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Abstract: The mechanical strength, porosity and permeability of chalk are affected by chemical
and mineralogical changes induced by fluids that are chemically out of equilibrium with the host
rock. Here, two high-porosity Upper Cretaceous chalk cores from Liege were tested at effective
stresses beyond yield at 130°C during flooding with MgCl, and NaCl brines. Core L1 (flooded
by MgCl, brine) deformed more than L2 (flooded with NaCl brine), with volumetric strains of
9.4% and 5.1%, respectively. The porosity losses estimated from strain measurements alone
are 5.82% for L1 and 3.01% for L2. However, this approach does not account for dissolution
and precipitation reactions. Porosity calculations that are based on strain measurements in
combination with (i) the weight difference between saturated and dry cores and (ii) the solid
density measurement before and after flooding show an average porosity reduction of 3.69%
between the two methods for L1. This discrepancy was not observed for core L2 (with the NaCl
brine). The rock and effluent chemistry show that Ca®* dissolved and Mg>" is retained within
the core for the L1 experiment. Therefore, accurate porosity calculations in chalk cores that are
flooded by non-equilibrium brines (e.g. MgCl,) require both the volumetric strain and chemical

alteration to be considered.

Chalk strength, which is associated with the elastic
moduli, the onset of yield and the rates of defor-
mation, has been the focus of several research com-
munities since the 1980s, when the subsidence in
the Ekofisk field (Norwegian North Sea) was dis-
covered (Wiborg & Jewhurst 1986). Seawater
injection was initiated in 1987 to improve the oil
production and to stop or reduce subsidence. Oil
production improved significantly, but reservoir
compaction in the water-saturated regions contin-
ued, in contrast to the regions with no water break-
through. This observation indicates the existence of
a water weakening effect on the chalk’s mechanical
properties. Numerous studies have since been initi-
ated to improve the understanding of: (i) the relation
between the pore fluid composition and mechanical
properties (Newman 1983; Madland 2005; Korsnes
et al. 20064, b); (ii) the effect of mechanical strength

as temperature decreases during injection (Korsnes
et al. 2008; Madland et al. 2008); and (iii) the
relation between the changed brine chemistry and
deformation rates under constant stress conditions
(e.g. Hellmann e al. 2002; Korsnes 2007; Madland
et al. 2011; Nermoen et al. 2015).

During the continuous injection of brines such as
synthetic seawater (SSW) that are not in chemical
equilibrium with the host rock, equilibrium calcula-
tions at the pressures and temperatures relevant to
some reservoirs indicate that the brines are supersat-
urated in terms of Mg”", leading to the precipitation
of new mineral phases (Hiorth et al. 2008). Conse-
quently, the fluids become undersaturated in other
elements such that additional secondary dissolution
is triggered (Madland ez al. 2011). In contrast, chalk
flooding experiments with simpler brines, such as
MgCl,, which are not in equilibrium with the host
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rock, show that the dissolution of minerals may lead
to the precipitation of Mg-bearing carbonate miner-
als (Madland et al. 2013).

The chalk reservoir at Ekofisk field (North Sea)
is currently undergoing compaction during seawater
injection, despite the reduction in effective stress.
An increase in pore pressure will usually reduce or
even stop compaction when no chemical interaction
between the rock and brine is taking place. Reser-
voir compaction by pore volume reduction is an
important driving mechanism that forces pore fluids
towards the production wells. At the same time, the
reduction in pore volume changes the flow proper-
ties (i.e. by reducing the permeability) of the reser-
voir. To support qualified reservoir management
decisions and EOR implementation it is therefore
important to have accurate estimates of the pore
space evolution during fluid injection.

The objective of this article is to show that the
non-equilibrium nature of the rock—fluid interface
induces mineralogical changes and to demonstrate
how those mineralogical changes affect the mechan-
ical properties of the rock. These results lead to a
more accurate way of estimating porosity compared
with using bulk volumetric strain alone. This ap-
proach is necessary because significant changes in
the mass and density, and hence, the solid volume,
occur during the injection of fluids that are chemi-
cally out of equilibrium with the host chalk rocks.
This effect also may also be relevant for other reser-
voir rock types where chemo-mechanical interac-
tions occur.

Methods and experimental procedures
Core material and flooding fluids

Large sample blocks were taken from the quarry
close to Hallembaye (Cimenterie Belge Reunié
(CBR) Lixhe quarry; Slimani 2001) which is situ-
ated in the Liege region (Belgium) at 50°44’
51.16”"N and 05°38'52.17”E. The petrology, miner-
alogical and rheological characteristics of the chalk
have been studied in detail (Felder 1975; Molenaar
& Zijlstra 1997; Slimani 2001; Strand et al. 2007;
Hjuler & Fabricius 2009). The porosity varies

between 40% and 45% and the chalk is composed
of ¢. 97% carbonate minerals.

In this study, 0.219 M MgCl, and 0.657 M NaCl
were used as the injection fluids (Table 1).

Experimental preparation and
procedure

Two samples were drilled from a large chalk block
and machined into cylindrical shapes with initial
diameters of 37.05 and 38.15 mm and lengths of
68.88 and 72.65 mm for tests L1 and L2, respec-
tively. Because both cores have a length to diameter
ratio that is close to two their strengths should
be insensitive to differences in their diameters
(Fjer et al. 2008). After preparation, both cores
were dried for 12 h in a heating chamber at 100°C
to remove more than 99% of the water in the core
before the dry mass was determined. The calcite cry-
stals are unaffected by the drying conditions. Then
the cores were evacuated by vacuum before being
saturated with distilled water and weighed to obtain
the saturated mass. The difference between the sat-
urated and dry masses is attributed to the mass of the
pore water, which is then used to estimate the pore
volume fraction (i.e. porosity). The same experi-
mental procedure was used on both cores. The
saturated cores were mounted into two identical tri-
axial cells (see Fig. 1 for a description of the set-up).
The cells were equipped with a heating jacket and
a regulating system (Omron ESCN) with precise
proportional integral derivative (PID) temperature
control (£+0.1°C). Three Gilson (model 307 HPLC)
pressure pumps were connected to each triaxial
cell enabling the independent control of the piston
pressure, the confining pressure (radial stress) and
the injected flow rate (i.e. pumps 1-3 in Fig. 1).
The confining pressure balances the piston such
that the axial stress has to be calculated from the
confining pressure plus the piston pressure, (see
equation 1 in Nermoen et al. 2015). A back-pressure
regulator was placed downstream of the core to con-
trol the pore pressure and allow for continuous sam-
pling of the effluent fluids. To isolate the cores from
the confining oil, a heat shrinkage sleeve (1-1/2"
FEP with a diameter of 33—43 mm and a wall thick-
ness of 0.5 mm) was installed between the core and

Table 1. Injected brine composition for tests L1 and L2, flow rate and test duration

Test Flow rate Test duration Cl™ Mg**+ Na™t Ion strength TDS
(ml min™ ") (days) @moll1™"  (moll™") (moll™")  (@moll=h)  (g17h

L1 0.022 65 0.438 0.219 0 0.657 20.84

L2 0.025 90 0.657 0 0.657 0.657 38.40

TDS, total dissolved solids.
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Fig. 1. The triaxial cell used in the flooding tests. Three pumps (the piston, confining and flooding pumps) were
connected to the cell. The flooding cell contained DW (upper chamber) and MgCl,/NaCl (lower chamber). During
the flooding period the cell was refilled as soon as the fluid ran out. This whole set-up was connected to the
computer and complete data, including the confining, pore and piston pressures, flooding rate and time, were

logged automatically.

the confining oil. After core mounting, the confining
pressure was increased to 0.5 MPa. Thereafter the
experiments were conducted according to the fol-
lowing stages:

(1) The samples were flooded with three pore vol-
umes (PVs) of distilled water (DW) overnight
at ambient temperature to remove any salt pre-
cipitates that could affect the flooding test.
This flooding procedure does not significantly
alter the geochemical measurements of the
non-salt minerals in the core.

(2) Flooding was then switched to an MgCl, brine
for L1 and an NaCl brine for L2, by attaching
the piston cell into the flow loop (see Fig. 1).
The ion compositions of the injected brines
are shown in Table 1. Throughout the rest of
the test, the flow rate was set to one initial
PV per day, which corresponds to 0.022 and
0.025 ml min~" for L1 and L2, respectively
(Table 1).

(3) The confining pressure and pore pressure were
increased to 1.2 and 0.7 MPa, respectively,
before the temperature was raised to 130°C.
The pore pressure and temperature were sub-
sequently kept constant throughout the test.

(4) The confining pressure was increased from
1.2 MPa by injecting hydraulic oil into the
confining chamber at a constant flow rate
using pump 2. During pressurization the piston
pressure was set to 0.5 MPa to slightly exceed
friction of the piston (0.3—0.4 MPa). This

increased the axial stress to a value of 0.1—
0.2 MPa above the radial stress. Because the
additional axial stress is small compared
with the radial stress, the stress condition can
be considered near-hydrostatic. The axial
strain was measured by an external axial linear
variable displacement transducer (LVDT)
placed on top of the piston to monitor the sam-
ple length with time. The stress—strain behav-
iour was monitored as the confining pressure
was increased (see Fig. 2). When the rock
began to deform plastically (Fig. 3), i.e. when
the stress—strain behaviour became non-linear,
the stress at the onset of yield was noted (7.5
and 8.5 MPa for L1 and L2, respectively).
The targets for the confining pressure were
selected to be 2 MPa above the yield stress,
i.e. 9.5 and 10.5 MPa for cores L1 and L2.

(5) The axial deformation at constant tempera-
ture, stress and pressure conditions (termed
creep) was monitored for 65 and 90 days dur-
ing continuous flooding with MgCl, and NaCl
brines for tests L1 and L2, respectively. The
creep magnitude through time is shown in
Figure 3. The pore pressure and confining
pressure varied within 0.1 MPa such that the
effective stresses were stable throughout the
test period.

The pore pressure, hydraulic pressure difference,
confining pressure, piston pressure, sample length
(axial strain) and flooding time were logged
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Fig. 2. Axial stress v. axial strain for the L1 and L2 cores flooded with MgCl, and NaCl, respectively, at 130°C.
Note that L2 has higher yield point (8.5 MPa) than the core L1 (7.5 MPa).

continuously via a LabView programme. Before
dismantling the core, the sample was cleaned by
injecting three PVs of distilled water to avoid the
precipitation of salts from the MgCl, and NaCl
brines during drying. The saturated weight was mea-
sured immediately after the cell was dismantled.
The core was then placed in the drying cabinet at
100°C and weighed several times until the mass
stayed constant. Both experiments have been per-
formed in the same way so the brine dependent
behaviour can be identified. The basic core proper-
ties before and after flooding are presented in
Table 2. Then the cores were cut into seven slices

4.0

using a Struers Discotom-5 cutting machine. The
slices were labelled FL1-1 to FL1-7 for flooded L1
and FL2-1 to FL2-7 for flooded L2 along the core
axis from the inlet to the outlet (see Fig. 4 for the
sectioning scheme). The slices were used for geo-
chemical analyses of the rock to identify the miner-
alogical changes along the core.

lon chromatography

During the experiment, the effluents of the samples
were collected for chemical comparison between
the produced and injected water. The ionic
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Fig. 3. Axial creep strain v. creep time for L1 and L2 under different creep stress at 130°C. The different creep
stresses for L1 and L2 are 9.5 and 10.5 MPa respectively. Note that the L1 test accumulates more creep strain over

65 days than the L2 test, which was flooded for 90 days.
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Table 2. Basic core measurements before and after the tests performed at 130°C for L1 and L2, respectively

Initial core values

Test Length Diameter Dry Saturated Bulk Solid Pore volume  Porosity Density Mineral Solid volume
(mm) (mm) mass mass volume volume (saturation) (saturation) (pycnometry) density (pycnometry)
(2) (2) (cm®)  (saturation) (cm®) (%) (g cm %) (saturation) (cm®)
(cm’) (gem™)
L1 (MgCl, at 9.5 Mpa)  68.88 37.05 112.38 144.65 74.26 41.99 32.27 43.45 2.68 2.68 41.93
L2 (NaCl at 10.5 Mpa)  72.65 38.15  126.05 162.12 83.05 46.98 36.07 43.43 2.69 2.68 46.86

Flooded core material after the test

Test (three  Vol. Dry  Saturated Bulk volume Density Solid volume  Pore volume  Solid volume Porosity Porosity Porosity
sets of strain  mass mass (truncated wedge) (pycnometry) (saturation) (saturation) (pycnometry) (method 1) (method 2) (method 3)
FL1) (%) () (2 (em’) (gem™) (cm’) (cm’) (em?) (%) (%) (%)
FL1 94 11028 137.38 67.27 2.70 40.17 27.10 40.84 37.63 40.29 39.28
FL2 51 12551 157.85 78.77 2.69 46.43 32.34 46.66 40.42 41.06 40.77

Comparison of the dry and DW-saturated weights with the solid volume, pore volume and porosity (¢) estimates based on both saturation and the pycnometer results from Table 3. In addition, volumetric
strains and porosities are estimated using the methods 1-3 as explained in the ‘Porosity calculation’ section. Indices s1 to s7 relate to the position along the axis of the sample from inlet to outlet (see Fig. 4).
‘Test’ indicates three sets of tests for FL 1.
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Fig. 4. Schematic of the sectioning of the core after the experiment. The subsamples were analysed using different
methods. The inlet is at s1 and the outlet at s7. The samples were grouped as indicated (1-3) for pycnometry

measurements.

concentrations were analysed with a Dionex
ICS-3000 ion-exchange chromatograph. The analy-
ses were performed with an ICS 3000 CD Conduc-
tivity Detector. IonPac AS16 and IonPac CS12A
were used as the anion and cation exchange col-
umns, respectively. The sampled effluents were
diluted (Gilson, GX-271) to stay in the linear region
of the calibration curve and the ionic concentrations
were calculated on the basis of an external standard
(SMOW, standard mean ocean water). The follow-
ing ions have been quantified and plotted through
time in Figure 5: Mg?*, Na™, C1~ and Ca*.

Pycnometry

The solid volume was measured with an AccuPyc II
1340 gas pycnometer, which measures the amount
of displaced helium gas within a porous rock sam-
ple. The dry sample was placed into the volume
chamber and helium gas molecules rapidly filled
the pores. A chamber of 35 cm® was selected to
provide the best fit with the samples. Estimates of
the average mineral densities were obtained based
on the solid volume and dry mass (see Table 3).
The pycnometry measurements represent a comple-
mentary way of estimating the porosity, in addition
to the porosity estimate from the difference between
the dry and DW-saturated cores.

Field emission gun scanning electron
microscopy (FEG-SEM)

The fresh surfaces from each slice (Fig. 4) were
analysed using a Zeiss Supra 35VP field emission
SEM in high vacuum mode with an accelerating
voltage of 12 kV, an aperture size of 30 wm and a
working distance of 10—12 mm. EDAX Genesis
energy-dispersive X-ray spectroscopy (EDS) was
used to determine the mineralogical and elemental

compositions of the chalk samples. Because the
core dominantly consisted of calcite, the EDS sys-
tem was calibrated using an Iceland spar calcite
crystal before the samples were analysed.

X-Ray diffraction

X-Ray diffraction patterns were obtained from bulk
samples of the different slices (in Fig. 4) in ran-
dom mounts using a Bruker D5005 diffractometer,
Cu-Kea radiation, 0.02° per step at 1s per step.
The measurements were repeated in certain samples
to evaluate the reproducibility of the results; partic-
ularly for cases involving newly formed trace min-
erals. The available amount for measurements was
around 1g. The XRD analyses were performed
at the Institute of Earth Sciences Jaume Almera
(ICTJA, Barcelona, Spain).

Whole-rock geochemistry

Representative sample material from each slice (see
Fig. 4) was carefully separated from the core and
milled to a very fine mesh in a clean agate mill.
Geochemical data were obtained by inductively
coupled plasma mass spectrometry (ICP-MS) anal-
ysis at Acme laboratory (Vancouver, Canada).
Details of the analytical method and processing
technique can be found at http://acmelab.com but
are summarized here. The samples were first ground
in an agate mill. The milled sample was then mixed
with an LiBO,/Li,B405 flux in crucibles and fused
in a furnace. The cooled bead was dissolved in ACS
grade nitric acid and analysed by ICP-MS. Loss on
ignition (LOI) was determined by igniting a sample
split then measuring the weight loss. A 1 g sample
was weighed into a tarred crucible and ignited to
1000°C for 1 h before being cooled and weighed
again. The loss in weight is the LOI of the sample.
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Fig. 5 (a) Mgz"', Ca*" and Cl~ concentrations in the sampled effluent from core L1 flooded with a 0.219 M MgCl,
brine. (b) Na+, Ca** and ClI™ concentrations in the sampled effluent from core L2 flooded with 0.657 M NaCl. The
test temperature was set to 130°C. Sampling started after the hydrostatic loading was completed.

Table 3. Densities obtained from pycnometer
measurements of flooded core samples

Total carbon and sulphur were determined by the
Leco method. Here, an induction flux was added

Pycnometry results

to the prepared sample then ignited in an induction
furnace. A carrier gas sweeps up the released carbon

to be measured by adsorption in an infrared spectro-

Density (zcm™ ) metric cell. The results are the total concentrations

Test Slices

FL1 sl +s2 2.71
s3+s4+s5 2.70
$6 + s7 2.70

FL2 sl +5s2 2.69
$3 +s4+s5 2.69
s6 + s7 2.69

attributed to the presence of carbon and sulphur in
all of the components. An additional 14 elements
were measured after dilution in aqua regia. The pre-
pared sample was digested with a modified aqua
regia solution with equal parts concentrated HCI,
HNOj; and deionized water for one hour in a heating

block or hot water bath. The sample volume was
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Table 4A. Data for the FLI and FL2 cores and untested end pieces of the L1 and L2 cores from Liege: (A)

Geochemical isotope concentrations. Orig., unflooded chalk sample; avg., average; A, unflooded sample

adjacent to the inlet (sl in Fig. 4); B, unflooded sample adjacent to the outlet (s7 in Fig. 4)

8102 A1203 FC203 MgO CaO NazO KzO T102 p205 MnO LOI Sum
% % % % % % % % % % % %

Orig. L1 — A 221 038 0.19 029 5398 0.05 0.1 0.02 0.07 0.02 426 99.86
Orig. L1 - B 2.15  0.37 0.18 027 54.1 0.05 0.09 0.02 007 0.02 42.6 99.87
Orig. L1 (avg.) 2.18 0.38 019 028 5404 0.05 0.10 0.02 0.07 0.02 42.6 99.87
FL1 (avg.) 2.00 0.37 013 185 5232 0.04 0.05 0.02 012 0.02 428 99.84
Orig. L2 — A 192 0.32 024 027 5421 004 0.07 002 0.14 0.02 42,6 99.85
Orig. L2 - B 1.89  0.32 020 027 54.14 0.04 0.07 0.02 0.13 0.02 428 99.85
Orig. L2 (avg.) 191 0.32 022 0.27 5418 0.04 0.07 0.02 0.14 0.02 42.7 99.85
FL2 (avg.) 1.85 0.34 013 028 5462 0.06 0.05 0.02 0.10 0.02 423 99.86
Slice 1 to 7 of the MgCl, —ﬂooded core (Test ID: LI)
FLI1-1 1.70 .33 0.12  1.72 5284 003 0.04 0.02 0.10 0.03 429 99.83
FL1-2 2.00 0 39 0.13 234 5151 003 005 0.02 0.11 0.02 432 99.83
FL1-3 2.09 0.39 0.15 321 5076 0.04 0.06 0.02 0.18 0.03 428 99.82
FL1-4 2.09 040 0.12  2.07 5194 004 006 002 0.16 0.02 428 99.84
FL1-5 2.06 0.37 0.16 1.38 5260 0.04 006 0.02 0.12 0.02 429 99.85
FL1-6 2.09 037 0.13 1.16 5324 0.04 006 0.02 008 0.02 425 99.85
FL1-7 195 0.35 0.12  1.04 5337 004 005 0.02 0.11 0.02 427 99.85
Slice 1 to 7 of the NaCl — flooded core (Test ID: L2)
FL2-1 144  0.27 0.10 030 5441 0.04 0.04 0.02 005 0.02 431 99.85
FL2-2 1.80  0.35 0.15 026 5546 004 005 0.02 009 0.02 41.6 99.85
FL2-3 1.76  0.33 0.18 027 5568 005 0.05 0.02 007 0.02 414 99.85
FL2-4 1.96  0.35 0.15 028 5472 005 0.06 0.02 0.10 0.02 42.0 99.86
FL2-5 1.97  0.37 0.10 029 54.13 006 0.06 0.02 0.13 0.02 42.6 99.87
FL2-6 1.97  0.36 0.11 029 54.16 007 0.06 0.02 0.13 0.02 42.6 99.87
FL2-7 2.05 0.38 0.12 028 5377 0.08 0.06 0.02 0.11 0.02 429 99.87

increased with dilute HCI solutions and splits of
0.5 g were analysed. All of the measured concentra-
tions fall within the standard range (see Table 4), and
accuracy and precision are between 2% and 3%.

Constitutive relations and porosity
calculations

At any time the bulk volume of a porous material
(Vy,) is given by the volume of the pores (V) plus
the volume of the solids (V),

Vo=Vi+V, (1
Porosity (¢, expressed as a percentage) is calculated
from the ratio

Yo
= 2
¢ Ve @3]
The initial porosity (¢y) is calculated by the dif-
ference between the saturated and dry weights
(Mgat0 and Mgy o) divided by the density of distil-
led water (ppw) multiplied by the initial bulk vol-
ume (Vyp),
Msat,O - Mdry,()

Pow Vb0

¢y = 3)

After the experiment was finished and dismantled,
the diameter (D;) was measured at intervals (L;)
along the core to provide accurate estimates of the
total bulk volume from the sum of the truncated
wedges i =1, 2, ..., 7 along the core,

L,'7T D,‘ 2
Vb.end = Z 3 <<2>

1

) C)) o

This procedure was used because the volumetric
deformation was not uniform along the sample,
i.e. radial deformation was greater near the centre
of the core than the ends. The overall change in
the bulk volume before and after testing was used
to estimate the total volumetric strain &,,,, expressed
as a percentage according to

Vb,() - Vb,end

5
Voo &)

Evol =
It is standard procedure in triaxial experiments
to define the positive strain when the volume or
length of the core plug is reduced. Given a porous
material, as defined in equation (1), any change in
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Table 4B. Data for the FLI and FL2 cores and untested end pieces of the L1 and L2 cores from Li¢ge: (B) isotope
geochemistry and selected trace element whole-rock geochemistry. Orig., unflooded chalk sample; avg., average;
A, unflooded sample adjacent to the inlet (sl in Fig. 4); B, unflooded sample adjacent to the outlet (s7 in Fig. 4)

Ba Rb Sr Zr Y SREE Total 3"Csmow  8"%Osmow  Temperature
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm)  carbon (%) (%0) 682}/{11;116
Orig. L1 — A 30.0 22 1008 53 7.4 21.8 11.9 1.495 —1.985 20.2
Orig. L1 - B 32.0 22 982 5.0 72 22.5 11.9 1.609 —1.670 18.8
Orig. L1 (avg.) 31.0 2.2 995 5.2 7.3 22.1 11.9 1.552 - 1.828 19.5
FL1 (avg.) 12.1 2.7 961 9.5 8.1 25.6 124 1.592 —2.049 20.5
Orig. L2 — A 31.0 3.6 908 7.5 9.0 26.3 11.7 1.599 —1.911 19.9
Orig. L2 - B 35.0 3.6 912 8.8 8.2 239 12.0 1.803 —1.607 18.6
Orig. L2 (avg.) 33.0 3.6 910 8.2 8.6 25.1 11.8 1.701 - 1.759 19.2
FL2 (avg.) 17.9 2.3 1007 7.7 7.5 24.1 12.6 1.652 —1.887 19.8
Slices 1-7 of the MgCl, — flooded core (Test L1)
FL1-1 14.0 2.5 1007 72 7.1 23.1 11.9 1.549 —2.028 20.4
1.591 —1.955 20.1
FL1-2 13.0 2.6 958 75 8.2 24.1 12.1 1.638 —1.991 20.2
1.651 —2.017 20.3
FL1-3 12.0 2.7 891 8.9 9.2 26.8 12.5 1.498 —2.469 224
1.542 —2.322 21.7
FL1-4 10.0 3.1 922 10.0 8.9 28.7 12.4 1.432 —-2312 21.7
1.571 —2.115 20.8
FL1-5 12.0 29 963 11.5 8.3 253 12.7 1.613 —1.961 20.1
1.674 —1.930 20.0
FL1-6 11.0 2.7 1008 11.0 7.0 25.7 12.6 1.697 —1.732 19.1
1.630 —1.907 19.9
FL1-7 13.0 2.6 978 104 8.2 253 124 1.592 —1.995 20.2
1.605 —1.947 20.0
Slices 1-7 of the NaCl — flooded core (Test L2)
FL2-1 13.0 1.8 1043 8.1 7.1 234 125 1.686 —1.863 19.7
1.627 —-1913 19.9
FL2-2 16.0 2.1 1039 5.7 7.4 22.5 12.7 1.661 —1.909 19.9
1.647 —1.885 19.8
FL2-3 15.0 1.9 1034 5.6 7.0 21.9 12.7 1.663 —1.810 19.4
1.662 —1.847 19.6
FL2-4 24.0 2.3 1020 7.8 8.2 24.7 12.8 1.614 —1.903 19.8
1.625 —1.980 20.2
FL2-5 18.0 2.7 947 9.3 7.0 26.7 12.5 1.722 —1.852 19.6
1.627 —1.903 19.8
FL2-6 19.0 2.5 968 8.6 8.2 233 12.6 1.637 —1.880 19.7
1.672 —1.846 19.6
FL2-7 20.0 2.8 997 9.0 7.8 26.5 12.8 1.642 —1.898 19.8
1.641 —1.933 20.0

*Palaeo- and flooding temperatures have been calculated after Anderson & Arthur (1983) with salinity values taken from Wright (1987).
Highlighted in grey are the significant chemical changes discussed in the text. Bold, average values for the different samples.

the bulk volume (AV,) is given by the change inthe  If this assumption is valid then the porosity
solid volume (AVj) plus the change in the pore vol- may be determined by combining equations (2,
ume (AV)), 4,5 & 6)

AV, = AV + AV, (6)
Vp + AVb _ d)() — Evol

If all of the def tion i dated b = =
all of the deformation is accommodated by Pend.1 Ve FAVs 1 oy

the reduction in pore volume and the solid volume

remains constant (AV,=0) (either there is no

rock—fluid interaction or the mineral density and Equation (8) is referred to as method 1 in the
mass alteration cancel out) then, porosity calculations.

The second way of estimating the porosity after

AVy = AV, (1) the test (method 2) relies on the difference between

®
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the saturated and dry masses after the test in combi-
nation with equation (3),

d)cnd,z — (Msat,end - Mdry,end) (9)
Pdw Vb.end

The third way of quantifying the porosity is by using
pycnometry measurements. After the core was dis-
mantled from the triaxial cell and the dry and satu-
rated masses were obtained, it was cut into 7
slices. To provide more accurate solid volume mea-
surements in the pycnometer the slices were
grouped into 3 sets (sl +s2, s34s4+4s5 and
s6 + s7, see Fig. 4). Using the solid volume and
mass we estimated the average mineral density of
each set (p; ;) from,

M dry,i
= 10
Poi =7y (10)
where i = 1, 2, 3. The average solid mineral density
of the whole core after flooding was calculated from
the weighted average (by volume),

VSJPI + Vszps.Z + VS,3P54,3

¥ Ve

With these data we could estimate the porosity by
combining the average solid density (psenq), the
dry mass (Mgry,ena) and bulk volume (Vy enq) after
the experiment

1)

ps,end =

V, |
d)end,} = £ =1 :

s M, dry,end
Ve Vi

1 —
Vb.endps,end

12)

Equation (12) is referred to as method 3 for estimat-
ing the porosity after the test. By comparison we see
that methods 2 and 3 take changes in mass and den-
sity into account, while method 1 only considers the
volumetric strain changes.

Results

Porosity calculations before and after the
experiment

The porosity of the tested chalk before the experi-
ment based on the pore volume and the bulk volume
(according to equation 3) is 43.45% and 43.43%
for L1 and L2, respectively (Table 2). After flooding
tests, €01 for L1 (9.4%) is larger than for L2 (5.1%)
although both the total creep times and the effec-
tive stresses were higher for the L2 test than for
compared with the L1 test (the L1 MgCl,-flooded
core was tested for 65 days at an effective stress of

9.5 MPa while the L2 NaCl-flooded core was tested
for 90 days at 10.5 MPa). The effective stress during
creep was set to be 2 MPa above the yield stress for
both experiments (7.5 and 8.5 MPa for L1 and L2,
respectively. See Fig. 2). The time evolution in the
observed creep for the L1 test in Figure 3 displays
an intriguing effect: at c¢. 35-40 days the axial
creep rate increased. A similar acceleration in the
creep rate induced by MgCl, flow was observed
by Madland er al. (2011). This accelerated creep
behaviour is not observed when the core is flooded
by more inert brines such as NaCl. With time, the
brine composition is the dominant factor, together
with the effective stress, in determining the total
observed volumetric deformation.

After the experiments, the dry mass changed
for both cores. In the MgCl,-flooded core (L1)
2.1 g was lost, which corresponds to 1.87% over
65 days. The NaCl-flooded core (L2) lost a mass
of 0.54 g, corresponding to 0.43% (see Table 2)
over 90 days. Hence, the MgCl, brine is more reac-
tive towards the chalk than the NaCl brine. Given
a specific density of approximate 2.70 g cm ™ >, the
mass losses for L1 and L2 correspond to solid vol-
ume losses of 1.09 and 0.20 cm?, respectively. The
weight difference between the DW-saturated cores
and the dried cores was used to calculate the pore
volume. For L1 the pore volume changed from
32.27 cm® before the test to 27.10 cm® after the
test, while for L2 the pore volume changed from
36.07 cm® to 32.34 cm3. At the same time the bulk
volume changed from 74.26 cm® to 67.27 cm®
for L1 and from 83.05cm’ to 78.77 cm® for
L2. The average density of L1 increased from
2.68gcm=3 to 270 gem >, while there is no
change in density for L2 after the experiment
(Table 2). The resulting porosities that were calcu-
lated according to the three methods (in equation
8,9 & 12) are shown in Table 2. For L1, method 1
(from the volumetric strain) results in a porosity
reduction from 43.45% to 37.63%. However when
using methods 2 and 3, which include the mass
and density alterations in addition to the volume
after the test, the porosity calculation revealed a
smaller reduction than for method 1. The poros-
ity changed from 43.45% to 40.29% and 39.28%
for each method. The porosity estimates from
method 1, 2 and 3 for L2 are 40.42%, 41.06% and
40.77%, respectively, from the original porosity
of 43.43%. The L2 core shows a smaller varia-
tion in the porosity values from the three meth-
ods compared to the L1 core. By including the
effect of chemical alteration in the porosity cal-
culation, the difference in the final porosity between
the MgCl,- and NaCl-flooded cores is less signifi-
cant, even though total volumetric strain is close
to factor of two higher for the MgCl,-flooded core
(Table 2).
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Effluent chemistry

The chemical analysis of the effluent during injec-
tion of MgCl, and NaCl confirms that chemical
reactions occur inside the cores, as shown by the dif-
ference in both the density and the mass after flood-
ing. Throughout the experiment the effluent from
the MgCl,-flooded core (L1) is depleted in Mg**
ions (see Fig. 5a). The average Mg ion concentra-
tion of the effluent is 0.202 mol 1" in comparison
with the 0.219 mol 17! concentration of the injected
brine, i.e. it is depleted by —0.017 mol 1~ '. On the
other hand, the average calculated Ca®" concentra-
tion of the effluent water is 0.021 mol 171, corre-
sponding to a net gain in the core material. The
sum of the magnesium and calcium ion concentra-
tions in the effluent (c. 0.222 mol 1) is, however,
reasonably close to the injected MgCl, concentra-
tion (0.219 mol 1_1; Table 1), such that stoichiome-
try is almost preserved, indicating that a one-to-one
ion exchange reaction occurs. Hence, the tested core
experiences a significant magnesium gain and cal-
cium loss. At the same time, the injected chloride
reaches its original concentration (0.438 mol1™';
Table 1) after only one test day (i.e. one PV see
Fig. 5a). It should be noted that the number of test
days includes the loading phase.

As can be seen in the lower plot in Figure 5b
from the NaCl-flooded core (L2), the Na® and
Cl  ions reached their original concentrations
(0.657 mol 17" after only one test day. Thereafter,
the concentrations of C1~ (0.653 mol 1~ 1) and Na™
(0.654 mol 1~ ') stayed constant during the whole
experiment (see Fig. 5b). The calcium concentra-
tion of the effluent increased to a maximum value

0f 0.013 mol 1~ ! before decreasing to constant value
around 0.001 mol 1™ ! after ¢. 7—8 days. These fluid
flux and compositional data indicate that nearly
0.4 g of calcium carbonate was dissolved from the
core, which agrees well with the loss in mass
in Table 2.

FEG-SEM

The chalk from Liége is a relatively pure coccolithic
mudstone; EDS analyses indicate more than 51 wt%
CaO. Although the chalk contains only small quan-
tities of non-calcite minerals, SEM micrographs
document the widespread occurrence of submicro-
metre-sized quartz as well as clay minerals and
other phyllosilicates (see Fig. 6 for an SEM micro-
graph of untested Liege chalk). Qualitative EDS
measurements show that the dominant silicate
phase is SiO; (c. 4.5 wt%), while other oxides occur
in very low amounts: 0.9 wt% Al,O3, 0.3 wt% MgO
and 0.02 wt% Na,0.

No alteration is observed using SEM-EDS in the
L2 core with NaCl injection. Neither imaging nor
qualitative EDS measurements indicate any compo-
sitional changes induced by the injection of the
brine. In contrast, the core flooded with the MgCl,
solution shows significant changes in the mineralog-
ical composition (Fig. 7). After the injection of the
MgCl, brine into Liege chalk, the amount of magne-
sium is strongly increased (Table 4), with MgO
contents of up to 3.2 wt% after 65 days of flood-
ing. SEM imaging shows that highest magnesium
contents are encountered in aggregates of newly
formed submicrometre-sized crystallites scattered
in the chalk. These crystallites are most commonly

Fig. 6. SEM micrograph of Liége chalk before flooding. Scale bar, 2 pwm.
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Fig. 7. SEM micrograph of Liege chalk after flooding with MgCl,. Scale bar, 2 um. M, Mg-rich carbonates or

magnesite formed on top of pre-existing calcite grains.

observed close to the inlet and decrease in abundance
along the core. Because of a relatively large sample
interaction volume, the composition of grains
smaller than c. 1 wm cannot unequivocally be deter-
mined using EDS as the signals from the new mineral
phase and the primary calcite are mixed. However,
the EDS measurements indicate that magnesium-
rich carbonate minerals are being formed, in
agreement with results from an experiment lasting
516 days with continuous flooding of an MgCl, sol-
ution (Zimmermann et al. 2015), and a 1072-day
chemo-mechanical flow test using the same MgCl,
solution (Nermoen et al. 2015), where a complete
chemical re-working was documented.

XRD

The chalk from Liege appears to be homogeneous
in XRD studies. Besides calcite, only very scarce
quartz and traces of feldspar can be identified
(see the 1L-d and 2L-d in Figs 8 & 9). The sam-
ples from the NaCl-flooded core (L2 in Fig. 9)
contain slightly more quartz and feldspar com-
pared to the L1 core (in Fig. 8). In the L1 experi-
ment (MgCl, brine), the XRD analyses identified
larger amount of Mg-bearing minerals in slice
FL1-3 than slice FL1-1 (Fig. 8). Slice FL1-3
(Fig. 8) shows scarce magnesite and traces of a
phase that could correspond to norsethite (peaks
marked with an asterisk in Fig. 8), while traces
of high-Mg calcite (Brown 1980) have been
found in slice FL1-4. In L2 (NaCl-brine) no signif-
icant mineralogical changes are observed on the
XRD patterns (Fig. 9).

Whole-rock geochemistry and isotope
geochemistry

The chalk from Liege is also relatively homoge-
neous in terms of its geochemistry, reflecting the
homogeneous mineralogy documented in Table 5.
Table 4 shows the variation of four selected sam-
ples taken from the same block, which is compared
with an average value of chalk from the same expo-
sure (n = 10; unpublished data by Zimmermann).
CaO concentrations are around 54.04 wt% and
MgO abundances are as low as 0.27-0.29 wt%.
SiO, varies only slightly along the core. Traces
of clastic materials have been introduced to the
chalk as observed from the sum of all rare earth ele-
ments (XREE), which increases faintly in between
the samples (Table 4B). Although the samples
have been taken from the same block, 8*Csmow
(where SMOW indicates Vienna Standard Mean
Ocean Water) isotope values vary between 1.495%0
and 1.803%c and 8'*Osmow between —2.049%o
and — 1.607%o (Table 4B), which therefore reflects
the natural variation in stable isotopes for this rock
material.

After flooding with NaCl (L2), the chalk does
not show any significant geochemical changes
(Table 4). 8"3Cspow values are similar to the un-
flooded samples of the chalk and only SISOSMOW
values are slightly more negative (Table 4). When
the chalk was flooded with MgCl, significant
changes in the MgO and CaO contents are observed.
The amount of MgO increased from 0.28 wt% to
1.85 wt% (i.e. from 0.31 g to 2.05 g; highlighted
in grey in Table 4), while the CaO concentration
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Fig. 8. XRD patterns of unflooded and MgCl,-flooded Liége chalk (test L1). FL1-1 to FL1-7 are the seven slices
that were acquired along the core axis (see Fig. 4) and 1L-d is the unflooded chalk. Calc, calcite; Mgs, magnesite;
Calc-Mg, for Mg calcite; Feld, feldspars; Qz, quartz; the star symbols (*) mark peaks matching those of norsethite.

decreased from 54.04 wt% to 52.32 wt%, which
corresponds to a net weight of 60.73 g before
and 57.70 g after the experiment. However, the
absolute weight per cent increase of MgO is almost
exactly equal to the decrease in CaO at around
1.6 wt% (Table 4), indicating a correlation. Interest-
ingly, it can also be observed that slice 3 reveals a
higher MgO composition than slice 1. The reasons
for the observed spatial dynamics along the core
are complex and deserve further study. The alter-
ation profile also is probably influenced by the

interaction between the fluid flux and reaction
kinetics. The only other element with significant
changes in flooded L1 is Sr, which decreased after
flooding.

Discussion

Our experiments indicate that geochemical reac-
tions between the injected pore fluids and the rock
mass may impact both the porosity and the
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Fig. 9. XRD patterns of unflooded and NaCl flooded Liege chalk (test L2). FL2-1 to FL2-7 are the seven slices that
were acquired along the axis of the core (see Fig. 4) and 2L-d is the untested Liége chalk. Calc, calcite; Feld,

feldspars; Qz, quartz.

geomechanical behaviour during loading and creep.
In particular, flooding of the chalk sample by MgCl,
brines (L1) resulted in a reduction in the solid mass
as well as an increase in the average solid density as
calcite dissolved and Mg-bearing phases precipi-
tated. A control experiment (L2) involving the
flooding of a comparable sample by an NaCl
brine, in contrast, showed much smaller geoche-
mical alterations than the MgCl,-flooded core.
The L1 experiment (with geochemical alteration)

shows greater volumetric strain compared with the
control experiment, indicating that chemical reac-
tions affect the overall volumetric creep.

Detailed SEM-EDS analyses revealed that min-
erals with a significant amount of MgO are abundant
in the inlet of the core and slightly decrease through
the sample (see the SEM images of unflooded
chalk in Fig. 6 and flooded chalk in Fig. 7). This
is confirmed by quantitative whole-rock geoche-
mistry, which points to a 2 g increase in MgO
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Table 5. Comparison of the isotope geochemistry and geochemistry of the unflooded samples presented in this study (§) and the lower end, upper end and average 8
values (#) for the Liege samples from Wang et al. (2013) §
g

SiO, AlLO; Fe,0; MgO CaO NayO K,0 TiO, P,0s MnO LOI  Sum Ba Rb Sr Zr Y 3SREE Total §;3Csmow 9180smow Temperature 8_

%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) carbon (%0) (%0) estimate —-

(%) o) g

3L-A 201 035 013 027 5414 005 008 0.02 0.12 0.02 427 9986 360 34 9456 69 81 263 1219 1550 —-1.574 184 -%
3L-B 200 035 019 026 5386 005 008 0.02 0.13 0.02 429 9985 410 37 9618 77 85 243 12.02 <
4L-A 184 032 0.2 027 5420 004 007 0.02 0.14 0.02 428 9987 320 30 8878 75 85 230 1215 1578 —1.633 18.7 )
4L-B 1.83 032 014 027 5434 005 007 0.02 0.14 0.02 427 9986 350 30 9155 92 87 250 1205 =
5L-A 187 033 012 026 5459 004 007 0.02 0.10 0.02 424 9986 350 3.1 9599 65 77 229 1215 1502 -1.751 19.2 = &
5L-B 1.83  0.32 0.13 026 5439 0.04 0.08 0.02 0.10 0.02 426 99.84 38.0 3.1 9586 6.5 7.7 233 12.05 ™ 8
6L-A 199 032 016 025 5413 004 007 0.02 0.08 0.02 427 99.84 380 32 9730 82 69 227 1197 1511 -1.676 18.9 é =
6L-B 203 032 014 025 5434 004 006 0.02 0.09 0.02 425 9985 390 28 9685 75 7.0 240 1217 > 8
7L-A 203 036 013 026 5419 004 008 0.02 0.08 0.02 426 9985 37.0 39 9326 80 79 222 1225 1618 —1.709 19.0 Cog
7L-B 206 037 014 026 5404 004 008 0.02 0.09 0.02 427 9985 350 37 9523 7.0 80 246 1213 ZzQ} g
#(average) 195 034 014 026 5422 004 007 0.02 0.11 0.02 4266 99.85 366 33 9456 75 79 238 1211 1552 ~1.669 18.8 Q 23
§ (average) 204 035 020 028 5411 005 008 0.02 0.10 0.02 4270 99.86 32.00 29 9530 67 80 236 1190  1.626 -1.793 19.4 3 55
Sr=

n=10 Si0, ALO; Fe,03 MgO CaO Na,0  K,0 TiO, P,0s MnO LOI SUM £8 (Z)
% B % % % % % % % % % % ok

3 T

Lower 183 032 012 025 5386 004 0.06 0.02 0.08 0.02 4240 99.84 z S
Upper 206 037 019 027 5459 005  0.08 0.02 0.14 0.02 4290 99.87 g =
Average 195 034 014 026 5422 004 007 0.02 0.11 0.02 4266 99.85 5 %
§ (average) 204 035 020 028 5411 005  0.08 0.02 0.10 0.02 4270 99.86 < a
8

P

n=10 Ba Rb Sr Zr Y SREE Total C 5"Csmow 8'®Osmow Temperature 8
(ppm) (ppm) (ppm) (ppm) (ppm) PPM (%) (%o) (%o) estimate S

(°C) v}

&

Lower 320 28 8878 65 69 222 120 o
Upper 410 39 9730 92 87 263 123 Q
Average 366 33 9456 715 79 238 121 1.566 -1.778 19.3 g
§ (average) 320 29 9530 67 80 236 119 1.626 —-1.793 19.4 g
o

=}

n = 10 for geochemistry.
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(c. 5-10x the original amount) in the flooded chalk
(Table 4A). Values are not constant through the core
and do not decrease from the inlet into the core, but
vary from one slice to the next, surprisingly, the
highest value for MgO is found in slice FL1-3.
This trend is not yet understood, but may be related
to differing microfacies or complex patterns of fluid
flow through the chalk sample. However, the exact
progress of the fluid—rock interplay can only be ana-
lysed when the involved chemical and mineralogi-
cal components are determined and quantified and
coupled to the flow field within the sample. In addi-
tion, the alteration pattern is likely to reflect both the
kinetics of the reaction and the fluid flux rates (Jones
& Xiao 2005). The increase in MgO is probably
associated with the formation of magnesite and
Mg-bearing calcite. Other alteration products asso-
ciated with the flooding process include norsethite,
a Ba-rich carbonate associated with the dissolution
of other carbonate phases (Gamsjéger et al. 1998).
Zimmermann et al. (2013, 2015) propose that the
lack of chemical equilibrium between the brine
and the core triggers the dissolution of calcium car-
bonate and leads to the precipitation of Mg-bearing
minerals. In long-term tests, new growth of magne-
sium carbonate could be verified with SEM-EDS
studies, XRD analyses, nanoSIMS (nano secondary
ion mass spectrometry) observations and oxygen
isotopic data (Zimmermann et al. 2013). The solid
volume could be affected by the chemical reaction
between the rock and the fluid (Ruiz-Agudo et al.
2014; Nermoen et al. 2015). In the L1 experiment
(MgCl, flooding test for 65 days), the bulk volume
and solid volume decreased (Table 2) and the den-
sity increased (Table 3) because of calcium dissolu-
tion and the precipitation of new minerals. The solid
volume is given by ratio of the solid mass and the
average mineral density. Consequently, the geo-
chemical alterations change the volume of the
solids. Changes in both the bulk volume and the
solid volume therefore need to be incorporated
into porosity calculations when chemo-mechanical
flow experiments are being interpreted.

When calculating the resulting porosity for the
MgCl,-flooded core (1) with method 1, the volu-
metric strain only results in a porosity of 37.63%,
indicating an absolute decrease of 5.82% (Table 2).
When applying method 2 the calculated porosity is
only 40.29%, i.e. an absolute reduction of less than
3.16%. By using the solid density measurement
(pycnometry, method 3), the porosity reduces by
about 4.17% (see Table 2). Methods 2 and 3 provide
more accurate porosity values because they take into
account the chemical alteration of the solid volume
in addition to the volumetric strain, whereas method
1 only considers only the bulk volumetric strain.
Therefore, coupling the volumetric strain directly
to porosity is inadequate when chemical reactions

occur. In the L1 experiment Mg—Ca exchange led
to the formation of magnesite and high-Mg calcite
and the dissolution of calcite.

In contrast, the results from the L2 experiment
(the NaCl-flooded core), the effluent concentration
changes are quite modest during the test, given
that the sodium and chloride concentrations are sim-
ilar to the injected ion concentrations (Fig. 5b). In
addition, the SEM-EDS analyses do not reveal any
new mineral growth and the whole-rock geoche-
mistry shows no significant changes for the samples
before and after flooding (Table 4A, B). In this
experiment, the porosity calculations are rather
similar for all three methods without the systematic
differences that are seen in the L1 experiment. This
lack of chemical alteration is consistent with geo-
chemical, SEM and XRD data. However, the NaCl
experiment (L2) may have dissolved some of the
chalk (it lost ¢. 0.54 g over 90 days). It is therefore
valid to use method 1 to estimate the porosity devel-
opment as the reaction rate is slow for L2 when
compared with the total volume of the injected
fluid and the duration of the experiment.

There are always uncertainties associated with
experimental work. Here, we discuss how experi-
mental error may affect our conclusions regarding
the porosity estimate. The porosity is estimated
using three methods. For method 2 the porosity esti-
mates originate from the saturated and dry weight
difference according to equation (9). Here, the
errors are attributed to the weight measurements
and bulk volume estimates (from the truncated
wedge in equation 4). Repeated bulk volume esti-
mates display a natural variability on the order of
0.1-0.2 ml. During the DW saturation procedure
only partial saturation could occur, which would
yield an underestimate of the saturated weight and
thus an underestimate of the porosity using this tech-
nique. However, the pycnometry tests (see Table 3)
can be used to measure the solid density, which can
be used to estimate the initial solid volume. If the
bulk volume is known, the pore volume can be esti-
mated from equation (1). The pore volume measure-
ment from the pycnometry measurement and from
the DW saturation and drying indicates an initial
saturation of more than 99.5% for both tests. The
dry weight of the plugs was measured after the
plug had been placed in a heating cabinet until
the weight is stable (at least 24 h). The repeatability
in the porosity estimate from method 2 originates
from errors in the bulk volume as well as in the sat-
urated and dry weights and adds up to less than 1%.
In order to gain certainty in the estimates the pycn-
ometry measurements using method 3 in equation
(12) are applied. Method 3 is partially independent
of method 2 and may therefore provide a comple-
mentary estimate to method 1. Here, the largest
error source is attributed to the solid volume
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estimate from the helium gas pycnometry. On
the basis of repeatability tests the solid density is
estimated within +0.02 gcm >, Errors of this
magnitude in the solid density measurements yield
porosity errors on the order of <0.5%. In method
1, the porosity is estimated from the volumetric
strain measurements from the bulk volume mea-
surements before and after the test (see equation
5). This estimate is mathematically correct under
the assumption that the total solid volume is con-
served during compaction. The source of error is
found in the bulk volume measurements after the
test. Before the test the diameters along the plug
vary by less than 0.01 mm. However, after hydro-
static compactionthis is not the case and the varying
diameters are accounted for by calculating the vol-
umes of the truncated wedge.

The resulting changes in the produced effluent
concentrations, and the post-experimental analysis
of the tested chalk sample, demonstrate that mineral
reactions occur that change the volume. These
changes are linked to the dissolution of Ca-bearing
minerals, and the precipitation of Mg-bearing min-
erals. These mineralogical changes, exemplified
by dissolution of e.g. calcium carbonate (density
2.69gcm °) and the precipitation of magne-
site (density of 3.00 gcm ), lead to measurable
volume changes. It should be noted that the solid
volume changes may be explained by both dif-
ferences in the solid mass and the solid density in
equation (13). In the L1 test (flooded with MgCl,)
a mass loss of 2.1 g and a density increase of
0.03 g cm* were both observed in slice 1 and the
change in the solid volume is 1.09 cm®, while for
L2 the solid volume is changed by only 0.20 cm®
(see Table 2).

Conclusions

Chemo-mechanical experiments on the Upper Cre-
taceous onshore chalk from Liege with 0.657 M
NaCl and 0.219 M MgCl, brines at Ekofisk temper-
atures have revealed that both mechanical compac-
tion and dissolution/precipitation reactions play a
role in the porosity development. By contrast,
mechanical compaction alone is the primary cause
of porosity loss in a companion experiment involv-
ing an NaCl brine. A chalk sample that has been
flooded with MgCl, shows significant changes in
the rock chemistry. Total MgO in the core increases
from 0.3 g to 2.05g and a similar decrease is
observed for CaO. This observation was confirmed
by whole-rock geochemistry, effluent chemistry
and SEM-EDS observations. The latter provides
evidence for the precipitation of magnesium calcite
or even magnesite. XRD analyses show scarce
magnesite and minute amounts of high-Mg calcite.

The geochemical alteration associated with MgCl,
flooding changed the geomechanical properties of
the chalk by accelerating the strain rate.

An additional effect of the geochemical alter-
ation is that the strain alone is not a sufficient
basis for accurately determining the pore volume
change. Porosity estimations for geochemically
altered reservoirs must account for the effects of
the reactions on the solid mass, the volume and
the density (Nermoen et al. 2015). These geochem-
ical effects result in more complex reservoir behav-
iour compared with mechanical compaction alone
for non-reactive rock—fluid combinations. Such
effects may markedly influence the outcome of
EOR/IOR (improved oil recovery) operations in
fields where injection fluids react with the reservoir
rock. Precise porosity estimates are of crucial
importance for accurate resource potential estimates
and to predict the flow properties of reservoirs that
are undergoing chemo-mechanical compaction
processes.
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