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ARTICLE INFO ABSTRACT

Keywords: Low salinity water flooding is a promising enhanced oil recovery technique that has been observed, in
Low salinity water flooding experiments over a range of scales, to increase oil production by up to 14% in some systems. However, there
Wettability

is still no way of reliably predicting which systems will respond favourably to the technique. This shortcoming
is partly because of a relative lack of pore scale observations of low salinity water flooding. This has led to a
poor understanding of how mechanisms on the scale of micrometres lead to changes in fluid distribution on
the scale of centimetres to reservoir scales. In this work, we use X-ray micro-CT scanning to image unsteady
state experiments of tertiary low salinity water flooding in Berea, Castlegate, and Bunter sandstone micro-
cores. We observe fluid saturations and characterise the wetting state of samples using imagery of fluid—solid
fractional wetting and pore occupancy analysis. In the Berea sample, we observed an additional oil recovery
of 3 percentage points during low salinity water flooding, with large volumes of oil displaced from small pores
but also re-trapping of mobilised oil in large pores. In the Bunter sandstone, we observed 4 percentage point
additional recovery with significant displacement of oil from small pores and no significant retrapping of oil
in large pores. However, in the Castlegate sample, we observed just 1 percentage point of additional recovery
and relatively small volumes of oil mobilisation. We observe a significant wettability alteration towards more
water-wet conditions in the Berea and Bunter sandstones, but no significant alteration in the Castlegate sample.
We hypothesise that pore structure, specifically the topology of large pores impacted recovery. We find that
poor connectivity of the largest pores in each sample is strongly correlated to additional recovery. This work
is the first systematic comparison of the pore scale response to low salinity flooding across multiple sandstone
samples. Moreover, it gives the first pore scale insights into the role of pore geometry and topology on the
mobilisation of oil during low salinity water flooding.

Pore scale physics
Enhanced oil recovery
X-ray micro-CT imaging

1. Introduction network of tens or hundreds of pores. The majority of experimental
observations are either focused on determining the process by which
wettability alteration occurs on a mineral surface within a single pore,
or observations of saturation changes across the core-scale, where
samples typically range from a few to tens of centimetres (see summary
by Berg et al. [20], Buckley et al. [21], Basu and Sharma [22], Alotaibi
et al. [23], Sheng [24], Jackson et al. [19]).

Over pore and pore network scales, the impact of low salinity
waterflooding on oil distribution is complex and not well understood.
Features such as pore structure, mineralogy and stagnant regions of

Low salinity water flooding is an enhanced oil recovery technique
which has been widely studied since the 1990s [1-5]. The technique
has received great research interest because of the observed potential to
improve oil recovery by up to 14% [4,6-12]. However, there are many
examples of experiments where little or no incremental oil recovery
during low salinity flooding is observed [13-17]. There is currently
no way of reliably predicting whether low salinity water flooding will

improve oil recovery in a given system [18].

Wettability alteration is thought to be the primary driver for im-
proved recovery during low salinity waterflooding [19]. However,
exactly how changes in wetting state lead to the production of oil dur-
ing low salinity water flooding remains poorly understood. This lack of
understanding stems from the absence of pore-resolution observations
of fluid displacement over a field of view encompassing a connected
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high salinity brine all impact local oil distribution, leading to heteroge-
neous impacts across pore-network scales [25-27]. It is widely known
that pore structure can have a dramatic impact on displacement mech-
anisms and flow regimes. Pore aspect ratios, pore radii distributions,
coordination number, and pore-scale disorder have all been shown to
impact flow regimes during both imbibition and drainage [28,29,29—
33]. Furthermore, recent pore scale numerical simulation studies have
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Nomenclature

Symbol

EOR Enhanced Oil Recovery

HSB High Salinity Brine

HSWF High Salinity Water flooding

LSB Low Salinity Brine

LSWF Low Salinity Water Flooding

PV Pore Volumes

Ag, The fraction of the solid surface exposed to
the pores that is coated by oil

K Permeability

) Porosity

S, Water saturation

S, Oil saturation

c Interfacial tension

N, Capillary Number

v Characteristic Velocity

H Viscosity

shown that pore size and morphology can impact oil mobilisation and
retrapping during low salinity water flooding [34,35]. Despite this, no
experimental study has yet investigated the impact of pore structure on
the efficacy of low salinity waterflooding.

There is great potential for X-ray Micro-CT imaging technology to
give valuable insights into the role of pore structure on oil production
during low salinity waterflooding. In recent years, X-ray micro-CT
imaging has provided important observations of pore scale behaviour
during low salinity waterflooding, including direct in-situ observations
of fluid redistribution, wettability alteration, osmosis events, and water
film propagation [36-41]. However, pore scale imaging of low salinity
waterflooding of clastic rocks has been restricted to experiments on
Berea sandstone cores. Without pore scale observations of low salinity
water flooding in a range of samples with varied pore structures, no
clear understanding of the impact of pore structure on the efficacy of
low salinity waterflooding can be developed.

In this study, we perform a systematic comparison of low salin-
ity waterflooding of different sandstone samples with similar bulk
mineralogical composition, but with different pore structures. This
approach allows us to isolate the role of pore geometry and topol-
ogy on the mobilisation of oil during low salinity waterflooding. We
use X-ray micro-CT scanning to image unsteady state experiments of
tertiary low salinity water flooding in Berea, Castlegate, and Bunter
sandstone micro-cores. For each sample, we observe fluid saturations
and characterise the wetting state of samples using imagery of fluid—
solid fractional wetting and pore occupancy analysis. This work is the
first systematic comparison of the pore scale response to low salinity
flooding across multiple sandstone samples, and the first study to
identify the leading role of pore structure on recovery during low
salinity waterflooding.

2. Methods
2.1. Rock samples and fluid properties

In this work we make use of three datasets of low salinity water
flooding applied to sandstone rocks. One experimental dataset was
previously reported in Andrews et al. [39], and consists of raw X-ray
micro-CT images of tertiary low salinity waterflooding experiment in a
Berea sandstone core with an altered wetting state. We also present two
new data sets of X-ray micro-CT images of tertiary low salinity water-
flooding experiments in a Bunter sandstone and Castlegate sandstone
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sample (see Fig. 1). See Table 1 for a summary of properties for each
sample.

The Berea sample had a diameter of 6 mm and a length of 20 mm.
The imaged porosity of the Berea sample is 0.11 (Table 1). The esti-
mated absolute permeability value (calculated using PNFlow, as de-
scribed in Section 2.4) of the Berea sample is 14 mD. This porosity
value is broadly in line with other imaged porosity values of Berea
sandstone, which are typically lower than absolute porosity values due
to sub-resolution porosity [38,42].

Berea sandstone has been used extensively in petrophysical re-
search [43-45]. It is predominantly made up of quartz (>70%) with
smaller fractions of feldspar (<20%) and clays (predominantly kaolonite)
(<10%), as well as small quantities of additional minerals such as pyrite
and ankerite [45]. Surveys across Berea samples has shown a range of
porosity and permeability values of 0.18 < ¢ < 0.25, and 45 < k < 1000
mD respectively [38,46,47].

The Bunter sample had a diameter of 6 mm and a length of 15 mm.
The imaged porosity of the Bunter sample is 0.15 (Table 1). The
estimated absolute permeability value (calculated using PNFlow, as
described in Section 2.4) of the Berea sample is 142 mD. The sam-
ple used was cut from a Triassic Sherwood Sandstone core supplied
by the British Geological Survey. The mineralogy and petrophysio-
cal properties of this group varies, but is typically predominantly
quartz and feldspar grains, with significant clay content (predominantly
kaolonite). Surveys across samples in this group have shown a range of
porosity and permeability values of 0.05 < ¢ < 0.4, and 10 < k < 600
mD respectively [48-50].

The Castlegate sample had a diameter of 5.5 mm, a length of 15 mm.
The imaged porosity of the Castlegate sample is 0.20 (Table 1). The
estimated absolute permeability value (calculated using PNFlow, as
described in Section 2.4) of the Castlegate sample is 495 mD. The core
was cut from a block with average mineralogy of 94 wt% quartz and
feldspar, and 6 wt% clay minerals, porosity in the range of 0.2 < ¢ <
0.25, and permeability in the range 550 < k < 950 mD.

Fig. 2 shows the pore radius distribution for the three samples.
The Berea sample has a distinctly different pore radius distribution
compared to the Bunter and Castlegate samples. The Berea has a
narrower distribution, with average values far lower than for the other
two samples. The Bunter and Castlegate samples have very similar pore
radius distributions.

The oil used for the experiments is a degassed Western Hemisphere
crude oil with a density of 0.87 kg/m? and viscosity 13 mPa s at
70 °C. The oil has a total acid number of 0.01 mgKOH/g and a total
base number of 2 mgKOH/g. The Saturates, Aromatics, Resins and
Asphaltenes analysis data are Sat=22.00 wt%, Aro=41.00 wt%, Res=20
wt%, and Asp=17 wt%. The oil was doped with 20 wt% iododecane.
This dopant concentration represents a trade-off between replicating a
realistic reservoir system and the ability to reliably distinguish between
phases in X-ray images We chose to add dopant to the oil, as opposed
to the brines, to avoid increasing the salinity of the low salinity brine.
There remains some uncertainty around the effect of iododecane on
interfacial properties. A recent study by Pan and Trusler [51] has shed
some light on this. The authors reported that the interfacial tension
between iododecance and water was 4.5 mNm~1 lower than the inter-
facial tension between water and decane. The authors concluded that
doping decane with iododecane would lead to a decrease in the water-
organic phase interfacial tension. This would suggest that introducing
20 wt% iododecane into the crude oil, acts to decrease the brine—oil
interfacial tension.

We used two distinct brines, the first, referred to as high salinity
brine (total dissolved salt content of 73,841 mg/1) was used for the
initial waterflood. The second, referred to as low salinity brine (total
dissolved salt content of 1064 mg/1), was used for the second and third
waterflood. Both brine recipes are shown in Table 2. The low salinity
brine is simply the high salinity brine recipe diluted by a factor of 69.4.
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Table 1
A summary of rock properties for the Berea, Castlegate, and Bunter samples used in this work.
Porosity Permeability Clay volume Sample Sample
[-] [mD] fraction [-] diameter [mm] length [mm]
Berea 0.11 14 0.06 6 20
Bunter 0.15 142 0.06 6 15
Castlegate 0.20 495 0.08 5.5 15

Fig. 1. X-ray micro-CT images of the three lithologies used in this work: (a) Berea sandstone; (b) Bunter sandstone; (c) Castlegate sandstone. The grey scale is linked to light
attenuation, with the darker regions having the lowest density (e.g., pores) and the brightest regions comprising of the most dense materials (e.g., carbonate cement or metal
oxides). All images were acquired using an FEI Heliscan micro-CT machine. The voxel sizes are 2.42 pm, 2.35 pm, and 2.31 pm.

Table 2

The brine recipes, including total dissolved salts (TDS) values, for both the high and
low salinity brines used in the study. Note that the low salinity brine is simply the high
salinity brine diluted by a factor of 69.4. The brine recipes used here were requested by

our industry sponsor. The values are consistent with their industry approach to LSWF.

Salts Dissolved salts [mg/1]
High salinity brine Low salinity brine
CaCl,.2H,0 13205 190
MgCl,.6H,0 2008 29
KCl 744 11
NaCl 57884 834
TDS 73,841 1,064

2.2. Flow experiments

Each sample was placed into a carbon fibre Hassler type flow cell,
which was used to keep the rocks under pressure with a confining fluid
(water). The samples were placed in a Viton sleeve, and connected to
a hydraulic circuit with two steel end pieces. The cell was then placed
into an X-ray u-CT scanner so that images could be taken at each stage
of the experiment.

After loading the samples into the core holder, we began flow
experiments using the below workflow (see Fig. 3). For all flow steps,

a confining pressure of 50 bar was maintained within the core holder.
This compresses the Viton sleeve around the cores, therefore, pre-
venting fluid bypassing the samples. An inlet pressure of 30 bar was
maintained at all times. The experiments were carried out at ambient
temperatures, approximately 25 °C.

High salinity brine was first pumped through each sample at 0.2
ml/min for 30 min to saturate the sample fully. Undoped crude oil
was then pumped through the samples at 0.015 ml/min for 10 pore
volumes (PV). This flow rate was sufficient to displace the vast majority
of brine from each sample. We observe that following the oil flood,
S, was <0.05 for all three samples. The wetting state of the cores
was then altered: the samples were submerged in a sealed beaker of
undoped crude oil for four weeks at 80 °C. Next, high salinity brine
was pumped through the samples for a total of 12 PV. Four PV of
low salinity brine was then injected, followed by a final 16 PV of low
salinity brine injection, making a total of 20 PV of low salinity flooding.
For the Bunter and Castlegate samples, a flow rate of 0.015 ml/min was
maintained for the doped oil injection and subsequent waterfloods at an
injection pressure of 30 bar giving an approximate capillary number for
the waterfloods of N, = vu/c =3x 1077 and 3.6x 1077 respectively. For
the Berea sample, we could not achieve a flow rate of 0.015 ml/min
at an injection pressure of 30 bar for the doped oil injection and
subsequent waterfloods. Instead, we maintained a constant pressure
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Fig. 2. Plot of pore radius distributions as a fraction of total pore volume for each
sample. The Berea sandstone sample (blue) has a far narrower pore size distribution
than the Bunter (green) and Castlegate (red) samples which have a very similar profile.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

1. Inject high salinity (HS) brine

2. Inject undoped crude oil
v
3. Alteration: Submerge in oil for 4 weeks at 80°C

v
4, Inject doped oil (20 wt% lododecane)
5. HS waterflood for 12 pore volumes (PVs) —
v
6. Low salinity (LS) waterflood 4 PVs

\4
7. Continue LS for a further 16 PVs

After each of these stages the samples were imaged using an X-ray micro-CT scanner

Fig. 3. An overview of the experimental workflow for all samples. We chose to carry
out tertiary low salinity flooding experiments, as opposed to secondary low salinity
flooding, so that the incremental additional recovery from low salinity flooding could
be more confidently determined. A more detailed description of the workflow can be
found in the text.

differential of 25 bar from the inlet to the outlet of the core for these
flow steps. This resulted in an average flow rate of 0.001ml/min, giving
an approximate capillary number for the waterfloods of N, =2 x 1073,
Evidently, the wettability alteration process in the Berea sandstone led
to a reduction in permeability, possibly because of the precipitation of
asphaltenes.

The values of 4 PV and 20 PV of low salinity flooding for each
sample were carefully chosen so that both the initial and final response
to low salinity flooding could be observed. Khishvand et al. [37]
observed an initial shift in wetting state and pore occupancy between
0.5 and 5 PV of low salinity flooding in a Berea sample. We chose a
value of 4 PV to be broadly consistent with Khishvand et al. [37], and
to maximise the probability of observing oil banking. A further 16 PV
of low salinity flooding was carried out to displace any banked oil, and
maximise oil recovery.
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2.3. Image acquisition and analysis

The samples were imaged with an FEI Heliscan micro-CT instrument
obtaining a voxel size of 2.4 pm for a region of interest larger than
the sample cross section and a vertical length of 9 mm for the Berea,
5.5 mm for the Castlegate, and 7 mm for the Bunter. The tube current
was set to 70 mA and the X-ray source voltage to 95 k. The raw images
were then reconstructed using iterative back projection algorithms
provided by the scanner manufacturer.

For each sample a region of interest was extracted from all scans.
In the Berea, a region of interest of 1500 x 1500 x 3500 voxels (3.6
%x3.6x 8.4 mms) was extracted; for the Castlegate, the region of interest
was 1425 x 1425 x 2375 voxels (3.3x3.3x 5.5 mms); for the Bunter,
the region of interest was 1500 x 1500 x 3000 voxels (3.5 x3.5x 7.0
mms). Next, the signal to noise ratio of all images was increased using
a non-local means filter [52].

The undoped scans (Fig. 4a, b, and c) for each sample were then
segmented into 3 phases (Fig. 4d, e, and f) — the pore space, and
two mineral groups, namely, clays and all minerals, excluding clays —
using a watershed segmentation [53]. The segmented pore space was
then used to mask all subsequent scans for each sample. After each
image was masked, just the fluid phases remained and thresholding
was used to segment the brine and oil. In each case, the threshold
value was determined by the histogram of grey values. The segmented
fluid phases were then combined with the clay segmentation. Lastly, an
erosion/dilation tool was used to remove any erroneous layers with a
thickness of one voxel from the mineral surfaces.

2.4. Estimating saturation, surface area coverage, and pore occupancy

The fluid saturation across the region of interest was estimated using
the segmented images where the water saturation, .S,,, the fractional
volume of the water volume in the pore space was averaged across
each of the horizontal slices in each dataset. A saturation profile was
produced for each sample by stacking the saturation values along the
length of the region of interest.

We then assess the fraction of mineral surfaces coated by a fluid
phase, A,;. This is defined, using segmented images of each sample
at each flow step, as the amount of the solid surface exposed to the
pores that is covered a fluid phase, A;, divided by the total amount
of solid surface exposed to the pores, Ay. For oil, A;, = A,/Ay. Whilst
there are some sources of uncertainty in this approach, in particular the
ability to resolve thin water films, this method has been demonstrated
in [54,55] to provide a robust measure of wetting state over pore and
pore-network scales. The more wetting a fluid, the greater fraction of
the rock surfaces will be coated by that fluid at a given saturation.
Following the workflow developed by Garfi et al. [54], the region of
interest in each sample was subdivided into equal sub volumes. For
the Berea, this was 63 equal subvolumes of 500 voxels per side; for
the Bunter, there were 54 equal subvolumes of 500 voxels per side For
each subvolume; for the Castlegate, there were 45 equal subvolumes of
475 voxels per side. For each subvolume, in each sample, brine-rock
interfacial area, oil-rock interfacial area, and fluid saturations were
computed. The oil-rock interfacial area as a fraction of total fluid-rock
interfacial area was then calculated as a function of saturation for each
of the subvolumes in each sample after all flow steps.

Next, we evaluated the sizes of the pores occupied by the fluid
phases using a pore network abstraction of the pore space, using a
workflow first introduced by Bultreys et al. [56]. We used a maximal
ball network extraction code to extract a network of nodes, representing
pores and links, representing throats, from the segmented undoped scan
of each sample. Inscribed spheres were fitted to each pore, where the
diameter of said spheres represents the pore diameters [57,58].

To analyse the absolute permeability of each sample, and the net-
work of largest pores extracted from each sample, we used PNflow, an
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Fig. 4. A slice of the X-ray micro-CT image of the (a) Berea sample (b) Castlegate sample and (c) Bunter sample, before the injection of doped oil. In each case the darkest colour
represents the pore space. The corresponding slices for the segmented images of the (d) Berea sample, (e) Castlegate sample, and (e) Bunter sample are also shown, where black
represents the pore space, yellow represents clay minerals, and blue represents all minerals, excluding clay. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

open source pore network modelling tool which relies on an assump-
tion of quasi-static capillary dominated flow. The algorithm uses the
approach of Valvatne and Blunt [59], as described in Raeini et al. [60],
and further validated by Raeini et al. [61] and Bultreys et al. [56].
We used PNflow to simulate single phase flow experiments to estimate
absolute permeability values for each sample.

To analyse the impact of the topology of the largest pores on
recovery during low salinity flooding in each sample. we first isolated
the largest pores which make up 60% of total pore volume in each
sample. This equates to all pores of radius > 14 pm in the Berea, 25
pm in the Castlegate, and 24 pm in the Bunter. We chose this cut-off as
the minimum pore radius in this group approximately equates to the
largest pores in which the oil saturation decreases during low salinity
flooding in each sample. Additionally, the average .S,, of pores within
this group is >0.5 for all samples after each waterflood. Therefore, the
connectivity of these pores is likely to impact the connectivity of the
brine in each sample. We then repeated the pore network extraction
and single phase flow simulations, described above, for these larger
pores only, to obtain the estimates for fluid occupancy and absolute
permeability in for the network of largest pores in each sample.

3. Results and discussion
3.1. Saturation distribution

Table 3 presents S, values for each of the three samples after each
waterflood step. After 20PV of low salinity flooding, there is a 3, 4,
and 1 percentage point additional recovery in the Berea, Bunter and
Castlegate samples respectively. Fig. 5 shows the saturation profiles for
each of the three samples after each waterflood step. In all samples,
there is significant variation in S, along the length of the samples

for all waterfloods. In the Berea and Bunter samples, a significant
decrease in .S, is observed in some sections towards the top of the
imaged region, away from the inlet, after 4 PV of low salinity water
flooding. This probably represents an accumulation of oil displaced
from upstream of the imaged region during the 4 PV of low salinity
flooding. This effect is most significant in the Berea sample, where there
is a 1 percentage point increase in oil saturation in the region of interest
after 4 PV of low salinity flooding in the Berea sample. In both samples,
after 20 PV of low salinity flooding, the majority of this accumulated
oil is produced from the region of interest. As a result, there is an
additional oil production of 3 and 4 percentage points in the Berea and
Bunter samples after 20 PV of low salinity waterflooding. These values
are consistent with multiple studies carried out on sandstones at similar
conditions: Lebedeva and Fogden [62] observed an additional recovery
of 7 percentage points during low salinity flooding of a kaolinite coated
sandpack; Chen et al. [41] reported a recovery of 5 percentage points
after tertiary low salinity flooding in Berea Sandstone; and Shabanine-
jad et al. [38] observed a recovery of 3 percentage points in a tertiary
low salinity waterflood in a Berea sandstone sample.

In the Castlegate sample, there is little change in average .S, after 4
and 20 PV of low salinity water flooding, with 1 percentage point addi-
tional recovery after 20 PV of low salinity waterflooding. Additionally
the local changes in .S, values after 4 and 20 PV of low salinity flooding
are significantly smaller than the changes observed in both the Berea
and Bunter samples.

In the Berea and Bunter samples, a significant decrease in S,
is observed in some sections towards the top of the imaged region,
away from the inlet, after 4 PV of low salinity flooding. This most
likely represents an accumulation of oil displaced from upstream of the
imaged region during the 4 PV of low salinity flooding. This effect is
most significant in the Berea sample, where there is a 1 percentage
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Table 3
Average water saturation, .S,
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in the region of interest, for all samples, after 12 PV of high salinity flooding (HSWF), 4 PV of low salinity water

flooding (LSWF 4 PV), and 20 PV of low salinity water flooding (LSWF 20 PV). Additionally, A4S, relative to HSWF 12 PV is presented for all
samples after LSWF 4 PV and LSWF 20 PV. In all cases, there was a very high initial oil saturation with S, < 0.05 prior to waterflooding.

Berea Bunter Castlegate
S, AS,, relative S AS,, relative S, AS,, relative
to HSWF 12 PV to HSWF 12 PV to HSWF 12 PV
HSWF 12 PV 0.382 0.429 0.389
LSWF 4 PV 0.368 —-0.014 0.439 0.01 0.397 0.008
LSWF 20 PV 0.413 0.031 0.467 0.038 0.400 0.011
Berea Bunter Castlegate

b)

Distance from inlet (mm)

6
5
é‘;/-—‘?/

0.2 03 04 05 06
Sw

Fig. 5. Profile of water saturation, S,

02 03 04 05 06
Sw

HSWF 12PV
LSWF 4PV
LSWF 20PV

02 03 04 05 06

> averaged perpendicular to the flooding direction across the region of interests of (a) Berea sandstone (b) Bunter sandstone (c) Castlegate

sandstone after 12 PV of high salinity water flooding (HSWF 12PV), 4 PV of low salinity water flooding (LSWF 4PV), and 20 PV of low salinity water flooding (LSWF 20PV).

point increase in oil saturation in the region of interest after four pore
volumes of low salinity flooding in the Berea sample. In both samples,
after twenty pore volumes of low salinity flooding, the majority of this
accumulated oil is produced from the imaged region.

3.1.1. Surface area fractional coverage

In Andrews et al. [39] we applied a workflow developed by Garfi
et al. [54] to use bulk fluid surface area coverage measurements
to show a wettability alteration. The Berea sandstone exhibited an
alteration towards more water-wetting conditions, after 20 PV of low
salinity water flooding. Here, we also apply this analysis to the Bunter
and Castlegate samples (Fig. 6).

After high salinity water flooding, the fraction of mineral surface
area coated by oil at a given saturation, A,,(S,), lies above the 1:1

line for all subvolumes in all samples. This is indicative of oil-wetting
behaviour, where A, > S,. The oil-wetting behaviour in each sample
is likely a result of the high asphaltene content (17 wt%) of the crude
oil used in the experiments. It is widely understood that exposure to
crude oil with a higher asphaltene content leads to more oil-wetting
behaviour [63,64]. After high salinity water flooding, A,(S,) values
are lower in the Berea sample than for the Bunter and Castlegate
samples. For the Berea sample, A 10(S5) values lie close to the 1:1 line
after high salinity flooding. In contrast, A ;,(S,) values are significantly
higher in both the Bunter and Castlegate sandstones. This suggests that
the Berea sample is less oil wetting after aging than the other two
samples. In all samples, we observe oil wetting behaviour after high
salinity water flooding, where A, > S, for all subvolumes.
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Fig. 6. Oil-coated area fractions, imaged after high salinity water flooding (HSWF), 4 PV of low salinity flooding (LSWF 4PV), and 20 PV of low salinity flooding (LSWF 20PV),

for (a) Berea (b) Bunter and (c) Castlegate.

After high salinity water flooding, the fraction of mineral surface
area coated by oil at a given saturation, A 10(Sy); 18 lower in the Berea
sample than for the Bunter and Castlegate samples. For the Berea
sample, A,,(S,) values lie close to the 1:1 line after high salinity
flooding. In contrast, A,(S,) values are significantly higher in both the
Bunter and Castlegate sandstones. This suggests that the Berea sample
is less oil wetting after aging than the other two samples. In all samples,
we observe oil wetting behaviour after high salinity water flooding,
where A, > S, for all subvolumes. This may have been aided by
the high asphaltene content (17 wt%) of the crude oil. It is widely
understood that a higher asphaltene content leads to more oil-wetting
behaviour after ageing [63,64].

In the Berea sample, after 4 PV of tertiary low salinity flooding,
there is a shift to lower A,,(S,) values, so that for a given S, there
is a lower fraction of oil coating the mineral surfaces. This indicates a
shift to more water-wet conditions. After 20 PV of tertiary low salinity
flooding, there is no further shift in A,(S,) values beyond what was
observed after 4 PV. However, there is a significant decrease in oil
saturation, that is, in the Berea sandstone, low salinity flooding was
characterised by a rapid wetting state shift, followed by oil production
over longer timescales.

The Bunter sandstone responds similarly as the Berea sandstone.
There is a significant shift to lower A,,(S,) values after 4 PV of
tertiary low salinity flooding. Between 4 and 20 PV of tertiary low

salinity flooding there is no further shift in A,,(S,), however, there
is a significant decrease in the oil saturation. Similarly to the Berea
sandstone, in the Bunter sandstone, low salinity flooding causes a rapid
wetting state shift, followed by oil production over longer timescales.

In the Castlegate sample, there is no significant shift in A,(S,)
values after either 4 or 20 PV of low salinity water flooding. There is
also very little oil production throughout the flooding. This suggests no
systematic wettability alteration within the sample.

Observations of wettability alteration in the Berea and Bunter sand-
stone samples are broadly consistent with a wealth of observations
of wettability alteration during low salinity waterflooding across a
range of scales, from sub pore scale to field scale [11,20,65-72].
More specifically, these findings agree with pore scale observations of
wetting alteration during low salinity water flooding of Berea sand-
stone using manual contact angle measurements [37], and observa-
tions of water-film propagation during low salinity flooding of Berea
sandstone [41].

In Andrews et al. [39] we carried out an unsteady state tertiary
low salinity flooding experiment using a water wet Berea sandstone
sample. The experimental and image analysis workflows used were
identical to those used for the Berea, Bunter and Castlegate samples in
this study. In the water-wet Berea experiment, we observed very little
fluid redistribution during 4 or 20 PV of low salinity waterflooding.
We observed very small changes in average saturation, area fraction
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flooding (LSWF 20PV).

and pore occupancy measurements between the three waterfloods,
indicating that the image analysis workflow is robust and repeatable.
S, values of 0.260, 0.256 and 0.254 were recorded after high salinity
water flooding, 4 PV of low salinity water flooding and 20 PV of
low salinity waterflooding, respectively. This gives a mean value of
0.257, and a standard error of 0.00125. The average A, value for all
subvolumes was calculated as 0.641, 0.646 and 0.646 after high salinity
water flooding, 4 PV of low salinity water flooding and 20 PV of low
salinity waterflooding, respectively. This gives a mean value of 0.644
and a standard error Of 0.00118. These standard errors are an order of
magnitude lower than the shifts in S, and A,, observed during low
salinity flooding in the Berea and Bunter samples in this study. This
highlights the robust nature of the image analysis workflows used in
this work.

3.1.2. Global pore occupancy

Changes in wetting state impact the distribution of fluids throughout
a sample. Here, we investigate the spatial distribution of brine saturated
pores and throats after each flow step in each sample, to infer changes
in wetting state, and analyse the effect of low salinity water flooding
on fluid occupancy. Fig. 7 shows the contribution of different pore and
throat size ranges to the total volume of brine within the region of
interest of imaged in each sample.

After high salinity waterflooding, the Bunter and Castlegate samples
have very similar pore occupancy profiles, with <20% of the smallest
pores brine saturated, and >80% of the largest pores brine saturated
(Figs. 7e and 7f). This is indicative of an oil-wet system, where it is
preferable for brine to occupy the largest pores, and oil the small-
est [30]. Pore occupancy after high salinity water flooding differs in
the Berea sample as although <20% of the smallest pores are brine
saturated, <80% of the largest pores are also brine saturated (Fig. 7d).
It, therefore, appears that the Berea sample is not as strongly oil-wet
as the other two samples. This agrees with the surface area fraction
analysis (Fig. 6), which showed that the Berea sample is less oil-wetting
compared to the Bunter and Castlegate samples, signified by lower
average A, values for a given S, in the Berea sandstone.

In both the Berea and Bunter samples, there is a significant shift in
pore occupancy in the smallest pores after low salinity waterflooding.

In the Bunter sample, there is a significant increase in brine saturation
in pores with radius <30 pum after 4 PV of low salinity waterflooding,
and then again after 20 PV of low salinity waterflooding. We observe
the same effect in the Berea, but with pores of radius <15 pm.

In the Castlegate sample, we observe a far smaller, yet systematic,
increase in brine saturation in pores with radius <25 pm after both
4 and 20 PV of low salinity waterflooding. The smaller changes in
pore occupancy observed in the Castlegate sample after low salinity
waterflooding is expected based on the lack of pervasive and systematic
wettability alteration observed using surface area fractional coverage
analysis (see Fig. 6). We cannot rule out smaller local shifts in wetting
state, which may explain the small shift in pore occupancy observed in
the Castlegate sample.

There is little significant change in the pore occupancy of the
larger pores in the Bunter and Castlegate samples (radius > 30 pm
and >25 pm respectively) after low salinity flooding. However, in the
Berea sample there is a significant decrease in the brine saturation
in pores of radius >15 pm after low salinity water flooding. This is
particularly prominent after 4 PV of low salinity waterflooding, where,
on average, .5,, decreases by over 10 percentage points in pores of
radius >20 pm radius. Some of this redistributed oil is produced after
20 PV of low salinity waterflooding, however, S, remains significantly
lower after 20 PV of low salinity waterflooding than after high salinity
waterflooding.

The systematic and consistent nature of pore occupancy changes
in the smallest pores of each sample are striking. Although the effect
is smaller in the Castlegate sample, in each case, there is an increase
in water saturation in the smallest pores after both 4 and 20 PV of
low salinity waterflooding. This change is consistent with a wettability
alteration towards more water wet conditions and in broad agreement
with literature. Pore occupancy results agree with experimental studies
across both sandstones and carbonates [36,37,73] and modelling [27]
results which show an oil reduction range in the small and medium
pores during low salinity waterflooding. In all cases, this effect is
thought to directly result from a wettability alteration to more water-
wetting conditions during low salinity flooding. The alteration allows
water to more-easily enter smaller pores and throats because of the
support of capillary forces [27,36].
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Fig. 8. The size distribution for all pores (bodies and throats) where saturation changed from oil to brine (red) or brine to oil (blue) between HSWF and LSWF 20PV, for (a) the
Berea sample (b) the Bunter sample (c) the Castlegate sample (d) oil to brine events in all samples. In all cases, there are more oil to brine events than brine to oil events in the
medium and small pores. This effect is most significant in the Bunter sample. In the Berea sample, there are more brine to oil events than oil to brine events in the larger pores.
This effect is not observed on the same scale in the Bunter and Castlegate samples. There are fewest oil to brine events in the Castlegate sample, indicative of less oil mobilisation
during low salinity water flooding. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.1.3. Fluid mobilisation and redistribution

To further investigate changes in pore occupancy, we isolated pores
where pore occupancy changed between the high salinity waterflood
and 20 PV of low salinity water flooding. In other words, we isolated
pores where either brine displaced oil or oil displaced brine during 20
PV of low salinity water flooding. Fig. 8 shows the size distribution
of pores in which pore occupancy changed between the flow steps for
each sample.

There is a significantly higher volume of oil to brine events in the
small pores (<15 pm in the Berea, <30 pm in the Bunter) in the Berea
sample than in the Bunter sample, which in turn has a significantly
higher volume of oil to brine events than the Castlegate sample. This
is most clear in Fig. 8d which compares oil to brine events for each
sample. Pores where an oil to brine event occurred account for 14% of
Berea pore volume, 11% of Bunter pore volume, and 7% of Castlegate
pore volume.

Despite fewer oil to brine events in the Bunter sandstone compared
to the Berea, we have shown that the Bunter sandstone has the highest
additional recovery after low salinity waterflooding (Fig. 5). This is
appears to be because in the Bunter sample a smaller percentage of
the mobilised oil is re-trapped in the larger pores. In the Berea sample,
for pores >15 pm radius, brine to oil events outweigh the oil to brine
events, in other words there is a net increase in .S, in the largest pores

in the Berea sample. This represents a redistribution of oil from smaller
to larger pores in the Berea sample. This effect is not observed in either
the Bunter or Castlegate samples.

It is important to note that, while pore occupancy analysis offers
insight into changes in the distribution of fluids throughout each sam-
ple, the method may systematically underestimate saturation changes.
This is because pore occupancy analysis does not take into account
saturation changes in pore corners and oil layers since pore occupancy
is decided based on the phase in the centre of a given pore. To
more accurately assess the volume of mobilised and retrapped oil, we
calculate the volume of oil that is mobilised after low salinity flooding,
defined as the total fraction of oil displaced by brine after 20 PV of
low salinity flooding. We compare this to bulk changes in saturation
to calculate the fraction of the mobilised oil that is produced. Table 4
shows volumes of mobilised and produced oil for each sample after 20
PV of low salinity waterflooding. In the Berea and Bunter sandstones,
we observe that similar fractions of the oil in place after high salinity
flooding is mobilised during low salinity flooding, with values of 22%
and 20%, respectively. In contrast, in the Castlegate sample, 11% of the
oil in place after high salinity flooding is mobilised during low salinity
waterflooding.

The difference in overall recovery between the Berea and Bunter
samples is due to a significant difference in the fraction of mobilised
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Table 4
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The fraction of the oil in place after high salinity water flooding that is mobilised during 20 PV of low salinity water
flooding in the Berea, Bunter and Castlegate samples, and the fraction of this mobilised oil that is produced.

Fraction of OOIP
mobilised [-]

Fraction of mobilised oil
produced [-]

Additional recovery
[percentage points]

Berea 0.22
Bunter 0.20
Castlegate 0.11

0.20
0.32
0.13

3
4
1

oil that is produced. In the Berea, 20% of mobilised oil is produced,
in the Bunter, 32% of the mobilised oil is produced. This results in
a slightly higher recovery in the Bunter sandstone despite a slightly
lower proportion of the oil in place after high salinity flooding being
mobilised during low salinity waterflooding. The pore occupancy plots
give insight into why this is the case (Figs. 7 and 8). As described above,
some of the oil displaced from the smallest pores in the Berea is re-
trapped in the largest pores. This leads to a lower fraction of mobilised
oil produced and hence a lower additional oil recovery after low salinity
waterflooding. We do not observe this effect in the Bunter sample.

3.2. Linking observations to pore geometry and topology

There were different responses to low salinity flooding in each
sample, despite similar mineralogy. It is possible that subtle differences
in mineralogy and surface characteristics between the three samples
impacted the response to low salinity flooding in each case. However,
the most significant difference between the three samples is pore
structure. We hypothesise that pore structure was the most significant
controlling factor in the varied responses to low salinity flooding.
Pore structure has been shown to impact displacement mechanisms
and flow regimes in various systems with aspect ratios, connectivity,
pore radius distributions, coordination number, and pore-scale disorder
controlling behaviour during both imbibition and drainage [28-33].
However, the role of pore structure in facilitating additional recovery
during low salinity flooding has yet to be investigated thoroughly. In
this section, we present evidence to show the topology of the largest
pores is important in determining the volume of oil mobilisation and
production during tertiary low salinity water flooding.

A notable difference in the pore structure of each sample is the
connectivity of the largest pores. Fig. 9 shows a volume rendering of
the largest pores accounting for 60% of total pore volume in each
sample. The largest pores connect across the region of interest in
the Castlegate sample, but not the Bunter and Berea samples. In the
Berea sample, the large pores are poorly connected, with the largest
connected cluster of large pores accounting for only 20% of the total
volume of large pores in the Berea sample. In the Castlegate sample,
the vast majority of the largest pores are connected across the region
of interest, this connected pathway makes up 89% of the total volume
of the largest pores in the castlegate sample. In the Bunter sample,
there are two distinct behaviours, in the upstream section, the large
pores are poorly connected, similar to the Berea sample, and in the
downstream section there is a connected pathway of large pores, similar
to the Castlegate sample. The largest connected cluster of large pores
in the Bunter sample makes up 57% of the total volume of large pores,
and is located in the upper section of the sample. In both the Berea and
Bunter samples the network of the largest pores do not connect across
the region of interest, and so the permeability calculated across both
networks is zero. In contrast, we calculate an absolute permeability
value of 27 mD across the network of the largest pores in the Castlegate
samples (Table 5) using PNflow as described in Section 2.4.

The connectivity of the largest pores in each sample controls the
brine distribution and, ther