442 2081 270.6 1367.7 145 813.9 

2 1200 15 368 1697.4 198.1 1065.6 94.5 597.6 

3 1800 9 374.4 1383.1 59.9 265.4 81.2 620.9 

4 9000 2 331 1634.8 46.2 516.6 34.9 547.8 

5 60000 0.5 349.1 1224.9 37.3 197 28.3 181.3 
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Figure 73. Root mean square (RMS) roughness against sandpaper size for the Indiana 

limestone (ILS) and the nonporous-nonpermeable calcite. 

 

 

Figure 74. Peak to Valey (P-T) roughness against sandpaper size for the Indiana 

limestone (ILS) and the nonporous-nonpermeable calcite. 

 

9.2.1 Iceland spar contact angle results 

According to Figure 75, a higher oil/water IFT value appears to maintain a more stable 

contact angle value. The measured contact angle value at the same drop volume is larger 

at a lower IFT. The contact angle hysteresis becomes more significant when the IFT is 

lower, and the roughness is smaller.  At the same IFT condition, a higher roughness 
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generally means a more stable contact angle value. The measured contact angle value 

appeared to be strongly dependent on the volume of the oil drop. When the drop size is 

smaller than 5 ul, the contact angle value is very unstable. When the drop size is in the 

range of 5~10 ul, the value starts stabilizing. As the drop volume continues to increase, 

contact angle hysteresis becomes more significant, resulting in a stepwise increase. 

  
(a) (b) 

  
(c) (d) 
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(e)  

Figure 75 Contact angle values at 3 different IFT levels for 5 Iceland spar samples of 

different roughness. 

 

  
(a) (b) 

 

 

(c)  

Figure 76 Contact angle values of 5 Iceland spar samples of different roughness at 3 

different IFT levels. 



 
 

281 
 

 

9.2.2 Indiana limestone contact angle results 

Based on the results displayed, Impact of roughness is that, a higher roughness gives a 

more stable contact angle (Figure 9.8). At Roughness 1, the contact angle curve. This 

empasize the importance of taking into account the surface roughness and IFT variations 

in wettability assessments. 

This statement underscores two critical considerations in dynamic contact angle 

measurements. Firstly, it emphasizes that contact angle measurements with droplet 

volumes less than 5~10 uL may be unreliable. This indicates that extremely small droplets 

may not provide accurate or consistent contact angle readings, likely due to challenges in 

achieving stable droplet shapes or difficulties in accurately measuring the contact line. 

Secondly, it points out that gravity begins to exert a noticeable effect on larger droplets. 

When droplet volumes are too high, the force of gravity can distort the droplet shape, 

leading to inaccuracies in the measured contact angle. This highlights the importance of 

carefully controlling droplet size and volume in contact angle measurements to ensure 

reliable and accurate results. 
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Figure 77. Contact angle values at 3 different IFT levels for 5 Indiana limestone samples 

of different roughness. 
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Figure 78. Contact angle values of 5 Indiana limestone samples of different roughness at 

3 different IFT levels. 

 

9.3 Conclusions 

The findings suggest that the root mean square roughness of nonporous calcite substrates, 

ranging from 28 nm for 0.5 µm polishing foil to 145 nm for 55 µm sandpaper, closely 

resembles that measured on the grain surface of conventional Indiana limestone, which 

ranges from 37.3 nm for 0.5 µm to 270.6 nm for 55 µm grit size. However, the RMS 

roughness around the pores on the Indiana limestone surface is notably larger than that of 

the nonporous calcite substrate, indicating that the presence of pores in the rock increases 

microscale surface roughness. The Peak to Valley (P-V) roughness also shows a similar 

trend. 

Contact angle measurements demonstrate that lower interfacial tension (IFT) and surface 

roughness lead to greater oil-wetting characteristics. Notably, a smoother surface seems to 

enhance the instability of the drop and the obtained contact angle values. Additionally, the 

nonporous calcite exhibits greater surface hardness than the conventional carbonate as 

measured by nanoindentation. Despite this, wettability, as determined by contact angle, 
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does not exhibit any correlation with the nanomechanical hardness of the rock surfaces, 

even under varying interfacial tension conditions. This study provides insights into the 

intricate interplay between surface roughness, interfacial tension, and rock wettability, 

contributing to a deeper comprehension of fluid-rock interactions in porous media. 
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