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ABSTRACT

The low salinity effect in clay-rich outcrop samusts is probed by micro-CT imaging and
analysis. A set of eight Berea sandstone mini-plugderwent primary drainage and aging in
crude oil to a mixed-wet state, followed by spoetaus imbibition of high and low salinity
brines and imaging of this sequence of preparedirgjaand endpoint states. Tomogram
registration and analysis were used to determieestiinity-induced changes in oil volume,
oil/rock and oil/brine interfacial areas, and qiifie interfacial mean curvature. Pore-scale
statistics were extracted to explore any localalation between the low salinity effect and pore
geometry/topology. The qualitative observations gudntitative analyses demonstrated that the

small oil recovery by the low salinity effect caponded to a slight shift towards water-wet.

Keywords: Low salinity water flooding, Spontaneous imbibitiadicro CT, Image Analysis,
wettability

1. Introduction

Laboratory and field data shows that oil recoveonT clay-containing sandstones can increase
by reduction of injected brine salinity. Howevee tamount of incremental oil recovery by low
salinity is very variable and difficult to predictue to insufficient understanding of this process
(Morrow and Buckley 2011, Masalmeh et al. 2014 ).



In recent years, many researchers have attemptedetiermine the mechanism(s) behind
additional oil recovery by low salinity floodingeferred to as the low salinity effect. Early
studies pointed out that an initial water saturadod clay, especially kaolinite, are necessary for
the low salinity effect, and suggested that finegration was likely responsible for displacing
oil adhering to these fines (Tang and Morrow 19%9)wever, the low salinity effect was also
observed in kaolinite-free rocks and in the abseidermation damage (Aladasani et al. 2012,
Cissokho 2010). pH increase is often reported dutow salinity water flooding and was
considered as an alternative explanation for tive $alinity effect (McGuire 2005). Other
researchers proposed that multicomponent ion exghdbager et al. 2006) or double layer
electrostatic repulsion (Ligthelm 2009) was respaasfor the oil release. While it is widely
accepted that oil/brine/rock interactions play atc role in the low salinity effect, the specific
mechanism(s) remain debated (Yasaman Assefa 80&4l). An osmotic pressure mechanism
was also introduced recently, based on oil act;y@ aemipermeable membrane (for water but
not ions), to provide the driving force to move dibplets and open new pathways (Sandengen
and Arntzen 2013). Organic acids can affect lowinggl waterflooding performance. For
example, absorption of amino acids to clay sudagesalt free aqueous solutions is higher than
high salinity solutions (Wang, and Lee 1993, Raind Greenland 1970)

One of main complications in understanding the Isalinity effect is unscrambling the
difference between cause and effect in observadiseSome of the above-mentioned proposed
mechanisms may only be a side effect rather theootacause. Wettability shift toward water-
wetting has been observed in most low salinity d¢lmeding studies (Berg et al. 2010, Cense et
al 2011, Rivet et al. 2010, Sorop et al. 2014 ) aesults from a switch in oil/brine/rock
electrostatic interactions to favor repulsion of fmom mineral across brine. In spontaneous
imbibition experiments, these interactions betwédignids and rock drive recovery without
imposition of any external force. Spontaneous intioib is thus a suitable mode, and perhaps a
better operative condition compared to core flogdio focus on rock wettability changes and

their link to pore-scale displacements and thedalinity effect.

Micro-Ct studies of low salinity of sandstone reser shows that low salinity brine can
redistribute oil configuration in well swept are&hwout changing in oil recovery (Shabaninejad

et al. 2015). In their later study effect of locaineralogy on low salinity responses was studied



using micro-CT and SEM-EDS tools and pointed ot il release from external surface of
minerals by low salinity brine was less favoredniir&aolinite (and from muscovite) than from

silicate grains (Shabaninejad et al. 2017). Fa&ay micro-CT technique was also utilized to
study oil configuration after high and low salinayd the results showed that low salinity brine

changed the oil distribution in small pores of Besandstones (Bartels et al. 2017).

However, resolution of pore-scale details suchhagpes of menisci generally requires that the
micro-CT imaging be performed on small plugs, @hlfaini-plugs. Further, an X-ray dense
agent must be added to oil or brine to selectivetyease its attenuation and so provide contrast
between these two liquid phases. The challendeuss to analyze the pore-scale changes of the
low salinity effect without introducing artifacts aullifying the effect due to these imaging
requirements and related perturbations, includiffgces of X-ray exposure and heightened

sensitivity to rock damage, air bubbles and otloataminants.

2. Materialsand Methods

Three Berea outcrop sandstone samples labeledahdBC were used in this study. Samples A
and B had air permeability of ~ 60 mD and porosityl8.3% and 17.9%, respectively, from
MICP, while sample C had air permeability of ~ 50D and porosity of 19.5% from MICP. The
crude oil used was from the Minnelusa formatiorthwdensity and viscosity of 0.9062 gérand
77.2 mPa.s at 20 °C. It has n-&phaltene content of 9.0 wt % and acid and bas®aers of
0.17 and 2.29 mg KOH/g oil, respectively. The aditiconnate) and high salinity brine
corresponded to Minnelusa reservoir brine (MRB)ilevthe tested low salinity brines were 20-
or 100-fold dilutions of the high salinity brine.(BMRB or 0.01MRB). The rock, oil and brine
thus match those used in the plug-scale studyeofaw salinity effect by the group of Morrow
(Zhang and Morrow 2006). For micro-CT imaging, Berea samples were cored to 3 or 5 mm
diameter mini-plugs using a manually-fed drill gresith air as lubricant, and then cut using a
diamond-blade saw to a length of 12.5 mm. FurtKeray attenuation contrast was introduced
via a so-called contrast brine, prepared by suhstg 0.3 M NaCl for 0.3 M Nal (sodium
iodide) in the high salinity brine recipe. The caapions of the MRB and Contrast brine are
given in Table 1. All brines were vacuum degasgetl adjusted with NaOH or HCI to pH 6.1-
6.3 prior to use to have fair comparison of highl low salinity brine and avoid any pH effect on

oil recovery (McGuire et al., 2005)



Table 1. Minnelusa Reservoir brine and Contrast brine coritipos.

Brine NaCl | CaCb.2H,O | MgCl,.6H,O | N&SO, | Nal IS TDS
mmol/| mmol/I mmol/I mmol/l | mmol/l | mmol/I g/l

Minnelusa RB| 496.0 19.0 7.0 48.6 0 719.5 38.6

Contrast Bring 196.0 19.0 7.0 48.6 300.0 719.5 66.09

The rock samples were additionally characterizedspatial mineralogy and pore throat radius.
For mineralogy, sister mini-plugs of 5 mm diameteere embedded in epoxy resin, cut
crosswise or lengthwise and polished. 2D minerapsnaf these polished sections were
generated using automated SEM-EDS acquisition aatysis by QEMSCAN (FEI) acquired at

3 um step size (See the Supplementary materiaur&i 1(a-c) presents corresponding
distributions of each of these three Berea sam@&®ng similarities between the three are
evident, although sample A possesses less quamzpensated by more of most of the other
minerals. Of the average of 4.5% clay present parpde, the main clay mineral is kaolinite,

although muscovite/illite, biotite and chlorite @l®ccur in significant fractions. The MICP

curves in Figure 1(d) show that samples A and Bvarg similar, while C has somewhat larger

pore throats, as expected from its higher permigabil

Each mini-plug was mounted in its sealed aluminubetholder for scanning, first in its dry
state and then after oil recovery by spontaneobsbition of high and low salinity brine, and in
some cases again after imbibition of even loweingglbrine. Most mini-plugs were scanned
over their middle section using a standard circufajectory, although one mini-plug was
scanned over a greater height and at higher fydeking a helical trajectory on a HeliScan

instrument.
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Figure 1 Mineral maps from QEMSCAN of mini-plug sectionsBerea sandstone samples (a) A, (b) B,

and (c) C; (d) Cumulative mercury intrusions fdrthtee Berea samples.

After micro-CT scanning in its dry state, each aphig was saturated with Minnelusa reservoir
brine (MRB) by evacuation and vacuum infiltraticor f3-4 hours. It was then transferred to a
glass vial filled with crude oil and with 1 g ofrehbed at the bottom. The mini-plug in its vial
was centrifuged at the chosen speed (capillaryspre} for 20 min in each direction to
uniformize the irreducible brine saturation prafilthe mini-plug was then transferred to a
second glass vial prefilled with crude oil and withlid sealed by epoxy, and aged in an oven at
75 °C for 14 days. The first vial, with its oil asdnd bed containing the drained brine, was used
to measure the average initial water saturatiath@fimini-plug from the difference in brine mass
between that originally saturating the mini-plugdattat drained during centrifugation. The

former was determined gravimetrically from the weigifference between the brine-saturated



and dry state of the mini-plug. The latter was iirdd from titration, by pipetting off the oil
above the sand bed and homogenizing the remainiag@ brine in the sand by adding 1.9 g of
dichloromethane (DCM) and 0.7 g of methanol, frorhicki the blend’s water content was

determined by Karl Fischer titration.

Spontaneous imbibition (SI) was performed by trangig the aged plug to a vial containing 2.5
ml of brine (usually MRB) for secondary recovery7& °C for 7 days. Following this high
salinity recovery step, the plug was transferredother vial containing 2.5 ml of Contrast
brine (see Table 1) at room temperature for 3 diaysllow diffusional exchange of MRB for
Contrast brine (i.e. diffusion of Cbut and 1in). This exchange step, to heighten the X-ray
attenuation of the brine phase above that of @k wonducted at room temperature to prevent or
minimize any extraneous oil production or movem@ihie immersed mini-plug in contrast brine
was micro CT scanned after first spontaneous irtibibi The scanned mini-plug was then
transferred back to a vial containing 2.5 ml of thedoped brine (usually MRB) at room
temperature for 3 days to allow diffusional re-exatje of Contrast brine for un-doped brine. A
second spontaneous imbibition was then performetnyersing the mini-plug in 2.5 ml of a
second brine (usually diluted MRB) at 75 °C foraysl After this low salinity recovery step in
tertiary mode, the above-mentioned transfer to @shtbrine was repeated for imaging of this
second imbibed and exchanged state. Care was thkerg all steps to avoid air entering the
pore space, i.e. always all brines were degasdedebenmersing mini-plugs and also mini-plug

was transformed to the vials under the brine.

The 3D tomograms of each mini-plug in its dry stamel after spontaneous imbibition of high
salinity brine (SIH) and in turn low salinity bri&IL) or very low salinity brine (SILL) were
reconstructed and then post-processed and analyigird Mango software. After masking to
exclude the plug holder walls, the tomograms of #p®ntaneously imbibed states were
registered into perfect alignment with the dry-stmmogram. Segmentation was then performed
using a converging active contours algorithm (Slegpet al, 2004) to distinguish the oil and

brine phases for calculation of residual oil sataraand metrics of its distribution.

3. Resultsand Discussion



3.1 Tomogram observation and I mage analysis of residual oil

Table 2 lists all experiments performed on the eggmples and their key details and results.
Each row corresponds to an imaged state, the naafimghich in the first column follows the
formula: mini-plug number (1-8), Berea sample (A-@)bibition experiment number (1-3), and
imbibing brine (H = MRB, L = 0.05MRB, LL = 0.01MRB}or example, the state in the first
row 1 A 1 H is the first mini-plug studied, taken from Bereanple A, imaged after its first

spontaneous imbibition (secondary recovery), ohlsglinity brine MRB.

Columns 2-6 of Table 2 list the experimental dstaiamely the mini-plug diameter, the porosity
from MICP on the sister sample of Berea A-C fromgufe 1(d), the centrifuge spin speed used in
primary drainage, the initial brine saturation det®ed from gravimetric and titration
measurements as described above, and the brineiusadsequent spontaneous imbibition.
Columns 7-9 list the results from segmentationesidual oil in the tomogram corresponding to
this imbibition step (SIH, SIL or SILL). In partitar, two-phase segmentation of each such
imaged state was performed to distinguish the vasidil resolved at the tomogram voxel size of
approximately 2 or 3 um for the 3 or 5 mm diametari-plugs, respectively. Figure 2 displays
an example of the result of this segmentation. fEmeainder of space comprises the grains and
clays and brine occupying the rest of the resojvaes (referred to as macro-pores) and filling
the sub-resolution microporosity. Instances ofioiimicro-pores were comparatively rare and

were not considered in this simplest segmentabiohwill be analyzed in the next sub-section.

Table 2 Experimental details of Berea mini-plugs and resiail segmentation results.

z8 |= g ESY" 17 S wn e I >

S I33Z.R8¥ 5S¢ | 275993795
1A LH | 3 | 182 | 225 | 36C | MRB | 49| 234

1A2L | 3 | 182 | 225 | 36.C |0.05MF | 432 | 32.2 | 8¢
2A1H | 3 | 182 | 350 | 9.2 | MRB | 38<| 574

2A21L 3 18.: 350C 9.2 |0.01Mk | 38.z | 57.¢ 0.€
3A1L 3 18.: 350C 6.€ |0.05MFk | 38.£ | 58.¢

3A2LL | 3 | 182 | 350 | 6.6 |0.0IMR | 37.€| 59.€ | 0.7
4B 1H | 3 | 17¢ | 350C | 122 | MRB |39 55




5B 1L 3 | 17.¢ | 350C | 16.2 [0.05MF | 38.€ | 53.€
6C1H | 3 | 195 | 225( | 39.1 | MRB | 28.¢| 52.E
7C1H | 5 | 19F | 300C | 18z | MRB | 54.€ | 33.:
7C2L 5 | 19.E | 300C | 18.z |0.05MF | 52.1| 36.2 | 3.C
8C1L 5 | 19.E | 300C | 18.z |0.05MF | 54.E | 33.
8C2H | 5 | 19E | 300C | 18z | MRB | 54.1| 33.6 | 0.4
8C3LL | 5 | 19E | 300C | 182 |0.0IMR | 52.7| 35.€ | 1.t

Column 7 lists average residual oil saturation Wwhiweas calculated by division of volume
fraction of segmented residual oil by MICP porositycolumn 3. Oil recovery factdRF was

calculated as a percentage of original oil in pl@®IP) in column 9 as:

Soi — S
RF(%00IP) = % X 100 (1)
oi
where G =1-S,i is initial oil saturation from column 5 and,6PV) is from column 7.
Enhanced oil recoverp\RF, shown in the last column of Table 2, is the inzeat inRF from

one state of spontaneous imbibition (e.g. SIHphtortext (e.g. SIL).

Mo [ Rest

Figure 2. Tomogram subarea (1.1 mm x 0.8 mm) of sample @ft€r (a) SIH and (b) its two-phase

segmentation into oil and the remainder.

The first two mini-plugs studied, 1_A and 6_C, wprenary drained to relatively low capillary
pressure, yielding very high Swi (36.0% and 39.é&spectively). Centrifuge spin speed was
increased to achieve lowey;3n the subsequent six mini-plugs. The 3 mm diam@ii@i-plugs

of Berea A remained intact through the planned piimaged states of spontaneous imbibition

in Table 2. Those of Berea B and C broke on hagdéfter their first imaged state, so no



evaluation of incremental recovery in tertiary medgses possible. Owing to their delicacy, and to
the higher permeability of Berea C, later experitaem this sample used mini-plugs (7_C and

8_C) of 5 mm diameter, which remained intact thiotleeir planned imaging sequences.

The Contrast brine used for exchange after thedpentaneous imbibition of the first mini-plug
tested (state 1_A 1 H) contained 0.15 M Nal rathan the 0.3 M Nal in Table 1. This low
concentration of dopant was used to minimize pbdtion of the imbibed state during the ion
exchange step. However, the resulting X-ray atteowaontrast between oil and brine was so
weak that segmentation of oil in the tomogram bezadifficult and ambiguous. The
concentration of Nal in the Contrast brine was timgseased to 0.3 M in all subsequent imaged
states. Figure 3 shows a zoom-in sub region ofttimeogram sequence of mini-plug 1_A
registered between its dry state and after SIHadigd SIL.

The incremental recovery factor of 8.9% due to &ahnity in this first mini-plug 1_A in Table 2

is much greater than in all other subsequentlyetestini-plugs. In Figure 3, the distribution and
shape of residual oil after SIH is suggestive ohized-wet state. Oil recovery by low salinity
brine, via release from surfaces of grains and atgyregates bounding larger pores, appears to
be substantial. On the other hand, oil in smallerep between pore-filing kaolinite booklets
(near the top in Figure 3) does not appear to haea displaced. Some local movement of fines
also occurs in association with the additionaldidplacement. The high incremental recovery
may stem in part from the low secondary recovecyoia(lowest of all mini-plugs) and in part
from the above-mentioned uncertainty in oil segragom of the SIH tomogram, and thus the

results for mini-plug 1_A in Table 2 should bestrbgarded as an outlier.

Mini-plug 2_A (See Supplementary material) underv8iH in secondary mode and SILL in
tertiary mode. Compared to 1_A, this mini-plug velained to lower Swi (9.3%), and yet the
resolved oil blob shapes after SIH are now moregssiive of a weakly water-wet state with
relatively small brine-advancing contact anglesc@rence of oil within kaolinite aggregates is
also rarer than in 1_A. These observations areistem$ with the much higher recovery factor
(57.1%) by spontaneous imbibition. Incremental vecy from 2_A by (very-) low salinity brine

was the least of all mini-plugs in Table 2, possibiving to this water-wet state after SIH
allowing little scope for extra recovery in SILL byrther shift to more water-wet. The

differences between mini-plugs 1_A and 2_A empleatiie variability in experiments on such



small sub-samples. The large matrix in Table 2 thas tested to reduce this variability and

obtain clearer overall indications of the low sayireffect.

Mini-plug 3_A (See Supplementary material) was mgdi down to an initial brine saturation of

6.6%, similar to 2_A, but then underwent SIL (ratttlegan SIH) in secondary recovery mode,
followed by SILL in tertiary mode. Residual oil sedtion and recovery factor of SIL and SILL

for 3_A were very similar to the corresponding \edwf SIH and SIL for 2_A. This implies that

the low salinity effect is largely absent in bo#ttendary and tertiary mode. The distribution of
residual oil is qualitatively similar to that in 2 and is consistent with a weakly water-wet state
in which the adhesion of oil to rock only appearsde strong in certain locations. The switch
from SIL to SILL results in occasional detachmefitod and withdrawal of the terminal

meniscus, but usually to an insufficient extenietad to overall recovery.

Figure 3 Zoom-in of a sub area of 1.0 mm x 1.1 mm of minigpl_A registered between the (a) dry
state, and the states after (b) SIH followed by§(t)

Formation of water emulsions in the oil bulk durifgv salinity water flooding has been
reported in several studies (Sandengen et al. 2B&#di and Sohrabi 2012) and has been
hypothesized as an additional mechanism for oibvery. Stable droplets of brine in oil were
also observed in the Berea A mini-plugs of thisdgtuwith the highest amount in 1_A,
occasional occurrence in 3_A, and only very rarstamces in 2_A. Figure 4(a-d) shows
registered subareas from 1_A and 3_A after thejusece of two imbibition states. Cyan circles

show examples of oil displacement by detachmentraeaiscus movement, as described above,

1C



during SIL in tertiary mode in 1_A. On the othemba green circles show emulsified brine
droplets that form during tertiary mode imbibiti(8IL for 1_A and less commonly for SILL in
3_A).

These stable droplets generally form within langeres that are completely oil-filled and that lie
near the mini-plug periphery. The mechanism foirtfegmation and stabilization is not fully
understood. One possible explanation is that they due to shearing of the oil during insertion
of the mini-plug into its holder for imaging; howavthis would not seem to explain their
preference for the SIL state. Another explanat®ithat they form by osmaosic pressure, which
acts to pump water molecules from the surroundimg kalinity brine through the semi-
permeable membrane of oil to hydrate pockets oh-sBajinity connate brine that have been
disconnected and isolated by the pore-filling tl.this case the hydration driving force that
swells these locally isolated connate pockets topléts must also reconnect them, since
subsequent ion exchange of @r I' in the Contrast brine (which cannot pass through o

accesses and brightens the droplets in the tomogram

ka

Figure4. Subarea (0.66 mm x 0.66 mm) of tomogram crossesedtslice of mini-plug 1_A,
and registered between (a) SIH and (b) SIL, andasity for mini-plug 3_A of the same sized
subarea for (c) SIL and (d) SILL. Circles show Isalinity brine displacing oil (cyan) and

emulsified brine (green).

For the two mini-plugs 4_B and 5_B of 3 mm diametered from Berea B, in which only one
state of spontaneous imbibition was imaged in T&bléhe results are qualitatively similar to
those for 2_A and 3_A. The measured initial brintusation is again fairly low and secondary
recovery factor from segmentation of either SIHSt is around 55%, so no low salinity effect
is apparent. Representative sub area of their toenag) registered between the dry and imbibed

states, are given in Figure 5 and SupplementargnmahtThe oil distributions are suggestive of a

11



weakly water-wet or weakly mixed-wet state, in whartial recovery is associated with some
local snap-off in water-wet locations, while thesideial oil remains adhered to or pinned at

locally more oil-wet locations on grains and on éx¢éremities of pore-filling clay aggregates.

Figure5. Subarea (0.66 mm x 0.66 mm) of tomogram crossesedtslice of mini-plug 4_B,

and registered between (a) dry and (b) SIH states.

Mini-plug 6_C was drained at low capillary pressuesulting in high initial water saturation of
39.1% similar to 1_A. However its secondary recgvactor for SIH was much higher than for
1 A and almost as high as for mini-plugs 2-5, fertluggesting that the disparate results for
1 _A are an outlier. The residual oil distributi@nagain suggestive of a weakly mixed-wet state,
in which recovery and snap-off from water-wet la@as has occurred, while in other locations
the oil blobs remain anchored to hinder furtheowery. These anchoring sites often correspond
to pore-filling clay, presumably kaolinite. Subdiah mobilization of fines has taken place
between the dry and SIH states (See Supplementatgriad). Some of these fines may have
been created or liberated in the coring processnaigdated further inwards, aided by the high
permeability. This provided an additional reasontfe switch from 3 to 5 mm diameter mini-

plugs for the remainder of the Berea C studies.

For these subsequent two 5 mm diameter mini-plugs &d 8_C in Table 2, primary drainage
spin speed was increased to 3000 rpm, yieldingverd,; of 18.2%. These two mini-plugs of
the more permeable Berea consistently gave highem8 lower recovery factor (in all modes)
than the tighter mini-plugs 2-5. The imaging of npiug 7_C in its dry, secondary SIH and

tertiary SIL states was performed using a helicgkttory on a HeliScan micro-CT scanner to

12



image a greater height (of the middle section) @ncigher fidelity than for the circular scans of
all other mini-plugs. A subarea of these threesteged tomograms are shown in Figure 6. Most
of the residual oil after SIH lies in the larger@s, while the smaller pores are mainly occupied
by brine, and presumably were so throughout theorason process. Again the overall
impression is that the wettability state after SiHweakly mixed-wet, with many menisci
possessing low contact angles at their contacts gveiins, while in other locations the oil lines

the pore walls with high contact angle, or appéaize pinned to exhibit an intermediate angle.

d
- '. 5
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Figure 6. Sub area of 2.2 mm x 1.2 of mini-plug 7_C,regestdnetween the (a) dry state, and the states
after (b) SIH followed by (c) SIL.

Mini-plug 7_C exhibits a small but significant ieenental recovery of 3.0% OOIP during
subsequent SIL. From Figure 6, the extra recovemnainly due to detachment of pinned oil
from some contact points in intermediate-large poleading either to release and withdrawal of
the existing oil meniscus or to a snap-off event. lbbs for which the meniscus spanning
neighboring grains recedes slightly during SIL nbaydirectly driven by brine advance at these
sites, or by detachment at another site which @atly causes this meniscus movement. The
impression is that wettability shifts somewhat todgawater-wet, although the majority of the oll
is too strongly adhering or pinned to be mobilize®IL. This mini-plug will be the subject of

further analysis in the next sub-section.

To investigate other combinations of high and l@aWsty imbibition, mini-plug 8_C in Table 2
underwent the sequence SIL followed by SIH followsd SILL. From oil segmentation, the
secondary recovery by SIL was virtually identiaalthat by SIH in 7_C, suggesting that no low
salinity effect is operative in secondary mode.tlkerm, the lack of additional recovery in 8_C
from SIL to SIH served to demonstrate that the esaqa of experimental steps before and after

immersion in the brine of interest, involving exoga with Contrast brine and mini-plug

13



mounting and demounting, have little or no effectad recovery. The final change from SIH to
SILL resulted in additional recovery from 8_C 08% OOIP, which is less than that in 7_C but
more than from the preceding (salinity increasiaggp for 8_C. The oil distribution in this
sample is qualitatively similar to that for 7_C,thvimost oil again found in larger pores while
smaller pores between grains and even smaller witks pore-filling clay aggregates remain
brine-filled. The switch from SIL to SIH results practically no pore-scale movement of oil,
while the subsequent switch to SILL leads to sorheetachment and meniscus movement as

for SIL in 7_C, although to a lesser extent.

3.2 Additional Classification of Oil Occupancy and Changes

Further image analysis in the current sub-sedioms to apply more advanced techniques to
extract more sensitive pore-scale measures of tlege changes. This is performed on mini-
plug 7_C, since its tomograms have the largest f@fl view and highest quality, and its
additional recovery of 3.0% OOIP by low salinityirdermediate to the extremes of large and
very small tertiary recovery from mini-plugs 1-&rRhis purpose, a segmentation workflow was
developed to include contributions from sub-resofut microporosity, such as in clay
aggregates.

Based on the history of oil/brine occupancy andaihenovement from secondary SIH to tertiary
SIL, such as in mini-plug 7_C, voxels in the resol\pore space (referred to as macro-pores) fall

into one of the following four possible categorad®ccupancy (Cheng 2015):

-BB (macro-pore voxels which remain brine filledtire SIH and SIL states)

-O0 (macro-pore voxels which remain oil filled letSIH and SIL states)

-OB (macro-pore voxels which were oil filled in tB¢H state but became brine filled in
the SIL state, i.e. where oil is displaced by |l@hrsty brine)

-BO (macro-pore voxels which were brine filled hetSIH state but became oil filled in
the SIL state, i.e. where oil displaced by low rg&ji brine re-invades a brine-occupied

pore).

Sub-resolution porosity (referred to as micro-pawswhich is mainly hosted by pore-filling

clay, is simply subdivided into the two complemeynteategories of:

-Micro-brine (micro-pore voxels occupied by brine)
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-Micro-oil (micro-pore voxels occupied by oil).

Figure 7 shows a subarea of the registered tomogearas of mini-plug 7_C to illustrate with
colored arrows examples of the macro- and micr@pmcupancy categories. The BB (blue)
arrows indicate typical small resolved pores (darkhe dry tomogram) which are filled with
brine in SIH and remain so after SIL. The OO (b)amitows show typical larger resolved pores
that retain oil after both SIH and SIL process&ke OB (cyan) arrows show parts of resolved
pores where residual oil after SIH was displacedtiye after SIL. One example of the rarest
category of BO is shown by a red arrow, pointingatemall resolved pore (bounded by quartz
grains and a weathered grain or pore-filling clggragate) which is filled with brine after SIH
but is invaded by displaced oil after SIL.

Micro-porous clay aggregates can be filled witméror oil or a coexisting combination of both.
The purple arrow in Figure 7 shows an example efrtiicro-brine category, in the form of a
pore-filling microporous clay aggregate which igbrfilled after SIH and SIL (and presumably
was so throughout the restoration process). Thee dirrow shows a clay aggregate which
contains micro-brine and micro-oil (in both SIH aB¢L). Note that the distinction between
macro-oil and micro-oil is arbitrarily set by tomagn resolution; some of the small oil droplets
in this clay aggregate are almost resolvable, witikers fall below this limit and constitute true

micro-oil.
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Figure7. Subarea (4.9 mm x 2.4 mm) of tomogram longitudstiae of mini-plug 7_C, registered

r-.

between the (a) dry state, and the states aft&ltbfollowed by (c) SIL, showing the definition$ ore

occupancy classes.

3.3 Segmentation Wor kflow for Residual Oil

The primary segmentation (Figure 2) only addressiédn resolved pores in the mini-plug

tomograms, and the estimation of oil saturatioredelpon MICP for the value of total porosity.

The extension of this simplest treatment to segatemt of total porosity and oil in sub-

resolution micro-pores requires the acquisition gegistration of one additional tomogram (here

of the mini-plug 7_C), namely in its state aftetusation with the Contrast brine. This tomogram

was acquired after all imbibition steps and subsaguwsolvent cleaning, followed by re-

saturation of the mini-plug.
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Figure 8 shows a subarea of the registered tomagfamthis sequence of states: (a) dry, (b)
brine saturated, (c) after SIH, and (d) after $itom these, the following difference tomograms
were calculated (by subtracting the normalizednat¢ion grayscale value of corresponding
voxels): (e) brine-saturated minus dry, (f) SIH osrdry, (g) brine-saturated minus SIH, and (h)
SIL minus SIH. These difference maps were then usedssist in segmenting the various
components of interest within the mini-plug, sholwynthe colors in Figure 8(i-l) as explained in

the following paragraphs.

The dry tomogram in (a) suffices to segment thedlphases in (i), referred to there as Grain
(solid mineral), Pore Space (macro-pores) and QtagJuding its micro-pores). The difference
tomogram in (e) cancels out all contributions fréme solid fraction of minerals (which thus
become dark) to leave only the signal from macrepdbright) and micro-pores (intermediate
grayscales). In particular, segmentation of (entheantifies the micro-porosity value at each
voxel within the Clay phase as a linear functionthef intermediate grayscale value there, shown
in (j) (Sheppard et al 2014).

In this way the total macro-pore space and micneEpace are identified, and thus once the
fraction of these occupied by oil is determinede tlemainder of each is the brine-occupied
fraction. The resolved macro-oil after SIH (refer® as Oil in Figure 8) can be segmented
directly from the SIH tomogram in (c) as the datkgisase, as was shown in Figure 2, or with
greater sensitivity and consistency from the ddfee in (g) as the brightest phase. The
difference in (f) or (g) within the Clay phase et use to subdivide this intermediate phase into
Brine-filled clay clusters (darker in (g)) and Qilled clay clusters (brighter in (g)). Figure 8(k)
shows the resulting full subdivision of pore spau® these four phases. The sub-resolution
micro-oil after SIH is then obtained by applying thbove-mentioned grayscale map of micro-
porosity to the Oil-filled clay phase. The same gadure was also implemented for the
corresponding tomogram and differences of the &tes The further categorization of resolved
Oil and Brine phases into their four categorieoofupancy history (BB, OO, OB and BO) is
obtained from superposition of these segmentatafnsmacro-oil and macro-brine in SIH and
SIL. Alternatively, the tomogram difference betwebkase two imbibed states in (h) can be used
to identify OB and BO as the brightest and dark@sises (shown by cyan and red arrows,

respectively), with the result given in (I).
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The SIH tomogram is thus segmented into the fivesph: grain, macro-oil, macro-brine, micro-
oil and micro-brine. The SIL tomogram is segmeritethe same way, and the resolved oil and
brine phases can be further subdivided into the ffove occupancy categories (BB, OO, OB and
BO). Note that macro-oil and macro-brine in SIL &© + BO and BB + OB, respectively,

while macro-oil and macro-brine in SIH are OO + @&l BB + BO, respectively.

N R S
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INOil MBrine [JOB IMBO MGrain [JPore space
EHOil-filled clay [Brine-filled clay [Clay [CJMicro-pore
Figure8. Subarea (0.7 mm x 0.4 mm) of tomogram cross-seditslite of mini-plug 7_C,
registered between the states: (a) dry, (b) baberated, (c) SIH, and (d) SIL, and the resulting
differences: (e) brine-saturated minus dry, (f) $tkhus dry, (g) brine-saturated minus SIH, and

(h) SIL minus SIH, leading to the segmentationalb€omponents in (i)-(1).
Table 3 lists the volume fractions of these segeteimhases, averaged over the entire masked

tomogram of mini-plug 7_C. The porosity segmentatgives macro- and micro-porosity of
17.2% and 3.9%, respectively, for this tomogramel®ize cut-off of 3 um. The total of 21.1%
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is in reasonable agreement with the MICP value205% from sister material of Berea C. The
resolved (macro-) oil fraction of this total porelume is 57.8% and 54.1% in SIH and SIL,
respectively. The discrepancy compared to the pusveorresponding (macro-) estimates fgr S
of 54.6% and 52.1%, respectively, in Table 2 is tuthe differences in segmentation workflow
(discussed further below) and in the segmenteduselMICP porosity value used. The total
(macro- plus micro-) oil recovery factor from Tal8eis 25.9 and 30.1%O0O0IP, respectively,
giving an EOR increment from SIH to SIL of 4.1%00Qtd&mpared to 3.0%00IP estimated in
Table 2.

The subdivision into macro- and micro-pores in €aBl clearly shows that residual oil is
strongly biased to residing in macro-pores, ocaupyil% after SIH and 67% after SIL of total
available macro-pore volume. The correspondingtifvas for oil in micro-pores after SIH and
SIL are only 15% and 17%, respectively, of micraegpoapacity, as expected from the tendency
for tight pores to remain brine-filled throughoestoration. The low salinity effect is thus only
operative in macro-pores; in fact oil occupancymotro-pores slightly increases from SIH to
SIL (although the difference lies within segmematuncertainty). This implies that if the low
salinity effect involves oil release from claysc#n only occur from the external surfaces of clay
aggregates (not within them) bounding macro-panethis sample. The subdivision of macro-
pores into their four categories of occupancy iH 8hd SIL in the bottom row of Table 3 shows

that the volume of oil re-displacing brine (BO)SIL is very small relative to the reverse (OB).

Regarding the discrepancies and small inconsigendietween the two methods of
segmentation, the direct, single-segmentation agbréor macro-oil in is naturally limited by its
neglect of micro-oil and its assumption that tqtatosity is represented by its MICP value. The
use in the current Section of the extra tomogranthef brine-saturated state, together with
registration for segmentations from multiple conations of tomogram differences, reveals far
more detailed and in-depth information, althougbsth details and high-order measures are
understandably more sensitive to artifacts and ractated errors. The main sources of
segmentation error, aside from operator subjegtiint choice of thresholds, are tomogram

artifacts, particle movement, and limitations igreil/noise.
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Table 3 Volume fractions of phases segmented from theeentasked volume of the sequence
of registered tomograms of mini-plug 7_C. Solid enal phase fractions and porosities are given

as percentage of total bulk volume (BV), and ligsédurations as percentages of total pore

volume (PV).
Grain | Clay Macro-porosity Micro-porosity | Total Porosity
(%BV) | (%BV) (%BV) (%BV) (%BV)
Dry | 76.7 2.2 17.2 3.9 21.1
0]] Brine o]] Brine Ol Brine
(%PV) (%PV) (%PV) | (%PV) | (%PV) | (%PV)
SIH 57.8 23.5 2.8 15.8 60.6 39.8
SIL 54.1 27.1 3.2 15.5 57.3 42.6
e]e) BO OB BB
(%PV) | (%PV) | (%PV) | (%PV)
SIL/SIH difference 53.3 1.2 4.5 22.3

1D profiles of residual oil volume, either longitodlly down the mini-plug (in which each
tomogram cross-sectional slice is averaged) oraligd{See Supplementary material) serve to
characterize any mini-plug-scale variations. Thegitudinal profile of the volume fraction of
each segmented phase in the SIH state is plot@dsidieight from top to bottom of the field of
view of mini-plug 7_C in Figure 9(a). Macro- and amu-porosity have uniform profiles,
indicating that this outcrop rock is homogenousrdbhese scales. As expected, macro-porosity
exhibits larger amplitude variations than microgsity. These same variations are mirrored in
the profile of macro-oil, as it mainly resides arder pores, while macro-brine resides in smaller
resolved pores or the corners of larger ones, lansl @éxhibits a flatter profile, similar to that of

micro-brine.

Longitudinal profiles of total oil volume fractiofgumming macro- and micro-oil) after SIH and
SIL, as well as OB, BO and oil change (the diffee®B minus BO) are given in Figure 9(b).
The total oil profiles, which can now be seen ds #xpanded vertical scale to rise slightly from
mini-plug top to bottom, exhibit the same localigdons in SIH and SIL. These peaks and
troughs cancel out in the profile of oil changeyteld a much flatter profile, reflecting the fact
that most salinity-induced changes involve onlylighs pore-scale rearrangement or movement
of menisci. The weak trend to rising oil saturattowards the bottom coincides with a similar
rise in porosity there. The oil change profile skdhat the low salinity effect appears to exhibits

a slight peak towards the middle of the mini-plagd dips quite noticeably very close to the
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bottom of the field of view due to a rise in BOfats typically very low levels. As the bottom
of the tomogram field of view is about 3 mm abolre bottom of the mini-plug, it is likely that
this rise in BO and dip in oil change are artifasulting from a slight non-uniformity in
tomogram grayscale arising near the end of theisitign.
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Figure9. (a) Longitudinal profiles of volume fraction, asrpentage of total bulk volume (BV), of all
segmented phases of mini-plug 7_C in its SIH statd,(b) comparison of oil volume fractions and

changes from SIH to SIL.

3.4 Pore-scale Distribution and Connectivity of Residual Oil

Having dealt with overall residual oil saturatiand its mini-plug-scale distribution, the next
step is analysis of the pore-scale distributiomgéb closer to the underlying mechanisms of oil
recovery during SIL. For this purpose, the segntem@cro-pore space was partitioned into
labeled individual pore bodies using a watershgdrdhm (Sheppard et al., 2014), onto which
the segmented macro-oil after SIH and SIL was awuero directly compare the oil saturation

per pore. This results in the scatter plot of nesidnacro-oil saturation after SIH and SIL versus
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the volume of each individual pore as given in FegliO(a-b). A moving average is also plotted
to clarify the overall trend versus pore size, glamith the corresponding volume-weighted

distribution curve to show the contribution to amléresidual oil saturation.

The tomogram images shown and discussed above déatea that the smallest resolved pores
have high brine saturation, and that sub-resolugiorosity extends this trend to even higher
brine saturations. The upward trend in residuasailration towards the left end in Figure 10(a-
b) is thus thought to be an artifact from the piarting of these extremely small voxelated pores.
The moving average increases as expected over \yuuemes large enough to contribute
significantly to overall saturation, although witlonsiderable scatter around it; pores of size
around 1G mn? commonly exhibit oil saturations ranging from &030%, and instances of
much lower saturation are still common. The impmes$rom Figure 10(a-b) is that the moving
average is shifted downwards from SIH to SIL faidyiformly over all pore sizes, while the

decrease in the cumulative distribution is natyrsilewed toward larger pores.

Greater insight into the effect of salinity candigained from the corresponding plot of the oll
change (i) —Sosiy) per individual pore, which is given in Figure ¢p(Based on the moving
average, the low salinity effect exhibits a sligek at pore volumes just below 1. This
also corresponds to the sizes over which the saatigreatest, mainly in OB (oil displacement
by brine) but also in the slight counter-effectBf® (moved oil subsequently displacing brine).
While the contribution of pores of this intermediatize to overall residual saturation in Figure
10(a-b) is much less than from larger pores, theyige the clearest hallmark of the slight shift

toward a more water-wet state.

Connectivity was calculated by the GangliaCounbatgm (Kumar et al. 2010, Singh et al.
2011), which tracks the number of adjoining pordibs that each connected oil blob spans and
occupies a substantial fraction of (with this @twgation cut-off value taken here as 50%). The
resulting volume-weighted distribution curves, nalized to 100% of the residual oil volume,
are shown in Figure 10(d), in which a blob occupgyinor 2 pores is a singlet or a doublet, and
so on. After SIH, 60% of the residual oil volumenians connected throughout the masked
tomogram as one giant cluster. The upward and &étwshift from SIH to SIL clearly
demonstrates that oil is less connected afteiatgrtiecovery. The frequency of smaller blobs is

increased in SIL, and the largest blob now only poses 20% of all oil volume. Oil
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connectivity thus provides a more sensitive ingicdhan oil saturation of the significant shift

towards a water-wet state due to blob retractiahsrap-off.
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Figure 10. Scatter plot of residual oil saturation in eacsoteed pore body versus its individual volume
(red points), also showing moving average (blac&)liand volume-weighted cumulative distribution

(purple curve) after (a) SIH followed by (b) Sli, inini-plug 7_C. (c) Scatter plot of change in desil

oil saturation (SIH minus SIL) in each resolvedepbody versus its individual volume. (d) Cumulative
distribution of residual oil volume after SIH antl.Sas a function of the number of connected pores

spanned by each separate ganglion

3.5 Interfacial Areas of Residual Oil

The resolved residual oil shares interfaces withehrwith grains and with external surfaces of
clay aggregates. Area was calculated using anidigofor smoothing of voxelated interfaces,
and the average values over the masked tomograrsharen in Figure 11(a-d). Figure 11(a)
shows the percentage breakdown of total area irsyeem into its contributions from all six

possible interfaces between the four resolved, satgd phases. Oil recovery from SIH to SIL
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reduces the oil contact with grains (with a condanti gain in brine-grain area) and increases the
oil-brine interfacial area. Figure 11(b) shows thedins offer more surface area than external
clay surfaces (at tomogram resolution, with smootidevoxels), and grains more commonly
contact oil than brine while clays more commonlintemt brine than oil. Figure 11(c) shows that
i) the decrease in oil contact area from SIH to Slgreater for grain than clay when counted per
total pore wall area (/Pore-rock), and that iisttendency becomes stronger when the count is
more correctly weighted by the available area preeskby grain or clay (/Pore-mineral), and
that iii) this tendency becomes even stronger whercount is even more correctly weighted by
the starting area of oil contacting grain or claythe SIH state (/Oil-mineral). Figure 11(d)
shows that oil-brine interfacial area is roughlyeaquarter of pore wall area, and its increase
from SIH to SIL is, as expected, primarily due terfaces created by brine displacing oil (OB)
rather than by oil re-displacing brine (BO). Thendoision consistently supported by these
various measures is that tertiary recovery by lalingy brine in this case is due to preferential

detachment of oil from grains, not clay externafaces.
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Figure 11 (a) Overall statistics of interfacial area for leaesolved phase combination after SIH and SIL,
normalized to 100%, (b) Interfacial area of eadsdtved) liquid (oil or brine) with grain or clasglative
to total pore-rock area, (c) salinity-induced chainginterfacial area of oil with grain or clay,rnwalized
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in three ways, and (d) oil-brine interfacial anedative to total pore-rock area, for mini-plug 7 Here

rock refers to grain plus clay, while mineral rafés grain or clay.
3.6 Oil/Brine I nterfacial Mean Curvature

Calculation of the local mean curvature of theboihe interface provides further insight into
wettability changes from SIH to SIL. From the Yodiogplace equation, capillary pressure is
directly proportional to mean curvature, which umrt is dictated by the pore geometry and the
contact angle. A subset of 1000 x 887 x 1800 Vaxasselected in the middle of the mini-plug
7_C tomograms, within which the area-weighed maawature of the resolved, segmented oil-
brine interface was obtained using a Monge geoao&talgorithm (Wildenschild and Sheppard
2013). The average mean curvature and area ofafdohr categories of moving interfaces, i.e.
OB, BO, BB and OO, are listed in Table 4. Intera€B-BB are those in SIH which moved due
to brine advance to form an OB-OO interface in 8k state. The mean curvature of these
switches from negative in SIH to positive in SIL Trable 4. This local increase in oil-brine
meniscus curvature implies a decrease in the ve@teancing contact angle, and thus a shift
toward more water-wet. Interfaces BO-OO are thas8IH which moved due to oil re-advance
(secondary water-receding) to form a BO-BB integfat the SIL state. The mean curvature of
these switches from positive in SIH to negativ&ih in Table 4. This local decrease implies an
increase in secondary water-receding angle. Howeweing to the very small volume of BO
relative to OB, as reflected in their correspondargas in Table 4, the contribution of water-
advancing interfaces to the system is much highan the slight counter-effect from water-

receding interfaces.

Table 4 Average mean curvature, H, and total area ofdhbe fjore-occupancy categories segmented

between SIH and SIL in mini-plug 7_C.

State Interface H (um™) Area (m n?l)
category

SIH OB-BB -0.035 30.3

SIL OB-OC 0.046 52.8

SIH BO-OC 0.021 2.4

SIL BO-BB -0.199 3.2
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To visualize oil blob movement from SIH to SIL, twepresentative examples of iso-surfaces
were generated and are given in Figure 12(a-b).fifsieexample in Figure 12(a) shows oil in
SIH which fills a pore body and covers most ofvtslls, and which is connected through one
throat at left. During SIL, the blob detaches fridme walls and retracts by local advance of low
salinity brine. The shrinkage of the oil gangliondeis associated with increase in mean
curvature of this OB interface in SIL, in line withe trend in Table 4. The second example in
Figure 12(b) shows two snap-off events in whichrge oil ganglion that is internally connected
via two throats in SIH breaks into smaller, morscdnnected oil blobs after SIL. The snap-off
appears to be driven by detachment of oil frompibiee body walls and subsequent thickening of
these films of low salinity brine to destabilize=tbil configuration in the throats. Again the more
rounded OB interfaces enclosing oil in SIL leaditoincrease in mean curvature, due to the rock

grains becoming more water-wet.

(a) | (b)

_ Snapped-off throats

)

SIL Oil

/

O SIH Oil
Pore f \K /

Figure 12 Iso-surfaces of oil blobs after SIH (brown) and $dteen), showing (a) close-up of
an oil ganglion detaching and receding in a sipgle (0.26 x 0.16 x 0.10 mm), and (b) changes
in oil distribution and connectivity, featuring gnaff events, over a larger sub-volume (0.50 x

0.46 x 0.16 mm).

4. Conclusion

Micro CT 3D imaging and analysis is a robust taml $tudying multiphase fluid distributions
within porous materials. A previous study (Zhand dorrow 2006) of the low salinity effect in
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water flooding of Berea sandstone plugs, which sbfairly weak and variable responses, was
mimicked here using mini-plugs subjected to imnwersn sequences of these same high and
low salinity brines for micro-CT imaging and anaty®f recovery of the same crude oil by
spontaneous imbibition. The imaged experiments shsmwed a fairly weak and variable low-
salinity effect. Fines movement during SIH and S¥as occasionally seen, and sometimes
appeared to stem from loosely-bound coring debfikis demonstrated that pore-scale
mobilization of clays by the oil-brine interface, sufficiently low level as to not cause throat
blocking and formation damage, can occur and dautii to the low salinity effect. However,
most oil displacement did not appear (at tomograsolution) to coincide with such fines
movement. A mini-plug with additional recovery aD3 OOIP by low salinity in tertiary mode
was selected for further image analysis. A methoglplwas developed to take advantage of
acquisition and registration of a sequence of irdagfates of this mini-plug to quantitatively
segment oil and brine in resolved and sub-resaiypiares. All metrics pointed to a slight shift
towards a more water-wet state, mainly driven blyiwilarger pores being preferentially
detached from grain surfaces rather than from madeor external surfaces of pore-filling clay
aggregates (primarily kaolinite). The results coumgly that oil release from clays is not the
main mechanism of the low salinity effect; convérgabough, it could be argued that the small

effect seen here for Berea sandstone was duedbdamce of this primary cause.
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Abbreviations

Micro-CT: X-ray micro-tomography

SI: Spontaneous imbibition

SIH: spontaneous imbibition of high salinity brine

SIL: spontaneous imbibition of low salinity brine
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SILL: very low salinity brine

SEM: scanning electron microscopy

SEM-EDS: energy dispersive x-ray spectroscopy
MRB: Minnelusa reservoir brine

OOIP: original oil in place
MICP: Mercury injection capillary pressure

Sor: residual oil saturation
S.i- initial oil saturation

Sui: initial water saturation

PV: pore volume

BV: bulk volume

BB: brine-filled in SIH and SIL

OO: oil-filled in SIH and SIL

OB: oil-filled in SIH but brine-filled in SIL

BO: brine-filled in SIH but oil-filled in SIL

Sosivy:residual oil saturation at high salinity spontarsemabibition state

Socsiuy: residual oil saturation at low salinity spontaneookibition state
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Highlights

» A methodology was developed to quantitatively segment oil and brine
In resolved and sub-resolution pores

 All metrics pointed to a dlight shift towards a more water-wet state after
low salinity brine

» Qil inlarger pores being preferentially detached from grain surfaces
rather than from internal or external surfaces of pore-filling clay



