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ABSTRACT

The macroscopic movement of subsurface fluids involved in CO2 storage, groundwater, and petroleum engineering applications
is controlled by interfacial forces in the pores of rocks, micrometer to millimetre in length scale. Recent advances in physics
based models of these systems has arisen from approaches simulating flow through a digital representation of the complex
pore structure. However, further progress is limited by a lack of approaches to characterising the spatial distribution of the
wetting state within the pore structure. In this work, we show how observations of the fluid coverage of mineral surfaces within
the pores of rocks can be used as the basis for a quantitative 3D characterisation of heterogeneous wetting states throughout
rock pore structures. We demonstrate the approach with water-oil fluid pairs on rocks with distinct lithologies (sandstone and
carbonate) and wetting states (hydrophilic, intermediate wetting, or heterogeneously wetting). The resulting 3D maps can be
used as a deterministic input to pore scale modelling workflows and applied to all multiphase flow problems in porous media
ranging from soil science to fuel cells.

Introduction
Despite the major scientific and societal interest, predictive modelling of subsurface multiphase flow remains out of reach, with
a number of canonical problems in CO2 storage, groundwater, and petroleum engineering1–5. These problems are characterised
by an inability to model observed behaviour, even when uncertainties due to natural variability in rock properties are accounted
for or minimised. Central to the difficulty is that the macroscopic fluid movement is controlled by interfacial forces in the pores
of rocks, micrometer to millimetre in length scale6, 7.

Recent progress has thus focused on building models that simulate flow through a digital representation of the complex
pore structure8–11. These efforts have identified that the pore structure, in combination with the nature of the fluid-fluid and
fluid-solid interfacial forces combine to govern the morphology and dynamics of fluid phases as they are conducted through
the pore space. This morphology in turn determines the flow properties, the relative permeability and capillary pressure
characteristics, necessary for modelling larger scale flow12–17. Predicting this morphology, and its evolution in the pore space,
is a key next step in developing physics based models of larger scale flow.

An outstanding challenge in this approach is the inscrutability of the wetting state of mineral surfaces throughout the pore
structure. The wetting, the relative affinity for one fluid to coat the surface of a solid relative to another, determines the nature
of the local capillary force balance controlling the fluid distribution5, 18. Unlike the pore structure itself, the wetting state
cannot be directly observed because it is determined by the combined chemical nature of the mineral surfaces and fluid phases.
Observations of the contact angle in situ exhibit significant uncertainty due to pore structure controls, hysteresis, and noise
in imaging processing, and cannot be used for spatially resolved wetting determination19–23. Pore scale observations can be
used to constrain the average wetting state in models based in equilibrium thermodynamics and integral geometry24–26. Yet, it
is the spatial distribution of wetting states, and not an averaged wetting state, that determines the nature of flow18, 27, 28. The
importance of understanding the wetting state and predicting its impact extends beyond consideration of geological materials.
It is central to capillary dominated technologies including filters, fuel cells, and fluid wicking and repellant fabrics29, 30. The
absence of spatially resolved wetting characterisation is inhibiting advances in pore scale model predictions of upscaled flow
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Figure 1. 3D wetting maps of a sandstone (altered Bentheimer sandstone) and a carbonate rock (altered Estaillades limestone).
The maps are generated defining and computing a wetting index (Γ) on a pore-by-pore basis. The wetting index ranges from 0
to 1 corresponding respectively to two reference wetting cases, hydrophilic, i.e. wetting to the aqueous phase (brine), and
hydrophobic, i.e. wetting to the oleic (oil) phase. c) and d) report the relative frequency distributions of the wetting index for
altered Bentheimer and altered Estaillades, respectively. The average and standard deviation for altered Bentheimer are
µΓ = 0.316 and σΓ = 0.169, respectively. The average and standard deviation for altered Estaillades are µΓ = 0.478 and
σΓ = 0.277, respectively.
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properties, including the use of pore network, Lattice-Boltzmann, and Navier Stokes based flow simulations27, 28, 31.
In this study we overcome these challenges to characterise the wetting state of rocks, spatially resolved at the scale of

individual pores (Figure 1). We extend the approach of Garfi et al., (2020)25 to show that observations of the relative fluid
coverage of rock mineral surfaces with X-ray micro-CT imaging can be used to create a 3D map of the quantified wetting
state of the rock. This analysis is performed by measuring fluid phase volumes and fluid-solid interfacial areas in X-ray
micro-CT images of rock samples into which two fluid phases have been injected. The workflow is demonstrated for different
rock lithologies (sandstone and carbonate rock samples) with different wetting states (uniformly hydrophilic, uniformly
intermediate-wetting between the two fluid phases, and heterogeneously wetting). An empirical pore based wetting index is
defined based on a thermodynamic model which is calibrated by observations of fluid surface coverage throughout the pore
space. This allows us to create 3D wetting maps of the rocks that can be used deterministically in the creation of pore scale
numerical models of multiphase flow.

Results
The macroscopic wetting state and its alteration
The wetting state of two rock lithologies is investigated in this study: Bentheimer sandstone and Estaillades limestone. For each
lithology one dataset comes from a hydrophilic rock sample (most minerals are naturally hydrophilic). A second dataset comes
from samples where the wetting state has been altered by a crude oil treatment towards more hydrophobic surfaces within the
pore structure.

The four datasets are referred to as either altered or unaltered if treated by crude oil or not. Each dataset consists of one
cubic subvolume (1.433 mm3) of one segmented X-ray micro-CT image from cylindrical rock samples that were 6.1mm in
diameter. The image analysed was selected from among a series of images acquired during the waterflooding or quasi-static
co-injection of an oleic phase (an oil) and an aqueous phase (brine) in steps, with the fractional flow of the aqueous phase
increasing at each step. The detailed descriptions of the rock lithologies, datasets, flow experiments and imaging are reported in
’Methods’.

The relationship between the oil-coated area fraction (A f o), i.e. the fraction of mineral surface covered by the oil phase, and
the oil volume fraction within a given pore (Vf o) varies by rock lithology and wetting state (Figure 2). The red line in the plots
expresses the A f o =Vf o relationship (the 1:1 line) and serves as a fixed reference curve for the comparison between datasets.
However, note that the distance from this line is only approximately indicative of the wetting state. The precise definition,
derived in ’Methods’, depends on the pore structure and observations of the fluid distribution. The procedure for measuring
these quantities in X-ray micro-CT images is described in ’Methods’.

The unaltered Bentheimer sandstone is homogeneously hydrophilic32, and A f o is mostly found below the 1 : 1 line. There is
a preferential solid surface coating by brine (Figure 2a)). After the Bentheimer surfaces are altered by crude oil, there is a shift
in the data cloud towards the 1:1 line (Figure 2b)). This suggests that a change in wetting preference has occurred and the solid
surface wetting has shifted towards a similar preference to both fluid phases. This is frequently referred to as an intermediate
wetting state. This finding is consistent with observations reported by others25, 32, 33.

The unaltered Estaillades is also naturally hydrophilic and shows a similar trend as the unaltered Bentheimer, with most
data points falling below the 1:1 line (Figure 2c)). A shift towards greater oil-coated area fraction at a given fluid volume
fraction is observed for the altered sample (Figure 2d)) than was the case with the Bentheimer. This finding is consistent with
past observations of calcite being more prone than quartz to wetting alteration as a result of the interaction with the surface
active compounds present in crude oil25, 33–35. Moreover, there is a wide spread in the area fraction with the data from the
altered rock. This suggests a heterogeneous distribution of wetting states within the Estaillades, ranging from pores that remain
hydrophilic to pores that obtain a wetting preference to oil after alteration.

The quantitative shifts in both the average values of the data clouds as well as their variation in area fraction are shown by
the whisker plots in Figure 2. A bin size of 0.05 in volume fraction units was used. The average standard deviation in the data
points is larger for the unaltered Estaillades dataset than for the Bentheimer. This could be a consequence of the additional
level of heterogeneity in surface texture and pore geometry Estaillades limestone possesses. The wetting alteration process
induces little change in the relative coverage variability observed in the Bentheimer. In contrast, the variability in the altered
Estaillades increases dramatically (whisker plots in Figure 2). This reflects the difference in the impact of the wetting alteration
process. For the Bentheimer, a uniform but modest change to the wetting state towards an intermediate state is observed. For
the Estaillades, a heterogeneously wetting state is obtained with the alteration process.

Pore structure controls on wetting and fluid morphology in individual pores
The distinct responses of the Bentheimer Sandstone and Estaillades carbonates to wetting alteration appear to be in part a
consequence of the pore structure controls on fluid filling. During the alteration process for the Bentheimer the drainage
capillary pressure was sufficient for the crude oil to invade most of the pore space uniformly33, 36. In contrast, the Estaillades
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Figure 2. Oil-coated area fraction (A f o) as a function of oil volume fraction in each identified pore region of the four datasets
considered: a) unaltered Bentheimer; b) altered Bentheimer; c) unaltered Estaillades; d) altered Estaillades. The whiskers
represent the average and standard deviation computed binning the individual pores on the basis of their oil volume fraction
into bins of size 0.05. The 1:1 line is shown in red.
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has smaller pores and a multi-modal pore size distribution, and only a portion of the pore space was invaded by crude oil during
the wetting alteration37, 38. Figure 3 shows plots of the altered samples with points colored by the size of the pore. The colour
represents the ratio between each pore radius and the radius of the largest pore in the region of interest: the brighter the marker,
the bigger the pore; the darker, the smaller. The altered Bentheimer does not show any obvious relationship between the size of
the pore radii and the fluid surface coverage, i.e., the wetting state. On the other hand, the altered Estaillades shows most of the
larger pores (brighter colouring) above the 1:1 line, with a hydrophobic state. The pores become systematically smaller the
more hydrophilic they are on the figure. The bigger pores are more likely to be hydrophobic because their surfaces were more
readily accessible to the oil phase during the alteration process.

The location of points on the plots identifies pores in which the visualised fluid configurations are characteristically
hydrophilic or hydrophobic. Figure 3 shows a selection of the 2D and 3D images of three pores of the altered Estaillades. Their
locations on the area fraction plot are shown by black circles in Figure 3. Pore 1 (a large pore, Figure 3 c)-f)-i)) is an example
of a hydrophobic pore (from the area fraction graph) with a low oil volume fraction. The oil has been displaced and only left in
the narrow corners of the pore space. Pore 2 is another hydrophobic pore (Figure 3 d)-g)-j)) but is mainly filled with oil, which
traps a brine droplet in the centre of the pore space. The shape of the fluid-fluid interface is characteristic of a hydrophobic state.
Pore 3 is a smaller pore identified as wetting to water (Figure 3 e)-h)-k)). The fluid configuration exhibits typical hydrophilic
behaviour, with the brine snapping-off an oil droplet and securely trapping it at the centre of the pore space. This suggests that
the location of a data point on this figure may be used in quantitative characterisation of the wetting state.

Pore by pore wetting maps for the altered rock samples
We created a dimensionless index, Γ, assigning a quantitative measure of wetting to individual pores, with the range 0≤ Γ≤ 1
representing the range from hydrophilicity to hydrophobicity. The interpretation makes use of the oil-coated area fraction and
volume fraction data in Figure 2. See ’Methods’ for details.

Figure 1 a) and b) report the relative frequency distributions of the wetting index Γ estimates obtained for altered Bentheimer
and altered Estaillades. The distribution obtained for the altered Bentheimer is narrow (standard deviation of σΓ = 0.169) and
positively skewed with an average value of µΓ = 0.316. In contrast, the average wetting index for the altered Estaillades is
µΓ = 0.478 and the distribution is fairly symmetric around the average and heavy tailed (σΓ = 0.277). There are also peaks
showing a substantial number of pores whose wetting state corresponds or exceeds the reference hydrophilic and hydrophobic
models.

These provide a quantitative description of the observations already described qualitatively in the previous section. The
altered Bentheimer is at a more homogeneous and intermediate wetting state relative to the altered Estaillades where the pore
surface wetting preference ranges from hydrophilic to hydrophobic. The varying degree of heterogeneity in the wetting state is
also visually evident in the 3D wetting maps generated from the wetting index (Figure 1 c) and d)). The maps do not report the
individual pore regions for which a wetting index was not estimated, i.e. individual pores completely filled with brine or oil
where information about the wetting state cannot be obtained from the single image we considered.

Discussion
Fluid surface coverage is a wetting state descriptor that can be used at the scale of individual rock pores. In this study the
concept is tested with rocks presenting different wetting states, but its application can be extended to other porous media
whose wetting state is unknown. An approach is provided whereby a pore based wetting index is created to characterise the
wetting state of heterogeneously wet rocks with two rock lithologies and distinct wetting states. The wetting index is based in
thermodynamic theory but derived empirically for a given rock-fluid system. It is generated by fitting polynomials to data of
surface area coverage and pore volume fraction of fluids in homogeneously hydrophilic datasets. It can subsequently be applied
to the interpretation of the wetting state of the same rock type at any other wetting state.

The use of fluid surface coverage overcomes many of the issues limiting previous wetting characterisation approaches using
pore scale imagery. This approach relies on the measurement of fewer geometrical features, i.e. fluid-solid interfacial areas and
fluid volumes on a single X-ray micro-CT image. Additionally, the features of interest are directly observed, proportional to a
number of voxels identified in the segmented imagery, rather than interpreted as with calculations of curvature or contact angle.
These features combine to boost the signal and reduce the uncertainty arising from the image processing and interpretation23.
The increase in signal arising from these simplifications in the observation is what allows for the use of the measure at a high
enough spatial resolution to perform the analysis at the scale of tens of micrometres. Moreover, the observation itself only
requires imagery of a rock with two fluid phases distributed throughout the pore space. This avoids complications that might
arise from requirements to track pore scale events or dynamics during changes in saturation state.

In this study, the wetting index estimates identified differing characteristics of the wetting alteration by crude oil of two
rock samples and could be used to identify pores with fluid arrangements characteristic of various wetting states. This has
confirmed that the analysis of fluid surface coverage on a pore-by-pore basis allows for the direct identification of the degree of
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Figure 3. Relationship between fluid surface coverage and pore size (a) altered Bentheimer, b) altered Estaillades) and
selected fluid arrangement in three pores (1-2-3) of altered Estaillades (c) to k)). The oil-coated area fraction (A f o) is reported
against the oil volume fraction of each pore. The marker colour represents the relative size of the pore to the largest pore in the
region of interest. The darker, the smaller the pore. The relative surface coverage of pores 1,2 and 3 are highlighted in b) by
black circles. Columns from left to right: a hydrophobic pore (1) where brine displaced most of the oil (c), f), i)); another
hydrophobic pore (2) where oil trapped a brine droplet (d), g), j)); a hydrophilic pore (3) in which brine snapped-off an oil
droplet (e), h), k)).
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heterogeneity in the wetting state. This advances our ability to characterise wetting in the way required for further advancement
in pore scale modelling approaches. The pore based wetting index allows for the creation of 3D wetting maps. This is a
long sought goal in pore scale modelling. Where previously the input of wetting state distributions has been used as a tuning
parameter, the distribution can now be input deterministically, giving rise to the potential for predictive pore scale modelling
approaches27, 31, 39.

Methods
Rock lithologies and datasets
Bentheimer sandstone is a well sorted sandstone comprising 98 wt% quartz and a total 2 wt% of kaolinite, chlorite and
microcline. Estaillades limestone is a carbonate rock with a typical calcite content of 98 wt% and 2 wt% quartz. For each
lithology two datasets are analysed. For both lithologies two rock samples are considered, one in its natural wetting state, and
one involving the treatment of the rock sample with crude oil (Table 1). This process is known as ageing and is designed to
reproduce wetting alteration processes observed in hydrocarbon deposits40–42. Each dataset consists of X-ray micro-CT images
coming from experiments performed on a single rock sample. The datasets related to treated rock samples will be referred to as
altered, while the untreated ones as unaltered.

Bentheimer Sandstone: unaltered and altered
The Bentheimer sandstone datasets were previously created from laboratory observations and described in32 and33. Both
datasets consists of the X-ray micro-CT images of quasi-static fractional flow co-injection experiments performed in cylindrical
rock samples with a diameter of 6.1mm (brine fractional flow, fb = Qb/(Qo +Qb), with Qi being the flow rate of the fluid
phase-i). The oil-phase (decalin) drainage was performed into the brine saturated sample by centrifugation with a rotation
speed such that the capillary pressure obtained was sufficient to reach irreducible water saturation (rotation speed of 3200
rpm, corresponding to a capillary pressure of 60 kPa)36. In the unaltered Bentheimer, the imbibition was performed right after
drainage in capillary dominated conditions. Brine imbibition was conducted in seven steps, increasing the fractional flow of
brine from 0 to 1 ( fb = {0,0.05,0.15,0.30,0.50,0.85,1}). The micro-CT images were acquired at the end of each fractional
flow step once the pressure gradient across the sample equilibrated. For each dataset our analysis focuses on cubic regions
of interest of 4003 voxels, with a voxel size of 3.58 µm corresponding to 1.433 mm3 of the image acquired at fractional flow
fb = 0.50.

The ageing procedure employed for the altered Bentheimer dataset was performed between drainage and the co-injection
fractional flow steps of oil and brine. After the drainage process, the sample was submerged in crude oil resulting in a replacement
of decalin by crude oil through diffusion. The sample was then stored immersed in crude oil for 30 days at 80◦C. After this
alteration process, the sample was submerged in decalin to replace the crude oil. Subsequently the coreflood experiment was
performed. The micro-CT images were acquired after eight fractional flows ( fb = {0,0.02,0.06,0.24,0.50,0.80,0.90,1}). The
brine composition was 3.5 wt% for the untreated sample and 3.5 wt% KI, 1.09 wt% NaCl, 0.02 wt% MgCl2.6H2O, 0.11 wt%
CaCl2.2H2O for the treated one.

Unaltered Estaillades Limestone
An Estaillades core of 6.1mm diameter and 25mm length was chosen. The sample was first saturated under vacuum with
brine (12.68 wt% NaCl, 5.32 wt% CaCl2.2H2O, 2.72 wt% MgCl2.6H2O). Consequently, decalin drainage was obtained by
centrifugation, as was done previously for the Bentheimer samples36. However, in this case the rotation speed was chosen so
that the brine saturation at the end of drainage was larger than the irreducible one (rotation speed of 1700 rpm, corresponding
to a capillary pressure of 26 kPa). The decalin was then displaced by diffusion with decane, which was the oil phase used
throughout the flow experiment. The waterflooding experiment was performed in a flow loop similar to that described in32,
with the difference that no differential pressure was measured across the sample and the brine and oil pumps were used for
separate injection steps. A confining pressure of 5MPa was applied and the receiving pump pressure was set to 3MPa. First,
decane was injected at a constant flow rate of 0.015ml/min, to obtain a connected fluid phase throughout the entire flow loop.
The flow rate was low enough that no further brine would be displaced. Then, around 40 pore volumes of brine were injected
into the rock sample at a flow rate of 0.015ml/min (capillary dominated conditions).

We used an FEI Heliscan microCT to image the entire cross section of the sample over a length of 6mm, with a voxel size
of 2.39mm. The X-ray source voltage was set to 95kV and the tube current to 70mA. The raw projections were reconstructed
employing an iterative backprojection algorithm provided by the scanner’s manufacturer. The first image acquisition was
performed after drainage, with the brine and the decane having no obvious contrast in the greyscale intensity. For the
waterflooding step, part of the NaCl was substituted with NaI (7 wt% NaI, 5.68 wt% NaCl, 5.32 wt% CaCl2.2H2O, 2.72 wt%
MgCl2.6H2O) in order to obtain contrast between the brine and the decane phases.

The drainage image was segmented by watershed segmentation43 into two phases: rock and pore space. The Estaillades is
known to usually present around 50% of the porosity at length scales below the typical resolution range of lab-based micro-CT
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Table 1. Physical and chemical properties of the crude oils employed in the wetting alteration protocol. The listed properties
are: density (ρ), viscosity (µ), total acid number (TAN), total basic nitrogen (TBN). The results of the SARA analysis
(saturates, aromatics, resins and asphaltenes) are reported as well.

Treated rock lithology
Bentheimer Estaillades

ρ [kg/m3] 859 834
µ [mPas] 9.4672 4.8731

TAN [mgKOH/g] 0.09 0.07
TBN [mg/kg] 270.6 83.9

Sat [wt.%] 44 58.45
Aro [wt.%] 44 36.92
Res [wt.%] 9.69 4.36
Asp [wt.%] 2.31 0.28

scanners. Although in literature it is possible to find ways to tackle this imaging limitation44, in this study we will neglect this
contribution to the sample pore space, because the pore-by-pore fluid coverage analysis we propose would still not be possible.
The binary segmented drainage image was then used to mask out the rock matrix in the waterflooding image, leading to the
segmentation of the brine and decane phases by simple thresholding. In the results section, we performed the analysis of a
region of interest of 1.433 mm3, corresponding to 6003 voxels (voxel size 2.38 µm).

Altered Estaillades Limestone

The experimental details and original description of the original dataset can be found in38, 45. The fluids and the drainage process
used for the altered Estaillades were the same as for the unaltered Estaillades. The altered and unaltered Estaillades 6.1mm
diameter rock cores were sampled from the very same larger core, and the drainage process was performed simultaneously,
as described in36. However, in this case, a wetting alteration protocol by means of crude oil exposure followed the drainage
process. The decalin was replaced by crude oil through diffusion and the sample was stored immersed in crude oil in a
vessel at 3Mpa and placed into an oven at 80◦C for 28 days. After this wetting alteration procedure, a quasi-static fractional
flow co-injection experiment, analogous to those performed for the two Bentheimer samples, was conducted. The crude oil
in the sample was displaced firstly by decalin thorugh diffusion and subsequently decane displaced decalin again through
diffusion. The sample was mounted in the same coreflood cell and the same flow loop and imaging facilities used in32, 33 were
employed. The experiment consisted of 7 fractional flow steps ( fb = {0,0.05,0.25,0.50,0.75,0.90,1}) with a total flow rate of
0.02ml/min. The reconstructed tomograms were processed as for the Estaillades Unaltered. Analogous to the other datasets,
the region of interest considered in this study was 4003 voxels, corresponding to 1.433 mm3 of the X-ray micro-CT image
acquired at fractional flow fb = 0.50.

Pore-by-pore fluid surface coverage with X-ray micro-CT
X-ray micro-CT imaging can be used to visualise the details of multiphase fluid arrangement within the pore space of rock
samples46, 47. After the acquisition and reconstruction of the greyscale 3D images, the final result of the image processing
pipeline is a segmented 3D image. The segmentation process consists of assigning each voxel (3D pixel) of the image to an
individual phase identified by a numerical index, which commonly represents a certain fluid or solid of interest. In this work,
all the segmented X-ray micro-CT images consists of three phases: the brine phase, the oil phase and the rock phase.

The first step of the pore-by-pore wetting state characterisation workflow consists of the identification and separation of
the individual pore regions within the X-ray image of the rock. This separation is obtained by a watershed segmentation of
the distance map of the pore space. The pore space image is thus divided into N pores, where the voxels constituting each
pore-n are assigned the value n. The network extraction algorithm we employed also associates a sphere (with radius equal to
the maximum ball inscribable into the pore region) and two throats to each pore region48, 49. By masking the oil-brine-rock
image with the image of the separated pores, it is possible to obtain the fluid configuration in each pore region. For each pore
region, the fluid-fluid and fluid-solid interfaces are identified and extracted by a voxelized surface generation algorithm. These
surfaces are smoothed with an iterative (150 iterations) algorithm preventing boundary shrinking50. The smoothed surfaces are
measured to define fluid-solid interfacial areas per unit of pore volume (Ai). Finally, by dividing the last by the total interfacial
area per unit of pore volume exposed by a pore, one can define the fractions of solid surface coated by oil or brine (A f i).
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The thermodynamic basis for the fluid-solid interfacial area as a measure of wetting
The basis for the interpretation of the observations is the thermodynamic model of25 describing the specific interfacial area
(surface area per unit volume of pore space) between a non-wetting phase and the solid surface (Anws) of a porous media as a
function of the non-wetting phase saturation (Snw)

Anws(Snw) =
σnww

σnws−σws

(
2
∫ Snw

S′=0
κ(Snw)dS′−Anww

)
, (1)

where Ai j is the specific surface area of the interface between phase i and phase j, Si is fluid-i saturation, σi j is the interfacial
tension between phase i and phase j and κ is the mean fluid-fluid interfacial curvature.

By following the same approach described in25 it is possible to derive an analogous relationship expressed in terms of the
wetting phase. Let us consider a porous medium with two fluid phases, one wetting (w) and one non-wetting (nw). With the
solid surface, s, per unit volume of pore space, the reversible work required to increase the saturation of the wetting phase w
can be determined by an energy balance51, 52:

(pw− pnw)dSw =−pcdSw = σnwwdAnww +σnwsdAnws +σwsdAws (2)

where pi is the pressure of the i-fluid phase, and pc is the capillary pressure across the fluid-fluid interface. By rearranging the
terms and substituting −dAnws = dAws

dAws

dSw
=

1
σnws−σnws

(
pc +σnww

dAnww

dSw

)
(3)

Integrating across the same saturation change of Eq.1 and recalling Young-Laplace equation pc = 2κσnww

Aws(Sw) =
σnww

σnws−σws

(
2
∫ 1−Sw

S′=1
κ(Sw)dS′+Anww(Sw)

)
(4)

We can take Eq. 1 and Eq. 4 further by assuming functional forms for Anww(Si) and κ(Si). Note that we do this for
illustrative purposes, and the wetting characterisation is not dependent on any particular form. Let Anww(Si) be a downward
parabola with zero specific interfacial area for Si = 0 and Si = 153, 54 and maximum in Si = 0.5:

Anww(Si) = Amax−4Amax(Snw−0.5)2 (5)

In the case of the non-wetting phase model, a power-law like model is assumed to describe κ(Snw):

κ(Snw) = κe +αSn
nw (6)

and for the wetting-phase, for simplicity, the same model with parameters of opposite sign

κ(Sw) =−κe−αSn
w (7)

where κe is the mean curvature value in correspondence of the entry capillary pressure (for the wetting phase that value is
negative), and α controls the mean curvature value when Snw approaches 1. Substituting the mean curvature models into Eq. 1
and Eq. 4 and solving the integrals leads to

Anw(Snw) =
σnww

σnws−σws

(
2keSnw +

α

n+1
Sn+1

nw −Anww(Snw)

)
(8)

Aw(Sw) =
σnww

σnws−σws

(
2keSw−

α

n+1

(
(1−Sw)

n+1−1
)
+Anww(Sw)

)
(9)

With special reference to applications where the extent of the interfacial areas are directly measured by an imaging technique, a
correction factor has to be introduced to take into account the imaging resolution limit. In fact, while the fluid-fluid interfaces
are expected to be smooth, the fluid-solid ones are in general rough and various complex fluid arrangements may be observed37.
As a consequence, the equations can be rewritten as:

Anw(Snw) =
1
β

σnww

σnws−σws

(
2keSnw +

α

n+1
Sn+1

nw −Anww(Snw)

)
(10)
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Figure 4. Wetting phase-solid and non-wetting phase-solid specific interfacial areas. For any given value of the saturation, the
wetting phase-solid specific interfacial area is larger. The input parameters are: κe = 150001/m, α = 400001/m, n = 0.15,
Amax = 160001/m and σnww

σnws−σws
= 1.16 (i.e. intrinsic contact angle of 30◦).

Aw(Sw) =
1
β

σnww

σnws−σws

(
2keSw−

α

n+1

(
(1−Sw)

n+1−1
)
+Anww(Sw)

)
(11)

where β =
Ai,Real

Ai
and β ≥ 1. Figure 5 reports the theoretical behaviour of the fluid-solid specific interfacial area model for

example input values of the model parameters and interfacial tensions ratio σnww
σnws−σws

= 1.16, correspondent to an intrinsic
contact angle of 30◦ in a smooth capillary tube. Given a certain Si, Ai is larger if the fluid-i is wetting to the solid surface. As a
consequence, if we define for each of the fluid phases i the fluid-i-coated area fraction as:

A f i(Si) =
Ai(Si)

∑i Ai(Si)
(12)

given a certain fluid saturation Si, A f i(Si) will be larger if the solid surface is wetting to i or smaller if it is not. Garfi et al.
(2020)25 have shown that the relative surface coverage is a signal of the wetting state and used this concept to identify mineral
specific wetting behaviours in a sandstone rock sample.

Generation of 3D wetting maps for intermediate and mixed-wet rock samples
Figure 5 provides an illustratioun of how the wetting indices are quantitatively assigned to each pore using the data in Figure 2.
The Bentheimer sandstone and Estaillades limestone are mineralogically homogeneous, comprising > 98wt.% quartz or calcite,
respectively. The unaltered samples are thus homogeneously hydrophilic and the curves in Figure 2a,c represent reference
lower bounds in the graph for the hydrophilic state. Because the pore structure does not change, we can rotate this curve around
the 1 : 1 line to similarly create an upper bounding curve representative of a reference hydrophobic state in the rocks. The
thermodynamic basis for this is described in the previous section and an example analytical model created using Brooks-Corey
curves is provided in Eq.10 and 11.

To avoid requiring a specific analytical form of the capillary pressure characteristic curve, we create an empirical model for
the bounding curves based on the data from the unaltered rock samples. We use twice the standard deviation from the mean as a
lower bounding value of the oil coated area fraction. We fit a third order polynomial to those values.

For each bin k,

Ak
f o,LB = µ

k
A f o
−2σ

k
A f o

(13)
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Figure 5. Conceptual approach to the definition of the wetting index Γ for the altered Bentheimer. The approach is analogous
for the altered Estaillades. The empirical model defining the hydrophilic reference case is defined by fitting a third order
polynomial to the hydrophilic binned data. The hydrophobic reference model is defined from the hydrophilic one by
performing a rigid translation and reflection with respect to the 1:1 line. Γ ranges from 0 for the reference hydrophilic case to 1
for the reference hydrophobic case.

where µA f o and σ k
A f o

are the mean and standard deviation of the oil area fraction in the bin. Values of Ak
f o,LB are fit by a third

order polynomial forced through (0,0) and (1,1), i.e. p(x) = ax3 +bx2 + cx. Following from the thermodynamic theory, the
upper bounding wetting state model, i.e., the one defining a reference hydrophobic pore is defined by performing a reflection of
p(x) with respect to the y-axis and a rigid translation, obtaining q(x) =−a(1− x)3−b(1− x)2− c(1− x)+1. This procedure
was employed for obtaining the hydrophilic and hydrophobic models for altered Bentheimer and altered Estaillades. The
estimated parameters for the polynomials for the Bentheimer are a = 1.87, b =−1.61 and c = 0.74.

Once the reference bounding models are defined, for each pore-i with oil volume fraction 0 <Vf o,i < 1, the wetting index
Γi is defined by

Γi =
A f o,i− p(Vf o,i)

q(Vf o,i)− p(Vf o,i)
(14)

where p(Vf o,i) and q(Vf o,i) are the bounding experimental polynomials evaluated in Vf o,i. If A f o,i ≥ q(Vf o,i), Γi , 1; if
A f o,i ≤ p(Vf o,i)., Γi , 0. The wetting index Γ thus ranges from 0 for pores equally or more hydrophilic than the reference case
to 1 for pores equally or more hydrophobic than the reference hydrophobic case.
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