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Abstract

Brines containing surface-active divalent ions such as Ca®*, Mg?" and SO,>~ impact the
stiffness, strength and time-dependent deformation of water wet Mons outcrop chalk. This
study documents how stiffness and strength of wettability-altered oil and water-saturated
(mixed wet) Mons chalk compare to water-saturated and water wet samples during hydro-
static loading and creep. During hydrostatic creep, the strain rate response to magnesium
chloride (MgCl,) brine injection is compared for water wet and mixed wet samples. For
the mixed wet samples, the oil production was estimated during compaction and non-equi-
librium MgCl, flow. The results presented here were then compared to a similar test series
on Kansas outcrop chalk. The differences were interpreted in terms of difference in physi-
cal parameters such as porosity and pore size. Two Mons samples were wettability-altered
and tested in parallel to two completely water wet samples from the same chalk block at
hydrostatic conditions and 130 °C. It was found that beyond the experimental uncertainty,
the stiffness and yield strength measurements showed insignificant differences for water
wet and mixed wet Mons samples. This is contrary to Kansas chalk where mixed wet sam-
ples were systematically stronger and stiffer than water wet samples. In the following creep
phase, both water wet and wettability-altered Mons chalk samples gave trends comparable
to each other during a stagnant phase and a following MgCl, injection phase at varying
flow rates. Similar observations were reported for water wet and wettability-altered Kansas
chalks as well. Further, the same chemical reactions were observed for Kansas and Mons
chalks and were found to be insensitive to the initial wettability and oil/water saturations.
The oil production observations from Mons chalk showed that 43% of the total oil was
recovered during early-stage compaction with no flow, whereas Kansas chalk did not pro-
duce any oil at no-flow conditions. After the oil recovery from the first 2—-3 pore volumes
of brine flow, no further oil production was observed due to compaction or non-equilib-
rium brine flow in any of the two chalk types.
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1 Introduction

The physico-chemical interactions between the resident fluids, the injected fluids and the
reservoir rock impact the mechanical rock properties of chalk. Chalk is a highly porous and
a low permeable rock. Due to the large surface area in chalk, surface processes (dissolution/
precipitation and adsorption/desorption) dominate the bulk mechanical behaviour. Stud-
ies have shown that seawater injection into reservoir chalks lead to enhanced compaction,
hence driving pore fluids towards production facilities and thereby leading to improved oil
recovery (Sulak and Danielsen 1989; Sulak 1991; Hermansen et al. 2000). The enhanced
reservoir compaction also induced seafloor subsidence raising serious concerns related to
the safety of personnel on the platforms, the equipment and wellbore stability (Sulak and
Danielsen 1989; Maury et al. 1996; Nagel 1998; Sylte et al. 1999; Gauer et al. 2002). This
compaction was found to be caused by both pore pressure depletion early in the field life
and the water weakening induced by seawater injection during the later stages (Gauer et al.
2002).

Research on how chalk mechanics was affected by pore fluid composition intensi-
fied after the detection of subsidence at Ekofisk field in the Norwegian Continental Shelf
(Hermansen et al. 2000; Nagel 2001). A key research question had been to find how the
mechanical chalk properties were affected by aqueous chemistry, with focus on elastic stiff-
ness, plastic strength and time-dependent creep rates (Risnes 2001; Hellmann et al. 2002a,
b; Risnes et al. 2003; Korsnes et al. 2006a, b, 2008; Madland et al. 2008, 2011; Megawati
et al. 2011, 2013; Neveux et al. 2014a, b).

Until now, most rock-mechanical studies have concentrated on water wet and water-sat-
urated systems. It has been shown that the surface-active divalent ions, such as magnesium
(Mg>") and sulphate (SO,>7), have a huge effect on the mechanical behaviour. Heggheim
et al. (2005) observed that SO,>~ ions in the injected synthetic seawater (SSW) brine led
to a reduced yield strength than during the injection of a brine with a lower or zero SO,*~
ion concentration and caused weakening of chalk at lowered effective stresses. Korsnes
et al. (2008) observed the same effect by demonstrating that while flooding SSW contain-
ing SO,>~ ions through chalk, it yielded at significantly lower stress compared to samples
flooded by SSW without SO,>~ ions. Megawati et al. (2011) argued that the reduction in
yield strength was due to its adsorption on the charged calcite surface, which led to disjoin-
ing pressure at grain—grain contacts causing pore collapse failure at lower stresses.

When magnesium chloride (MgCl,) brine is injected through chalk, dissolution of cal-
cite CaCOj; and precipitation of magnesite MgCO; occur (Madland et al. 2011; Nermoen
et al. 2015; Zimmermann et al. 2015; Minde et al. 2017, 2018a, b; Andersen et al. 2018).
These dissolution/precipitation processes lead to enhanced bulk volume creep rates in
chalk compared to when flooded with weakly reactive sodium chloride (NaCl) brine (Mad-
land et al. 2009, 2011). Further, Nermoen et al. (2015) showed that the bulk volume com-
paction rate increased when the injection rate increased, explained by the increased calcite
dissolution and Mg-bearing mineral precipitation rates. The solid volume changed because
the sample lost mass and the mineral density increased (density of magnesite is 3.0 g/cm®
and calcite 2.7 g/cm?). The solid volume changes were shown to correlate to a reduction in
bulk volume and the grains unlocked and reorganised causing the pore volume to reduce.
Mg?* ions have also shown to adsorb on the calcite surface leading to desorption of cal-
cium ions (Ahsan and Fabricius 2010; Alam et al. 2010; Nermoen et al. 2018).

It has also been suggested that chemical reactions between the injected non-equi-
librium brines and chalk surface lead to additional oil recovery (Hiorth et al. 2010)
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either due to rock dissolution or change in the surface charge during brine injection
that affects rock wettability. For chemical reactions to play a role in enhancing the oil
recovery, they must be able to mobilise oil after the initial displacement. This idea was
tested in a recent study by Sachdeva et al. (2019). Here, however, no oil was produced
during tail-end oil production through MgCl, flow even though chemical reactions and
pore volume compaction occurred.

Megawati et al. (2015) and Andersen et al. (2018) studied five different chalk types
and found a dependence of the non-carbonate content on how the mechanical creep
behaviour was affected by MgCl, brine injection. They grouped the five outcrop chalks
into groups of pure (Mons and Stevns Klint) and impure (Liege, Aalborg and Kansas)
chalks with regard to the calcite content and found that MgCl, injection into impure
chalks led to an immediate increased creep rate. However, for pure chalks the increased
creep rate response was delayed by a time lag of several weeks.

These rock samples were never exposed to oil, which enabled the aqueous solution
to contact the minerals directly. A question that has been raised is to which extent these
results are applicable to actual chalk reservoirs. Chalk wettability has been studied
extensively to understand how different wetting states affect multiphase fluid flow with
focus on oil recovery (Standnes and Austad 2000a, b; Zhang and Austad 2005; Strand
et al. 2007). In the present study, we also focus on the mechanical stiffness, strength
and creep rate dependencies upon brine injection into wettability-altered chalk, besides
oil recovery.

Sachdeva et al. (2019) studied how wettability affected the mechanical behaviour
of Kansas outcrop chalk saturated by oil-water mixture. It was found that the elastic
stiffness and plastic strength were higher for mixed wet samples compared to water wet
samples, and as MgCl, brine was injected, the ongoing rock—fluid interactions led to
enhanced creep rates, applicable for both water wet and mixed wet samples. However,
after the initial oil displacement during the first 2-3 pore volumes (PVs) injected, no
additional oil was produced even though chemical reactions from the rock—fluid inter-
actions took place. Further, ongoing pore volume compaction also did not mobilise any
additional oil from the samples.

This study shares the same objective as Sachdeva et al. (2019), but here we perform
experiments on Mons chalk with a calcite concentration that is higher than Kansas
(Andersen et al. 2018). Kansas chalk has a higher degree of contact cement than Mons
chalk, which is reflected in its higher induration (Henriksen et al. 1999) compared to
induration of Mons (Voake et al. 2019).

The premise of this study was to alter the wettability, test the reproducibility in the
wettability alteration, document the relation between wettability and stiffness, strength
and time-dependent mechanical behaviour, and finally to determine how tail-end oil
recovery is affected by compaction and continuous flow of reactive brine. The wetting
state of Mons chalk cores was altered to a mixed wet state prior to mechanical testing
at high effective stresses and 130 °C temperature. The results from how wettability-
altered Mons chalk responded to MgCl, injection are compared to those carried out on
Kansas chalk by Sachdeva et al. (2019).

This study emphasises on how differences in the initial pore fluid saturations and
wettability affect the mechanical response of Mons chalk. The bulk, solid and pore vol-
umes as well as oil and water volumes are monitored continuously to observe how the
volume dependencies are linked to deformations and injection of reactive MgCl, brine.
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2 Materials and Methods
2.1 Rock Sample Material

Chalk samples from a single block obtained from the Triviéres Formation in Mons (Bel-
gium) were used. This chalk belongs to Late Cretaceous age and is very pure (>99 wt%
calcite).

Ten cylindrical samples were cored, radially adjusted to 38.1 mm diameter, cut at
desired lengths and dried at 110 °C overnight before dry mass was measured. The samples
were then vacuumed and saturated by distilled water (DW) to measure saturated mass. The
mass difference between the dry and saturated sample was used to estimate pore volume
and saturation porosity (Table 1).

The samples were divided into two test series:

e Six samples were used for wettability determination. Three samples were kept water
wet and 100% water saturated (Mww) for reference, and the other three were wettabil-
ity-altered (Mmw) (Table 1).

e Four samples were used in triaxial test programme (M1 to M4). Two samples were
kept water wet and 100% water saturated, and the other two were wettability-altered
(Table 1).

2.2 Description of Fluids

Four brine compositions were used. In the wettability determination programme, two dif-
ferent versions of artificial seawater were used: SW1T brine contained sulphate (SO42‘)
and thiocyanate (SCN™) tracer, while SWOT did not (Table 2). The total dissolved solids of
SWIT and SWOT were equal to synthetic sea water (SSW). The two other brines used dur-
ing the triaxial test programme (Table 2) were:

Table 1 Basic properties of samples used for wettability determination and triaxial tests

Core ID Wetting Core Core Dry mass  Saturated  Pore Bulk Saturation

state length diameter  (g) mass (g) volume  volume  porosity ¢
(mm) (mm) (ml) (ml) (%)

Wettability determination programme

Mwwl  Water wet 72.4 38.1 126.7 162.1 354 82.5 429

Mww2 69.9 38.1 122.3 156.5 342 79.7 429

Mww3 73.2 38.1 130.2 165.4 352 83.5 422

Mmwl Mixed wet 724 38.1 123.9 159.3 35.4 82.5 429

Mmw?2 68.9 38.1 122.1 156.3 342 78.6 435

Mmw3 69.4 38.1 120.9 155.0 34.1 79.1 43.1

Triaxial test programme

M1 Water wet ~ 72.7 38.1 129.4 164.4 35.0 82.9 422

M2 68.9 38.1 119.9 153.8 339 78.6 432

M3 Mixed wet  68.9 38.1 119.7 153.7 34.0 78.6 433

M4 68.8 38.1 122.0 155.0 33.0 78.4 42.1

@ Springer



Effect of Initial Wettability on Rock Mechanics and Oil Recovery:... 89

Table 2 Composition of

. . . Tons Wettabilit Triaxial test programme

s el i the vy o

for core flooding in the triaxial programme

test programme SWOT SWIT 1.1MNaCl 0.219 M MgCl,

mol/l mol/l mol/l mol/l

HCO;™ 0.002 0.002 0 0
ClI- 0.583 0.492 1.1 0.438
S0~ 0 0024 0 0
SCN™ 0 0.024 0 0
Mg*t 0.045 0.045 0 0.219
Ca? 0.013 0013 0 0
Na* 0.460  0.393 1.1 0
Li* 0 0.024 0 0
K* 0.010  0.034 0 0
Ionic strength 0.643 0.647 1.1 0.657
TDS (g/l) 33.39 33.39 64.28 44.52

1.1 M NaCl brine for initial saturation to resemble resident formation fluids. NaCl brine
moderately interacts with chalk (Madland et al. 2011; Ricci et al. 2013; Hofmann et al.
2016).

0.219 M MgCl, brine used as a flooding brine with equal ionic strength as seawater.
This is injected to trigger dissolution/precipitation effects from the Ca—Mg exchange
(Madland et al. 2009, 2011) and adsorption effects of magnesium ions on the calcite
surface (Ahsan and Fabricius 2010; Alam et al. 2010; Nermoen et al. 2018; Liu et al.
2018).

A 60-40% volume mixture of crude oil from the Heidrun field offshore Norway and

heptane was used. The acid number of the Heidrun oil was measured to be 2.82 mg KOH/g,
while the acid number of the oil mixture was 2.12 mg KOH/g measured according to the
Fan and Buckley (2007) procedure.

2.3 Wettability Alteration and Fluid Saturations

Five samples (three for wettability determination and two for triaxial tests) were wettabil-
ity-altered according to the following procedure wherein the samples were:

Saturated by 1.1 M NacCl brine.

Mounted in a Hassler cell and heated to 50 °C. Flooded two pore volumes (PVs) of the
oil mixture in each direction during which the produced brine was collected to estimate
the initial water saturation S,;.

Submerged the samples in the same oil mixture in ageing containers and left for 21 days
at 90 °C.

The wettability-altered samples were termed Mmw1 to Mmw3 in the wettability deter-

mination programme and M3 and M4 in the triaxial test programme. Five more samples
were kept water wet and were simply saturated by 1.1 M NaCl brine. The samples Mww1
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to Mww3 were used in the wettability determination programme and M1 and M2 were
used in the triaxial test programme.

2.4 Chromatographic Separation for Wettability Determination

The chromatographic separation technique for wettability determination used here, and
developed by Strand et al. (2006a), refers to how the effluent concentration profile of non-
affine tracers differ from that of surface-active ions. The surface-active divalent SO,>~ ions
replace the monovalent anions on the positively charged calcite surface sites. Sulphate
adsorption occurs on mineral surface areas in contact with water; hence, a key premise
is that mineral surfaces covered by oil will not capture the injected SO,>~ ions. By co-
injecting SO,>~ and non-affine thiocyanate (SCN™) tracer ions, after being flooded by a
brine stripped of these ions, the two effluent concentration profiles split as the increased
concentration of the adsorbed ion is delayed compared to the non-affine tracer. The split,
measured by the area spanned by the two concentration profiles, as a function of pore vol-
umes (PVs) injected is proportional to the mineral surface in contact with water. When oil
is bound to calcite mineral surfaces in mixed wet samples, the separation area is reduced
compared to water wet samples if the specific surface area is the same. The ratio of areas
for mixed wet sample (A,,,,) and water wet sample (A,,,,) defines the wettability index (W),
W, = fm (1)
ww

A wettability index of 1 implies that the sample has the same number of surface sites for
sulphate adsorption as the reference case, making it 100% water wet. A W, of zero (overlap-
ping sulphate and tracer curves) implies no sulphate adsorption making the sample 100%
oil wet. Other values of W, imply that the minerals are partially covered by oil (mixed wet).
Rock—fluid interactions also change the specific surface area. Dissolution and precipitation
reactions can increase or decrease the specific surface area, thereby changing the number

of surface sites even when oil is present, hence leading to a mixed wet state.

2.5 Quantifying the Wettability Alteration by Ageing

The wettability alteration procedure was equivalent for all samples in both the ‘wettability
determination programme’ and ‘triaxial test programme’. Wettability determination could
not be done on samples for the triaxial tests because the flow of fluids used to determine
wettability displaces oil and alters the wettability, since sulphate has shown to modify wet-
tability (Strand et al. 2006b; Zhang and Austad 2006; Zhang et al. 2007). We assume that
the wettability determined for the three aged cores in the wettability determination pro-
gramme is the same as the two aged cores in the triaxial test programme.

Wettability determination was performed in a Hassler cell by (1) flooding four PVs of
SWOT brine, (2) injecting SW1T brine for 500 min with a flow rate of 0.2 ml/min. Dur-
ing the SWIT injection, 40 samples were collected using a Gilson fraction sampler. Each
sample contained 2 ml of fluids collected over 10.0 min with 2.5 min between each sample.
For each fluid sample, the thiocyanate and sulphate concentrations were determined using
ion chromatography (IC). The concentration ¢, of each species k (SCN~ and SO,*") is
rescaled by the SCN™ and SO,*~ concentrations of SWOT ¢, (in this case zero) and SWIT
¢y = 0.024 mol/litre, such that a reduced concentration €, could be obtained,
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C = Sk~ Cko
! €1~ o @
This reduced concentration varies between zero and one, and when the effluent concen-
tration equals the inlet concentration, ¢, = 1 enabling the thiocyanate and sulphate curves
to be plotted together. The area between the curves was estimated by integration using the
trapeze method. Further, larger cores will have a larger total surface area than smaller ones,
so the areas are reported in per gram of the core for accurate comparison (Table 3).

2.6 lon Chromatography (IC)

The effluent samples acquired were diluted 500 times with nanopure water (of specific
resistance 18.2 MQ-cm at 25 °C) to meet the linear regime of the Dionex IC S-5000 + Ion
Chromatography System. The samples were diluted using the Gilson GX-271 liquid han-
dler operated by the Trilution software. Once the IC analysis finalised, a series of peaks,
corresponding to each ion in the effluent sample, was obtained. The area under each peak
was assumed to be proportional to the ion concentration in the fluid, when compared to
known standards with known concentrations.

2.7 The Triaxial Cell Set-up for Mechanical Flow-Through Tests

The samples were mounted into the triaxial cell allowing for continuous measurements of
axial and radial strains at elevated stresses and temperature (Fig. 1). The triaxial cell was
equipped with a heating element and a regulating system with temperature control (0.1 °C
precision). Three pumps were used to control the axial piston pressure (Ppy), confining
pressure (o,,4) and flow rate (Q). The pore pressure (Pp = 0.7 MPa), was controlled by a
back-pressure regulator ensuring constant pore pressure on the downstream side. An exter-
nal linear variable differential transducer (LVDT), placed on top of the moving piston,
monitored the change in sample length (L) and an internal extensometer monitored the

change in diameter (D).

Table 3 Estimated integrated areas per gram of the core for water wet and mixed wet samples, and the cor-
responding wettability indexes

Core Estimated area between Integrated sulphate—tracer =~ Wettability index (W,) Irreducible
sulphate and tracer (PV) area per gram core (107 water saturation

PV/g) (Sui)

Water wet

Mwwl 0.201 1.59 1 -

Mww2  0.175 1.43 1 -

Mww3 0.184 1.41 1 -

Average 1.48+0.08

Mixed wet

Mmwl 0.112 0.88 0.60+0.03 0.31

Mmw2 0.114 0.93 0.63+0.03 0.38

Mmw3 0.118 0.98 0.66+0.04 0.37

Average 0.93+0.04 0.63+0.07
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Fig. 1 Sketch of the triaxial cell
The axial stress was calculated using radial stress, piston pressure, frictional pressure of the

piston movement in the triaxial cell and an area factor (f,.., = 1.28) for the piston pressure
chamber and the cross-area of the plug,

Oax = Orad +farea (Ppisl - Pfric) (3)

In the hydrostatic phase, the stresses are equal in all directions, so the bulk modulus K is
given by,

K =Ac, /Ae,, 4)

here Aa;x is the change in effective stress in axial direction and Ag,, is the change in volu-
metric strain (see Eq. 7). The effective stress is given by the imposed stress in a spatial
direction minus a fraction « times the pore pressure (¢’ = ¢ — aP,,.). We assume the Biot
coefficient @ = 1 hereon.
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2.8 Constitutive Equations

The bulk, pore and solid volumes are linked through the constitutive equation
V, =V, +V,. During the test, the pore volume is not directly measured. Since porosity
is determined by the ratio of pore volume (Vp) to bulk volume (V,),

¢_VP_1 Vs 5
=y = V. &)

the solid volume (V), estimated from the IC analysis, and the bulk compaction can be used
to estimate porosity evolution using (Nermoen et al. 2015),

¢0 + Evol — AVs/vb,o

B = = ©®

where ¢(7) is the porosity at time 7, ¢, is the original porosity, €,,, is the volumetric strain,
AV is the change in the solid volume, and V}, , defines the original bulk volume.

2.9 Evolution in Bulk Volume with Time

The radial strain was measured only at the middle of the core. Since radial deforma-
tion is non-equal along the length of the cores even in hydrostatic tests (Nermoen
et al. 2015), we introduced the factor X, assumed to be constant throughout the test, to
improve volumetric strain estimates from axial strain measurements,

Evol = Xsax (7)

The factor X was determined from the ratio of length and volume changes measured
with a sliding caliper directly on the core sample after test. As such, the bulk volume
can be estimated via,

Vb,t = Vb,o(l - 6v01) = Vb,o(l - Xsax)' (8)

2.10 Evolution in Solid Volume with Time

The solid mass evolution over time M,(¢) is calculated from the difference in the concen-
trations of the injected fluid and the produced effluent fluids (from ion chromatography)
times the flow rate g;, and molar mass of Mg and Ca (ny;, = 24 g/mol and n¢, =40 g/
mol),

t

Ms(t) = Ms,() +7 / 9in (nMg (Cin,Mg - Coul,Mg) e (Cin,Ca - Cout,Ca))dt (9)
0

This is used to interpolate between the measured mass before and after test, and # is a
fitting parameter that makes the observed replacement of Ca by Mg from IC data match
the observed mass loss (measured on a scale) in dry weight.
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The solid density is measured before and after test, and we used the calcium pro-
duced from the sample mc, (), at time 7 to interpolate between the initial (p,,) and final
(pss) densities via,

ps(t) = Ps,o + ((ps,f - ps,o) (mCa(t)/mCa,total)) (10)
Using Eqs. 9 and 10, the change in solid volume AV can be estimated,

Ms(t) _ MS,O

AV.(1) = .
0 ps() Py

an

2.10.1 Evolution in Porosity and Pore Volume with Time

The pore volume is not directly monitored in the test, so it is estimated from the bulk vol-
ume (Eq. 8) minus the solid volume (Eq. 11) using,

V(1) = Vi (1) = V(1) = Vi, (1) — Vg — AV (D) (12)

The water volume in the sample is not directly measured. So, to estimate the water vol-
ume as a function of time we use,

Vo=V, + V=V, +V,+V (13)

where V,, and V are the volumes of water and oil. When this equation is re-shuffled for
water volume, which is the unknown parameter in this experimental design, the measured
quantities, namely the bulk volume, solid volume and oil volume inside the sample, are
used. The oil volume in the sample at any time is estimated from the initial oil volume
minus the oil volume produced in a vertically oriented gravity glass separator. The oil (S,)
and water (S,,) saturations in the sample are then given by,

Vo) V(@)

and S, (1) =
V,(®) Vo (®)

So(0) = (14)

These equations implicitly obey the requirement that S, + S, = 1.

2.11 Triaxial Test programme
The mechanical tests were performed according to the following procedure:

1. Mounted the cores in the triaxial cell with bypass valve open (no flow through the
cores).

2. Simultaneously increased confining pressure (6,,4) to 1.2 MPa and pore pressure (P,)
to 0.7 MPa.

3. Increased temperature to 130 °C.

4. Increased hydrostatic stress to approximately 1.5 times yield at 0.045 MPa/min loading
rate while observing volumetric strain to determine stiffness and strength. The stiffness
measurements were taken during loading conditions and hereon referred to as ‘bulk
modulus’.
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5. Observed volumetric creep and oil production with constant pore pressure and hydro-

static stress with bypass valve open the first 15 days.

6. On the 16th creep day the bypass valve was closed and MgCl, brine was flooded at

0.010 ml/min flow rate.

Increased MgCl, brine flow rate to 0.040 ml/min after a certain number of days.

Decreased flow rate back to 0.010 ml/min.

Cleaned the cores with four PVs of DW at the end of the test.

Decreased temperature to room temperature. Used toluene to remove leftover oil from

cores M3 and M4, followed by methanol flooding to remove toluene. Multiple itera-

tions of toluene and methanol flooding were performed until effluent became com-
pletely transparent in colour.

11. Used DW to remove methanol from these cores.

12.  Chromatographic separation tests were performed on all four samples.

13. Demounted cores from the triaxial cell and measured saturated mass. Kept them in an
oven at 110 °C overnight.

14. Measured dry weights, lengths and diameters the day after.

15. Cut the cores into 6 sections of almost equal lengths. The density and specific surface
area of these sections and of the unflooded end pieces were measured using gas pyc-
nometer and Brunauer—-Emmett-Teller (BET) theory (Brunauer et al. 1938), respec-
tively.

© 0o ®

Effluent samples were taken two to three times a week during steps 5 to 9. The ionic
composition was estimated using ion chromatography. The oil production was measured
for mixed wet cores M3 and M4 using a separator on the downstream side of the triaxial
cell. Due to pore pressure fluctuations during the M3 test, the oil volume measurements
were disregarded because of emulsification of the produced oil. Pore volume was estimated
from the solid volume estimate and bulk volume measurement. With the oil production
from core M4 known, the remaining oil volume inside the core was estimated.

2.12 Mineral Density and Specific Surface Area Determination

The mineral density and specific surface area were estimated by gas pycnometry and
Brunauer—-Emmett—Teller (BET) technique, respectively.

Before the mineral density was measured, the cut sections for all samples were kept in
the oven at 110 °C overnight. Next morning these sections were taken out and placed in a
vacuum sealed container to cool down. Each section was weighted and inserted, one-by-
one, into the Micromeritics AccuPyc II 1340 Gas Pycnometer (using helium) to measure
the solid volume. With mass and solid volume known, the mineral density of each section
was estimated.

BET theory works by determining the adsorption of gas molecules on a solid surface.
The specific surface area measurements were taken on Micromeritics TriStar II instru-
ment using liquid nitrogen, as it does not chemically react with the chalk. Two grams
of powdered chalk was added to the sample glass tube and degassed for 5 h at 110 °C
on Micromeritics VacPrep 061 Sample Degas System. A stable vacuum pressure of
20-30 mTorr was attained for all tested samples before the sample tubes were attached to
the BET apparatus. The specific surface area was measured automatically by the TriStar II
3020 software.
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3 Results

The experimental results are presented in the following way: (1) wettability determina-
tion programme based on 3 reference water wet and 3 mixed wet samples, (2) stiffness
and strength measurements from the hydrostatic loading tests, (3) volumetric deformation
during creep, (4) effluent sample analyses using ion chromatography, (5) recovery of oil
from the mixed wet samples, (6) analyses of all cores used in the triaxial test programme
after tests and (7) wettability by chromatographic separation tests after triaxial tests on all
samples.

3.1 Wettability Determination Based on 6 Samples

Figure 2a, b shows an example of two chromatographic separation tests performed on a
completely water wet sample (Mww?2) and a mixed wet sample (Mmw?3). Here, the reduced
ion concentration is plotted against PVs of SWIT flooded. Each dot represents a single
effluent sample and the corresponding thiocyanate ion and sulphate ion concentrations.
The separation between thiocyanate and sulphate ions can be seen. Figure 2¢ displays the
difference between the thiocyanate and sulphate concentrations for the water wet sample
(Mww2, blue) and mixed wet sample (Mmw?3, green). The green curve has a smaller area
and is shifted to the left of the blue. The integrated areas between the two curves were
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Fig.2 Chromatographic separation on a water wet core (Mww2, blue) and b mixed wet core (Mmw3,
green). The plots (a) and (b) show how the increase in sulphate concentration is delayed compared to the
thiocyanate concentration after SW1T is injected. The plot (c) shows the difference in normalised concen-
trations between the thiocyanate and sulphate curves for the water wet (blue) and mixed wet cores (green).
The integrated separation areas for Mww2 and Mmw3 were 1.43 x 1073 PV/g and 0.98 x 1073 PV/g, respec-
tively (Table 3)
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Fig.3 a Hydrostatic stress versus volumetric strain for all samples in the triaxial test programme. Yield
stresses are displayed on the curves. b Slope of stress—strain curve plotted as a function of stress. Blue and
green lines represent water wet and mixed wet samples, respectively

Table 4 Bulk modulus, onset of yield stress and creep stress of M1 to M4 samples from hydrostatic loading
at 130 °C, 0.7 MPa pore pressure and with the bypass kept open

Core Wetting state Initial water ~ Onset of Creep Bulk Uncertainty ~ Creep stress/
saturation yield stress stress modulus  in bulk yield stress
(fraction) (MPa) (MPa) (GPa) modulus factor

(x 107" GPa)

M1  Water wet 1 14.4 21.5 1.3 0.08 1.49

M2 1 13.4 19.3 1.8 0.24 1.44

M3 Mixed wet 0.34 124 17.8 1.0 0.06 1.44

M4 0.36 12.3 18.3 1.1 0.09 1.49

divided by the weight of the core to provide accurate comparison for differently sized
cores. The average areas for water wet and mixed wet samples were 1.48 +0.08 PV/g and
0.93+0.04 PV/g, respectively. This corresponds to an average W; of 0.63+0.07 for the
wettability-altered samples. The estimated areas for all samples are reported in Table 3
displaying great repeatability. The initial irreducible water saturation ranged from 0.31 to
0.38.

It is assumed that the W, of the mixed wet samples used in the triaxial test programme,
drilled from the same block and altered in the same way, was also 0.63 +0.07.

3.2 Stiffness and Strength Determination from Hydrostatic Loading Tests

The volumetric strain was measured during hydrostatic loading from 1.2 MPa to approxi-
mately 1.5 times the yield at 130 °C and 0.7 MPa pore pressure. The onset of yield stress
was determined at the point when the stress—strain curve deviated by more than 0.5 MPa
from the initial straight elastic line used to determine the loading bulk modulus (K). The
stress—strain curve during loading and the yield stresses for all four cores are shown in
Fig. 3a, and the yield stress, bulk modulus and creep stress used further are reported in
Table 4 that also displays the initial water saturation.
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3.3 Stiffness Observations

The loading bulk modulus was estimated from hydrostatic loading curves from 7 to 11 MPa
hydrostatic stress interval via Eq. 4 (reported in Table 4 and Fig. 3a). The bulk moduli of
the water wet samples (M1 and M2) were 1.3 GPa and 1.8 GPa, which were higher than the
mixed wet samples (M3 and M4) that had stiffnesses of 1.1 GPa and 1.0 GPa, respectively.
When the loading bulk modulus was measured in three other stress intervals, 2—10 MPa,
4-8 MPa and 4-10 MPa, the mixed wet samples M3 and M4 attained the same values
(1.0 GPa and 1.1 GPa, respectively). However, the slopes in the stress—strain curves varied
for the water wet samples, where M1 varied from 0.9 to 1.8 GPa and M2 varied from 1.0
to 1.3 GPa. Thus, it cannot be claimed that the stiffness is significantly altered by the age-
ing procedure and wettability alteration. This is emphasised in Fig. 3b where the slopes of
the stress—strain curves obtained in+0.5 MPa interval are plotted against the hydrostatic
stresses. Here, the variation in slope during loading is displayed. Stiffness estimates during
loading are imprecise as the slope shows significant changes before the samples reach their
yield stresses. These yield stresses, however, can potentially be interpreted with greater
certainty as seen in Fig. 3b where the slope decreases systematically for all samples.

3.4 Strength Observations

The yield stresses for all cores are reported in Table 4 and shown on the loading curves in
Fig. 3. The water wet cores (M1 and M2) yielded at 13.90+ 0.50 MPa, while the mixed wet
cores (M3 and M4) yielded at 12.35+0.05 MPa. The yield stresses were also measured
using the same elastic regions defined in the ‘Stiffness observations’ and were found to be
varying in a range of +1 MPa. Even though the numbers obtained suggest that the water
wet samples are stronger than the mixed wet samples, we cannot claim the differences
observed to be significant since the uncertainty of the experimental method and interpreta-
tion is beyond or in the same range as the differences. Hence, the yield strength of water
wet and mixed wet samples was found to be not significantly different. Figure 4 shows the
relationship between strength and stiffness based on the data reported in Table 4.
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Fig. 4 Plastic strength (onset of yield) versus stiffness (bulk modulus). The blue circles and green triangles
denote water wet and mixed wet samples, respectively
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Fig.5 Volumetric creep strain with time for 100% brine-saturated water wet cores M1 and M2 (blue
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Fig.6 Volumetric creep strain rate with time for 100% brine-saturated water wet cores M1 (black) and M2
(dark blue), and oil and brine-saturated mixed wet cores M3 (brown) and M4 (red). The different brines
are shown by a dotted lines for NaCl brine, b solid lines for MgCl, brine at a flow rate of 0.010 ml/min, ¢
dashed lines for MgCl, brine at a flow rate of 0.040 ml/min, and d dash-dotted lines for DW

3.5 Volumetric Deformation During Creep

The creep stress was set to approximately 1.5 times yield stress. Since the yield stress was
determined by naked eye during loading, the actual creep stresses deviated from the 1.5
factor when the yield stress was determined systematically. A variation between a factor of
1.44 and 1.49 times yield stress was used (Table 4). The creep strains and creep strain rates
are shown in Figs. 5 and 6, respectively, for all four cores. The volumetric creep strain for
different wettability cores followed a similar trend during the stagnant fluid creep period
(black dotted lines in Fig. 5 and all dotted lines in Fig. 6). At the start of MgCl, flow at a
rate of 0.010 ml/min, we observe that the strain rate decreased for approximately 15 days
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before an acceleration phase is observed for all cores (red dashed lines in Fig. 5 and all
solid lines in Fig. 6). Further, the creep curves for the water wet core M2 and the mixed
wet core M3 were almost parallel (Fig. 5). These two had a saturation porosity before test
of 43.2% and 43.3%, respectively. The two other curves for the samples M1 and M4, with a
porosity of 42.2% and 42.1%, respectively, were also parallel. This indicates how porosity
can influence the mechanical properties and further that the chalk mechanical behaviour of
Mons chalk is independent of the presence of oil in the cores. After increasing the flow rate
four times to 0.040 ml/min in all cores, accelerated strain was observed for all cores after a
delay of 5-10 days (dark grey solid lines in Fig. 5 and dashed lines in Fig. 6).

Afterwards, the flow rate was reduced to 0.010 ml/min, which led to an immediate
reduction in strain rate for all cores. The strain rate for all cores dropped to the original
value obtained during the first flooding period at 0.010 ml/min.

Before demounting, all cores were flooded by DW to remove any salts. This led to a
sudden drop in the creep rate for all samples (orange solid lines in Fig. 5 and dash-dotted
lines in Fig. 6). Even though the exact creep rates differed, the response to any changes in
brine composition and flow rates was the same. The final volumetric creep strains at the
end of the tests for cores M1 to M4 are 10.9% (after 147.5 creep days), 10.6% (after 175.7
creep days), 13.3% (after 157.7 creep days) and 7.8% (after 141.8 creep days), respectively.

3.6 Effluent lon Concentration During MgCl, Brine Flow

Rock—fluid interactions change the ion concentration of the effluent brine. Effluents were
sampled two to three times per week during creep phase. The ion concentrations of the two
most important ions, calcium and magnesium, for the water wet (M1 and M2) and mixed
wet (M3 and M4) cores are shown in Fig. 7.

In all four plots in Fig. 7, the magnesium concentration decrease compared to the
injected concentration. This is a result of adsorption of magnesium ions on the mineral
surface and desorption of calcium ions, and precipitation of magnesium-bearing mineral
phases and dissolution of calcium carbonate (Madland et al. 2011; Nermoen et al. 2015;
Zimmermann et al. 2015; Minde et al. 2017, 2018a, b; Andersen et al. 2018; Sachdeva
et al. 2019).

From 15 days onwards when MgCl, brine flow started, a transient period in the cal-
cium production and magnesium retention is seen until around 30 days, after which
the production/retention stabilised. The retained magnesium concentration stabi-
lised at 0.190-0.195 mol/l for all four samples irrespective of the wettability and initial
saturations. The produced calcium concentration stabilised at 0.020-0.025 mol/l and
0.025-0.030 mol/I for water wet and mixed wet cores, respectively. Further, in Fig. 7b—d,
when MgCl, flooding rate was increased fourfold to 0.040 ml/min, the produced cal-
cium concentration decreased to around 0.020-0.022 mol/l, whereas it remained almost
unchanged (0.020-0.024 mol/) for the water wet sample M1 (Fig. 7a). The change in mag-
nesium concentration was found to be less sensitive to flow rate than for calcium, and the
flow rate sensitivity for magnesium ions was the same for water wet and mixed wet sam-
ples. When the flow rate decreased to 0.010 ml/min, the magnesium concentration also
decreased to around 0.180-0.185 mol/l for all four cores, and the calcium concentration
increased to around 0.025-0.030 mol/l and 0.033-0.038 mol/l for water wet and mixed wet
cores, respectively. Similar trends were seen for MgCl, flow through Kansas chalk (Sach-
deva et al. 2019).

@ Springer



Effect of Initial Wettability on Rock Mechanics and Oil Recovery:... 101

(a) (b)
025 ; 0% raar Y omgd,- ' mgal,- !
NaCl Mgl - 0.010 mi/min I MgCh- 1 Mgl 1y a Mgdl, -0.010 , Mec 8CL - py
(5tagnant) | 0040 1 0010 | (sfagnarf) mi/min 40:040 0010 ,
f T mifmin T mijmin . R . m/min | mi/min
< 020 | i | | < 020 | ST PR , ook
[} | 0°® 0 o | ] | fl I ¥
£ [ ¢ TR0 Ianan 0 a, £ | | | |
> | | | [a >
IS < | | | |
G 015 1o | \ \ S 015 . . . ;
= [N | | | ®
® ) | - | | |
0 J m
E ! O Magnesium ! ! ! c | ag.neslum ! | |
9 010 ‘o A Calcium ! ! ! 8 010 ! 4 Calcium ! ! !
g | ! | | | e | ——— Inj Mg conc ! ! t
S | Inj Mg conc | | | S | 1 ] ]
c 10 1 | | < 1 ' 1 |
2 005 -3 ! ! ! = 005 I ! ! !
I | | | e, | | ¢
:a AdmnasBA ABA z\A*;‘;L‘MD‘I. L‘-“M“‘“AIA B DASANMMNA AN MAL A é 0 »~«~«~,P -"3'—13—'%
000 dwe o . . Lon 000 basaids . :
0 30 60 90 120 150 0 30 60 %0 120 150 180
Time from loading, days Time from loading, days
(c) (d)
0% raat T Mgcl,- | Mgdl- | e " mgcl, 'Mcl
| MgCl, - 0.010 mi/min ¢ M-y MeCh- oy pw laC Mgl - 0.010 mi/min ) Medl; - Mgl - pw
(ftagnarf | 0040 , 0010 , tagnan]) ! 0.040 ' 0010
| | miminy mi/min ' | mi/min | ml/mmI
5 0% ! P9 0% ©00 o PRDED o c000d S 020 | R 1o |
o | ¥ i ¥ ] h \ Roonod
£ 1 1 | 1 € ' \ ' \
N ' | ' | N
§ o1s | | | | o : : : :
=1 | | ' ! =
I © | | | )
}- 1 1 1 I - ' ' ' '
3 ! Magnesium ! ! ! 2 ;
2 o010 | 8 1 1 ] o 0.10 1 Magnesium| 1 1 ]
I ! A Calcium | | ' H : A Calcium : : :
S
c ! —— Inj Mg conc ! ! ! ; ' e Inj Mg conc \ | |
B " 1 | 1 5 A
005 162 1 ' | = 005 : a2 : : |
a A ! ! A 2a AA AAA A %
o HANAANAA MDA DAAA A b 1"‘*—‘"‘*.”\*“ "L\? : AAA AAA MMM AN AA ““?h‘ h]‘: b
000 ﬁ L L . 000 o L L e
0 30 60 90 120 150 180 0 30 60 %0 120 150
Time from loading, days Time from loading, days

Fig.7 Samples flooded by 0.219 M MgCl, brine. Effluent ion concentrations of calcium and magnesium
and the injected magnesium concentration are shown for water wet cores a M1 and b M2, and mixed wet
cores ¢ M3 and d M4

During cleaning with DW, the calcium and magnesium concentrations fell to zero for all
cores, confirming that negligible interactions occurred.

The production rate of calcium and retention rate of magnesium, in units of gram per
day, were obtained from a product of the ion concentration change, molar weight and flow
rate (Fig. 8). The analysis was done from the core perspective; hence, magnesium retained
is positive and calcium produced is negative. For all cores, the rate of change of these two
ions was zero during bypassing of NaCl brine for the first 15 days as the flow rate through
the cores was zero. When MgCl, injection started through the cores at a rate of 0.010 ml/
min, a peak in the retention and production rates of magnesium and calcium is seen. The
magnesium retention rate stabilised around 0.010 g/day, whereas the calcium production
rate stabilised around 0.013-0.016 g/day after 15 days of flooding (molecular weights of
Ca”* and Mg?" are 40 g/mol and 24 g/mol, respectively). In all the effluent samples indi-
cated that the dry mass reduced during MgCl, flow.

When the flow rate increased four times to 0.040 ml/min, the retention rate of magne-
sium increased to 0.029-0.057 g/day and the calcium dissolution rate to 0.047-0.060 g/
day. Hence, an increase of 3 to 6 times in the magnesium retention rate and that of 3 to 4
times in calcium production rate were observed. When the flow rate reduced to 0.010 ml/
min, the magnesium retention and calcium production rates dropped to 0.013 g/day and
0.017-0.023 g/day, respectively. When DW was injected, the magnesium retention and cal-
cium production rates fell to zero. The sensitivity to flow rate in the gain of magnesium and
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Fig.8 Samples flooded by 0.219 M MgCl, brine. Rate of change of calcium and magnesium ions in the
core (g/day) is plotted as a function of time for 100% brine-saturated water wet cores a M1 and b M2, and
oil/brine-saturated mixed wet cores ¢ M3 and d M4

loss of calcium (from core perspective) was independent of the wettability and presence
of oil implying that sufficient water wet areas existed for the fluid to equilibrate within the
core.

3.7 Oil Production from the Mixed Wet Core (M4) During MgCl, Flow

Oil production as a function of time for the core M3 was omitted due to uncertainty in the
oil volume readings because of emulsification of the produced fluids. Hence, only meas-
urements for the M4 test are presented here (Table 5). The oil produced, due to MgCl,
flow and compaction, was measured in a gravity separator on the downstream side of the
experiment. Readings were recorded from digital photographs taken once every 6 h during
the first 30 days, followed by once every 24 h for the rest of the test period using a digital
camera.

The irreducible water saturations of M3 and M4 were estimated to be 33.7% and 36.4%
with initial oil in place of 22.5 ml and 21.0 ml before test started. For the M4 test, 0.3 ml
of oil was produced due to expansion of oil during temperature increase from ambient
to 130 °C. Figure 9a shows the oil with time together with the water volume estimated
from Eq. (13) where the bulk volume, solid volume and pore volume used are displayed
in Fig. 10, which also displays the porosity evolution with time. In Fig. 9b, the oil satura-
tion inside the core throughout the test from the start of hydrostatic loading using Eq. (14)
is plotted. Before loading, when the sample was mounted, the oil and water volumes were
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Table 5 Initial and final oil and water volumes in mixed wet cores M3 and M4 during MgCl, brine flow

Core M3 M4
Irreducible water volume before test 11.5 ml 12.0 ml
Irreducible water saturation S 33.7% 36.4%
Initial oil volume 22.5ml 21.0 ml
Total oil produced at the end of test N.A. 11.2 ml
Qil volume after test N.A. 9.8 ml
Oil saturation after test S, N.A. 41.4%
Pore volume before and after test 34.0 ml and 20.4 ml 33.0 ml and 23.7 ml
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Fig.9 Oil and water volumes with time in the mixed wet sample (M4). a Oil and water volumes from meas-
urements of oil volume (separator), bulk volume (compaction) and solid volume (IC effluent analysis), b
oil saturation in the core with time, and ¢ zoomed into oil and water volumes in the core from 14.8 to
18.3 days. Black dashed vertical lines depict the time when brine composition and/or flow rate changed

20.7 ml and 12.3 ml. 1.4 ml of oil was produced during hydrostatic loading to 1.5 times
yield, reducing the oil volume to 19.3 ml. During the no-flow period, 3.3 ml of oil was
produced due to compaction, which led the oil volume inside the core to further decrease
to 16.0 ml by the end of the 15th day, in all 4.7 ml oil was produced. During this time, the
bulk volume of the sample reduced from 78.4 ml before (Table 1) to 74.2 ml (Fig. 10c) at
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Fig. 10 a Pore volume, b solid volume, ¢ bulk volume and d porosity evolution with time for mixed wet
Mons core M4

15 days, i.e. a 4.2 ml reduction. Given that the solid volume is constant, the bulk volume
reduction equals the reduction in pore volume (AV, = AV,). This implies that oil is pri-
marily being produced during compaction, while the water is stagnant inside the core dur-
ing mechanical loading and creep with no flow.

When MgCl, injection started, a total of 4.8 ml of oil was produced in the first five days
(approximately 2.5 PVs flooded), followed by another 1.1 ml in the next 78 days while
flooding and compaction co-existed. After increasing the rate to 0.040 ml/min, only 0.2 ml
oil produced during the next 20 days, and another 0.1 ml oil produced after reducing it to
0.010 ml/min. At the end of the MgCl, injection phase the oil volume in the core reduced
to 9.8 ml. Figure 9c displays a zoomed version of the oil and water volumes in the core at
the start of MgCl, injection phase after the no-flow period. The bulk volume changed dur-
ing compaction (see Eq. 9), and the solid volume changed due to non-equilibrium flow (see
Eq. 10).

The increase in MgCl, flow rate to 0.04 ml/min on the 98th day did not lead to any
significant additional oil production. At the same time, as presented in Fig. 8, the calcium
dissolution and magnesium retention rates (in g/day) increased by a factor of 3 to 6. This
did not affect the oil recovery rate. Further on, though pore volume decreased with time
because of compaction, only water was expelled from the core. Consequently, the oil satu-
ration increased from 90 days and onwards (Fig. 9b).
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Fig. 11 Chromatographic separation tests performed on water wet cores a M1 and b M2, and mixed wet
cores ¢ M3 and d M4 at ambient temperature after mechanical tests. The plots show reduced ion concentra-
tions of the thiocyanate and sulphate ions for SW1T brine plotted as a function of PVs injected

Table 6 Integrated areas between thiocyanate and sulphate curves estimated using chromatographic separa-
tion tests performed on all samples after mechanical tests

Core  Initial wetting state  Estimated area between Integrated sulphate—tracer area Total MgCl,
sulphate and tracer (PV)  per gram core (X 1073 PV/g) flooded (1)

M1 Water wet 0.238 1.84 2.96
M2 0.294 2.45 3.51
M3 Mixed wet 0.202 1.69 3.26
M4 0.170 1.39 2.61

For comparison, water wet cores had an integrated area of 1.41 to 1.59x 107 x10~3 PV/g and the mixed
wet cores had an area of 0.88 to 0.98 x 107> PV/g in the wettability determination programme (Table 3)

3.8 Chromatographic Separation Test After Mechanical Test

Chromatographic separation for wettability determination was performed on all four
cores after the mechanical tests completed, but before the samples were dismantled
from the triaxial cell. The thiocyanate and sulphate concentrations versus PVs of SW1T
flooded are shown in Fig. 11a—d. The integrated areas between thiocyanate and sulphate
curves for all samples are given in Table 6.

@ Springer



106 J.S. Sachdeva et al.

All cores showed an increase in the integrated areas compared to the areas obtained in
the wettability determination programme (Table 3). It is observed that the available water
wet area increases with an increasing number of PVs of MgCl, brine flooded through the
cores. From Table 6, the amount of MgCl, flooded through water wet sample M2 (3.51 1)
is more than that flooded through sample M1 (2.96 1). The corresponding available water
wet area after the mechanical test is also higher for the M2 sample (2.45x 1073 PV/g) com-
pared to the M1 sample (1.84 x 1072 PV/g) (Table 6). The same dependencies are also seen
for the mixed wet samples, where more MgCl, brine through sample M3 (3.26 1) gave a
higher water wet area after the triaxial test (1.69x 10~ PV/g) compared to the sample M4
(1.39x 1073 PV/g) flooded by 2.61 1. Dissolution and precipitation processes change the
amount of available mineral surfaces in contact with water and are the main factors at play
in both the water wet and mixed wet samples.

3.9 Analysis of Core After Test

Basic measurements on all four cores after the mechanical tests are reported in Table 7.
The dry mass reduced by 1.3 to 2.1 g for all samples, while the solid density increased
by 0.02-0.04 g/cm®, thereby reducing solid volume by 0.8 to 1.4 ml. The samples com-
pacted so bulk volume reduced by 8.2 to 12.7 ml. Thus, the pore volume reduced by 9.3 to
13.6 ml.

The tested samples were cut into six sections of almost equal lengths with sections
numbered from the inlet (Fig. 12). The specific surface area along the sample sections and
untested end pieces is reported in Table 8.

The SSA of water wet cores M1 and M2 increased from the inlet to the middle
and then decreased towards the outlet. Specific surface areas of sections 1 of Ml
and M2 were 2.18 m*/g and 2.40 m?/g compared to 2.13 m?/g and 2.05 m%/g for the

Table 7 Basic properties of cores measured after tests

Core M1 M2 M3 M4
Length (mm) 70.2 66.0 66.1 66.9
Average diameter (mm) 36.2 36.3 35.6 35.8
New dry mass (AM,) (g) 128.1 118.3 117.6 120.3
(-1.3) (- 1.6) (=2.1) =17
Saturated mass (g) 152.8 142.7 138.0 144.0
New bulk volume (AV,) (cm?) 71.7 68.2 65.9 70.2
(-11.2) (-10.4) (-12.7) (-8.2)
New pore volume (AVP) (cm®) 24.7 24.4 20.4 23.7
(-=10.3) (=9.5) (—=13.6) (=9.3)
New porosity (%) 344 35.8 31.0 33.8
(-17.8) (=74 (—=12.3) (-8.3)
New solid density (Ap;) (g/cm3) (pycnometry) 2.72 (0.02) 2.71 (0.04) 2.71 (0.04) 2.71 (0.03)
New solid volume (AV,) (cm®) (pycnometry) 47.1 437 43.4 44.4
(-0.8) (-1.2) (=14 (-1.1)
Ratio of volumetric to axial strain (X) 3.87 3.12 3.99 3.84
Test time (days) 147.9 176.0 158.1 142.2

Changes compared to the corresponding initial values are given in parenthesis
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Table 8 Specific surface area measurements of unflooded core material from both sides of the core, and for
sections along the length of the cores M1 to M4 after tests

Core M1 M2 M3 M4
Core section Water wet Mixed wet
SSA, m?/g SSA, m%/g SSA, m%/g SSA, m%/g

Outlet end piece (unflooded) 1.82 1.98 2.11 1.96
6 2.33 2.26 2.20 2.02
5 247 243 2.14 2.08
4 2.45 2.49 2.39 2.44
3 2.45 2.46 2.55 2.45
2 247 2.49 3.05 2.82
1 2.18 2.40 3.35 3.02
Inlet end piece (unflooded) 2.13 2.05 2.22 2.17

unflooded end pieces. They increased to 2.45 m?/g and 2.49 m?/g at the middle and
then decreased to 2.33 m?/g and 2.26 m?/g at the outlet for M1 and M2, respectively.
Mixed wet cores M3 and M4 showed a large increase in the SSA of the inlet sections
(3.35 m?%/g and 3.02 m%/g, respectively, compared to 2.22 m*/g and 2.17 m?/g for the
unflooded end pieces), followed by a gradual decrease from the inlet to the outlet of
the flooded samples. The SSA decreased to 2.20 m?/g and 2.02 m?/g at the outlet for
M3 and M4, respectively.

4 Discussion

The effect of wettability on stiffness, strength and time-dependent deformation of
Mons chalk is documented in this study, and then the results are compared to the Kan-
sas chalk reported in Sachdeva et al. (2019). The key premise is perturbing the experi-
mental conditions (ageing time, ageing temperature, oil composition, brine composi-
tion, etc.) to alter the forces at particle level that integrate to the overall core scale
geomechanical properties.
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4.1 Wettability Alteration

In the wettability determination programme, chromatographic separation was performed
on three mixed wet and three reference water wet Mons chalk samples. Based on these
measurements, we assume the wettability index of the mixed wet samples in the triaxial
test programme to be 0.63 +0.07 (Table 3). Two aged wettability-altered and two water
wet samples were loaded hydrostatically and kept at 1.5 times yield stress over time, and
later flooded by MgCl, brine at varying rate.

4.2 Impact of Wettability on Elastic Stiffness and Plastic Strength

Beyond the experimental uncertainty, the geomechanical properties of stiffness and
yield strength showed insignificant differences for water wet and mixed wet Mons sam-
ples. This is contrary to the Kansas samples reported in Sachdeva et al. (2019) where
mixed wet samples were systematically stronger and stiffer than water wet samples. The
initial soft behaviour at low stresses, i.e. the initial large strains of the water wet Mons
samples, can be caused by closure of micro-cracks and fractures formed due to the sam-
ple handling. Further experiments are required to identify if the mechanical parameters
for Mons samples can be altered by ageing, e.g. with a more acidic oil, higher ageing
temperature/time, or by lowering S, even more before oil is injected.

4.3 Oil Adsorption Impact Particle-Particle Contact Forces

The thickness of the charged diffusive layer on calcite surfaces is characterised by the
Debye length (Lyklema 2005; Megawati et al. 2013; Voake et al. 2019) that increases
with increasing temperature (Andreassen and Fabricius 2010). A thickening of the layer
(Debye length) increases the repulsive area between particles causing further weaken-
ing of water-saturated samples. Voake et al. (2019) further reported a Debye length of
around 200 nm at 130 °C using the Debye—Hiickel theory.

The force between particles in the presence of water is dictated by the sum of attrac-
tive van der Waals forces and repulsive electrostatic forces from the overlapping dif-
fusive layer (Nermoen et al. 2018). When oil replaces water on surface areas where the
double layers would otherwise interact (regions with electrostatic repulsion), the dis-
joining pressure would reduce and the overall force balance between particles would
change. When the normal force between two grains increase (in the case of oil adsorp-
tion), it becomes harder for particles to re-organise. This seems to have occurred in
Kansas (Sachdeva et al. 2019), which has a Biot coefficient of 0.91 (Voake et al. 2019)
and smaller pore size (characterised by the lower relaxation time 7, estimated from the
NMR studies, Voake et al. 2019) than Mons with a Biot coefficient of 0.95 (Fig. 13a and
Table 9 in “Appendix”). If oil adsorbs on mineral surfaces but not on nearby particle
contacts, the geomechanical parameters would remain unaffected. This seems to have
occurred in Mons (Fig. 13b).

With the same oil, brine composition and ageing temperature as here, Sachdeva et al.
(2018) reported that Kansas chalk remains water wet if the ageing time is less than 6 days,
and ageing for 21 days was enough to obtain a stable wettability. It remains to be tested
how mechanical parameters changed for the same oil/water saturation for unaged samples.
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(a) KANSAS CHALK

(b) MONS CHALK

[: Grains Attraction Repulsion
Water (pores)

Fig. 13 Partitioning of oil and water in pores for a Kansas and b Mons chalks. Attractive van der Waals and
repulsive electrostatic forces present between calcite grains are also shown. Mons chalk has larger pore size
and Biot coefficient compared to Kansas chalk (Voake et al. 2019)

If ageing conditions were modified, the Mons chalk may become more mixed/oil wet,
thereby affecting stiffness and strength differently than in this study.

4.4 Impact of Wettability on Creep Behaviour During MgCl, Injection

The volumetric creep strain at constant creep stresses (in Table 4) followed a compara-
ble trend for all samples throughout the creep period (Fig. 5). The injection of MgCl,
brine induced chemical reactions leading to additional creep rates (Nermoen et al. 2015).
When MgCl, brine was injected at 0.010 ml/min, the strain rate curve continued to fol-
low a decreasing trend for around 15 days, after which it stayed constant (Fig. 6). This has
also been seen for other clean chalks, e.g. Mons and Stevns Klint (Andersen et al. 2018).
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All cores showed an accelerated strain when the flow rate was increased to 0.040 ml/min
(Fig. 5), the strain rate increased by a factor of 3 to 8, and the calcium production and
magnesium retention increased by a factor 3 to 6 (Fig. 8). These results show how chemical
reactions drive solid volume changes (reduce solid mass and increase mineral density), and
how this behaviour links to bulk creep strain rate, also seen in Nermoen et al. (2016) and
Andersen et al. (2018).

During DW flooding, the strain rate dropped down to zero instantly depicting that the
electrostatic repulsion between neighbouring particles, when the pores are saturated by
salty brines, vanishes. It is important to notice that both the chemical reaction dynamics
observed by IC analysis and the sensitivity of the creep rate to the chemical reactions are
independent of the oil/water saturation and the initial wetness. This is interpreted to be
caused by a shift in the overall force balance between particles, occurring in all samples,
where the particle—particle dynamics are controlled by the attractive van der Waals forces
and a varying electrostatic repulsion. When the electrostatic repulsion is reduced, the parti-
cle—particle friction overcomes the local shear stresses, thereby halting the re-organisation.

4.5 Calcite-NaCl Brine Interactions During Hydrostatic Loading and Creep

When NaCl brine was injected into Liege chalk, dissolution of calcite was observed
(Madland et al. 2011). In our case, the samples were only saturated by NaCl, and not
flooded, and as shown in Fig. 7 the concentration of calcium produced was in the range
0.001-0.003 mol/l. This means that around 0.0001 mol (0.01 g) of calcite dissolved from
a 100% NaCl brine-saturated core (with a PV of approximately 34 ml), which amounted
to approximately 0.01% in mass compared to the initial dry mass of the samples (approxi-
mately 125 g). This percentage would be even less for the mixed wet samples due to the
initial irreducible water saturation ranging from 31 to 38%. Therefore, the NaCl brine—rock
interactions can be neglected.

4.6 Adsorption/Desorption Dynamics on the Calcite Surfaces

The calcite mineral surface possesses positively charged Ca** and negatively charged
CO,~ surface sites (Stipp 1999) that lead to the adsorption of positive and negative ions
from the pore fluid. When the pore fluid composition is changed, a new surface-equilib-
rium between the mineral surface and the ion concentration of the pore is established. The
desorption and adsorption dynamics occur typically within the first PVs injected, depend-
ent upon the ion concentration of the injected brine. When MgCl, brine was injected
through all cores, a plateau in the concentration of the produced effluent was established
after approximately 15 days (from 16th day till around 30th day, i.e. approximately 6.5 PVs
injected, Fig. 7), after which the magnesium and calcium concentrations are dominated by
dissolution and precipitation processes.

4.7 Interactions of Calcite with DW During Sample Cleaning
The solubility of calcite in DW at 25 °C is 0.013 g/l which decreases with increase in

temperature (Coto et al. 2012). If the PV is 34 ml, 0.00044 g of calcite could dissolve per
PV during DW flow at 25 °C. In this study, four PVs of DW were flooded for cleaning at
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130 °C. Therefore, the dissolved calcite would be less than 0.0018 g, i.e. less than 0.0015%
of the initial dry mass (approximately 125 g). Hence, any calcite dissolved during DW
flooding can be neglected, as is also shown in the effluent analysis (Figs. 7, 8).

4.8 Chemical Alterations Along the Axis of the Core

The non-homogeneous chemical replacement dynamics are observed in the specific surface
area measurements (Table 8). The SSA of water wet cores increases towards the middle of
the core and then decreases towards the outlet, whereas the SSA of the mixed wet cores
decreases towards the outlet with the highest value observed at the inlet of the samples.
Andersen et al. (2018) demonstrated that the SSA of the water wet Mons chalk decreased
from the inlet to the outlet. The non-homogenous chemical replacement dynamics were
also observed in the SSA measurements of Kansas cores as reported in Sachdeva et al.
(2019), where the change in SSA was non-uniform through the core. The trends obtained
in Kansas cores were not clear, except that the SSA increased from the inlet towards the
middle of the samples, indicative of how the dissolution/precipitation rates combine with
the flow rate to develop a spatial pattern.

4.9 Dynamic Bulk, Solid and Pore Volume Measurements

Figure 10 shows how MgCl, flow rate affects the different volumes with time. Solid vol-
ume decreases due to dissolution of calcite and precipitation of secondary ‘smaller’ magne-
sium-bearing minerals. Pore volume decreases due to compaction by grain reorganisation;
however, pore volume is not reduced that much as an effect of the non-equilibrium flow
due to the fact that solid volume is also reduced. The rate at which solid volume changes
is larger when the injection rate of MgCl, is higher (0.040 ml/min). There is also a time
lag of around 5 days (similar to shown in Andersen et al. 2018) in the bulk volume evolu-
tion when the flow rate of MgCl, is increased from 0.010 to 0.040 ml/min. This transient
period in Fig. 10 (also observed in Fig. 5 at the start of MgCl, flooding at a higher rate of
0.040 ml/min) shows the delayed weakening during reactive flow of MgCl,, i.e. a delay
in the accelerated strain by increased pore collapse rate at constant stress and temperature
conditions. We interpret that the rock framework (acting as force chains) can withstand the
chemical reactions for some time. These force chains are dependent upon stresses focus-
sing the dissolution to the load bearing parts (which in our case is the solid framework
or the grain—grain contacts following the force chains) of the material, and thus a delayed
failure occurs. After this transient period, the bulk volume decreases at an accelerated rate.
During the flooding of DW before demounting, no change in the pore volume, solid vol-
ume and bulk volume is observed.

4,10 Comparing the Observed Mechanical Response with Kansas Chalk
Both Kansas and Mons chalks are from Cretaceous age. Mons chalk has > 99 wt% calcite

content, whereas Kansas chalk has around 95-97 wt% calcite content. Kansas chalk has
gone through a higher degree of diagenesis (Finn and Johnson 2005) than the Mons chalk
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(Pirson et al. 2008). Previous XRD analyses of the clay fraction (<2 pm) from these two
chalk types have shown differences in their mineralogical assemblage, indicative of differ-
ent diagenetic conditions (Bertolino et al. 2013; Andersen et al. 2018).

The mechanical parameters of Mons chalk obtained in this study are compared to those
obtained from Kansas chalk reported by Sachdeva et al. (2019). These chalks differ in their
wettability values even though the ageing procedure was the same. The wettability for the
mixed wet Kansas chalk was reported to be 0.55+0.05, whereas mixed wet Mons chalk
gave the wetting indices of 0.63 +0.07 (Table 3). During loading with stagnant and inert
fluids inside the pores, the behaviour observed for Mons differs from Kansas chalk, where
a clear difference in both stiffness and strength in response to wettability alteration between
the mixed wet samples and water wet samples was seen (Sachdeva et al. 2019).

During time-dependent creep, water wet and mixed wet Kansas chalks gave a similar
creep trend irrespective of the presence of oil (Sachdeva et al. 2019). Similarly, comparable
trends were observed for Mons chalk. Strain rates reduced for all Mons cores at the start
of MgCl, flood (Fig. 6). It was followed by an increase in strain rates for all cores after
approximately 15 days of MgCl, injection. In all tests, strain rates increased even more
as flow rate was increased fourfold, followed by a reduction when flow rate was reduced
again. The strain rates dropped to zero for all cores during DW injection. The creep slopes
were not the same for all cores; however, their response to changes in brine composition
and flow rates was the same. Similar observations were documented for Kansas chalk cores
(Sachdeva et al. 2019).

4.11 Oil Production During Compaction and Flow

During hydrostatic loading and no-flow creep period (up to 15th day), 4.7 ml oil was pro-
duced from mixed wet Mons M4 core. Hence, deformation contributed to 43% of the total
oil recovered after the initial thermal expansion. This value is comparable to the bulk vol-
ume loss of the sample (i.e. AV, = AV, = AV;). Given that the water was not mobilised,
it implies that oil was the mobile phase during compaction. After the first 15 days of creep,
MgCl, was injected. In this phase, all the oil was produced during the initial 2-3 PVs, and
thereafter despite the ongoing chemical reactions and compaction negligible oil volume
was produced from the core. This shows that the non-equilibrium rock—fluid interactions
between the calcite surface and MgCl, brine did not contribute to any tail-end recovery
after the initial viscous displacement. The observed oil production was compared to the
chromatographic separation tests after mechanical tests. It was deduced that the observed
increase in the integrated area of the mixed wet samples is related to the creation of new
mineral phases due to precipitation rather than the mobilisation of oil volumes wetting the
mineral phases.

On the other hand, no oil was produced during the loading and the creep phase due
to compaction for Kansas chalk. Further, no oil was recovered during MgCl, injection
through mixed wet Kansas chalk after the initial displacement (Sachdeva et al. 2019). The
recovery of oil from Mons chalk due to compaction is likely due to the fact that it is more
water wet (W, of 0.63+0.07, Table 3) to start with compared to the mixed wet Kansas
chalk (W, of 0.55+0.05). Mixed wet Mons M4 core also has a larger volumetric strain
during loading and creep in the stagnant phase compared to the Kansas mixed wet cores,
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which may also have resulted in oil production from Mons chalk. Kansas chalk also has a
smaller pore size than Mons (Voake et al. 2019), and due to the capillary forces, they need
the extra flow energy from the injection brine to produce oil. However, it remains to be
tested how compaction-driven multiphase flow and geomechanical properties are changed
for unaged oil/water-saturated Kansas and Mons chalk samples.

4.12 Summary of the Discussion

The water wet and mixed wet Mons samples showed insignificant differences in stiffness
and yield strength measurements, whereas the mixed wet Kansas samples were stiffer
and stronger than their water wet counterparts. During creep with a stagnant phase and
a following MgCl, brine injection phase, both Mons and Kansas chalks showed similar
response to changes in brine compositions and flow rates irrespective of the initial wet-
tability and oil/water saturations. Even though MgCl, brine led to time-dependent weak-
ening, i.e. increased strain rates, it did not lead to any additional oil recovery at the tested
flow rates. This may be due to: (a) even though a change in the wetting state is observed
for mixed wet Mons cores M3 and M4, MgCl, brine was not able to mobilise the oil stuck
on the walls, meaning the new surfaces formed due to precipitation of magnesium-bearing
minerals were all in contact with the water phase, and/or (b) pressure difference across the
oil ganglia is insufficient to overcome capillary forces (also discussed in Sachdeva et al.
2019). Hence, the combined observations from Kansas chalk (in Sachdeva et al. 2019)
showed that neither compaction nor non-equilibrium flow contribute to oil production after
the initial displacement. On the other hand, Mons chalk showed that compaction contrib-
utes to oil production up to a certain extent, but non-equilibrium flow does not. It will be
important to study, in the future, the effect of increasing the flow rate even more to study
the potentiality of MgCl, brine to improve oil recovery at higher rates.

5 Conclusions

We have investigated how MgCl, brine injection through hydrostatically stressed Mons
chalk impacts (a) stiffness and strength, (b) time-dependent deformation at constant
stresses and (c) oil production. All samples were loaded to a stress level of 1.5 times the
compaction yield strength. The experiments were performed on both water wet and mixed
wet samples. We compared the observed mechanical response to a similar test series con-
ducted on a different chalk type (Kansas) to display how petrophysical differences impact
the overall dynamics.

The water wet and wettability-altered Mons samples had a similar strength and stiffness,
while the wettability-altered Kansas samples were stiffer and stronger than their water wet
counterparts.

The volumetric creep strain and strain rates for the different wettability cores followed
a comparable trend during the stagnant fluid period. The creep response to the injection
of MgCl, brine was also the same, irrespective of the wettability and oil/water satura-
tion. These observations were found for both Kansas and Mons chalks. The results seem
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to indicate that the presence of oil in pores does not prevent brines to access intergranular
contacts, i.e. the water weakening by MgCl, injection prevails.

Further, IC analysis displayed that the chemical reactions were insensitive to oil in the
samples implying that the injected brine can interact with the mineral surfaces. The chemi-
cal replacement observed by ion chromatography was insensitive to the presence of oil
in the pores, so the outcome from experiments performed on water wet samples can be
applied to actual oil reservoir scenarios.

The oil production with time measurements due to compaction in Mons chalk showed
a 43% additional oil recovery before the start of reactive brine flooding, whereas no addi-
tional oil recovery was seen during this stage in Kansas chalk. After the initial oil was
produced during the first 2-3 PVs of MgCl, injection, neither compaction nor chemical
interactions through both the Kansas and Mons chalks led to additional oil recovery.
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Appendix

The main differences between Kansas and Mons chalk types used to discuss the results are
reported in Table 9.

Table 9 Differences between Kansas and Mons chalk types

Kansas Mons
Carbonate content, % 95-97 >99
Initial wettability index (Sachdeva et al. 2019) 0.55+0.05 0.63+0.07
Biot coefficient (Voake et al. 2019) 0.91 0.95
Initial porosity, % (Sachdeva et al. 2019) 35-38 42-44
Initial water saturation, % (Sachdeva et al. 2019) 26-29 31-38
Relaxation time 7, from NMR studies, ms (Voake et al. 2019) 15-80 35-200
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