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12 ABSTRACT:

13 Principally, the interaction between chalk surface and saline water is vital for reported
14  subsidence, formation compaction (the decline in pore fluid pressure within a solid structure and
15  increase in stress on formation rock), as well as enhanced oil recovery (EOR) in chalk reservoirs.

16  To understand the mechanisms of rock-fluid interaction and the role of specific ions in seawater,
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rock mechanical tests combined with chemical analysis of effluents were performed on chalk
outcrops using synthetic brine solutions. All the chalk cores are treated with strictly aqueous
solution meaning no hydrocarbon involved in any stage of experiments from preparation to post-
processing (chemical analysis). The two objectives in the present study are the examination of
diffusion and transport-controlled phenomena in the presence of different aqueous chemistry and
the proposal of possible processes/explanations based on distinct experimental scenarios. The
experiments supply information on chemical mechanisms in chalk water weakening and the
effect of saturation and flooding with synthetic brine solutions: NaCl, Na,SO,, MgCl,, CaCl,,
and seawater without magnesium (SSW-1[Mg*]). Two different thermodynamic conditions
(flooding state) were applied to the compacted cores within the creep phase: flooding steadily
through the core and bypassing the core, both at high temperature and high pressure. The method
provided measurements to investigate the effect of flow rate on the chemical reactions between
the rock and fluid. Yield stress level, bulk modulus value, and creep strain rate are three
mechanical properties of samples which were measured and analyzed together with chemical
analysis of effluents taken periodically during the creep phase of each experiment. The results
subsequently provide information about weakening/strengthening behavior within a time-
dependent period. Switching of flooding fluid from distilled water to the NaCl solution tripled
the creep strain rate and produced calcium content equal to seawater concentration. Performing a
similar action on a distilled water to Na,SO, solution generated enhanced creep of close to a
factor of three. In addition, adsorption of sulfate to the chalk surface was identified. Flooding
solely with NaCl solution or Na,SO4 solution caused 25% and 50% decrease in chalk mechanical
strength compared to distilled water flooded cores, respectively. MgCl, solution flooding

experiments generated cores with 10% higher mechanical strength compared to cores treated
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with Na,SOy4 solution. The observation was confirmed by testing cores with SSW-1[Mg*'] where
relatively low hydrostatic yield and enhanced creep strain were observed compared to Na,SOj4
solution testing. Chalk cores flooded with MgCl, solution showed 25% and 50% lower
mechanical strength values compared to cores tested with NaCl and distilled water. Collected
samples from MgCl, and SSW-1[Mg”‘] flooding showed simultaneous processes of magnesium
retention inside chalk and production of calcium. Changing the flooding state to bypass with
Na,;SO4 solution did not generate any difference in the creep strain rate whereas a change of
flooding state from bypass to flooding triggered production of calcium equal to one-third of
calcium content in seawater. However, an opposite observation was recorded when the flooding
state changed when using MgCl, as a flooding fluid. Change of the flooding state from flooding
to bypass created enhanced compaction in case of MgCl,. The observed trend was similar when
changing from bypass to flooding in case of testing with Na,SO4 and SSW-1[Mg**]. The
extensive experiments provide a foundation for analyzing the behavior of chalk-brine in the
presence of oil and building verified models to simulate the effect of flooding complex brine and
seawater on the mechanical characteristics of chalk and predicting the chemo-mechanical

behavior of chalk.

INTRODUCTION

Hydrocarbon production, mining activities, and ground water removal could create a
downward movement of Earth’s surface, compared to a reference, for example, sea-level or
seabed, which is addressed as subsidence. This phenomenon has received great attention in the
field of hydrocarbon extractions (Allen and Mayuga, 1970; Andersen et al., 1992; Dusseault,
1983; Fredrich et al., 1996; Ruddy et al., 1988; Schoonbeek, 1977). Reservoir compaction due to

hydrocarbon removal, as a consequence of surface subsidence, was detected for the first time in
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the Goose Creek oilfield located along the Texas Gulf Coast in the U.S. (Pratt and Johnson,
1926). Compaction of the Ekofisk field in the Norwegian sector of the North Sea, as a costly
case, was recognized and reported in the late twentieth century (Smith, 1988; Sulak, 1990).
Researchers have attempted to explain and predict the compaction issue in the chalk layers of the
Ekofisk field in terms of primary depletion and rock compressibility (Andersen et al., 1992; Chin
et al., 1994). Although water injection in the Ekofisk field was started in 1987 in order to
improve oil recovery and maintain the average reservoir pressure, the subsidence is still
persisting (Gauer et al., 2002; Nagel, 2001; Spencer et al., 2008; Sulak, 1990). In spite of oil
displacement by water, the chalk immediately becomes weaker in the presence of water, a
phenomenon referred to as the water weakening effect of chalks. Therefore, several studies have
been initiated in the area of chalk-fluid interaction in order to investigate the sensitivity of chalks
to water from a chemo-mechanical point of view (Gutierrez et al., 2000; Heggheim et al., 2005;
Homand and Shao, 2000; Korsnes et al., 2008; Madland et al., 2009; Madland et al., 2008;
Maury et al., 1996; Risnes et al., 2003; Zangiabadi et al., 2009; Zangiabadi et al., 2011). In most
of these studies the effect of seawater-like brines on chalks' mechanical stability was
investigated. However, the presence of several different types of ions in seawater-like brines
makes chalk-fluid interactions complicated to analyze.

Experiments show molar concentration of cations in SSW is Na', Mg2+, Ca2+, and K,
mentioned in descending order. Anion components present in SSW, in descending order, are: CI,
SO42', and HCOs'". The order is more or less similar in comparison to the water flooding fluid
components, i.e., Ekofisk brine, except the fact that sulfate is not present (Heggheim et al., 2005;
Zangiabadi et al., 2009). In addition, changing the salinity, total dissolved solids, in

waterflooding and EOR methods is not uncommon (Zangiabadi et al., 2009). Therefore, the
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strategy in this study sets out to show how aqueous solutions of common salts (NaCl, Na,SOs,
MgCl,, and CaCl,) could affect the mechanical strength of chalk. Thereafter, the impact of more
complex aqueous brines, i.e., SSW-1[Mg*"], on the mechanical stability of chalk is studied.
Meanwhile, answering the question on the rate dependence of fluid inside the core on the
mechanical behavior of the rock is attempted. Toward a comprehensive study of chalk-fluid
interaction, this paper combines the result of rock mechanical tests, i.e. hydrostatic loading and
time-dependent behavior, with chemical analysis for major ions (Ca*", Mg*", and SO,*) from
sampled flooding effluent. Subsequently, a chemo-mechanical coupling in chalk is discussed in
terms of different proposed chalk-fluid weakening mechanisms such as physical and/or chemical,

which in turn can be used to develop a chemo-mechanical modeling of chalk in the future.
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MECHANISMS OF CHALK-WATER INTERACTIONS

As a widely accepted observation, water-saturated chalks are mechanically weaker than dry
chalks. A description of this phenomena was attempted, based on the capillary forces of chalk.
Chalk has an open pore structure but at the same time narrow pore throats because of small
grains. Therefore, the capillary forces in the chalk are higher compared to the value of the
capillary forces in sand. Several studies were carried out with the aim of explaining chalk-water
interactions based on capillary forces (Andersen et al., 1992; Delage et al., 1996; Plischke, 1996;
Schroeder and Shao, 1996). Basically, the idea was taken from the fact that water at low
saturation forms capillary menisci in the small pores of chalk, which pulls the grains toward each
other. This attractive force is called capillary force or capillary pressure. Because of the
instantaneous deformation of chalk at the onset of water injection or water flooding (Newman,
1983), it was concluded that capillary forces, as a chalk-water interaction mechanism, are
responsible for the observed water weakening effect (Brignoli et al., 1994; Papamichos et al.,
1997). This mechanism has been questioned by Gutierrez et al. 2000 and Risnes et al. 2003).
They concluded that capillary effects could not solely account for the chalk-water interactions.

Meanwhile, some studies tend to introduce chemical effects in combination with physical
effects as mechanisms of interaction. Among the studies that proposed physical and/or chemical
mechanisms, Risnes and Flaageng (1999) suggested a possible model for the chalk-water
interaction that contains repulsive electrostatic and attractive (capillary) forces between chalk
grains. Moreover, Risnes et al. (2003) proposed water activity of the fluid in contact with chalk
grains as an important parameter in the field of chalk-fluid interactions. Later on, a series of
studies have been performed in order to scrutinize the role of chemical effects on the water

weakening of chalk, such as dissolution and re-precipitation, changes in surface chemistry, and
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pressure solution. Apparently, many experiments suggest the experimental fact that chalk-water
interaction cannot be described thoughtfully without taking into account the role of chemical
effects between pore fluid and chalk (Newman, 1983; Gutierrez et al., 2000; Risnes et al., 2003;
Hellmann et al., 2002b; Heggheim et al., 2005; Korsnes, 2007). Therefore, the intention here is
to give an insight into the chemical chalk-water mechanisms relevant to the presented results,
rather than giving a summary of all the proposed chemical mechanisms.

The experimental pressure solution compaction of chalk in aqueous solutions was studied
comprehensively by Hellmann et al. (2002a,b). They drew a conclusion based on redistribution
of dissolved mass from the chalk matrix and precipitation in pore spaces. Zhang and Spiers
(2005) proposed that intergranular pressure solution is controlling the compaction in pure calcite
samples. Calcite dissolution at the grain contacts, which can cause two possible chemical effects,
namely local weakening and modification of calcite surface, was suggested by Gutrriez et al.
(2000). More recently, Korsnes (2007) suggested a chemical mechanism for water weakening of
chalk based on a process called “ion substitution.” The suggested model was described in terms
of the interexchange between calcium (from the chalk surface) and magnesium (in the fluid layer
adjacent to the chalk surface) at intergranular contacts in presence of sulfate. The proposed
mechanism could lead the chalk to compact more due to incorporation of the smaller sized Mg”"
ions compared to Ca>" ions (as part of the surface). However, the idea was challenged by a series
of study on rock-fluid interactions in chalk (Hiorth et al., 2008a; Hiorth et al., 2008b; Madland et
al., 2008; Madland et al., 2009; Zangiabadi et al., 2009; Zangiabadi et al., 2011). In these series
of studies, the importance of dissolution processes in chalk was stressed. Moreover, they showed
that MgCl, brine, which has no sulfate, causes a weakening effect in the chalk on a similar order

of magnitude to that of seawater as pore fluid. They also presented that calcium produces and
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magnesium precipitates in chalk core when the chalk core flooded with brines contain no sulfate.
Therefore, a conclusion was drawn, yet not directly related to the weakening of the chalk matrix,
that dissolution and precipitation could play an important role in chalk-water interaction
mechanism.

MATERIAL, EQUIPMENT, AND PROCEDURES

Chalk samples and brines

All the tests were performed on outcrop chalk from the quarry of Stevns Klint (termed SK
hereafter) near Copenhagen. This chalk was used for two reasons. First, the chalk is very pure in
calcite content (> 98 %) (Hjuler, 2007), which simplifies analyzing the direct effects of different
aqueous chemistries on the mechanical behavior of chalk without concern for any other
perturbations. Secondly, the results obtained from this study can be critically compared with
previous studies as the chalk has been frequently used by other researchers (Korsnes, 2007;
Madland et al., 2009; Madland et al., 2010). In spite of relatively high porosity of SK chalk, 45 —
50 %, its permeability is usually a few mD, 2 — 5 mD, due to the fact that the pore throats are
rather narrow. The non-carbonate content of SK chalk (Smectite, Quartz, and Mica) is less than 1
%. SK chalk has a specific surface area around 2 m2/g (Hjuler, 2007). It is worth mentioning that
the porosities for all the prepared cores are quite similar.

All SK cores were saturated and tested with only aqueous solutions, synthetics brines, meaning
that no hydrocarbon was used during the experimental work. Therefore, SK chalk cores are not
oil saturated and do not have oil, and phenomena like relative permeability, oil-water
interactions, and others are not covered in present study. The brines were used in the study as

saturation and/or flooding fluid. All the brines were filtered through 0.5 pum filters after
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166  ionic strength of all the selected brines is equal to ionic strength of synthetic seawater of 0.657.
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Samples preparation, equipment, and experimental procedures

A total of twenty-one cores were drilled with an oversized core bit, cooled by circulating
water. The outcrop chalks were oven-dried at about 100 °C to constant weight (at least 24 hours)
before being machine-turned to the required diameter (37 or 38.1 mm). The length of cores was
kept at approximately 70mm (+ 0.5mm) to ensure a practical rule of core length twice the core
diameter, accepted in experimental rock mechanics to decrease stress concentration, frictional
end effects, and buckling. Afterwards, the cores were saturated with distilled water (DW) using
an evacuator (at least three hours). Any pre-adsorbed ions in the saturated cores, for example,
sulfate ions, were washed out by flooding with five pore volumes (PV) of distilled water
(Puntervold, 2007). Finally, the cores were oven-dried and thereafter saturated with one of the
different artificial testing brines.

The triaxial cell used for rock mechanical tests in this study is a hydraulically operated cell as
presented schematically in Figure 1. Three high-pressure pumps control the axial pressure,
confining pressure, and fluid circulation. Design of the piston chamber of the cell is “auto-
compensated” so that the confining pressure is also applied axially. The pump in the axial circuit
will thus only provide an additional axial pressure, maximum seven bars, to overcome the
friction inside the cylindrical piston chamber and keep the piston in contact with the sample.
Therefore, the axial stress will always be slightly higher than the confining stress as an
alternative to pure hydrostatic tests in the cell. However, the loading, with good accuracy, could
be assumed hydrostatic. Axial deformations were measured by an outside Linear Voltage
Displacement Transducer (LVDT). Lateral deformation is measured by the use of a chain

surrounding the sample and an extensometer for measuring any difference of the circumference
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of the cylindrical sample. The cell is equipped with a heat regulating system that allows a
temperature control from ambient conditions up toward 150+0.2 °C. Warming the cell up to
target temperature usually takes an hour to reach a stabilized temperature and is performed after
pressurization of confining pressure and pore pressure to 1.2 and 0.7 MPa, respectively. By using
vent valve and Back Pressure Regulators, the confining and pore pressure were maintained
constant. As shown in Figure 1, by opening the bypass valve the flooding fluid does not flow
through the core, hereafter in this paper referred to as “bypass condition.” Closing the bypass
valve will re-initiate the core flood. Therefore, two different test conditions were studied in the
conducted experiments: (1) Continuous flooding of different brines through the core; and (2)
“Bypass,” no flooding, by opening the bypass valve, e.g., leaving one pore volume of brine
inside the core. It is worth mentioning that differential pressure of 0.7MPa between the core
flooding inlet and outlet line was kept constant for all the tests during flooding and bypass
condition by using positive displacement pumps.

Effluent sampling was performed more or less daily during the flooding period. An auto-
sampler was used when several samples were sampled in rapid succession during changes in
flooding status or brine. Samples were collected during bypass periods. An ion chromatograph
(ICS-3000) measured the concentration of major cations (i.e., Li" (as a tracer), Na", Mg*", and
Ca”") and anions (i.e., CI', SO4*, and SCN") in the collected effluents.

The cores, placed in the triaxial cell, were submitted to additional flow (about 1.5 PV) prior to
the compression test in order to assure “perfect” saturation and equilibrium inside the core. All
the cores were tested mechanically (hydrostatic loading) at an elevated temperature with a pore
pressure of about 0.7 MPa. The test temperature in all experiments is 130 °C, Ekofisk reservoir

temperature, unless otherwise stated. During the hydrostatic tests, yield stress values of the cores
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were determined by plotting axial effective stress versus axial strain. The yield strength was

determined based on the method that is described in Figure 2a.

After defining the yield stress value, the samples were further loaded to approximately 2.7
MPa above the yield strength before they were left to creep. This approach was selected over
loading all cores to a constant stress level, which leads to a different post yield loading
timeframe, and affecting the initial state of creep stage. In addition, the primary focus after
loading phase is to establish a settled time-dependent behavior of chalk or in other words steady-
state creep stage and leaving behind any primary, transient period, or consolidation process
(Risnes 2001). Creep behavior is presented at two time scales: regular creep time and logarithmic
creep time. The slope of the creep strain-logarithmic time graph (m) is calculated and reported
for all the experiments, Figure 2b. In EOR operations water injector wells play a vital role.
However, the operation mode of injector wells are subject to periodical shut down and start up.
The operation mode change in real life affects the formation nearby the well, both physically and
chemically. The operation is simulated in these experiments by introducing two different test
conditions on the core: (1) Continuous flooding of different brines through the core; and (2) no
flooding by opening the bypass valve, e.g., leaving one pore volume of brine inside the core.
Both of these described conditions were applied on cores with similar brines in opposite orders.
First, during the loading phase and for approximately one week of creep before the test
conditions were changed after one week in the creep phase. The pore fluid can be assumed to be
in thermodynamic equilibrium with the rock sample when the core was bypassed, which means
no net driving force or bulk mass transfer occurs across the boundary of the system, core inside

the cell. The flow rate of the brine in all of the experiments is one PV/day unless otherwise
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RESULTS AND DISCUSSION

The results of representative stress-strain and the time dependent behavior of cores in different
aqueous chemistries together with a chemical analysis of effluents taken while performing tests
are compared and discussed in this section. The experimental results detailed here are obtained
using no hydrocarbon, only aqueous solutions. Therefore, topics like aging in oil, residual oil
saturation, relative permeability, and wettability alteration are irrelevant to the discussion in the
present study. However, readers interested in such topics and detailed discussions of oil
interaction, both mechanical and chemical in chalk cores, are invited to consult with earlier
authors’ work (Rezaei Gomari et al., 2006; Zangiabadi et al., 2008; Zangiabadi et al., 2009).

A summary of results from the loading and creep phases of all experiments, only on cores
saturated and flooded with one individual fluid entirely, are presented in Tables 2 and 3. The
results are tabulated into two groups: Group 1: Core is flooded during the first week of creep
(first phase) before the core is bypassed in the second week (second phase); Group 2: Core is
bypassed during loading and the first week of creep before flooding is initiated in the second

week of the creep phase.

Table 2 and Figure 3a show the stress-strain behavior of all the flooded cores. The core SK2
treated with Na,SO4 brine tended to produce the lowest yield stress value, 4.6 MPa. This value is
very similar to the yield stress value obtained for the core saturated with SSW-1[Mg*'], 4.7 MPa.
However, the total axial strain value within the loading phase of the Na,SO, brine saturated core
is by a factor of two higher than the value recorded for the SSW-1[Mg*] brine saturated core.
The yield stress value for cores saturated with MgCl, is 5.0. The core saturated with distilled

water has a high yield stress value, equal to 7.7 MPa. CaCl, brine saturated cores, SK26 and
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SK28, have an average yield stress value equal to 4.95 MPa. The stress-strain behavior of
bypassed cores, group 2, is illustrated in Figure 3b. The core saturated with MgCl, obtained the

highest yield stress, 5.7 MPa.

The yield stress value for cores saturated with Na,SO4 and SSW were close to each other, 4.8
and 4.85 MPa, respectively. The yield stress value of the core saturated with the SSW-1[Mg*']
brine was determined to be 4.85 MPa. All over, in the second group of Table 3, the yield stress
and bulk modulus values do not point toward a solid conclusion beyond themselves, yet it is
possible to say that all the brines that have sulfate resulted in a lower yield stress value. The core
saturated with SSW is the most deformed core in this group, Figure 3b. As seen from Table 3,
the strain rate within the bypass period for the SSW core was decreased to more than half of it in
the flooding period. The strain rate of cores saturated with the Na,SO4 brine and SSW—I[Mg%]

were increased to more than five times after flooding initiation.

On the other hand, obtained creep strain, Table 3. and Figure 4a, reveals that the cores
saturated with the Na,SO, brine and SSW-1[Mg”"] were deformed the most and the core
saturated with the MgCl, brine obtained a lower creep strain in both phases, flooding and
bypassing. Additionally, these cores obtained a similar abrupt increase in the creep strain rate
when the flooding status was changed to bypass. It seems all brines that contain sulfate ions (i.e.
Na,S04, SSW-1 [Mg®]) create enhanced creep strain on the cores compared to the brines
without sulfate ions. However, under different aqueous chemistries the yield stress and bulk
modulus values of cores are scattered and show no clear trend. In the following figures, Figure

4a and Figure 4b, the time dependent behavior of the cores either flooded or bypassed is
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illustrated. Core SK3, saturated with distilled water, obtained the least axial creep strain, owning
the value of 0.15 %, Table 3. Axial creep strain for the core saturated with MgCl, started to
increase after the onset of the bypassing period, as shown in from Figure 4a. The core saturated
with the Na,SO, brine and the core saturated with SSW-1[Mg*] showed quite similar creep
behavior, Figure 4b. The core saturated with NaCl brine deformed less than the Na,SO4 and
SSW-1[Mg”] brine saturated cores, but obtained more axial creep strain compared to the MgCl,
brine saturated core. All the cores that were flooded after one week of creep are presented in
Figure 4b. In this case, the core saturated with SSW deformed the most, followed by the core
saturated with the Na,SO, brine. The axial creep strain curves overlap for the core saturated with
MgCl, and SSW-1[Mg”*"] until the onset of flooding. SSW-1[Mg**] flooding tended to deform

the core more within the flooding period, compared to the MgCl, brine.

Chalk-water Interaction in the Absence of lons (reference case)

In order to get a better understanding and documentation of the influence of different aqueous
chemistries on the mechanical strength of the chalk, mechanical tests on a core saturated with
distilled water were conducted as reference experiment. Core SK3 was saturated with distilled
water and hydrostatically tested, obtaining a yield stress value of 7.7 MPa, Table. 2. Therefore,
the hydrostatic loading increment was stopped at 10.5 MPa. Total axial strain within the loading
phase was around 0.80 %. The core obtained just 0.15 % total axial creep strain after three days
of creep with flooding (4589 minutes), Figure 5. The slope of creep strain versus the time within

the creep stage is calculated to be 0.06 %/time decade, Table 3., SK3.
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Saline Solution Flooding
In this section, the impact of saline solutions, NaCl and Na,SOy brines, on the mechanical
stability of the chalk cores, saturated and flooded with distilled water from the beginning of the
loading phase until a certain time during creep period, is demonstrated. Therefore the cores’
properties are listed separately, Table 4. It is worth mentioning that 0.2 MPa difference in yield
stress value, subsequently creep stress value) will not result in increase of strain rate by factor of
two. However, it should be noted that the methodology and experimental procedure is the same

as described in samples preparation, equipment, and experimental procedures section.

Solutions of NaCl were addressed as indifferent brine toward chalk according to studies
performed by Pierre, 1990; Rezaei Gomari et al., 2006; and Strand et al., 2006. In order to verify
the effect of NaCl flooding on the compaction behavior of chalk, a compression test was
designed on a core pre-saturated by distilled water, core SK20. The core was loaded up to 9.3
MPa, 2.8 MPa higher than its yield stress value (6.5 MPa).

The duration of the creep stage of core SK20, flooded with distilled water, was almost four
days. Subsequently, the flooding fluid was switched to the NaCl brine which clearly had an
impact on the creep strain rate, Figure 6. Introducing the NaCl brine increased the compaction
rate of the core by a factor of three, from 0.08 %/day to 0.25 %/day. However, after flooding 15
PV of NaCl brine, the compaction rate was slightly lower than the compaction rate at the end of
the period of distilled water flooding, 0.05 %/day.

In order to measure any possible adsorption of Na™ ion on to the chalk surface 1.02 g LiCl
tracer in 1 liter of NaCl brine solution, Table 1, was introduced to the core SK20 during the creep
stage, as the flood was performed. The ion chromatograph (ICS-3000) measured the

concentration of three major cations, Li", Na", and Ca®’, by analyzing some of the water samples
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collected at the core outlet. The relative concentration of Na” and Li" is plotted versus pore
volume of the injected brine, Figure 7a. The small area between the relative concentration of Na"
and Li" ions, adsorption curves, illustrates that only negligible amounts of Na™ ions have been
adsorbed in the core. Additionally, the concentration of calcium was plotted in Figure 7b.
Concentration of Ca®" ions in SSW was used as calcium reference concentration due to the fact
that no calcium is presented in the NaCl brine. It is shown that the concentration of calcium was
increased to calcium reference concentration when one pore volume of NaCl brine was flooded
through the core. Eventually, calcium concentration is decreased and stabilized around 30 % of
calcium reference concentration.

Another rock mechanical test was conducted on core SK5A, initially saturated and flooded
with distilled water. The aim was to perform an adsorption test of sulfate onto the grain surfaces
before and after the hydrostatic loading. Therefore, the core-flood of distilled water was first
switched to 2.33 gram of KSCN in 0.219 M Na,SO;, brine. The relative concentration of these
ions, compared to the original brine, versus pore volume of flooded brine is illustrated in Figure
8a. It can be noticed that the dispersion front of SCN- corresponded to about 0.5 PV.
Additionally, the tracer curve passed the point, (PV, C/C0) = (1, 0.5), which means that the
injected fluid is in contact with the total pore volume of the core. The breakthrough curve of
sulfate 1on was moved toward higher flooded pore volumes due to adsorption of sulfate ions.
Finally, the total area between the two adsorption curves is calculated, using a trapezoid method,
to be 0.26.

After performing the adsorption test, the core was cleaned by flooding several pore volumes of
distilled water. Distilled water flooding was continued until no sulfate was detected by a

qualitative batch test. Thereafter, the core was hydrostatically loaded to 8.2 MPa, creep stress
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level. The creep period is shown in Figure 8b. The flooding fluid was switched to the Na,SO4
brine after 4745 min (around three days, Figure 8b) while the effluents were taken periodically,
Figure 8a. Obviously, the brine had a dramatic effect on the axial creep rate. The axial creep rate
is increased from 0.5 %/time decade during the period of distilled water flooding to a three times
higher value, 2.41 %/ time decade, by introducing the Na,SO, brine, Table 4. The
chromatographic separation between SCN™ and SO4> was tested for this compacted core, core
S5A, within the creep phase, Figure 8a. The area between the effluent curves of the two
components was slightly changed, 0.25. Notably, the breakthrough for both tracer and sulfate
happened a little sooner in the compacted core.

Role of Sodium in NaCl Brine-Chalk

A hydrostatic compression test followed by two weeks of creep phase was performed on core
SKS8, which was saturated with the NaCl brine. The core was loaded up to 9.4 MPa of isotropic
differential stress during the hydrostatic compression period, Table 2. The yield stress point and
bulk modulus were determined to be 6.2 MPa and 0.5 GPa, respectively. The axial strain of this
core at the end of the loading phase was measured to be 1.33 %.

During the following creep phase (Figures 9a and b), a sudden deviation occurred after
approximately 5500 minutes (about four days) where the pore pressure was partly lost for a short
period. However, the impact was not major and the trend showed a normal gradual rise before
the flooding was shut off at 9973 minutes, Figure 9a. This can also be seen from Figure 9b where
a flat trend was observed before the status of flooding was changed. The slope of axial creep
strain was approximately 0.45 %/time decade and is not influenced when the flooding status was

changed to bypass, Table 4 and Figure 9.
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Chalk cores saturated with distilled water have been shown to be the strongest core from the
mechanical point of view among all the fully water saturated cores (Risnes, 2001; Risnes et al.,
2003; Madaland et al., 2008). The result of distilled water saturated core, SK3, is an indication
for the above statement since the hydrostatic yield stress value for this core was found to be 7.7
MPa, the highest value among all the obtained values for yield stress listed in Table. 2.
Additionally, the total axial strain value, obtained within the loading phase, is less than 1 %
which is the least value, comparing to the axial strain value for all the other brine saturated cores.
In parallel with the loading results, looking at the creep behavior of this core, SK3, showed that
the core was deformed only 0.15 % under 10.5 MPa creep stress level after three days of creep,
Figure 6 and Table 3.

The mechanism of chalk compaction, which was documented in terms of displacement, could
be manifested as spatial translation and rotation of calcite grains without significant collision,
and subsequently the breaking up of the grains called cataclasis process (progressive fracturing
and comminution of rock) (Powell et al., 1994). Many researchers have investigated chalk/water
interaction and discussed the various mechanisms in terms of physical and/or chemical effects
(Andersen et al., 1992; De Gennaro et al., 2003; Gutierrez et al., 2000; Heggheim et al., 2005;
Korsnes, 2007; Papamichos et al., 1997; Risnes et al., 2003; Schroeder and Shao, 1996). One or
a combination of the above mentioned chalk/water interactions, depending on the type of pore
fluid, might assist or enhance chalk compaction mechanism. It is worthwhile to mention that
saturation of dry chalk with different pore fluid caused a weakening effect on the mechanical
strength of chalk in the following order: dry < oil < methanol < water. The dry chalk showed the
highest yield stress value, followed by chalks treated with oil and methanol, respectively. The

chalk saturated with water possess the weakest mechanical strength.
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According to the above explanation, the enhanced weakening effect of distilled water as
observed in core SK3 could be explained both physically and/or chemically. The physical
mechanism, capillary phenomena, was adopted from soil mechanics in partially saturated porous
media (mechanisms of chalk water interactions). Water injection into chalk within compression
tests on chalk resulted in an instantaneous compaction, which was discussed in terms of capillary
forces (Brignoli et al., 1994; Schroeder and Shao, 1996). It was proposed that water flooding
could destroy water bridges in dry or partially saturated chalks. In other words, full water
saturation could diminish the cohesion of material and subsequently the mechanical strength of
chalk. However, findings after more investigation downgraded the role of capillary forces in
water weakening (Risnes, 2001; Risnes et al., 2003). Chemical mechanisms have been paid more
attention in a series of investigations (Gutierrez et al., 2000; Korsnes, 2007; Risnes et al., 2003).
Distilled water could affect the surface property of chalk or facilitate the dissolution of chalk
(Gutierrez et al., 2000; Pierre et al., 1990). Measurement of zeta potential shows the change of
surface charges for chalk powders treated with distilled water and synthetic brines (Kolnes et al.,
2008).

Although the solubility of calcite in distilled water is not high (Segnit et al., 1962), distilled
water could cause the easier abrasion and dissolution of asperities at intergranular contacts, thus
assisting the sliding and rotation of the grains. The local process resulted in a weakening process
in the case of a distilled water saturated core in comparison with the dry core. Finally, it should
be emphasized that, yet again, distilled water caused less weakening to the chalk core when
compared to all the other aqueous solutions, e.g., different brines.

The NaCl solution was shown as an indifferent fluid toward calcite/chalk surface (Pierre et al.,

1990; Rezaei Gomari et al., 2006). However, our experiments clearly showed an actual effect of
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fluid substitution from distilled water to the NaCl brine within the creep phase, Figure 6. It is
presented in Figure 7a that the adsorption of Na' ions towards calcite is negligible, while
introducing NaCl resulted in calcium production, Figure 7b. Thus, the observed weakening in
chalk strength is not due to adsorption of sodium ions to the surface but is likely a result of the
dissolution of chalk in the NaCl brine. Newman (1983) showed that subjecting the chalks to non-
equilibrated waters induces dissolution and, subsequently, mechanical instability. Moreover,
Millero et al. (1984) measured the solubility of calcite in solutions of NaCl at 25 °C. In their
experiments, the concentration of Ca®" did not exceed 0.006 mol/l. An atomic force microscopy
of calcite dissolution in saline solutions showed that the dissolution rate of calcite increased in
concentrated NaCl (Ruiz-Agudo et al., 2009). It was shown that salinity, i.e., NaCl content, plays
a very significant role in the solubility of calcite and the kinetics of calcite dissolution and
precipitation (Mucci, 1983). The solubility of calcite in saline solutions was increased at
temperatures up to 300 °C (Ellis, 1963). In a study by Zhang and Spiers (2005), the compaction
strain rates of calcite samples in 0.1 - 0.5 M NaCl brine and salinity-free samples were compared
to each other. The saline samples were compacted three times more than the salinity-free
samples. In light of the above experimental facts, it appears that salinity is the key parameter in
the observed behavior of NaCl flooding on the compaction strain rate of chalk, Figures 6 and 7.
Core SK8 was initially saturated with a 0.657 M NaCl brine. The hydrostatic yield stress value
is the second lowest value, compared to all the other experiments, Table 2. Furthermore, in the
experiment on core SK8, NaCl brine, the flooding status was changed to bypass in order to
quantify the impact of the shut-in period. The aim of the shut-in period within the creep phase of
the rock mechanical experiments is to evaluate diffusion, kinetics, and transport processes in the

chalk/fluid system. The creep strain and rate of deformation has not been influenced by inserting
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any changes in the fluid flow path, Figures 9a and b. The diffusion of Na" ions in the core, within
the bypass period, has not shown any impact on the creep behavior of the core. Also it has been
shown that shut-in and reinjection of NaCl did not affect the compaction behavior of the core.
However, introducing the NaCl brine to a clean core increased the compaction rate, Figure 6.
Based on the observation from Figure 7b, it could be considered that the NaCl brine increased
the dissolution of the chalk; hence, it enhanced the compaction of the core within the time

dependent period.

Role of Sulfate in Na,SO4 Solution Flooding

One core, SK5A, was saturated and flooded with distilled water within the first three days of
creep stage; thereafter, Na,SO4 brine was introduced to the system containing chalk and distilled
water, Figure 8b. In this section, the results of the rock mechanical tests, both from hydrostatic
compression and creep phase, on cores saturated with Na,SO,4, are presented. Core SK2,
saturated with Na,SO,4, was hydrostatically loaded to 7.7 MPa of differential stress since the
yield stress value was defined as 4.6 MPa, Table 2. Total axial strain obtained within the loading
phase was around 2.2 % and the bulk modulus for this core was determined to be 0.32 GPa.

The core was flooded for 9683 minutes (about a week) before changing the flooding status to
bypass, Figure 10a. The flooding status was changed when the creep strain had reached a steady
trend, Figure 10b. The illustration in Figure 10b shows that the deformation rate was
approximately 1.21 %/time decade in this period and it did not change after shutting off the flow
of pore fluid in the core, Table 3. At the end of the test, flooding of distilled water did not cause
any additional effect on the slope of creep curve. The value of yield stress, core SK2, is smaller
than the value for cores saturated with distilled water and NaCl brine, comparing values in Table

2. The comparison is in line with rock mechanical experiments performed on the other chalk
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outcrops (Madland et al., 2009). The zeta potential measurement of the suspension of chalk
powder/ Na,SO, brine showed that sulfate ions can change the surface potential of the chalk
towards negative values by forming an adsorption layer around chalk grains (Kolnes et al., 2008;
Rezaei Gomari et al., 2006). Therefore, it is concluded that sulfate ions could adsorb to the chalk
surface through a thin layer adjacent to the chalk grains; consequently, the potential of the
surface could be changed toward negatives values. The electrostatic force created by this layer,
as a repulsive force between grains, could be responsible for the observed weakening behavior
under the influence of sulfate-rich brines (Risnes and Flaageng, 1999; Hiorth et al., 2008a;
Hiorth et al., 2008b; Madland et al., 2009). The switch from flooding to bypass did not generate
any deviation in the steady state time dependent behavior of core SK2, as depicted in Figure 10a,
b. Therefore, the diffusion of SO4* ions, if any, does not affect the compaction rate of the core
fully saturated with the Na,SOj, brine.

It is shown that the concentration of Na" and SO42' ions in the sampled effluents was more or
less around the original concentration of these ions in the Na;SO,4 brine, Figure 11a. Chemical
analysis of the sampled effluent at the core outlet, core SK2, shows that in comparison with the
concentration of calcium in seawater, only a little calcium is produced during the flooding
period, Figure 11b. The calcium concentration remains stable within the bypass period which is
expected since the flooding brine contains no calcium. When distilled water was flooded through
the core, the production of calcium increased and reached the amount of one-third of the

seawater concentration in the last three collected samples.

Core SK5 and SK6, saturated with 0.219 M Na,SO,, were also mechanically tested, but in this

case the brine was bypassing the cores for one week of creep. These cores were loaded to 7.6
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MPa and 7.7 MPa of isotropic differential stress since the point of yield stress for cores SK5 and
SK6 was found out to be 4.8 MPa and 5.9 MPa, respectively. Since the result of hydrostatic
loading on core SK5 was reproduced in the experiment on the core SK6, only the bulk modulus
value and total axial strain of core SK5 is shown in Table 2.

The flooding status was changed from bypass to flooding after about a week for both cores
(9584 minutes for core SK5 and 9567 minutes for core SK6), as seen in Figure 12a. From Figure
12b, a change in the slope of creep strain becomes obvious when the cores are bypassed
compared to the flooding period. The axial creep strain rate, valid for both cores SK5 and SK6
during the bypass period, is 0.5 %/time decade, which is increased to 2.9 %/time decade within
the flooding period, Table 3. The flow rate of the brine through core SK6 was increased to 2
PV/day after two weeks of creep (20703 minutes) which did not tend to create any deviation on
the slope of the creep curve, Figure 12a. Distilled water flooding also had no impact on the creep
trend. The rock mechanical test on core SK5 was performed in the same manner as in the test on
core SK6. After a similar creep trend was obtained, the flooding brine was changed from Na,SO4
to SSW-1[Mg”] at around 12834 minutes (about 9 days), Figure 12a. The brine was substituted
during the steady state of the creep phase. The intention for this change was to study the effect of
SO4* ions on the chalk in the presence of calcium. Core SK5 was predicted to follow the same
trend as core SK6 if the brine had not been changed and any diversion from the predicted trend is
therefore assumed to be caused by the new brine. Apparently, no change was observed due to
this substitution. The core was flooded by distilled water at the end of the creep phase which had
no impact on the creep behavior.

In the experiments conducted on cores SK5 and SK6, the objective is to examine the influence

of flooding initiation of the Na,SO, brine to the cores, which are entirely bypassed from the
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beginning of the loading phase and the first week of the creep phase, Figures 12a and b. First, the
result of hydrostatic loading, listed in Table 2, indicates that the average yield stress value of
cores SK5 and SK6 is very close to the value for core SK2, treated with Na,SO,. In addition, the
mean bulk modulus value for cores SK5 and SK6 is reasonably similar to the calculated value for
core SK2, treated with Na,SO,. A substantial difference appeared during the creep phase of core
SK5 and SK6 in comparison to the creep behavior of core SK2, Figures 11a and 13a. When the
bypass period changed to flooding after one week of creep, a substantial deviation happened in
the slope of the axial strain. This clearly shows the effect of flooding fresh SO4* ions and,
consequently, disturbing the equilibrium condition inside the core. The brine, an Na,SO4
solution, has a concentration of sulfate ions ten times higher than the concentration of sulfate in
SSW. However, the solution has an ionic strength similar to NaCl brine; hence, the observed
enhancement on the axial creep strain could not be explained by the difference in the ionic
strength.

In Figures 14a and b the chemical analyses of the effluents that were taken during the bypass
and flooding periods of the test on core SK6 are plotted. The status change from bypass to
flooding had no effect on the concentration of sodium and sulfate, Figure 13a. The concentration

of calcium was increased after the change in the flooding status, Figure 13b.

A possible explanation would be the abrasion and dissolution of chalk grains (Hiorth et al.,
2008a, b). Some studies showed that SO,* ions have the ability to make an ion pair with the
desolvated ions from the surface of calcite and lead to enhanced dissolution (Ruiz-Agudo et al.,
2009). The thickness of the adsorbed layer of sulfate ions onto the chalk surface is on the order

of the molecular diameter that is surrounded by the hydrodynamic boundary layer and bulk
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solution. The thermodynamic equilibrium in the aquatic system, saturated chalk and solute, could
be disturbed by flooding initiation, characterized by the flow of sulfate ions in the bulk solution
and affecting the already formed adsorption layer around the chalk grains. As a principle, any
change in the equilibrium condition of a system would cause the system to counteract the effect
of the change. If the concentration of sulfate ions inside the bulk solution is assumed to be
increased markedly, over a short period of time after flooding, some counter-ions, cations such
as Ca”™", need to be added in order to turn back the system to the equilibrium condition. The
deficit of counter-ions in the bulk solution should be supplied by a dissolution of Ca*" from the
chalk grains. Based on this scenario, the amount of calcium ions in the effluents was increased.
As shown in Figure 13a, the concentration of sulfate as well as the sodium ions concentration
remained stable after initiation of the flooding phase for one week of creep. Figure 13b shows
that calcium is also produced around 30 % of calcium reference concentration when the flooding
is started. The observed weakening effect could be explained, yet not directly, by dissolution

from calcite grains.

Role of Magnesium in the Brine-Chalk System

Core SK7 was saturated with 0.219 M MgCl, brine. The applied hydrostatic stress was
increased to 9.2 MPa, creep stress level, and kept constant. The yield stress value was
determined as 5.7 MPa, Table 2. The values of bulk modulus and total axial strain of the core
SK7 are reported in Table 2 as 0.46 GPa and 1.82 %, respectively.

The core was bypassed during the first six days of creep, Figure 14a. The obtained axial strain
was 1.27 % and the core deformed with the rate of 0.84 %/time decade, Figure 14b and Table 3.
The first change from bypass to flooding was made after 8550 minutes. The core flood was

continued for one week and a decrease in the deformation rate was detected, 0.37 %/time decade,
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Table 3. It is also clear from Figure 14a that the creep trend immediately shows a flattening
creep. Thereafter, by bypassing the core, the creep rate was increased again, 0.77 %/time decade,
Figures 14a, b. The final change, where the status was changed back to flooding, was done after
23378 minutes (about 16 days). The flooding rate was increased to 2 PV/day during this period
and the deformation rate did not change substantially compared to the pervious flooding phase. It
is obvious from Figure 14a that within flooding periods the rate of deformation was slowed

down.

Additional tests, involving cores flooded with 0.219 M or 0.110 M MgCl, brine within the
loading phase and the first week of creep, were conducted in order to elaborate the observed
behavior of core SK7 during the bypass period, Figures. 14a, b. In a creep test performed on core
SK1, illustrated in Figure 15a, it was observed that the deformation rate was increased after the
flow of brine into the core was shut off. Apparently, the obtained creep strain was increased from
0.85 % to 1.3 % after one week of bypass. Additionally, the creep strain rate was increased from
0.3 %/time decade within the flooding phase to 1.7 %/time decade during the bypass period,
Figure 14b.

The observed phenomenon was confirmed in other tests using a lower concentration of MgCl,
brine, 0.110 M, as saturation brine, Figures 15a, b. The figures also show that the cores saturated
with a lower concentration of MgCl, brines, core SK22 and SK25, obtained more creep during
the bypass period. It is worth noting that the creep strain of these cores is in comparison with the

core saturated with a higher concentration of MgCl, brine, 0.219 M, core SK1.
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Rock mechanical experiments on cores saturated with MgCl, brine showed that bypassing with
MgCl, during the shut-in period causes an enhancement in the deformation rate within the creep
phase, Figures 14 and 15. Additionally, saturation of the cores with a half concentration of
MgCl, brine, 0.110 M, and bypassing them also caused an enhancement in the obtained value for
the axial creep strain, Figures 15a and b; however, to a lesser extent.

To attain a better understanding of the chemical reactions between the MgCl, solution and
chalk, the concentration of major ions (Mg>" and Ca”") in the effluents, taken periodically during
the creep phase at the outlet of core SK7, was measured by the ion chromatograph. The
concentrations of Mg®" and Ca®" ions in the effluents are plotted in Figure 16. In the figure the
original concentration of magnesium (0.219 M) and the calcium concentration in SSW (0.013 M)
are included as reference values. The x-axis in Figure 16 corresponds to the x-axis in Figure 14a.

During the first phase, bypass, the concentration of Mg®" is fluctuating around its original
value and no calcium is detected. Flooding with the MgCl, brine causes a sudden drop in the
magnesium concentration; whereas, it increases the calcium concentration. After its initial
maximum, the Ca®" concentration during the flooding phase, the concentration of calcium is
finally close to concentration in seawater, 0.013 M. No sampled effluents were analyzed from
the second bypass period. As soon as the core flood is initiated again, the concentrations of
magnesium and calcium follow the imaginary extrapolation of the trend within the flooding
period. At the end of the experiment, the calcium concentration decreased and stabilized a little
below the concentration in seawater; the concentration of magnesium is close to the original
Mg®" ion concentration. A clear observation could be drawn as magnesium is retained inside the

core and calcium is being produced during the flooding phases.
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It was stated that within the bypass period, diffusion and transport phenomena are of great
importance. It is indicated in Figure 16 that an intricate chemical chalk/fluid interaction occurred
due to the MgCl, brine as saturation brine. Within the flooding periods, magnesium is retained
inside the core; meanwhile, calcium is produced. Initiation of flooding, after the first bypass
phase, contributed to a dramatic decrease in the magnesium ions concentration and substantial
production of calcium ions. As the experiment progressed with time, concentration of
magnesium ions is recovered sharply toward the magnesium reference concentration, 0.219 M.
Concurrently, calcium production is stabilized around 0.013 M, calcium reference value, after a
gradual decline. Retention of magnesium and production of calcium during the experiment
clearly indicated the existence of the two opposing reactions: dissolution (calcium production)
and precipitation (magnesium-bearing minerals). A series of similar experiments showed that
MgCl, brine has a significant weakening effect on the mechanical strength of Liége chalk
(Madland et al., 2009). The observed weakening effect could be discussed in terms of
precipitation of magnesium bearing minerals and dissolution of calcium from the chalk. The
proposed explanation is not directly linked to the weakening of the chalk matrix. However, the
dissolution and precipitation, together with any possible change in the surface charge could be
the dominant factors in the weakening mechanism of chalk (Zangiabadi et al., 2009).

In this study, the enhanced deformation of the MgCl, brine saturated cores within the bypass
period could be explained tentatively by the following hypothesis. During the flooding phases,
MgCl, brine has a tendency to flow through the highly permeable zones (macro-porosity pores)
of the porous medium (chalk). Diffusion to the low permeable zones and transport-controlled or
surface-controlled dissolution and precipitation of solute are the dominant phenomena as soon as

flooding has been stopped. These types of reactions, dissolution and precipitation, in low
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permeable zones (nano-porosity pores) which assist the compaction of the chalk, sliding, and
rotation of grains, might explain the observed enhanced weakening. The sketch in Figure 17
explains the flow paths within the flooding phase and probable pathways within the bypass

period.

CaCl; Solution Flooding of Chalk Cores

Two cores, saturated and flooded continuously with 0.219 M CaCl,, were tested mechanically.
The hydrostatic loading and creep behaviors of these cores are presented in Figures 18a and b.
The average value of yield stress for cores SK26 and SK28 is 4.95 MPa. The hydrostatic phase
of these two cores was almost identical, which can be seen from the values reported in Table 2.
The cores were left to creep under 6.6 MPa isotropic differential stresses, Figure 18a. The
average deformation of the cores reached 0.93 % after a week (about 10000 minutes) and the
strain rate was 0.45 %/time decade. The Ca*" concentration in the sampled effluents, taken
during the creep phase of the test on core SK26, was determined by ion chromatography, Figure
18b. The Ca®" concentrations do not show a clear trend during the creep phase/sampling period;

they vary around the original Ca®* concentration (0.219 M) in the brine.

The amount of dissolved calcium carbonate in the brine, 32.2 g/, roughly corresponds to the
concentration of this salt in typical formation brines, e.g., Ekofisk brine. Moreover, activity of
the equilibrium chalk powder with CaCl, brine is around 0.99, according to the fluid properties
taken from a table inHughes, 1999. In a study by Risnes et al. (2003), the rock mechanical test on

cores saturated with NaCl and CaCl, brine, showed that the mechanical stability can be described
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independent of the type of ions presented in the pore fluid. Thus, it concluded that the water
activity plays an important role in the weakening process of chalk.

In the present experiments, the ionic strength of NaCl and CaCl, brine are similar, Table 1.
Apparently, adsorption and/or precipitation from CaCl, brine would not be the case in the
condition of our study. Similar values of the axial creep deformation are obtained for the cores
saturated with NaCl and CaCl,, Figures 18a and b. Therefore, the observed similar compaction

could be explained by the salinity of the brines.

Verification Tests: Flooding of Seawater Without Magnesium (SSW-1[Mg*'])

Cores SK4, SK16, and SK11 were saturated with SSW without magnesium (SSW-1[Mg>"]).
Hydrostatic compression tests were conducted on all of these cores, Table 2. Core SK16 was
flooded from the beginning of the loading phase to the end of the first week of creep stage
whereas the brine bypassed core SK4 and core SK11 in the same period. The yield stress value
for cores SK4, SK16, and SK11 was found to be 5.7, 4.7, and 4 MPa, respectively. Accordingly,
the creep stress level was set to 9, 7.9, and 6.9 MPa. The average axial strain by the end of the
loading phase for cores SK4 and SK11 is very similar to the value for SK16, Table 2. Both cores
SK4 and SK11 deformed less within the first week of creep stage compared to core SK16, Figure
19a. At the end of the first week of creep, the total axial creep strain of core SK16 is close to 2
%, around two times higher than the axial creep strain of cores SK4 and SK11 at the same time.
As soon as the flooding is initiated, the axial creep deformation of cores SK4 and SK11 begins to
increase. In core SK16, the same behavior can be seen when flooding is again initiated (at around
26000 min creep time), after a period of bypass for ten days.

The axial creep strain for core SK11 is changed from 0.46 %/time decade within the bypass

period to 2.3 %/time decade after initiation of flooding, Figure 19b and Table 3. On the other
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hand, the axial creep strain for core SK16 remains stable around 1.43 %/time decade until the
second stage of flooding, Figure 19b. The axial creep strain of cores SK16 and SK4 are on top of
each other from 26000 minutes. After three weeks of creep (21500 min), the flooding rate was
decreased for core SK11 to one half of its original value. The drop in the flow rate had no effect

on the axial creep strain rate.

In a study by Korsnes (2007), it is shown that seawater without magnesium, at a temperature of
90 °C, could cause more axial strain within the creep phase compared with the seawater. It was
suggested that an irreversible thermodynamic condition could be responsible for the observed
behavior. Additionally, in a study by Madland et al. (2008) on a different type of chalk, the cores
saturated with seawater without magnesium obtained more deformation during the creep stage
than the cores saturated with seawater. This observation was also seen in experiments performed
by Zangiabadi et al. (2009 and 2011). They showed that SSW—I[Mg2+] could facilitate the
formation of anhydrite and promote increased CaCO3 dissolution due to the reduced
concentration of Ca®" ions in the equilibrium solution. Further, it was concluded that for both
higher and lower porosity chalks, the impact of varying the flooding fluid causes a weakening in
the following order: distilled water < seawater without sulfate < seawater < seawater without
magnesium.

The behavior of cores saturated with SSW-I[Mg2+] brine within the loading phase can be seen
in Figures 3a and b, which shows that the cores have quite a low yield point, most likely due to
the presence of sulfate ions. Heterogeneity of the chalk could explain the scatter in the yield
strength and obtained strain within the loading phase (Korsnes, 2007). Time dependent behavior

of these cores is illustrated in Figures 18a and b. Sulfate ions in the brine, SSW-1[Mg*'], could
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be responsible for some aspects observed in the creep stage of the cores (role of sulfate in
Na,SO;4 solution flooding). Thus, the results were explained by the use of similarities found in
the experiments on the cores saturated with Na,SO,4 brine. Apparently, the higher value of the
axial creep strain within the flooding period compared to the bypass phase, both during the first
creep phase, is similar to the behavior of the cores saturated with the Na,SOy4 brine. Thus, the
weakening effect is more pronounced when the brine is flowing through the pores.

One can see that initiation of flooding after one week of bypass caused the axial creep strain to
increase, Figure 19 and Table 3. The observed impact is similar to what happened after flooding
the Na,SO, brine to the bypass core, Figures 12a and b. Due to the close correspondence of the
two creep phases, sulfate ions could be assumed to be responsible for the pronounced axial creep
deformation after the initiation of flooding SSW-1[Mg*"]. It was stated that sulfate ions could
firmly adsorb to the chalk surface (role of sulfate in Na,SOy4 solution flooding). The statement is
based on the surface potential measurement of chalk powder that was not disturbed when the
flooding state switched to bypass (diffusion). However, when changing from bypass to flooding,
the bulk flow of new sulfate ions could easily disturb the equilibrated system, chalk-pore fluid,
and initiate an irreversible, e.g., dissolution, reaction inside the core. The phenomena could be
explained by the ability of sulfate ions to make an ion pair with available desolvated calcite
surface ions. This formation of an ion pair is disrupted by the initiation of flooding, thus causing
enhanced weakening. On the other hand, the changing flooding status has a reverse effect on
weakening, when the brine is MgCl,. The diffusion and transport phenomena are playing a
critical role when the MgCl, brine is not flooded through the core where retained magnesium

from the flooding phase initiated the calcium production process.

CONCLUDING REMARKS
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A systematic approach was encountered to investigate the rock mechanical behavior of chalk
reservoirs in presence of variety of water compositions. The aqueous solutions of common salts
(NaCl, Na,S04, MgCl,, and CaCl,) as well as a more complex aqueous brines, i.e., seawater
without magnesium (SSW-I[Mg2+]), were selected to examine their effects on the mechanical
strength of chalk. Additionally, two different test conditions were studied in the conducted
experiments: (1) Continuous flooding of mentioned brines through the core under test; and (2)
No flooding by opening the bypass valve; leaving one pore volume of brine inside the core. The
results were discussed in terms of hydrostatic loading and time-dependent behavior, with
chemical analysis for major ions (Ca*", Mg, and SO4*) from sampled flooding effluent. The

conclusions of the work are briefly listed as follows:

. Certain types of mechanisms could explain the chalk/fluid interaction in the presence of
individual ions

. Salinity is the key element when it comes to chalk water weakening

. Seawater without magnesium and Na,SO, brine could substantially weaken the chalk

. Creep strain and its rate was found out to be similar for cores saturated with MgCl, or
seawater

. Diffusion and transport-controlled phenomena could cause a pronounced weakening
when it comes to seawater and MgCl, brine

. Creep strain induced by exposure to seawater or MgCl, occurred at greater rates during
periods of bypass than flooding

. Dissolution of chalk grains solely or together with precipitation (or re-precipitation)

should be taken into account in the field of water weakening of chalk
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. Flooding rate plays an important role in the changing of the time dependent behavior of

chalk
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883  Table 1. Brine composition; M = molar

Brine | 0.657M | 0.657 M NaCl 0.219M | 0.219 M Na,SO4 | 0.219M 0.110 M 0219 M SSW- SSW
NaCl with tracer Na,SO4 with tracer MgCl, MgCl, CaCl, 1[Mg2+]
Salts (g/1))

LiCl (Li": tracer) 1.02
INaCl 38.40 38.40 27.62 23.38
INa;SO4 31.1 31.1 341 341
IKSCN (SCN': tracer) 2.33
INaHCO; 0.17 0.17
IKCl1 0.75 0.75
MgCly+ 6 H,O 44.5 22.25 9.05
CaCl, +2 H,O 322 1.91 1.91

884

885  Table 2. Experimental observations for cores in different aqueous solutions during loading phase

Core ) ) Yield Bulk Creep stress T(}ta} strain
o Brine | Porosity [%] modulus level [MPa] within
‘ [MPa] [GPa] loading [%]

Group 1: First phase; Flooding, second phase; Bypass

SK3 DW 43.90 7.7 1.1 10.5 0.80

SK8 [NaCl 45.10 6.2 0.50 9.4 1.33

SK2 [Na,SO4 | 45.20 4.6 0.32 7.7 2.20

SK1 [MgCl, |45.76 5.0 0.71 7.3 1.4

SK26 45.63 5.2 0.52 0.68
cucn, |0 e P e e s

SK28 46.68 : 4.7 : 0.55 | ™ 0.77 :
SSW-

SK16 1[M*] 47.12 4.7 0.57 7.9 1.16

Group 2: First phase; Bypass, second phase; Flooding

SK6 45.1 4.9 | Avg. 7.7 |Avg. |19 Avg.
Na2804 0.37

SK5 45.4 4.8 | 4.85 7.6 |7.65 |26 2.25
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886

887

888

SK7 MgCl, |45.5 5.7 0.46 838 1.82

SK4 lggw. | 4455 [Ave 57 [ avg | 064 [avg |59 |Ave [081 [Ave
2+

SK11 'IMg 174584 4520 o |48 [036 19° [69 |79 [152 |1.17

SK17 [SSW | 46.01 4.8 0.42 74 27

Table 3. Experimental observations for cores in different aqueous solutions during creep stage

Creep Total creep | Total  creep | Strain rate | Strain rate
Core Brine stress strain ~ [%], | strain [%], | [Yo/time [%/time
no. level end of 1%|end of 2" |decade], first | decade], second
[MPa] phase phase phase phase
Group 1: First phase; Flooding (a week), second phase; Bypass (a week)
SK3 DW 10.5 0.15 - 0.06 -
SK8 [NaCl 9.4 1.25 1.33 0.45 0.45
SK2 [NaxSO4 | 7.7 1.83 2.23 1.21 1.21
SK1 MgCl, | 7.3 0.84 1.25 0.3 1.7
SK26 1.05 | Avg. |- 0.35 Avg. -
CaCl, |6.6
SK28 0.8 093 |- 0.55 0.45 -
SSW-
SK16 1[Mg*] 7.9 1.84 2.34 1.43 1.43
Group 2: First phase; Bypass (a week), second phase; Flooding (a week)
SK5 [NaySO4 | 7.6 1.5 1.72 0.5 2.9
SK7 MgCl, |8.8 1.19 1.27 0.84 0.37
SK4  |gqw. |89 1.18 | Avg. |2.25 | Avg. |0.46 Avg. | 2.8 Avg.
2+
ski1 Mg 116 118 |1.18 [1.85 |205 [046 |046 [23 |2.55
SK17 [SSW 7.4 2.00 2.33 2.15 0.85
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Table 4. Experimental observations for cores: initially saturated and flooded with distilled water

and changed to saline solutions

Brine . s . o
Core  |(switched Porosit | Yield Stralr} rae - within Stra“? raj[e 0w1‘Fh1n
o within  creep| y [%] | [MPa] ﬂooc'img DW | flooding brine [%/time
) [%/time decade] decade]
phase)
SK20 [DW -> NaCl |[45.05 |6.5 0.22 2.5
SK5A |DW - Na,SO,4 51.17 | 6.7 0.5 1.21

46



893

894

895

896

897

898

899

Piston chamber - - il 2
Cylindrical piston chamber <-. il -i | L I

Confining fluid <—i-l_i Ao b
Specimen (core) <_3 -|.! -- ‘t

Bypass valve

AT

Core inlet

Core outlet

Figure 1. Schematic illustration of triaxial cell, including flooding and bypass line
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Figure 4. (a) Axial creep strain vs. creep time, first week saturated and then flooded, Legend:

core number, brine, porosity, creep stress level; (b) Axial creep strain vs. creep time, first week

Figure 5. Axial creep strain vs. creep time for core SK3 flooded with distilled water, Stress level

Figure 6. Axial creep strain vs. creep time for core SK20 flooded with DW followed by 0.657 M
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907  Figure 7. (a) Relative concentration of Li" and Na' ions at the core outlet, core SK20, flooded
908  with 0.657 M NaCl. Small area between two cation curves is due to little adsorption of sodium in

909 the core. (b) Calcium concentration in analyzed effluents after NaCl injection, core SK20
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910  Figure 8. (a) Relative concentrations of SCN™ and SO, at the core outlet, core SK5A, flooded
911  with 0.219 M Na,SO4 brine with tracer Comp.: compacted core after hydrostatic loading. (b)

912 Axial creep strain vs. logarithmic creep time for core SK5A; Stress level = 8.2 MPa
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Figure 9. (a) Axial creep strain vs. creep time for core SK8, Stress level = 9.6 MPa; Saturation
brine: NaCl (b) Axial creep strain vs. logarithmic creep time for core SKS8, Stress level = 9.6

MPa; Saturation brine: NaCl
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Figure 10. (a) Axial creep strain vs. creep time for core SK2; Stress level = 7.4 MPa; Saturation
brine: Na,SO4 solution (b) Axial creep strain vs. logarithmic creep time for core SK2; Stress

level = 7.4 MPa; Saturation brine: Na,SO;4 solution
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Figure 11. (a) Chemical analysis result for Na" and SO4* ions in sampled effluent of core SK2
flooded with 0.219 M Na,SO,. The original concentrations (sodium org, sulfate org) are included
for comparison; (b) Chemical analysis result for Ca*" ions in sampled effluent of core SK2

flooded with 0.219 M Na,SO,. The concentration of calcium in SSW is included for comparison.
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Figure 12. (a) Axial creep strain vs. creep time for cores SK5 and SK6; Stress level = 7.6 and

7.5 MPa; (b) Axial creep strain vs. logarithmic creep time for core SK5 and SK6; Stress level =

7.6 and 7.5 MPa.
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Figure 13. (a) Chemical analysis result for Na" and SO4* ions in sampled effluent of core SK6

flooded with 0.219 M Na,SO,. The original concentrations (sodium org, sulfate org) are included

for comparison; (b) Chemical analysis result for Ca®" jons in sampled effluent of core SK6

flooded with 0.219 M Na,SO,. The concentration of calcium is included for comparison.
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930  Figure 14. (a) Axial creep strain vs. creep time for core SK7; Stress level = 9.2 MPa; Saturation

931  brine: MgCl, solution (b) Axial creep strain vs. logarithmic creep time for core SK7; Stress level

932  =9.2 MPa; Saturation brine: MgCl, solution
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933  Figure 15. (a) Axial creep strain vs. creep time for core SK1, SK22, and SK25; Stress level =

934  7.4,11,and 10.1 MPa; (b) Axial creep strain vs. logarithmic creep time for core SK1, SK22, and

935  SK25; Stress level = 7.4, 11, and 10.1 MPa
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936  Figure 16. Concentration of Mg®" + Ca" ions in the sampled effluents of core SK7, flooded with

937  0.219 M MgCl,; Org.: Original concentration
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Figure 17. Schematic illustration of the flow path of MgCl, brine in chalk; Black arrows;

flooding pathway, brown arrows: probable pathways within the bypass period
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Figure 18. (a) Axial creep strain vs. creep time for cores SK26 and SK28; Stress level = 6.6
MPa; (b) Concentration of Ca®*" and CI” in sampled effluents (sampling started from beginning of

creep stage), core SK26, flooded with 0.219 M CaCl,. Org.: Original concentration
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Figure 19. (a) Axial creep strain vs. creep time for cores SK4, SK16, and SK11; Stress level =9,
7.9 and 6.9 MPa; Saturation brine: seawater without magnesium (SSW-1[Mg**]); (b) Axial creep
strain vs. logarithmic creep time for cores SK4, SK16, and SK11; Stress level =9, 7.9 and 6.9

MPa. Saturation brine: seawater without magnesium (SSW-1[Mg*'])
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