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Summary

Within reservoirs, spatial variations related to mineralogy and fluid chemistry determine the success of improved oil recovery (IOR)
technologies. However, the composition and structure of mineral-adsorbent/fluid interfaces, which fundamentally determine the wet-
tability of reservoir rocks and crude oil (CRO) displacement, are unclear. Replicating the diagenetic alterations of carbonates, this study
addresses the temperature dependence of the inorganic and organic modifications of calcite by reservoir pertinent fluids as well as its
consequences on mineral wettability and reactivity.

We apply a suite of characterization methods, namely confocal Raman, scanning electron, and atomic force microscopy (AFM) as
well as infrared spectroscopy, to investigate the modifications of carbonates on aging in formation water (FW), CRO-equilibrated FW,
and FW-equilibrated CRO. The microscopic modifications of carbonates show a strong dependence on the aging temperature and are
varied, encompassing topographical alterations, substitution of lattice Ca2þ ions by Mg2þ ions and the deposition of particles enriched
with polyaromatic hydrocarbons (PAHs) as organic adlayers. Aging in the FWs leads to substantial reconstruction of calcite surfaces,
with the deposition of magnesium calcite layers at elevated temperatures. Subsequent aging in FW-equilibrated CRO produces an
organic coating on the mineral surfaces, which is composed of PAH-enriched particles. Deposited most strongly at high temperature,
these organic layers render contact angles more “oil-wet.” In addition, these layers present a limited permeability for ionic species and
substantially reduce the dissolution rates of calcite. The multilayer deposition of organic particles, which thus turns out as a key factor
for wettability alteration, is attributed to the interconnected bulk and surface reactions for interfacially active constituents of CRO and
the surface precipitation of organo-calcium complexes.

Results of this study are relevant to multiple aspects of reservoir development and maintenance, including laboratory scale wet-
tability and coreflooding experiments, and in-silico modeling. The observed nano- and microscopic surface alterations of carbonates
within reservoir mimetic environments improve our understanding of the physicochemical relations between mineralogy and fluid
chemistry at the mineral-sorbent/fluid interfaces within reservoirs and thereby provide a starting point for the development of novel
advanced IOR strategies.

Introduction

Accounting for more than half of Earth’s oil (Klemme and Ulmishek 1991), carbonate reservoirs represent an important energy
resource. Yet oil production from such reservoirs remains a strong challenge and can rely on IOR technologies, such as low-salinity
water, surfactant, and polymer flooding (Yousef et al. 2011; Shah 2012). An important parameter in the development of oil reservoirs is
wettability, which in turn affects the flow behavior and displacement of fluids in porous rock media (Abdallah et al. 1986; Morrow
1990). Preferentially oil-wet rock formations result in high residual oil saturation. Yet, the fundamental microscopic aspects of reser-
voirs, which determine mineral wettability, remain unclear. It is essential to address this knowledge gap to improve our understanding
of the complex dynamics of oil/brine/mineral systems and also to strategically develop and deploy novel IOR technologies.

Physicochemical properties of minerals represent an important link between the geology and engineering of reservoirs (Larter et al.
1997; Peters and Fowler 2002). Addressing the geological origins of initial oil-wet or mixed-wet states of reservoir formations, studies
have shown that certain CRO components chemically or physically adsorb on carbonate surfaces (Frye and Thomas 1993; Piro et al.
1996; Yu and Buckley 1997; Alhammadi et al. 2017; Sørgård et al. 2017). Although it is widely accepted that the organic modifications
of minerals determine wetting characteristics, different findings have been made on the chemical identity of adsorbing species as well as
the composition and structure of resulting mineral-adsorbent/fluid interfaces. For instance, long-chain fatty acids, asphaltenes, resins,
naphthenic acids, kerogens, and carbazoles have all been suggested as adsorbents on mineral surfaces (Frye and Thomas 1993; Piro et al.
1996; Subramanian et al. 2017; Al-Busaidi et al. 2019). Because of this array of proposed CRO-derived adsorbents, the microscopic
mechanisms that govern initial wettability and IOR-induced alterations remain ambiguous. To address this uncertainty, it is necessary to
characterize the interactions and interfaces in reservoir pertinent oil/brine/mineral systems, focusing on both composition and structure.

Synthetic replication of reservoir-relevant oil/brine/mineral systems can facilitate the understanding of the in-situ chemical and topo-
graphical properties of minerals (Chen et al. 2017; Rao et al. 2020). For this, certain key factors require attention, such as the equilibration
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of CRO and reservoir brines at geological scales as well as the diagenetic alterations of minerals at elevated temperature and pressure. For
instance, some water-soluble constituents of CRO can migrate to connate waters within reservoirs (Hutin et al. 2014; Eftekhardadkhah
et al. 2016). This affects the composition of reservoir fluids and, in turn, possibly the organic and inorganic modifications of minerals as
well. Within the pools of CRO and brines, the diagenesis of mineral phases influences the wettability, porosity, and permeability of reser-
voirs (Moore 1989; Moore and Wade 2013). Diagenetic processes also determine the contents of Mg-calcite and dolomite within forma-
tions, which significantly affect reservoir characteristics and performance (Schmoker et al. 1985; Sun 1995). Over geological time scales,
these mineral/fluid reactions can yield (metastable) equilibrium conditions (Helgeson et al. 1993). Experimental simulations of diagenesis
in the laboratory, creating the possibility of such processes to occur, can help address open questions about the nature of surface-active spe-
cies and their relative organization at oil/brine/mineral interfaces (Larter et al. 1997; Buckley 2001; Chen et al. 2017; Joonaki et al. 2019).

Here, one aspect that is often underilluminated in laboratory studies is the lack of uniformity in real reservoirs. Geochemical apprais-
als of reservoirs often report significant spatial gradients of mineral and fluid compositions. Within the same field, depth-dependent var-
iations in mineral compositions for limestone, dolomite, and anhydrite are reported (Cantrell et al. 2004; Hong et al. 2016).
Compositional variations of fluids within a single oil pool in reservoirs have been reported and attributed to thermal gradients and grav-
ity (Hirschberg 1988; Montel et al. 2003; England 2007). For instance, tar mats (asphaltene-rich zones of heavy oil) are sometimes
found at the bottom of reservoirs and pose a challenge toward the development of oil reservoirs. At present, we lack the understanding
of the formative processes leading to these compositional gradients, including the associated rates and magnitudes. Moreover, several
experimental studies use pristine mineral surfaces at ambient temperature and pressure conditions, and thereby exclude key physico-
chemical aspects of reservoir environments. Coreflooding experiments routinely aim at mimicking reservoir conditions by exposing
mineral surfaces to CRO and brines following well-defined aging protocols (Anderson 1986; Jadhunandan and Morrow 1995; Jackson
et al. 2016). However, these aging protocols vary substantially between different laboratories, and their usefulness and reliability are
generally only assessed by macroscopic tests. Their consequences for the microscopic structure and composition of the mineral surfaces
are hardly ever characterized in detail, in sharp contrast to the fact that these microscopic properties are widely believed to control wet-
tability (Chen et al. 2017; Rao et al. 2020). To achieve a consistent fundamental picture and also an understanding of waterflooding and
more advanced IOR techniques in carbonate reservoirs, it is therefore essential to achieve a thorough microscopic picture of the pro-
cesses controlling the properties of the oil/brine/mineral interfaces under realistic reservoir conditions.

In this study, we provide a first step toward this goal by characterizing the microscopic alterations of carbonate surfaces upon expo-
sure to reservoir pertinent connate water and CRO at temperatures up to 95�C using a suite of techniques, namely optical microscopy,
scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), confocal Raman microscopy, and AFM, comple-
mented by macroscopic contact-angle goniometry. While each of these techniques has been applied before, the combination of the com-
plementary results illustrates in a unique manner the subtle balance of competing processes that control the properties of the oil/brine/
mineral interface and how dramatically this balance is altered at elevated temperature. Any microscopic understanding of IOR tech-
niques should be based on the shifts of these delicate equilibria.

Experimental Section

Materials. Rock specimen and batches of dead CRO were obtained from a carbonate reservoir. As summarized in Table S1 (referring to
the supporting information provided with this paper), the characterization of CRO was performed by a certified laboratory of Saybolt
Nederland BV, and the viscosity was measured with a Thermo Scientific HaakeTM RheoStressTM 600 controlled-stress rheometer. Min-
eral samples used in laboratory experiments were freshly cleaved Iceland spar (Ward’s Scientific, Henrietta, New York, USA) and calcite
powders (Sigma-Aldrich, St. Louis, Missouri, USA). Artificial FW (or “unaged FW”) was prepared by mixing reagent-grade chemicals
(calcium chloride, magnesium chloride, magnesium sulfate, sodium chloride, and sodium bicarbonate) (Sigma-Aldrich) with deionized
water (18.2 MX cm; Milli-QVR , Millipore Sigma, Burlington, Massachusetts, USA), to attain a defined composition (Table 1). The brine
composition is based on the chemical analysis of field water samples from a carbonate reservoir (Yousef et al. 2011). At room tempera-
ture (RT), the mixture was stirred overnight and filtered through a polyethersulfone (or PES) filter membrane (0.45 mm).

FW/CRO Equilibration. To mimic the equilibration of aqueous fluids and CRO at elevated temperatures within reservoirs, a previ-
ously described protocol was followed (Rao et al. 2020). In brief, equal parts of CRO and FW were equilibrated at 95�C for 48 hours.
Prior to equilibration, Iceland spar crystals were added to the mixture for pH maintenance. To assist solute transfer between the fluids
while avoiding emulsion formation, intermittent gentle shaking was applied in course of equilibration. After equilibration and cooling
to RT, the brine (eqFW) and oil (eqCRO) phases were separated, stored in sealed glass bottles, and used within 2 weeks of preparation.

Surface Modification of Calcite. The surface modification of freshly cleaved Iceland spar crystals in the equilibrated fluids was per-
formed in a sequential manner (Fig. S1). The crystals were initially aged in FW or eqFW for 16 hours and then in eqCRO for 7 days.
The aging procedure was applied at either RT (approximately 21�C), 60�C, or 95�C. Preceding surface characterization, the FW- or
eqFW-aged crystals were briefly rinsed with deionized water to avoid salt formation by evaporative processes. For eqCRO-aged crystals
(initially treated with eqFW), the substrates were gently cleaned with a toluene stream, which assisted the removal of oil residues. The

Naþ Cations (ppm) 59,491

Ca2þ 19,040

Mg2þ 2,439

SO4
2– Anions (ppm) 350

Cl– 132,060

HCO3
– 354

Total dissolved solids (ppm) 213,734

Ionic strength 4.31

pH 6.8

Table 1—Composition and geochemical analysis of artificial FW.

DOI: 10.2118/200331-PA Date: 2-September-20 Stage: Page: 2 Total Pages: 15

ID: jaganm Time: 15:26 I Path: //chenas03.cadmus.com/Home$/jaganm$/SA-SPE-J###200128

2 2020 SPE Journal



aged calcite samples were dried overnight in a fume hood, stored in a nitrogen box at RT, and used within 4 weeks of preparation. Simi-
lar surface modification protocols were applied to calcite powders (Fig. S2).

Molecular and Microscopic Characterizations. Confocal Raman microscopy was performed using a WITec alpha300 R instrument
equipped with a 532 nm excitation laser. A spectral resolution of approximately 2.3 cm�1 was provided by a grating of 600 g/mm. A
50X objective (Zeiss EC Epiplan with numerical aperture ¼ 0.75) and a charge coupled device (CCD) camera (1600� 200 pixels,
16mm pixel size; Andor Newton, Concord, Massachusetts, USA) were used. Baseline correction was performed by using the WITec
ProjectFIVE software and then a principal component analysis (PCA)-guided denoising algorithm was applied (Fig. S3) (Nair et al.
2020). To generate Raman maps, the spectral regions of interest were integrated for each pixel: from 1076 to 1095 cm�1 for Iceland
spar calcite (�1, in-plane bending), from 1084 to 1097 cm�1 for calcite (�1, in-plane bending) from reservoir rock specimens, and 1500
to 1650 cm�1 for PAHs (G and D2 bands). Residuals obtained from baseline correction were used to localize fluorophores. SEM was
performed with a Zeiss MERLIN HR-SEM instrument equipped with a module for energy-dispersive X-ray spectroscopy. AFM imag-
ing via amplitude modulation was performed at a rate of 0.5 Hz with resolution of 512� 512 in air using NSC36 probes (MikroMasch,
Watsonville, California, USA) and a Bruker Dimension Icon instrument. 3D images of the fluorescence distributions were acquired by
using a VisiTech Infinity3 confocal scanning laser microscope (CSLM) with a 488 nm excitation laser, 60� objective, and an ORCA
Flash 2.8 camera at 2� 2 binning (Hamamatsu Corp., Bridgewater, New Jersey, USA). Z stacks were obtained with step sizes of 1 mm,
and maximum pixel intensity values for each Z-slice were used to generate intensity profiles as a function of depth.

For calcite powders, FTIR spectra were acquired with a Bruker alpha spectrometer operated in attenuated total reflection mode. The
kinetics of calcite dissolution was assessed by monitoring the development of free Ca2þ ions upon addition of mineral powders (50 mg)
to deionized water (50 cm3) maintained at a constant temperature (40�C). Evolution of the Ca2þ ion concentration was monitored using
a combination ion selective electrode (HI-4104) and a HI-931 potentiometric system (Hanna Instruments, Woonsocket, Rhode Island,
USA). The Guggenheim approach was used to evaluate the rate constants for calcite dissolution (Niebergall and Sugita 1968).

Contact-Angle Measurements. Contact-angle goniometry was used to characterize the wettability of eqCRO-aged Iceland spar surfa-
ces at RT. In ambient eqFW, contact angles of eqCRO droplets were estimated by using a Dataphysics OCA 20L instrument via the
captive bubble method. A steel needle, used for automated dispensing of eqCRO, was immersed in eqFW in a glass cuvette (Hellma
Analytics, Plainview, New York, USA). The calcite substrate was immersed in the ambient brine for 30 minutes, which provided for
some equilibration. The experiment was initialized by dispensing a 5-mL drop of eqCRO on the substrate. After 30 minutes, the eqCRO
droplet was infused at a rate of 0.015mL/min to a final drop volume of 20 mL. During infusion, the angle between the mineral surface
and the brine/eqCRO interface was monitored. The receding contact angle (hrec

brine) was estimated. However, the advancing contact
angles (hadv

brine) could not be accurately estimated. Several droplet and substrate replicates, with approximately two to three droplets for
each Iceland spar sample, were made to obtain representative hrec

brine values.

Results and Discussion

Inorganic and Organic Modifications of Reservoir Rocks. Petrographic characteristics of reservoir rocks underlay the efficacy of
IOR processes. One of the nondestructive methods applied for characterizing reservoir materials is Raman spectroscopy (Jehlička et al.
2003; Khatabi et al. 2018). For example, unique spectral features exhibited by different carbonaceous matter enable the structural char-
acterization of rock-associated organic molecules (Jehlička et al. 2003). However, the acquisition of spatially resolved information
from confocal Raman datasets is more demanding and requires effective signal processing. In particular, contributions from fluores-
cence emission and instrumental noise to the spectral data require attention. As shown in Fig. S3, the fluorescence background is a
distinguishing feature of the Raman spectra for geological calcite. The fluorescence might originate from mineral-bound or
atmosphere-derived organic molecules (Stipp and Hochella 1991), and from certain metal ions occluded within the mineral structure
(Mason and Mariano 1990). With the inherent fluorescence of natural calcite, the spectral data derived from confocal Raman micros-
copy (CRM) require baseline correction, and the isolated residuals are applied to localize fluorophores. To minimize the contributions
from instrumental noise, a PCA-guided data denoising algorithm is applied to the baseline-corrected spectral datasets (Fig. S3).

First, we consider the location-averaged Raman spectrum of the rock specimen. The data in Fig. 1 show peaks at 725 and
1091 cm�1 representing the �4 (in-plane bending) and �1 (symmetric stretching) internal modes of carbonate species, respectively. In
relation, the Raman spectrum of pristine calcite exhibit corresponding peaks at 713 and 1085 cm�1 (Gunasekaran et al. 2006). An expla-
nation for the observed Raman shifts is the substitution of Ca2þ ions by Mg2þ ions in the calcite lattice (Borromeo et al. 2017). Consid-
ering the progressive increase in Raman shifts with higher Mg2þ ion contents of calcite crystals (Borromeo et al. 2017), the MgCO3

content within the rock specimens is estimated at approximately 20 mol%. This clearly shows the enrichment of Mg2þ ions within the
calcite lattice in rock materials, with implications toward calcite/fluid interfacial energy and wettability alterations of minerals by the
incorporation of divalent cations (Sakuma et al. 2014; Andersson et al. 2016). Representing the organic modifications of reservoir min-
erals, the location-averaged Raman spectrum shows the presence of graphitic hydrocarbons such as asphaltenes and kerogens (Abdallah
and Yang 2012; Alabi et al. 2015). Shown in Fig. 1b, the G band (1580 cm�1) represents the stretching vibrations of sp2 bonded carbon
within aromatic structures, and the D1 band (1351 cm�1) indicates in-plane defects or substitutions, which distort the vibrational modes
of sp2 carbons (Jawhari et al. 1995; Kelemen and Fang 2001).

The Raman maps for calcite, alongside the distributions of PAHs and fluorescence are shown in Figs. 1c through 1e. At the micro-
scale, the calcite maps present a granular texture, representative of mineral grains. Such structures were also observed by SEM for reser-
voir carbonates (Cantrell and Hagerty 1999). Here, we additionally observe the colocalization of the spatial distributions of PAHs and
fluorescence with calcite grains. Because the core specimens were solvent cleaned before characterization with CRM, the persistence of
organic species indicates either high binding affinities of certain PAHs to rock surfaces or the incorporation of hydrocarbons within the
mineral structure. The colocalization of PAHs and fluorescence confirms the presence of aromatic molecules as mineral-bound species
(Strausz et al. 2009). Such PAHs might constitute wettability-determining organic layers on carbonate surfaces obtained from reser-
voirs, as also indicated by electron energy-loss spectroscopy and microcomputed tomography (Ivanova et al. 2019a, 2019b).

In all, the Raman analyses show substantial inorganic and organic modifications of reservoir carbonates. Key features are the cati-
onic substitution with Mg2þ ions and the presence of PAHs as mineral-bound organic matter. These petrochemical features of reservoir
minerals, established by diagenetic processes, also might consequently affect the efficacy of IOR processes. To understand the fluid
interactions and temperature dependence that produce such mineral modifications in reservoir conditions, the effects of pertinent fluids
such as FW, eqFW, and eqCRO on calcite crystals aged at different temperatures are further investigated.
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Inorganic Modifications of Calcite in FW. Within petroleum reservoirs, rock structures are invariably associated with aqueous fluids
termed as “connate water,” “interstitial water,” or “FW.” Serving as the medium for mineral diagenesis, connate waters are typically
enriched with diverse ionic species such as Naþ, Ca2þ, Mg2þ, Cl�, HCO3

�, and SO4
2� in (metastable) equilibrium with mineral phases,

while organic species extracted from CRO are also present (Helgeson et al. 1993; Eftekhardadkhah et al. 2016; Rao et al. 2020). To elu-
cidate the inorganic modifications of carbonates by connate waters, Iceland spar crystals were aged in synthetic FW at either RT, 60�C,
or 95�C for 16 hours. Evident from SEM micrographs, the FW exposure produces considerable surface reconstruction of calcite in a
temperature-dependent manner (Figs. 2a and 2b). The surface asperities represent mineral deposition at elevated temperatures, which
originates from the combined effects of the retrograde solubility of reservoir pertinent minerals such as anhydrite and calcite (Fig. S4;
Plummer and Busenberg 1982; Dai et al. 2017) as well as the rich ionic composition of FW (Table 1). Such topographical modifications
are likely to influence mineral wettability, considering that surface roughness can singly affect contact angles estimated in oil/brine/
calcite systems (Rao et al. 2020; Sari et al. 2020).

After aging the calcite crystals in FW, the temperature dependence of emergent mineral topography is assessed by AFM. As shown
in Figs. 2c through 2e, the surfaces of aged calcite present asperities, with increased prevalence and size for higher aging temperatures.
The corresponding height profiles indicate pronounced surface roughness for crystals aged at 95�C, characterized by micro- and nano-
scale features atypical of unaged calcite (Fig. S5). Such granular textures can emerge from conditions wherein crystal growth is influ-
enced by ionic “impurity” species such as Mg2þ and SO4

2– or occurs via the attachment and crystallization of amorphous particles
according to the pathways of nonclassical crystallization (Vavouraki et al. 2008; Rodriguez-Navarro et al. 2016; Xu et al. 2016; Huang
et al. 2018). These topographical developments are consistent with corresponding scanning electron micrographs (Fig. S6), wherein
crystals aged at 95�C present significant alterations relative to those aged at either 60�C or RT. In addition, the calcite crystals aged at
RT exhibit some evidence of surface etching (arrow, Fig. S6). Given the average geothermal gradients of approximately 25 to 30�C/km
for Earth’s depth, temperature emerges as a key determinant for the surface reconstruction of minerals within reservoirs.

To evaluate the extent of surface reconstruction under different thermal conditions, calcite crystals are partially protected by cured
polydimethylsiloxane films as a sacrificial template during the aging procedure (Fig. S7). After removal of the template, height maps
are acquired across the protected and exposed calcite surfaces (Fig. 3). The offsets in the height profiles are representative of either
dissolution or growth of mineral substrates on exposure to FW at different temperatures (Fig. 3d). For crystals aged at RT, the Dz
values are negative and indicate the dissolution of calcite crystals equivalent to a layer thickness of approximately 20 to 55 nm. On the
other hand, aging at either 60 or 95�C produces positive values of Dz, which correspond to mineral growth with thickness values in the
ranges of 100 to 150 nm and 110 to 650 nm, respectively. Overall, the qualitative trend of prominent mineral growth with elevated
aging temperature is consistent with the inverse temperature dependence of the thermodynamic solubility of reservoir minerals, such as
calcite and anhydrite (Fig. S4). For crystals aged at 95�C, large variations in the thickness of mineral layers are observed (Fig. 3d),
which can originate from the dependence of crystal dissolution and growth rates on the distributions of steps, kinks, and etch pits
(Arvidson et al. 2003). For instance, even within the same experiment, the growth velocities of steps on calcite surfaces show consider-
able variations (Astilleros et al. 2010). Such local variations might also apply for crystals aged in FW, wherein a high driving force for
crystal growth emerges at elevated temperatures. At high temperatures, the depletion of ion species available for mineral growth can
kinetically limit precipitation reactions.

Elemental compositions of FW-aged calcite crystals reveal the incorporation of Mg2þ ions into the calcite lattice, which presents a
positive correlation with aging temperature (Fig. S8). This relation is consistent with previous studies on calcite overgrowth in simple
brines and artificial seawater environments (Lopez et al. 2009). Applying a reservoir related brine composition (FW), the degree of cati-
onic substitution is estimated at approximately 1 and 9 mol% of incorporated MgCO3 contents at 60 and 95�C, respectively (Fig. S8).
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The hydrothermal replacement of calcite by magnesium carbonate has been reported in the presence of high MgCl2 contents (1 M) at
elevated temperature (200�C) and pressure (Jonas et al. 2015). Here we show that the deposition of Mg-calcite onto calcite substrates
also occurs with nominal Mg2þ ion contents (� 90 mM) at lower temperature (60�C) and pressure conditions. With the incorporation of
Mg2þ ions in the natural carbonates (Fig. 1) as well as FW-aged Iceland spar (Fig. S8), reservoir pertinent mineral surfaces have distinct
chemical compositions relative to the typically used synthetic calcite and Iceland spar. Thus, diagenetic reactions concerning carbonates
can be moderately replicated at the laboratory scale, supported by the incorporation of ionic impurities into crystal lattices as a function
of temperature. Such surface reconstruction events involving the incorporation of “impurity” ions also have key implications for aging
procedures routinely used in coreflooding experiments (Anderson 1986).

Organic and Inorganic Modifications of Calcite: Equilibrated FW. Within reservoirs, interstitial fluids serve as “reaction media” for
diagenetic reactions and IOR processes. Given the water solubility of certain CRO components (Shiu et al. 1990), reservoir pertinent aque-
ous fluids cannot be solely considered as brines with some pure ion compositions. In laboratory studies, one approach for preparing reser-
voir representative brine and oil compositions is the equilibration of FW and CRO at elevated temperatures for prolonged periods
(Eftekhardadkhah et al. 2016; Rao et al. 2020). During equilibration, the transfer of diverse organic molecules such as short-chain alkanes,
aromatic, and heterocyclic hydrocarbons from CRO to the formation brine occurs. Using reservoir mimetic equilibrated fluids (i.e., eqFW
and eqCRO), we explore the parameter space for the inorganic and organic modifications of carbonates in relation to aging temperature.

The aged crystals were characterized by CRM and fluorescence confocal scanning laser microscope using depth profiling
approaches. As shown in Fig. 4, the location-averaged Raman spectrum of eqFW- and eqCRO-aged calcite crystals indicate the
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presence of graphitic hydrocarbons, with spectral signatures for G (1570 cm�1) and D1 (1355 cm�1) bands. Using CRM, large area
scans in the x-z plane (i.e., perpendicular to the calcite/air interface) were used to estimate intensity profiles of components as a function
of depth (Fig. 5; Fig. S9). With increasing aging temperature, the depth profiles show prominent accumulation of polyaromatic and flu-
orescent molecules at the calcite/air interface for eqFW-aged samples. Although the reference Iceland spar presents some intrinsic fluo-
rescence, the surface deposition of fluorophores from eqFW clearly produces augmented fluorescence for crystals aged at 60 and 95�C.
Thus, certain aromatic molecules and fluorophores in eqFW display high affinities to mineral boundaries, with enhanced deposition at
elevated temperatures.
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Additional CSLM-derived fluorescence depth profiles taken at various x-y locations indicate that the lateral distributions of fluoro-
phores on the aged mineral substrates are nonuniform (Fig. S10). An explanation might be the preferential deposition of CRO-derived
water-soluble organic species onto high-energy surface features such as macrosteps that separate relatively flat crystalline surfaces (Rao
et al. 2020). Specific interactions of organic molecules such as amino acids and peptides with step edges on crystalline surfaces have
been reported elsewhere (Orme et al. 2001; Elhadj et al. 2006). Related organo-mineral interactions can produce substantial heterogene-
ity for the surface modification of carbonates. Interestingly, fluorophores are also associated with mineral grains in the natural counter-
part obtained from an oil reservoir (Fig. 1).

Organic species constituting eqFW can regulate the inorganic modifications of calcite driven by conditions of supersaturation at ele-
vated temperatures (Fig. 3). Previous studies show that, upon thermal treatment, precipitates formed in eqFW present Raman spectral
features for amorphous calcium carbonate particles with coassociated SO4

2– species, whereas, for particles similarly derived from unaged
FW, the Raman characterization only yields the spectral signature of amorphous calcium carbonate (Rao et al. 2020). Evident from the
representative Raman spectra of eqFW-aged calcite (Fig. 6; Table S2), we further show that the interactions between organic species and
crystal precursors might govern the extent of cationic substituent of lattice Ca2þ ions by Mg2þ ions. Raman shifts for the �1 (in-plane
bending) internal modes of carbonate from 1084 to approximately 1087 cm�1 are observed for Iceland spar crystals aged at 95�C. This
shift corresponds to MgCO3 contents of approximately 5 mol% (Borromeo et al. 2017), which is lower than the values estimated
(� 9 mol%) for FW-aged crystals by energy-dispersive X-ray spectroscopy (Fig. S8). The incorporation of Mg2þ ions in the crystal struc-
ture might be suppressed by the complexation of Mg2þ ions by polar organic molecules as relatively stable complexes. This can restrict
the net free ion contents accessible for cationic substitution reactions at mineral surfaces. In addition, the organic deposits on the calcite
surface might also limit diffusive transport and kinetically inhibit cation substitution. Although identifying the precise mechanism(s) by
which CRO-derived organic molecules control inorganic modifications of minerals is beyond the scope of this study, the regulation of
reactions, such as cation substitution and dolomitization by solute- and surface-bound organic species, emerges crucial, in addition to the
established parameters of temperature, surface area, and saturation index (Arvidson and Mackenzie 1999; Jonas et al. 2015).

Organic Modifications of Calcite: Equilibrated CRO. Studies addressing the wettability alteration of model calcite substrates via
CRO contact identify exposure periods and temperature as key parameters determining “oil-wet” responses (Hirasaki and Zhang 2004).
To investigate the temperature dependence of underlying microscopic reactions, eqFW-preconditioned calcite crystals were aged in
eqCRO for an extended period at either RT, 60�C, or 95�C (Fig. S1). As depicted in Fig. 7, SEM images of eqCRO-treated crystals
aged at either RT or 95�C are distinct from the reference calcite (Fig. 2) and indicate substantial organic modifications of the mineral
phase. On aging at 95�C, deposition of an organic layer is evident (arrow, Fig. 7b), which is sufficiently thick to obscure distinctive fea-
tures of the crystalline substrate. The elemental composition of these organic adlayers is enriched in carbon, as shown by energy-
dispersive X-ray spectroscopy (Fig. S11). These surface modifications induced at elevated temperatures are also shown by optical
micrographs of eqFW- and eqCRO-aged calcite (Fig. S12).

AFM is further used to characterize the micro- and nanoscale topographical features of calcite resultant of prolonged contact with
eqCRO (Fig. 7). Consistent with the scanning electron micrographs, the prominent deposition of PAH-enriched organic particles from
eqCRO at 95�C envelope the mineral surfaces (Fig. 7e). The aged substrates present surface features with lateral dimensions in the
range of approximately 10 nm to 5 mm. Exhibiting G and the D1 Raman bands characteristic of graphitic hydrocarbons (Fig. 4), the par-
ticle deposits appear primarily composed of PAHs such as asphaltenes (Abdallah and Yang 2012; Alabi et al. 2015). Some studies have
suggested asphaltenes as major components of the deposited material on oil-exposed surfaces, with indications for strong adsorption in
the presence of extracted asphaltenes (González and Moreira 1991; Piro et al. 1996; Kumar et al. 2005). Here we show the direct depo-
sition of PAH-rich aggregates from eqCRO on mineral surfaces, and also identify a positive correlation with aging temperature.

Shown in Figs. 8 and S13, the calcite substrates are characterized by CRM following a depth profiling approach. Following a similar
trend as for eqFW-aged crystals, an enhanced deposition of polyaromatic and fluorescent molecules at the calcite/air interface positively
correlates with aging temperature. After eqCRO treatment at 95�C, the intensity value of the PAH component at the calcite surface is
about twofold that of the corresponding eqFW-aged specimen (Fig. 8). Additionally, shown in x-y distribution maps, sites of mineral
reconstruction such as macrosteps accumulate polyaromatic and fluorescent components (arrows, Fig. S14). Thus, reactions of mineral
dissolution-precipitation (i.e., small local variations in ionic conditions) can explain the heterogeneous deposition of polyaromatic mol-
ecules from reservoir related fluids (eqFW and eqCRO) onto mineral surfaces.

Here it is important to note that the Raman signal is proportional to the abundance of scattering molecules as well as the scattering
cross section. This might produce high relative sensitivities (intrinsic bias) toward conjugated molecules (Wood et al. 2017), thereby
obscuring the detection of less abundant or smaller (e.g., aliphatic) molecules. For instance, in comparison to the predominant deposi-
tion of PAHs on carbonates shown in the present study, solid-state nuclear magnetic resonance spectroscopy identifies alkyl and acidic
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groups adsorbed onto calcite in CRO environments (Sørgård et al. 2017). Part of this discrepancy might also be attributed to the clean-
ing of the CRO-treated samples, using solvents such as toluene and decane before analytical characterization. Such solvents might
selectively extract or precipitate certain organic molecules (Kumar et al. 2005; Subramanian et al. 2017). In addition, the notion that
molecules other than PAHs get deposited on calcite is also supported by the rich composition of CRO containing several thousands of
chemical entities (Beens et al. 2000; Marshall and Rodgers 2008). This makes it likely that synergistic interactions between acidic, ali-
phatic, and aromatic groups occur in the organic modification of carbonate surfaces. For instance, from FTIR, the calcite-binding
organic molecules from eqFW and eqCRO are also shown to contain polar moieties (Rao et al. 2020), which can support acid-base or
ion-bridging interactions with surface species of carbonates.

A key result of this study identifies temperature as an important parameter for the organic modifications of calcite with PAHs in res-
ervoir pertinent brines and CRO. Previous investigations on the adsorption of organic molecules from CRO onto calcite crystals have
primarily focused on aliphatic acids and polyaromatic molecules. Long-chain fatty acids (� C8) exhibit relatively high affinities for car-
bonate surfaces, resulting in apparent oil-wet characteristics (Thomas et al. 1993a). Bonding to the surface Ca2þ ions via carboxyl
groups, the adsorption density of fatty acids decreases at high temperatures due to the prograde solubility of corresponding organo-
calcium salts (Young and Miller 2000). However, the notion of aliphatic acids as surface modifiers at high temperatures within reser-
voirs cannot be disqualified, due to complex-salinity-dependent sorption behaviors involving solute complexes and micelles (Lahann
and Campbell 1980) as well as the high Ca2þ ion contents of connate waters, which can suppress the solubilization of organic salts.
Moreover, analytical characterizations of reservoir rocks show that organic layers are bonded with calcite via Ca–O bonds of certain
organic acids (Ivanova et al. 2019a, 2019b).
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Although the deposition of PAHs onto calcite surfaces from CRO is evident in the present study, the mechanisms for the sorption of
polyaromatic molecules are not well understood. Considering their significant fraction in CRO (approximately 2.8% mass; Table S1),
asphaltenes should play an important role. Indeed, their adsorption on Iceland spar and reservoir carbonates from toluene solutions has
been demonstrated, with some dependence on the chemistry of thin brine films (Piro et al. 1996; Saraji et al. 2013). Reported values of
surface coverage by asphaltenes deposited from toluene solutions are approximately 0.45 mg/g for carbonates and as high as 20 mg/g
for silica (Piro et al. 1996; Acevedo et al. 2000). This indicates continuous or multilayer type of adsorption, consistent with the height
maps of eqCRO-aged calcite crystals that exhibit organic aggregates in range of approximately 10 nm to 5 mm (Fig. 7). The observed
resilience of the PAH particles toward toluene washing is also consistent with previous reports for asphaltenes adsorbed on carbonates
(Piro et al. 1996). With these similarities, it is reasonable to discuss the physical basis for increased deposition of the PAH-enriched par-
ticles at elevated temperatures, primarily in the context of asphaltenic compositions.

The thermal dependence of organic modifications of carbonates can be explained in view of the aggregation dynamics of asphaltenes
and the fundamental nature of sorption processes on a soluble substrate such as calcite. First, temperature-induced asphaltene precipita-
tion encompasses multiple factors such as molecular solubility, compositional changes of dispersion media, and variations in diffusivity
(Hirschberg et al. 1984; Maqbool et al. 2011). At elevated temperatures, the onset of precipitation is shorter, and asphaltene micropar-
ticles are produced via the colloidal destabilization and coalescence of smaller aggregates (Maqbool et al. 2011). Second, for the sorp-
tion of ionic or polymeric species onto calcite, surface precipitation models are more applicable relative to monolayer adsorption
models (Comans and Middelburg 1987; Cabane et al. 1997). Cations released upon calcite dissolution can form complexes with adsorb-
ents, thereby influencing their solubility and sorption behavior. For instance, initial complexation events in bulk fluid and subsequent
surface precipitation of Ca2þ-polyelectrolyte complexes underlay the surface modification of calcium carbonate by polyacrylic acid
(Cabane et al. 1997). Such interactions might also apply for certain subfractions of the molecular ensemble of asphaltenes with polar
modifications. In support of this notion, irreversibly bound asphaltenes (isolated by dissolution of calcite substrates) present higher con-
tents of carbonyl or carboxylic groups and are aggregation prone in toluene (Subramanian et al. 2017). By considering both these fac-
tors, the colloidal destabilization of PAH aggregates at high temperature, and the surface precipitation model for carbonates, our
observations of the temperature-driven surface enrichment of organic particles, can be explained. The proposed mechanism involves
the surface precipitation of PAHs with polar modifications and ionic species, as organo-calcium salts on carbonates. Based on the sur-
face precipitation model (Comans and Middelburg 1987; Cabane et al. 1997), key chemical equilibria include:

a. Dissolution/precipitation of carbonates (related to solubility product of the mineral substrate, Kspcalcite)

CaCO3ðsÞþ >CaCO3
� þ Hþ ! >CaCO3

� þ Ca2þ þ HCO3
�: ð1Þ

b. Dissolution/precipitation of organo-calcium salts as a surface phase (related to solubility product of the surface phase, Ksporgano-calcium)

> CaCO3
� þ Ca2þ þ 2RCOOH ! CaCO3ðsÞþ > Ca RCOOð Þ2 þ 2Hþ: ð2Þ

This mechanism is supported, first, from the resilience of PAH deposits toward dissolution in toluene, which is indicative of certain
polar constituents. Second, sites of mineral reconstruction such as steps accumulate more PAHs (Fig. S14), where dissolution rates (i.e.,
local Ca2þ contents) are significantly higher than those of crystal faces (Noiriel et al. 2019). In oil/brine/mineral systems, the phase
transfer of acids from CRO to brines and their deprotonation also occurs (Rao et al. 2020), represented by:

RCOOHoil ! RCOO�brine þ Hþbrine: ð3Þ

Further studies are required to address the intricate interplay between these coupled chemical reactions (Eqs. 1 through 3) involving
metallo-organic complexes.

Mineral Wettability. We now consider the influence of the temperature of aging (first in eqFW, then in eqCRO) on the wettability of
the modified calcite substrates. This relation is studied by measuring the dynamic contact angles of CRO droplets in captive bubble
geometry, using eqFW at RT as the ambient. Dynamic contact angles are preferred over static ones because on inhomogeneous sub-
strates, the contact angle can adopt any value between a minimum receding (hrec) angle and a maximum advancing (hadv) angle. As
shown in Figs. 7 and S14, our Iceland spar substrates show both substantial chemical and topographical heterogeneity. For our CRO
droplets, only the oil-advancing (brine-receding) contact angles could be reliably measured. Receding oil contact angles could not be
measured accurately but fall well below 20�. Both the large contact-angle hysteresis (hadv

brine � hrec
brine) and the broad distributions of hrec

brine

indicate a strong surface heterogeneity of the calcite, in particular after CRO aging.
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Freshly cleaved Iceland spar (reference, unaged calcite) substrates produce hrec
brine values between 44� and 68�, representative of mod-

erate hydrophilicity. On the other hand, for calcite surfaces aged in eqCRO at 95�C, a broad distribution of hrec
brine values from approxi-

mately 42 to 129� is observed. This indicates an “intermediate-wet” or “oil-wet” nature, which emerges from the “artificial diagenesis”
treatment with eqCRO. In relation, for calcite surfaces, initially aged in eqCRO at RT, the hrec

brine values are in the range of approximately
36� and 70�, similar to those of unaged Iceland spar. These observations reveal a clear correlation between aging temperature applied
during eqCRO contact and the resulting wettability of Iceland spar surfaces (Fig. 9).

Evident from the enhanced deposition of CRO-derived hydrocarbons on calcite surfaces at elevated aging temperatures (Fig. 8), the
PAH-enriched adlayer emerges as a key factor that renders the intermediate-wet or oil-wet characteristic of carbonates. Although the
exposure of mineral surfaces to CRO at RT produces some deposition of organic particles (Figs. 8 and 9), the observed lack of wet-
tability alteration toward oil-wet likely originates from limited surface coverage by the organic adlayer of the relatively hydrophilic
mineral substrate. Given the chemical heterogeneity of PAHs constituting CRO (Marshall and Rodgers 2008; Subramanian et al. 2017),
a temperature-dependent partitioning of certain surface-active species between the organic adlayer on mineral surfaces and the bulk
brine or oil phase might also apply. In principle, this phenomenon might yield CRO composition-dependent wetting characteristics of
organic adlayers deposited on rock surfaces.

Reactivity Modulated by Organic Adlayers. Organic adlayers, formed upon contact with eqCRO at elevated temperature, appear to
effectively isolate the calcite surfaces from ambient fluids (Fig. 7). Such layers could thus influence the diffusive transport associated
with IOR-related mineral/fluid interactions as well as diagenetic reactions such as phase transformations. To examine this scenario, we
assessed the dissolution kinetics of precipitated calcite powders, initially aged in FW, eqFW, or eqCRO at 95�C (Fig. S2). The use of
synthetic calcite powders eliminates possible interference of intrinsic fluorophores and ionic impurities as are present in Iceland spar.
From CRM, distribution maps of calcite and PAH for the reference, FW-aged, and eqFW-aged samples are shown (Fig. 10a). Corre-
sponding distributions of PAHs show few enriched regions for eqFW-aged crystals whereas eqCRO-aged crystals display prominent
signal from these hydrocarbons. As shown in Fig. S15, FTIR spectroscopy is used to further characterize the calcite powders and bands
are assigned in accordance with literature values (Coates 2006). The infrared spectra of eqCRO-aged calcite display bands in the range
of 2800 to 3100 cm�1, representative of distinct aliphatic and aromatic C-H stretching modes. As summarized in Table S3, the peak
positions correspond to symmetrical and asymmetrical C-H stretching, suggestive of CRO-derived aromatic hydrocarbons such as
asphaltenes and kerogens (Coelho et al. 2007). Relative organic contents are estimated from the ratio of band intensities for alkyl mole-
cules and calcite [i.e., (CH2 symmetric stretching (2922 cm�1)þCH3 symmetric stretching (2953 cm�1)/(calcite �4, 710 cm�1)]. The
hydrocarbon fractions associated with calcite powders are significantly enhanced on treatment with eqFW and eqCRO (Fig. 10b). Con-
sistent with results of the Raman characterization (Fig. 8), the eqCRO-aged calcite powders are much more abundant in oil-
derived hydrocarbons.

The ability of the organic adlayers to inhibit the calcite dissolution is studied with measurements of Ca2þ ion selective potential.
Given the high sensitivity to initial contents of the analyte and difficulties in determining the end point in dissolution studies, the Gug-
genheim approach is used (Hefter and Tomkins 2003). Exemplified in Fig. S16, this approach is used to estimate pseudofirst-order rate
constants from the kinetic data of calcite dissolution acquired at 40�C. As shown in Fig. 10c, the eqCRO-derived organic adlayers sup-
press the dissolution of underlying calcite substrates and produce apparent rate constants of approximately 30% lower than that of pris-
tine calcite powders. For eqFW-aged calcite, the dissolution rates are intermediate and approximately 55% that of the reference
powders. On the other hand, the estimated rate constants of FW-aged (remineralized but free of organics) calcite powders do not signifi-
cantly deviate from those of reference samples. These trends are in agreement with a calcite dissolution inhibiting role of the
organic adlayer.

Previous studies demonstrate suppressed calcite dissolution after treatment with strongly adsorbing organic molecules (Thomas
et al. 1993b). Thorough coating of crystals with organic molecules is a proposed explanation for inhibited dissolution. Even inorganic
complexes, intrinsic to some natural carbonates, can adsorb irreversibly onto mineral surfaces and decrease the rates of mineral dissol-
ution (Eisenlohr et al. 1999). In the present study, the presence of PAH-rich adlayers on the eqCRO-aged surfaces (Figs. 8 and 10)
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equally appears to suppress mineral reactivity, possibly related to the diffusion limitation of transport processes at the surfaces. Thus, in
addition to mechanistic roles in determining mineral wettability (Chen et al. 2017; Ivanova et al. 2019a; Rao et al. 2020), the organic
adlayer serves as a potent diffusive barrier influencing mineral reactivity. During IOR processes, any form of chemical reactivity of the
underlying carbonate rock will obviously be affected by these adlayers. In this light, modeling approaches that resort to speciation and
rate equations of pristine calcite surfaces alone seem questionable.

Implications for Oil Recovery. Results of the “artificial diagenesis” in conjunction with the structural observations of core specimens
show that interactions with brines and CRO produce distinct modifications of carbonates within reservoir environments. Deposited
from reservoir pertinent brines (FW and eqFW) at elevated temperatures, the mineral overgrowths show the incorporation of Mg2þ ions
within the calcite lattice. Such cation substitutions can alter the calcite/fluid interfacial energy, possibly enough to impact the macro-
scopic contact angle. For instance, ions that are hydrated more strongly than Ca2þ (such as Mg2þ) can render calcite more hydrophilic
(Andersson et al. 2016). In addition, the solubility of calcite is enhanced on Mg2þ incorporation. Surfaces of FW-aged calcite speci-
mens with about� 9% MgCO3 (Fig. S8), present approximately 50% solubility enhancements relative to pristine calcite (Sun et al.
2015). Both these considerations dissuade the use of pristine “unaged” calcite, which is not a true representative of the mineral interfa-
ces within reservoirs.

Primarily determining the oil-wet behavior of aged calcite, polyaromatic molecules emerge as key constituents of the organic deposits
from eqCRO. Enhanced PAH deposition resulting in more oil-wet contact angles also elucidates previous observations of CROs with
high asphaltene contents producing relatively oil-wet cores after aging (Cuiec 1984). The organic layer also significantly suppresses cal-
cite dissolution, with key implications toward the kinetics of mineralogical reactions, such as cation substitution and dolomitization
(Putnis 2009) and of IOR pertinent reactions such as rock dissolution and brine/CRO interactions (Yutkin et al. 2018). With coinciding
observations of organic adlayers for natural and reservoir mimetic minerals (Chen et al. 2017; Ivanova et al. 2019b; Rao et al. 2020),
addressing the stability, detachment, and mobilization of these organic adlayers in different injection fluid environments might become a
key element, which facilitates not only the knowledge of reservoir geochemistry but also the further advancement of IOR strategies.

Our study also elucidates the aging steps applied in coreflooding, which is common test to determine oil recovery rate, residual oil
saturation, and relative permeability in reservoir simulating conditions. Core aging generally entails initial saturation steps, first with
formation brine and then CRO, followed by extended aging at reservoir pertinent temperatures (Anderson 1986). Key developments in
the IOR field have been made via coreflooding experiments (Jadhunandan and Morrow 1995; Yousef et al. 2011; Austad et al. 2012;
Jackson et al. 2016). Yet the microscale chemical and topographical transitions brought about by these aging steps are not understood.
Addressing this knowledge gap, results of this study can benefit the controlled replication of surface properties in petroleum
engineering experiments.
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Interestingly, our results show a pronounced deposition of organic particles at elevated temperatures, resulting in relatively more
oil-wet surfaces. On the contrary, some studies relate increased aging temperature with less oil-wet carbonate surfaces, attributed to the
increased solubility of surface-active molecules (e.g., fatty acids) (Anderson 1986; Thomas et al. 1993b). This contradiction was also
noted by Buckley (2001), who considered the influences of temperature on wetting properties of reservoir carbonates as “unresolved.”
The resolution appears to lay in the fundamental mechanisms of carbonate modification, described by the surface precipitation model
(Comans and Middelburg 1987). While considering the surface deposits as organo-calcium salts, the formation and stability of these
salts (described by their solubility product, Ksporgano-calcium) depend on local Ca2þ ion contents—minimum (nonzero) values of which
are set by carbonate dissolution—and organic acid contents in FWs and CRO (reflected in the total acid number). Given the solubility
of carbonates (Fig. S4), mineral dissolution introduces higher Ca2þ ion contents in ambient brine films, which in turn can locally precip-
itate organo-calcium salts (Eqs. 1 and 2). This is partly reflected in the local accumulation of PAHs at macrosteps on calcite surfaces
(Fig. S14). Whereas the availability of organic acids in CRO and FWs can significantly vary with respect to the source, storage condi-
tions, and also experimental steps such as fluid equilibration and aging timescales (Eq. 3). Against this background, the temperature
dependence of the surface precipitation of organo-calcium salts (producing wettability alteration to oil-wet) depends on their respective
retrograde or prograde solubilities. In consequence, the heterogeneous composition and variability among the source of CROs can
account for the contradictory accounts of the relations between aging temperature and wettability of carbonate surfaces.

Based on this reasoning, we anticipate that the saturation indices of ambient brines with respect to the organo-calcium salts will
affect the stability of the organic layers, and thereby contact-angle estimates. This is demonstrated by lower hrec

brine values observed in
ambient FW relative to ambient eqFW for eqCRO-aged calcite specimens (Fig. S17). Due to prior equilibration with calcite and CRO,
the eqFW contains substantial contents of Ca2þ ions and organic species, which can suppress the dissolution of surface organo-calcium
salts (Eq. 2). Whereas contact-angle values estimated in the relatively undersaturated FW reflect more “water-wet” characteristics, due
to destabilization or detachment of the organo-calcium layer. Such experimental variations (related to aging procedures and wettability
estimation) can significantly affect the delicate balance of the coupled chemical equilibria (Eqs. 1 through 3). Thus, method variations
also explain the inconsistent reports on the temperature dependence of the wettability of carbonate surfaces, reflected in positive, nega-
tive correlations and even nonmonotonic trends (Hjelmeland and Larrondo 1986; Sayyouh et al. 1991; Lu et al. 2017).

Conclusions

Within reservoirs, mineral/fluid interactions produce distinct chemical and topographical modifications. Shown by the “artificial dia-
genesis” or “aging” of carbonates, mineral modifications encompass surface reconstruction by dissolution-precipitation reactions, min-
eral overgrowths containing Mg-calcite, and deposition of PAH-enriched particles as organic adlayers. Each of these processes shows a
clear positive correlation with aging temperature. These findings are of relevance for understanding diagenetic alterations of carbonates,
which establish mineral-adsorbent/fluid interfaces (setting the initial conditions of IOR) and also guiding the design of more representa-
tive experimental approaches.

Separating minerals from ambient fluids, organic layers are an important feature of oil/brine/mineral interfaces within natural and
mimetic reservoir environments. The PAH-rich layers envelop relatively hydrophilic mineral surfaces and thereby produce a wettability
transition toward an “intermediate-wet” or “oil-wet” nature. The organic layer also acts as a diffusion barrier, with key implications
toward the transformation and reactivity of mineral phases (Putnis 2009). This surface chemistry is governed by an interplay between
bulk and surface reactions involving ionic and organic species (Eqs. 1 through 3), involving the surface precipitation of organo-calcium
salts. Physical consideration of the organic deposits as “organo-inorganic salts” provides new insights for addressing the wettability
alterations of carbonate reservoirs. In IOR processes such as low-salinity waterflooding, proposed mechanisms often focus on mineral/
brine interactions such as mineral dissolution, double-layer expansion (Lashkarbolooki et al. 2016), and the role of SO4

2– species origi-
nating from anhydrite dissolution (Fathi et al. 2011; Austad et al. 2012). However, within this intricate scheme, the enrichment of cer-
tain hydrocarbons as wettability determining organic layers has not been systematically addressed. For this, the stability and
mobilization of the organic deposits in relation to parameters such as CRO and brine composition under reservoir conditions require
attention. Overall, the surface chemistry of mineral phases in relation to factors such as temperature, pressure, and ambient fluids
emerges as the key to understanding wettability phenomena in deep Earth conditions.
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