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Hypothesis: The wettability of carbonate rocks is expected to be affected by the organic components of
biominerals which are complex, nanostructured organo-mineral assemblages. Elucidating the nanoscale
mechanisms driving the wettability of solid surfaces will enable a better understanding of the role of
biominerals in the wetting properties of carbonate rocks to control various geological, environmental
and industrial processes.
Experiments: Using Atomic Force Microscopy and Spectroscopy (AFM/AFS) we probed the wettability
properties of carbonate rocks with different amounts of organic material. The adhesion properties of
two types of limestones were determined in liquid environments at different length scales (nm to
mm) using functionalized tips with different chemical groups to determine the extent of surface
hydrophobic and hydrophilic organo-mineral interactions.
Findings: We observed homogeneous hydrophobic areas at length scales below < 5 lm. The origin of this
hydrophobicity is linked to the presence of organics, whose amount and spatial distribution depend on
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the rock composition. Specifically, our results reveal that the biogenic vs non-biogenic origin of the min-
eral grains is the main rock property controlling the wettability of the solid surface. Overall, our method-
ology offers a multi-scale approach to unravel the role that organic moieties and biominerals play in
controlling the wettability of rock-water interfaces.

� 2023 Elsevier Inc. All rights reserved.
1. Introduction

Wettability is one of the key properties controlling fundamental
physicochemical interfacial processes in fields such as the environ-
mental sciences, geology, biology, material science and civil engi-
neering. This includes the fluid transport of organic pollutants in
the subsurface [1], radwaste geological storage [2], nucleation
and growth of biominerals [3], uptakes of nutrients by plant roots
[4], development of novel filtration systems with high physical sta-
bility[5], geological CO2 sequestration [6,7], enhanced oil recovery
[8], proton exchange membrane in fuel cells [9], water desalination
systems [10,11], or conversion of CO2 in the cement and concrete
industry [12].

The term wettability describes the preference of a solid surface
to be in contact with one type of liquid rather than another one,
which is essentially determined by intermolecular attractive inter-
actions (adhesion forces) [13]. Although wettability is very often
reduced to hydrophilic (water-wet) and hydrophobic (oil-wet)
behaviors [14], this simplification is masking the complexity pre-
sent at real surfaces, especially when investigating heterogeneous
systems such as natural rocks. Most commonly, rock wettability is
determined macroscopically using contact angle measurements
[15–20]. However, the question arises if this type of measurement
is representative of the wettability of complex systems where the
surface heterogeneities are smaller than the droplet size
(�0.05 mL) that is deposited on the rock surface. Probing molecular
interactions at the rock-water interface could shed light on this
matter, providing not only fundamental insights on the influence
that such heterogeneities have on the rock wettability at the
nanoscale but also the physical and chemical mechanisms behind
the complex concept of surface wettability.

Surface imaging and molecular interactions can be determined
in liquid media with Atomic Force Microscopy (AFM) and Spec-
troscopy (AFS). In AFS, an array of force-distance measurements
between the AFM tip and the sample surface are recorded, from
which adhesion forces can be extracted (Fig. 1). In addition, the
functionalization of the AFM tips with organic moieties allows to
discern mechanistic insights into the interactions between specific
organic functionalities and the scanned surfaces [21–23]. This
approach has led to significant progress in the exploration of rock
wettability at the atomic scale during the last few years [24–28].
For example, various AFS studies on minerals have demonstrated
the different wetting behavior induced by adsorbed or dissolved
ions (e.g. Mg2+ or SO4

2�) or the presence of adsorbed organic matter
[29–35]. Nevertheless, little attention has been paid to understand-
ing the physical and chemical properties of the natural rock com-
ponents, which will ultimately control the wettability in natural
environments.

Ubiquitous presence in the nature of carbonate rocks and their
abundant industrial uses have resulted in extensive research on
understanding its wettability [36–38]. However, carbonate rocks
are highly heterogeneous in terms of surface roughness, porosity
and chemical composition [39,40], and despite many years of
study, there is still not a general description of their wetting behav-
ior. Importantly, carbonate rocks are usually formed through sedi-
mentation processes, via the accumulation and lithification of
fragments of micro-organism remains, which results in a large
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variety of structures, compositions – potentially including organic
matter – and textures made of fossilized biominerals [41]. Biomin-
erals are natural nanocomposite materials, composed of a hierar-
chical organization of organic molecules and a mineral matrix.
This organization leads to the inherent heterogeneity of carbonate
rocks down to the nanoscale [42–44]. Elucidating the role of the
organic–inorganic nanostructures of the biominerals is paramount
to understand the wettability of the rock surfaces, a task up to now
never studied.

Here, we present a detailed investigation of molecular interac-
tions at the carbonate rock-water interface using AFM/AFS
(Fig. 1A). We have simultaneously measured topography and adhe-
sion force maps (Fig. 1B) of the carbonate rock surfaces where each
pixel corresponds to a single force-distance curve (Fig. 1C). From
these curves, we determine the intermolecular – attractive or
repulsive – forces between the sample and the tip either during
the approach (position 1 in Fig. 1C) or retract step of the tip (posi-
tion 2 in Fig. 1C). To measure hydrophobic/hydrophilic forces at the
molecular level, that is, to evaluate the solid wettability properties,
we used AFM tips coated with a monolayer of alkyl chains with
non-polar (ACH3, Fig. 1D) and polar (ACOOH, Fig. 1E) end func-
tional groups, that is, hydrophobic and hydrophilic nature, respec-
tively. We performed this study from the microscale to the
nanoscale and evaluated the relevant spatial scale where areas
with heterogeneous surface wettability can be observed.

The samples under study are two limestone rocks, one from
southern France – a non-reservoir rock (Fig. 1F) – and one from
the Guinea gulf – an oil reservoir rock (Fig. 1G). The non-
reservoir rock is a limestone sample with a rudstone-packstone
texture (10 % of grains greater than 2 mm), with different types
of porosity, and mainly composed of bioclast-type grains (echino-
derms, bryozoans, red algae, mollusks, small benthic foraminifera).
The reservoir rock is a limestone sample with a grainstone-
packstone texture (grains < 2 mm), with different types of porosity,
and is mainly composed of peloid-type grains and a few bioclast-
type grains (echinoderms, mollusks). The use of these two con-
trasting rocks with significant differences in the bioclastic abun-
dance (Fig. 1H) as well as in the adsorbed organic matter
(potentially higher in the oil reservoir rock), allows to determine
the effect on wetting properties of foreign organic matter over
the organic remains inherent from the bioclasts. Importantly, our
observations at the nanoscale are carefully performed in selected
regions previously identified from optical microscopy and classi-
fied as bioclast (fragments from identified biomineral remains) vs
non-bioclast (fragments unrecognized as having a direct biomin-
eral origin, likely peloids or intraclasts from diagenetic recrystal-
lization) grains. This approach allows unraveling the role of
organic matter and the role of biominerals in the wettability of car-
bonate rocks.
2. Materials and methods

2.1. Materials

Blocs of limestone samples were provided by TotalEnergies col-
lected from South East France (a non-reservoir limestone) and cen-
tral Africa (a reservoir limestone). The non-reservoir limestone was



Fig. 1. (A) Schematic representation of the functionalization strategy used in this work by using AFM tips to measure intermolecular forces (adhesion forces) at the rock-
water interface. We used non-polished thin sections of the carbonate rocks and performed AFS experiments where (B) topographical and adhesion force maps are obtained.
Each pixel of those maps corresponds to force-distance curves as the one represented in (C). We used AFM tip coated with alkyl chains with (D) methyl (ACH3) and (E)
carboxyl acid (ACOOH) end groups to study hydrophobic and hydrophilic interactions, respectively. (F) Optical image of the non-reservoir and (G) reservoir rock taken using
plane-polarized light (PPL) and H) pie chart containing the percentage of bioclasts (in black) for each rock which shows a higher content of bioclasts in the non-reservoir rock
which are quite well-preserved.
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formed during the Upper Tertiary period, Miocene epoch, Burdi-
galian stage. It comprises mostly calcite (see Tables S1 and S2). This
limestone is a bioclastic carbonate rock with a dual porosity sys-
tem with macro and micropores (inter- and intragranular) and
dual pore throats distribution with a maximum of �6.8 and �0.2
lm. Its specific area is �0.46 m2/g, the total porosity is around
32 % and permeability is �100–300 mD. The reservoir limestone
is a medium to coarse oncoidal-bioclastic grainstone of mostly cal-
cite (see Tables S1 and S2) with dual porosity (inter- and intragran-
ular porosity) and dual pore throats distribution with a maximum
at �10 and �0.1 lm. Its total porosity is around 20 % and perme-
ability is �100–200 mD. The core of both limestones was washed
with toluene and isopropanol before their use to avoid any possible
organic contaminant. Then, the cores were dried at 80 �C and
stored dry. Thin sections (40 lm thick) were prepared by cutting
the core longitudinally and/or transversely and used indistinctly
for all the experiments shown in this work. These sections were
non-covered and non-polished to modify as little as possible the
topographical and surface features of the different components of
the carbonate rocks. The resulting thin sections were safely stored
to avoid contamination. Prior each measurement, the thin sections
were cleaned with ethanol and dried with N2 to avoid contamina-
tion from the adsorption of organic matter. Thus, the non-reservoir
rock should predominantly contain organic matter intrinsic to the
biogenic constituents of the rock, whereas reservoir rocks could
also contain homogeneously distributed oil residues. In all our thin
sections, all the minerals were cut showing a new surface that
mimics natural processes where new surfaces appear as a conse-
quence of dissolution and precipitation processes. This allowed
to access to organic matter trapped in the mineral structure as a
consequence of the biomineralization processes (non-reservoir
rock case) and evaluate the effect on the wettability of oil adsorbed
through the pores (reservoir rock case).
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2.2. Characterization of materials

A polarizing light microscope (Olympus) was employed at 5-
10X magnification for petrographic observations and paleontolog-
ical identification of the constituents of the carbonate rock. Elec-
tron microscopy images of carbonate thin sections have been
acquired using a Vega3 Tescan Scanning Electron Microscope
(SEM). Phase analysis was performed using X-ray Diffraction
(XRD), Bruker D 8 Advance v1 on the carbonate thin sections using
Cu Ka radiation. ICP-AES analysis were performed after dilution
x100.000 in a Varian 720ES, detection range 0.05–50 ppm. Calibra-
tion with CMS multielement standards doped in Ca were used to
be close to calcite matrix and being more accurate. Raman spectra
were obtained with a LabRAM Soleil Horiba Raman microspec-
trometer with 532 nm wavelength laser-excitation and 1 lm spot
size. Peaks were fitted using mixed Lorentzian functions using
Quasar software [45]. A laser power of 15 mW was used, which
we confirmed to be sufficiently low to avoid damage in the sample
by the laser. Fluorescence spectra were obtained with an experi-
mental device for stationery and time-resolved fluorescence. Both
fluorescence spectra were acquired by a nanosecond pulsed YAG
laser beam excitation (266 and 355 nm, 1 lJ). The sample was
set on a two axes translation stage to achieve fluorescence maps.
With a confocal optical set-up, the 15 lm focused beam excited
the sample orthogonally and the fluorescence scattering is ana-
lyzed by a monochromator (Jobin, Yvon Micro HR) and detected
with a back-illuminated CCD (Syncerity S10420). Spectra were
simulated by a linear combination of lognormal curves with a
MATLAB script (least square fit). With the same set-up for excita-
tion, the detection of fluorescence decay was measured by the
way of a filter wheel and a Photomultiplier device (Hamamatsu
H9305-01). The electric signal was recorded with an oscilloscope
after pre-amplification (200 mHz of bandwidth). This detection
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setup allows the detection of decay longer than 5 ns. After correc-
tion, decays were simulated by way of an exponential fit and a
power-like law (MATLAB script).

2.3. Contact angle measurements

Static contact angles were measured on the untreated thin sec-
tions of the reservoir rock and of the non-reservoir rock. The mea-
surements were performed with a Tracker Tensiometer from Teclis
at room temperature. 2 lL-drops of standard brine of intermediate
salinity (composition: NaCl = 32.3 g/L; MgCl2�6H2O = 12.6 g/L;
CaCl2�2H2O = 1.7 g/L) were deposited on the samples using an
automatic procedure. 12 and 7 drops were deposited in line for
the non-reservoir rock and the reservoir rock respectively, to have
statistical results. For all drops, the contact angle was measured
after 120 s.

2.4. Atomic force microscopy and spectroscopy

The topographical features of the limestone sample were evalu-
ated using Atomic Force Microscopy (AFM) operating in contact
and dynamic mode [46]. All measurements were performed using
a MFP-3D microscope from Asylum Research (Santa Barbara, USA)
with a maximum travel of the piezo scanner of 120 lm in the pla-
nar direction (x,y) and 15 lm in the vertical direction (z). The
microscope is isolated inside a chamber and further, it contains a
vibration isolation control unit from Herzan. Complementary, the
AFM contains an inverted optical microscope mounted on the
AFM head that records optical images of the cantilever and the
sample. All the AFM images were acquired by using triangular sil-
icon nitride (PNP-TR from NanoWorld) with a nominal length of
200 lm, a width of 28 lm, and a thickness of 500 nm. The
employed AFM probes had a nominal spring constant of 0.08 N�m�1

and were routinely calibrated using the thermal method. All the
obtained images were processed using the AR and WSxM software
[47].

Owing to the ability of thiols to form self-assembled monolay-
ers (SAMs) on certain gold substrates, we functionalized gold-
coated AFM tips (PNP-TR-Au from NanoWorld) with 35 nm of gold
coating, according to supplier. The functionalization protocol starts
with a UV/O3 plasma treatment to clean gold coated-AFM tips for
20 min and after that, the tips are immersed into a 2 mM ethanolic
solution of the desired thiol for at least 24 h. In this work, we have
used undecanethiol and 11 mercaptoundecanoic acid to obtain
hydrophobic and hydrophilic AFM tips, respectively. Functional-
ized tips are usually prepared before each experiment. Alterna-
tively, the functionalized tips were stored in pure ethanol until
they were used for force spectroscopy. The dimensions of either
hydrophobic or hydrophilic monolayer resulted in an increase of
about 2 nm in the tip radius. Before the experiment, the function-
alized tip was dried by blowing Ar and then introduce into the AFM
liquid cell where the thin section was immersed. After 30 min of
system stabilization, AFS measurements were acquired in liquid
medium at pH 6. Under these conditions, the carboxylate groups
should be negatively charged and the measured forces would cor-
respond to electrostatic forces rather than hydrogen bonding. We
used these functionalized tips to measure adhesion force maps of
32 � 32 px (a pixel corresponds to the region where a force-
distance curve is measured and from where adhesion force is
determined), containing thus 1024 force-distance curves for each
adhesion force map. We further covered different spatial scales
(map size) from 60 lm to 1 lm which corresponds to acquisition
of force-distance curves from every 2 lm to every 30 nm.

All the force spectroscopy measurements were performed in
low salinity conditions (1 mM NaCl solution) using a loading force
of 2 nN to avoid damage to the hydrocarbon monolayer. We also
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checked if we unintentionally modified the rock surface by
depositing the organic monolayer of the functionalized tip during
the AFS measurements across the scales which were performed
keeping the same center and just reducing the image size. Thus,
we routinely measured again the largest area (60 lm � 60 lm)
and confirmed that neither the adhesion force nor the surface
roughness of the carbonate surface was altered by the force spec-
troscopy measurements (Fig. S1).
3. Results and discussion

3.1. Does the scale of observation play a role in determining the
wettability of carbonate rocks?

When studying the wettability properties of heterogeneous sur-
faces, such as carbonate rocks, the scale of observation can play an
important role. At the macroscale, we measured the contact angle
of our carbonate rocks (Fig. S2). For the non-reservoir and reservoir
rocks, we obtained average values of 63.8 ± 3.4� and 73.4 ± 3.9�
(mean ± SD) respectively, which indicates a mix-wet surface
behavior for both although a more hydrophobic behavior was
obtained for the reservoir rock. However, information about any
potential heterogeneities is unavailable at this point. Observations
of both limestone rocks using SEM and polarizing optical micro-
scopy enabled the identification of the biologic constituents, as
exemplified by the red algae fragment (ancient organism from
eukaryotic algae presented as fossilized biomineral) of the non-
reservoir rock sample (Fig. 2A–C). Such identification is fundamen-
tal for further measurements of the wettability properties of indi-
vidual components of the carbonate rock from the micro- to the
nano-scale.

To study the molecular interactions at the rock-water interface,
we performed AFS experiments on the limestone surfaces over a
spatial range from 60 lm down to 1 lm, thus measuring force-
distance curves from every 2 lm to every 30 nm. Making use of
an optical microscope integrated into the AFM unit, we intention-
ally placed the tip in the region of interest for the wettability mea-
surements (Fig. 2C) and imaged the carbonate surface at different
scales (Fig. 2D,E). We used CH3-functionalized tips to directly
probe hydrophobic interactions by simultaneously measuring the
surface topography and adhesion force of the surface of carbonate
bioclasts (see red algae in Fig. 2F,G and another examples Fig. S3).
From the height differences in topography maps (Fig. 2F and
Fig. S4), we determined the surface roughness of the rock by
RMS (root mean square) method, which decreased across the
scales. We found different topographic features with height varia-
tions from a few tens of nm to about 1 lm. On the one hand,
images larger than 20 lm show the assemblage of mineral grains
giving rise to specific textures of each type of bioclast that facilitate
their recognition (see characteristic stripes of red algae and its
height profile in Fig. S4A). On the other hand, for images smaller
than 5 lm-size, the topography corresponds to clusters of
nanometer-sized mineral grains with RMS < 200 nm (see
Fig. S4B). Regarding the adhesion force maps, we observed minor
differences in the mean adhesion values across the spatial scales
studied, that is, image sizes in the range from 60 to 1 lm
(Fig. S4C). Although the influence of surface roughness on the
macroscopic wettability properties has been reported previously
[48,49], we did not observe such a roughness effect on the mean
adhesion data in the studied spatial resolution (Fig. S5). This sug-
gests that nano-wettability is rather influenced by differences in
the chemical composition of the rock surface than by differences
in surface roughness. It is important to note that adhesion force
values are highly dependent on the tip-surface contact area, which
is very small and independent of the map size, resulting in similar



Fig. 2. Images of a bioclast of the non-reservoir rock that contains a red algae fragment obtained by: (A) SEM, (B) PPL optical microscope and (C) inverse optical microscope
coupled with AFM microscope and where the AFM tip is also presented. (D,E) AFM images of the red algae area highlighted with a green square in images A-C at 120 and
20 lm image size. (F) Topography and (G) adhesion force maps obtained with a hydrophobic tip in a range of image sizes from 60 to 1 lm (white squares indicate where the
next map of lower dimensions was acquired). Only below an image size of 5 lm, we observe homogeneous hydrophobic regions (highlighted with a contoured dotted line in
red).
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mean adhesion values. However, in the adhesion maps of Fig. 2G,
we observed homogeneous hydrophobic regions only below
5 lm map size that are highlighted with a contoured red dotted
line in Fig. 2G. This result demonstrates that the spatial distribu-
tion of the adhesion data does indeed allow us to identify homoge-
neous regions of high adhesion. Overall, these results confirm that
the scale of observation is an important parameter when studying
rock surface wettability.
3.2. Does adsorbed organic matter play a role in the wettability of
carbonate rocks?

Once the relevant scale of observation is identified, the nano-
wettability of the limestone rocks was explored using image sizes
of 5 lm (where we observed homogeneous hydrophobic regions)
and acquiring force maps with a resolution of 150 nm/px. The
adhesion properties of the non-reservoir (Fig. 3A) and reservoir
(Fig. 3B) rock samples were studied using CH3- and COOH-
functionalized tips as non-polar and polar probes to mimic
hydrophobic and hydrophilic organic-carbonate interactions,
respectively. Representative adhesion force maps obtained with
the CH3-tip (Fig. 3C,D) show higher adhesive-type interactions
than those obtained with COOH-tip (Fig. 3E,F). The hydrophobic
interactions are especially pronounced in the reservoir rock as evi-
denced by the larger adhesion force data (1.73 ± 0.29 nN) found in
comparison to that of the non-reservoir rock (0.68 ± 0.09 nN). In
addition to the preferential interaction of the reservoir rock surface
with non-polar molecules, this rock type presents a highly homo-
geneous surface in terms of wetting behavior. In contrast, the
non-reservoir rock presents distinct homogeneous sizes of
hydrophobic and hydrophilic properties. Furthermore, our mea-
surements with COOH-tips led to slightly higher adhesion force
in the non-reservoir rock (0.74 ± 0.1 nN) than in the reservoir rock
(0.68 ± 0.09 nN). Looking at representative force-distance curves of
both carbonate rocks using CH3- and COOH-tips (Fig. S6), we
observed that the approaching curves usually present a slight elec-
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trostatic repulsion with the exception when the CH3-tip
approaches to the reservoir rock surface, which presents an attrac-
tive force at a separation distance of 15 nm (hydrophobic or Van
der Waals interactions). According to the DLVO theory, a low elec-
tric double layer (EDL) repulsion was expected between rock sur-
face with little or no charge and the low salinity conditions of
the solution (low ionic strength). However, the strong attractive
interaction between the hydrophobic tip and the reservoir rock
surface is evidence of the higher hydrophobicity of this rock. The
adhesion peaks in the retracting curves correspond to the
hydrophobic or hydrophilic interactions depending on the use of
CH3- or COOH-tips, respectively. The reservoir rock surface pre-
sents the largest adhesion peak when interacting with the CH3-
tip (7.4 nN), whereas a very small adhesion peak is observed when
using COOH-tip (0.1 nN), confirming its predominant hydrophobic
character due to the high amount of organic material. However,
similar (low) adhesion peaks are observed in the interactions of
the hydrophobic and hydrophilic tips with the non-reservoir rock
(1.2 and 0.7 nN, respectively), ascribed to a lower content of
organic matter.

Statistical analysis of our AFS results (about 250.000 force-
distance curves for both rocks and both functionalized tips) was
done to obtain representative wettability data of the rock surface
from nanoscale interactions. The statistical results are presented
as adhesion histograms in Fig. 3G,H and confirm the stronger
hydrophobic behavior of the reservoir rock in comparison with
that of the non-reservoir rock. In agreement with the macroscopic
contact angle measurements (Fig. S2), these nanoscale measure-
ments reveal the critical role that foreign organic matter (i.e. oil)
plays in controlling the surface wettability.
3.3. Is the wettability linked to the biogenicity of a rock fragment?

Hydrophobic interactions of both carbonate rocks were further
explored and related to their biological origin, classifying them into
different types of bioclasts. Before AFS measurements (Fig. 4A), the



Fig. 3. Thin section optical images of (A) non-reservoir and (B) reservoir carbonate rocks where AFS measurements were performed. Representative adhesion force maps
were obtained in both rocks using the hydrophobic (C,D) and hydrophilic (E,F) tips. Adhesion force histograms corresponding to 75,000 force-curve data (G) CH3-tip and H)
COOH-tip.

Fig. 4. (A) Schematic representation of the AFS measurements using CH3-tips and carbonate thin sections. (B) Optical micrograph of the non-reservoir carbonate rock thin
section. (D) Topography and (E) adhesion force maps of bioclasts in comparison with (F) topography and (G) adhesion force maps of non-bioclasts. (H) Pie-chart representing
the percentage of adhesion region measured over the total map area for bioclasts and non-bioclasts. (I) Adhesion force histograms of the AFS measurements.
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carbonate thin sections were observed with a polarizing optical
microscope to identify the components of the rocks (Fig. 4B). We
classified the rock components as bioclasts or skeletal grains with
biological origin and non-bioclast including non-skeletal grains
and types of cement. Then, we explored if the bioclasts influence
the rock wettability of the non-reservoir and reservoir rocks using
752
AFM and an integrated optical microscope (Fig. 4C). Although triv-
ial, the identification of rock constituents from the micro- to the
nano-scale has been fundamental to understand the wettability
properties of the rocks. The topography and adhesion force maps
of Fig. 4D–G show larger hydrophobic regions in the bioclast
regions (Fig. 4D–E) than in the non-bioclasts ones (Fig. 4F–G). In
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fact, we calculated from multiple force maps that the adhesive
region in bioclasts corresponds to 47 % of the imaged area, while
for non-bioclasts it only represents 13 % (Fig. 4H). Furthermore,
adhesion histograms, corresponding to the analysis of 150.000
force-distance curves (Fig. 4I), confirm that bioclast regions inter-
act more strongly with the hydrophobic tip than the non-bioclast
ones. However, we did not observe any relevant inter-biomineral
differences, i.e. echinoderm, mollusk, foraminifera, bryozoan and
red algae all displayed comparable values of adhesion (Fig. S7).
We have used the non-parametric test Krusal-Wallis test to find
out whether there are significant differences between the adhesion
force data shown in the histograms of Fig. 4. The results of this sta-
tistical test reveal a significant difference between the two sets of
samples at the 95 % confidence level (p values < 2.2e�16, chi-squ
ared = 194.69).The significant difference in the wettability
(Fig. S8) between bioclasts (0.80 and 2.89 nN for non-reservoir
and reservoir rock) and non-bioclasts (0.56 and 1.35 nN for non-
reservoir and reservoir rock) can be ascribed to the presence of
organic remains within the former (indeed, biominerals are com-
posite organo-mineral materials). The organic remainders favor
interactions with non-polar organic molecules. Fossilized biomin-
erals can therefore induce hydrophobicity, also facilitating the
adsorption of organic matter (i.e. in oil reservoirs) through non-
polar interactions.
3.4. Evaluating the role of organic matter on the wettability properties
of carbonate rocks

Based on our nanoscale observations, we have established that
a more hydrophobic behavior is present in the reservoir rock. Fur-
thermore, we have observed a significant difference between the
wetting properties of bioclast and non-bioclast grains. These
results highlight the key role that organic matter, either adsorbed
hydrocarbons from crude oil or gas or the breakdown products of
biomolecules included in biominerals, plays on the wettability (hy-
drophobicity) of rock surfaces. To identify the presence of organic
matter in the carbonate rock surface, we performed Raman
microspectroscopy on thin sections of both limestone rocks. In
addition to the calcite peaks in the lowwavenumber region (calcite
is the dominant calcium carbonate polymorph (Fig. S9), we also
detected the fingerprints of organic matter in the higher
wavenumber region (Fig. 5A). In particular, we observed the char-
acteristic D and G bands of graphitic structures, which are attribu-
ted to in-plane defects and sp2 CAC stretching vibrations within
the aromatic rings of the graphitic layer, respectively [50]. The
presence of wide D and G bands with similar intensities indicates
the presence of disordered organic matter in all the samples. How-
ever, their distribution on the surface differs: the bioclasts, non-
bioclasts and cement components of the reservoir rock present a
homogeneous distribution on the rock surface (Fig. S10). But, for
Fig. 5. (A) Raman spectra of C-signal region for the bioclasts and non-bioclasts of (includ
Lorentzian fit ascribed to the D (pink) and G (blue) bands of graphitic structures.
10 � 10 lm � lm spatial areas with a resolution of 0.5 lm for the bioclasts of the no
reservoir rock.

753
the non-reservoir rock, the signal from organic matter was only
presented in the bioclastic grains. These results support the idea
that the presence of organic matter from a natural origin is respon-
sible for the hydrophobic behavior. Also, these maps with a resolu-
tion of 1 lm/px agree well with the spatial heterogeneity observed
in the wetting properties at small spatial scales.

The position and broadening of D and G bands were determined
by simultaneous peak fitting to Lorentzian profiles after baseline
correction to remove the fluorescence contribution of the organic
matter using Quasar software [45]. (Fig. 5B). Based on the Raman
observations in the bioclasts of the non-reservoir rock (Fig. 5C),
the position of the G band at 1580 cm�1 corresponds to that of
crystalline graphitic structure and the D band at 1347 cm�1 of high
intensity indicates the presence of heteroatoms such as hydrogen,
nitrogen or oxygen in the aromatic rings of the organic matter [51].
For the reservoir rock, we observed a significant blue-shift in the D
and the G bands, being larger for the bioclasts (1375 and
1595 cm�1) than for the non-bioclasts, including grains and
cements (1370 and 1591 cm�1). The shift in the G peak has been
attributed to the presence of hydrocarbons adsorbed on the rock
surface from the crude oil [52]. The G peaks of the bioclasts are also
narrower than those of the non-bioclast grains and cements
(Fig. S11), which reveals a higher degree of graphitization of the
organic molecules in the bioclast grains. This effect is also reflected
in the shift of the D peak of the reservoir rock, which has been pre-
viously attributed to a higher degree of maturation of the organic
matter in rocks [53].

Additionally, we explored the fluorescence of organic matter
contained in our carbonate rocks in the wavelength range of
300–800 nm using an excitation wavelength of 266 nm. We
explored a large area of 18 mm2 on thin sections of both carbon-
ate rocks to observe the emission of the different components.
Fluorescence intensity maps at 340 nm (Fig. 6A) and 420 nm
(Fig. 6B) of non-reservoir and reservoir rocks reveal that the for-
mer contribution is characteristic of the bioclast grains. Here,
the spatial resolution of the fluorescence maps does not allow
for the observation of heterogeneities in the nanoscale but still
gives relevant insights into the composition of the organic matter
of the carbonate rocks. Fig. 6C shows representative spectra of
bioclast and non-bioclast grains in both rocks and their fits. The
fit results clearly show the presence of the peak around 340 nm
(purple line) in the bioclasts – especially that of the reservoir rock
– whereas it is negligible for the non-bioclasts. The fluorescence
around 420 nm (blue line) is the main component of all the rock
constituents. This peak is considerably wider in the bioclasts,
attributed to the presence of multiple fluorophores although less
intense than in the non-bioclasts. Finally, we observed a third
contribution (magenta line) with an emission center around
500 nm in the bioclasts and shifted to 450 nm in the case of
the non-bioclasts grains.
ing grains and cements) non-reservoir and reservoir rocks. (B) Example of a double
(C) Distributions of D and G band position obtained from Raman mapping of
n-reservoir rock (blue) and the bioclasts (orange) and non-bioclasts (green) of the



Fig. 6. Stationary fluorescence intensity maps for wavelengths of (A) 340 and (B) 450 nm for non-reservoir (left) and reservoir rocks (right) with a resolution of 100 lm. (C)
Representative fluorescence spectra of bioclasts and non-bioclasts for non-reservoir (left) and reservoir rocks (right) together to their fit using 3 gaussian peaks around 340
(purple), 420 (blue) and 500 nm (magenta).
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We have further measured decay spectra in the bioclasts and
non-bioclast grains of both rocks for the three contributions
observed in the stationary fluorescence. The decay times were sim-
ulated with Power-like function estimations [54] for each of the
center wavelengths using and passband filter with 10 nm wave-
length width. For the 340 and the 420 nm bands, decay times are
low and close to the detection limit of our setup, typically between
5 and 6 ns. These results suggest that the fluorescence at 340 and
420 nm could correspond to small organic molecules rather than
polyaromatic molecules which are known to exhibit a long-time
decay fluorescence [55,56]. The 500 nm centered band shows a
longer fluorescence decay time on the bioclast, longer than 8 ns
whereas, for non-bioclast, fluorescence decay time remains
between 5 and 6 ns. Furthermore, we observed a high sensitivity
of the contribution around 340 and 420 nm to photodegradation
(Fig. S12) whereas the contribution around 500 nm remains con-
stant. This result together with the longer time decay on bioclast
indicates that some biological compounds such as protein-like or
humic-like (also referred to as unidentified natural organic com-
pounds – UNOC) are present in the carbonate rocks and partially
trapped by the bioclasts [57,58]. Overall, we found that bioclasts
show a different fluorescence spectrum than that of the non-
bioclasts with a contribution around 340 nm that furthermore,
becomes the main component in the reservoir rock. Since these
results are highly in concordance with the wettability of the bio-
clasts, we ascribe the emission at 340 nm to organic matter of
organic behavior with a plausible biological origin.

4. Conclusion

There is a common use to describe the wettability of a surface
sample by using contact angle measurements [59]. However, the
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macro-scale approach of such measurements only provides an
average bulk value of the solid surface, missing thus valuable infor-
mation from the nanoscale. In this sense, AFM has appeared as a
good alternative to explore the mineral/liquid interface and deter-
mine the surface nano-wettability of various minerals as well as
the effect of fluid composition [25–29]. Our AFM/AFS approach
probing molecular interactions within carbonate rocks allows elu-
cidating the complexity of rock surface wettability, especially in
heterogeneous natural systems, by exploring surface hetero-
geneities from the micro- to the nano-scale. We demonstrate that
the scale of observation is an important parameter when describ-
ing the wettability properties of natural rocks, being necessary to
explore areas below 25 lm2 to study heterogeneities of the car-
bonate rock. At this length scale, preferential interaction (stronger
adhesion force) with hydrophobic molecules showed a homoge-
neous wetting behavior of the reservoir rock. However, at the same
length scale, the non-reservoir rock presented heterogeneous
hydrophobic regions only at the surface of biominerals. This result
is in line with the literature reporting heterogeneities in the car-
bonate rock wettability as a consequence of the presence of organic
matter [24,34,35] and could be complemented using other hydro-
philic functionalization (NH2- and OH-tips) or partial hydrophilic
functionalization (OCH3-tips).

Furthermore, our methodology with the identification of indi-
vidual components of the carbonate rock from the micro- to the
nano-scale represents a new innovative approach that has been
fundamental in exploring the wettability of specific bioclast and
non-bioclast grains, resulting that the former presents higher
hydrophobic behavior. The combination of adhesion force maps
with micro-Raman and especially with fluorescence spectroscopy
maps has resulted in a success for detecting organic matter and
determining the type and abundance of organic molecules on
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mineral surfaces. Thus, the spectroscopy results have confirmed
the hypothesis that organic remains within the biominerals is pri-
marily responsible for the hydrophobic character of bioclast grain
surfaces. The fluorescence emission of the carbonate rocks con-
firmed the presence of organic matter which experiments photo-
bleaching at long time exposition. The main signals correspond
to protein-like or humic-like compounds and their short decay
times reveal that small molecules with certain aromaticity are pre-
sent in the rock. A high degree of maturation, observed in the posi-
tion of the C signal in the Raman spectra, elucidates that small
molecules with natural origin (i.e. amino acids) can be present
within the rock which leads to homogeneous hydrophobic regions.
Future synchrotron experiments would shed light on the composi-
tion of the organic matter present in the specific grains of these
limestones and establish a direct relation with its wettability
properties.

Overall, this work contributes to the understanding of surface
wettability properties of carbonate rocks by establishing the spa-
tial scale necessary to study heterogeneities in wettability, which
can potentially control the overall wettability of the rock. All
results together (Table S3) highlight the critical role that the bio-
genic origin of the minerals plays in the wetting behavior of the
limestones at the nanoscale, which had never been studied up to
now. Furthermore, we propose that the rock composition in terms
of bioclastic content could be used as a potential parameter to con-
trol the wettability properties of carbonate-water interfaces. This
could have a direct impact on various geological, environmental,
and industrial processes where solid–liquid interfaces play a key
role in the overall efficiency of processes such as CO2 sequestration
or enhanced oil recovery techniques [60,61].
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