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Abstract

Extensive research the last decades has shown that lowering the salinity and ionic composition
of injection water can improve the oil recovery. The mechanisms that cause the interaction
between low-salinity water and the crude oil/brine/rock system to give favorable reservoir
conditions are not clearly understood. This is needed in order to scale up the low salinity water
injection and optimize the process on a field scale. Many different mechanisms have been
proposed, but none have been accepted among all researchers. This might be because there is

not a single mechanism at work, but several.

The purpose of this master thesis is to analyze some of the published experimental results by the
use of geochemical models, in order to get a better understanding of what is happening during a
low salinity core flood. The textural changes (precipitation and dissolution) and ion exchange
processes that happen within the cores during these corefloods have been quantified. Results
found in this thesis indicate that low-salinity water will induce significant quartz dissolution that
could explain the increased oil recovery in sandstones when injecting low-salinity water. Results
also show a correlation between increased oil recovery and multivalent cation exchange in
sandstones when diluted seawater is used as the low-salinity brine. No correlation is found
between mineral dissolution or multivalent cation exchange and increased oil recovery in

carbonates when diluted versions of seawater are used as the low-salinity brine.
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Nomenclature

[x] Activity of specie x

COBR Crude oil/brine/rock

We Weight of core

EOR Enhanced oil recovery

Fuw Formula gram weight

G Gibbs free energy for a reaction
H Enthalphy

i Ion

| Ionic strength

IAP Ion activity product

K Equlibrium constant/Solubility product
kgw Kilogram water

LSE Low-salinity effect

LSW Low-salinity water

m molal concentration

MIE Multicomponent ion exchange
NCS Norwegian continental chelf
00IP Original oil in place

00IC Original oil in core

R Gas constant

SI Saturation index

T Temperature

wt% weight percent

yA Charge number

Qo

Empirical ion size parameter

Y Individual activity coefficient
0 Contact angle
Q Saturation state
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1 Introduction

Since 1971, when petroleum production started on the Norwegian continental shelf (NCS), a
total of 6 billion sm3 oil equivalents have been produced and sold. This corresponds to 44% of
the total resources on the NCS estimated by the Norwegian Petroleum Directorate’s (NPD) base.
This estimate also includes undiscovered resources, and it increased from 13.1 to 13.6 billion
sm3 oil equivalents in 2012 (Alvedal and Melberg, 2013). Figure 1-1 shows an overview of oil
resources in the 25 largest producing fields on the NCS. These resources can be divided into
three groups; produced volumes, remaining reserves and resources that will remain in the

ground after planned shutdown.
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Figure 1-1: Distribution of oil resources in the 25 largest producing fields on the NCS (Alvedal and
Melberg, 2013).

Figure 1-1 shows that resources of considerable size will remain in the ground after planned
shutdown. The expected average oil recovery factor for producing fields on the NCS today is
approximately 46% (Alvedal and Melberg, 2013). This means that more than half of the
resources will be left behind. If the recovery factor at the ten largest oilfields on the NCS
increases to 70%, the oil produced would correspond to what two new “Ekofisk-fields” would

produce (Am, 2010).



If more resources are to be produced, oil recovery operations must modernize. History has
proven that research on new technology can make it possible to produce more resources than
expected. In the 1980’s, extensive research showed that water injection in chalk was beneficial
and it was implemented at Ekofisk. Ekofisk had an expected recovery factor of 17-18% in 1972,
which has today grown to 52.5%, mainly caused by the use of water injection (“Norsk olje og

gass”, 2012).

From an economical perspective, there are enormous values related to these resources. Ola
Borten Moe (2013), oil and energy minister in Norway, states that if the recovery factor on the
NCS is increased with even just one percent, it will represent an additional value of 360 billion

NOK in gross income.

Improvement of the recovery factor on a producing field can be done by using increased oil
recovery (IOR) methods. The most common methods on the NCS are increasing the number of
wells, water- and/or gas-flooding. The two latter are also known as secondary recovery methods
and have historically been looked at as a way to maintain reservoir pressure and physically
displace oil towards producers. Water-flooding has been central on the NCS since the 1980’s and
gas-flooding since the 1970’s (Am, 2010). Compared to oil recovery by pressure depletion alone,
water- and gas-flooding have proven to be very successful. However, there are still substantial

oil resources left which seems not to be recovered by the use of these methods alone.

Most of the oil left behind in the reservoirs is immobile. To mobilize this oil, reservoirs need to
be flooded with more advanced injection fluids that would release more oil, often referred to as
enhanced oil recovery (EOR) methods. In addition to reservoir energy supplement, these fluids
are meant to interact with the reservoir’s crude oil/brine/rock (COBR) system and create
favorable reservoir conditions so that the immobile oil is released. EOR methods have not been
commonly used on the NCS so far, and there is therefore a great potential of extracting more oil
with the use of such methods (Am, 2010). Examples of EOR methods are injection of water
added surfactants or polymers, water-alternating gas (WAG), foam-assisted water-alternating

gas (FAWAG), CO; gas and low-salinity water.
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Figure 1-2: Recovery obtained with water-flooding - immobile oil is left behind (Am, 2010).

Substantial increased oil recovery is obtained by the use of WAG at fields on the NCS, i.e.
Statfjord, Snorre and Gullfaks. WAG can give an incremental recovery of 5-10% compared to
water-flooding. There are several other fields at the NCS where it can be beneficial to implement
WAG. There is also a great potential in FAWAG, where also foam is included. This method was
tested at the Snorre field in 1990’s with successful results. Water added surfactants as injection
fluid has also been field tested at Gullfaks and Oseberg, where increased oil recovery was

observed (Am, 2010).

However, most of the EOR methods have not been field tested on the NCS. It requires large
investments that most oil companies have not been willing to risk. According to director in NPD,
Bente Nyland (2013), it seems that most oil companies prefer to invest in drilling exploration
wells rather than investing in already producing fields. The director of NPD states that one of the
most important tasks for them today is to contribute to an increased recovery at existing fields.
To do this they have decided to establish a research center for increased recovery. The aim is to
develop knowledge and technology so that the recovery factor at the NCS increases. There is also
a hope for an increased collaboration between the industry and the research environments so

that new solutions can be implemented as quickly as possible.



One of the EOR methods that require more research is injection of low-salinity water (LSW). In
both laboratory experiments and field tests performed at fields in other countries, there has
been observed an increase in oil recovery when injecting LSW. Research has shown that the
interactions between LSW and the COBR system can create favorable wetting conditions so that
immobile oil is released. Most experiments and tests so far have been on the effect LSW has on
sandstones, but today there are many research groups who study the effect it has on carbonates.
Results from these experiences and tests also look promising (Yousef et al.,, 2012). Laboratory
investigation has also shown that a combination of LSW and surfactants or polymers give

positive results (Skauge, 2012).

Injection of LSW is not necessarily the most promising EOR method (Am, 2010), but there are
several reasons why many research groups are trying to figure out if it works as an EOR method,
and why. Most important, the costs are relatively low, especially at offshore installations. No
expensive chemicals need to be added to the water. Water can be taken from the seawater
surrounding the platforms, but a desalination unit is required if the seawater is too saline. BP
and its partners have decided to invest in a desalination unit for the Claire Ridge Development
project (Bjgrsvik, 2012). Clair Ridge is sandstone reservoir in the North Sea on the British
sector, and BP estimates to collect 42 million additional barrels of 0il compared to salty seawater
injection. The investment in the desalination unit represent less than 2% of the project costs, but

is estimated to generate more than 6% of additional production.

However, the mechanisms that cause the interaction between LSW and COBR to give favorable
reservoir conditions is not clearly understood. There are many different mechanisms proposed,
but none have been accepted among all researchers. Finding the mechanisms will make it able to
know in which type of reservoirs it will be beneficial to inject LSW, and more oil companies

might be willing to invest in such a project.



2 Review of recovery of oil due to changes in brine composition

Extensive research the last decades has shown that tuning the salinity and ionic composition of
injection water can affect COBR interactions and create favorable reservoir conditions (Yousef et
al,, 2012). In both laboratory experiments and field tests, there has been observed an increase in
oil recovery when injecting LSW. In 1997 Tang and Morrow published results from their
laboratory investigation on Berea sandstones where it was found that oil recovery increases
with a decrease in salinity of injection water. Since then, many laboratories and organizations
have been doing similar investigations on cores from different reservoirs. Webb et al. (2004)
published a paper which described a log-inject-log field test designed to identify whether a
positive effect caused by LSW could be observed within the near well region of a reservoir.
These results were in line with previous laboratory tests from other fields, and it showed a 25-
50% reduction in residual oil saturation when flooding with low salinity brine. This was the first
field evidence of reduction in residual oil by LSW injection (Morrow and Buckley, 2011). Since
then there has been done more field tests, many with promising results. LSW has been tested
both as a secondary mode and as a tertiary mode. As a secondary mode when it is injected after
primary recovery and as a tertiary mode when it is injected after injection of water with higher

salinity. Positive results were observed in both modes (Morrow and Buckley, 2011).

Besides studying the effect LSW has on oil recovery, the most discussed topic between research
groups today is what happens in the reservoir rock when low salinity water is injected which
causes the increased oil recovery. This is known as the low salinity effect (LSE). There are many
different recovery mechanisms proposed, but none of them have been accepted as “the one
consistent mechanistic explanation” among all researchers (Morrow and Buckley, 2011). A
reason why it is difficult to find the mechanism is probably a result of the use of different rocks
and oils in the experiments and the variation in test procedures. Also, the complexity of
minerals, crude oils, aqueous-phase compositions and the interactions among all these phases
contribute to confusion. The LSE has been observed in a variety of circumstances, which suggest
that there is more than one mechanism that causes it (Morrow and Buckley, 2011). In some
laboratory and field studies the LSE has not been observed. It is important to find the
mechanisms one believes causes the LSE, and find what conditions the mechanisms are linked
to. By doing this it will be easier to know for which reservoirs it will be economically beneficial

to inject LSW.



The most frequently suggested cause of increased recovery by LSW is wettability alteration of
rock surface towards a more water-wet rock surface, both in sandstones and carbonates. The
concept of wettability will be explained in chapter 3.1. When the rock surface becomes more
water-wet, oil is released from rock surface. The evidence for change in wettability in
investigations is often indirect, such as from changes in relative permeability curves or
centrifuge capillary pressures. The most direct measure of wettability of rocks is the rate of
spontaneous imbibition of the wetting fluid (Morrow and Buckley, 2011). Many research groups
believe that this is the dominant mechanism for increased oil recovery. But among these there
are different opinions of what exactly causes the rock surface to become more water-wet. Most
experiments and tests so far have been concerning the effect LSW have on sandstones, but today
there are many research groups who study the effect it has on carbonate reservoirs. Results

from these experiences and tests also look promising.

For sandstones it is by many believed that wettability alteration of clay minerals in the rock
causes increased oil recovery. There are many mechanisms proposed for causing wettability
alteration of clay minerals when low-salinity water is injected. Some of these mechanisms are
fines migration (Tang and Morrow, 1999), pH increase leading to interfacial tension reduction
(McGuire et al.,, 2005), cation exchange between the mineral surface and the invading brine
(Lager et al., 2008), expansion of electrical double layers (Ligthelm et al., 2009) and local pH
variation (Austad et al.,, 2010). All these mechanisms are linked to the presence of clays. Lager et
al. (2008) stated that the mechanism they proposed explained why the LSE does not seem to

work on carbonate reservoirs.

Since many researchers have claimed that clay minerals are necessary to observe a LSE, LSW has
not been expected to cause increased oil recovery in carbonates because of the lack of clay in
most carbonates. However, in 2010 Put et al. published results from a laboratory study where
reservoir cores without significant clay content was flooded with LSW, both sandstones and
carbonates. Carbonate was also found in the sandstones used. The results showed an increase in
oil recovery, and the mechanism could not be linked to clay. Dissolution of anhydrite and release
of dolomite crystals and other fine embedded minerals was observed, and it was this mechanism
that was proposed to cause the rock surface to become more water wet and therefore an

increase in oil recovery.



Hiorth et al. (2010) published a paper where it was investigated how water chemistry affects
surface charge and rock dissolution in pure calcium carbonate rock by a applying a chemical
model. They found that the surface potential changes are not able to explain changes in oil
recovery, but that mineral dissolution seems to be the controlling mechanism leading to

wettability alteration and increased oil recovery.

Yousef et al. (2011) presented results from a laboratory coreflooding study conducted using
carbonate cores which was done to investigate the impact of salinity and ion composition on oil
recovery. Their results showed that substantial oil recovery beyond conventional waterflooding
can be achieved by lowering the salinity and ionic content of the injection-water. Gupta et al.
(2011) presented their results from a combination of carbonate coreflood experiments and
simulations which showed that modification of injection water composition can significantly
increase oil recovery. The key mechanism for the substantial recovery was proposed to be
wettability alteration towards a more water-wet condition of both research groups. Gupta et al.
(2011) suggested that rock dissolution and/or surface ion exchange could be the reason for the
altered wettability. The idea of surface ion exchange is that ions in the injection-water are

adsorbed by the rock and negatively charged oil components are released

As for sandstones, changes in rock wettability in carbonates are believed to cause the increased
oil recovery. What interactions that cause these changes are however discussed. As mentioned,
rock dissolution and surface ion exchange has been proposed. In 2012 Zahid et al. suggested
migration of fines and dissolution of rock material as possible mechanisms. In 2013 Al-Shalabi
et al. matched oil recovery and pressure drop data for both first and second coreflooding
experiments of Yousef et al.’s (2010) by the use of UTCHEM. They concluded that wettability

alteration occurs by rock dissolution and/or surface change.

It has also been proposed that injection of seawater rather than any other type of water in chalk
reservoirs will increase the oil recovery (Austad et al., 2008). They propose that surface active
components in seawater, like Caz+, Mg2+ and S04%, has the capability to change rock surface
charges. The mechanism proposed is a surface-charge alteration which will cause the bond
between negative oil components and the rock surface to deteriorate, and oil components will be

released.



2.1  Wettability alteration caused by rock dissolution

It has been suggested by Hiorth et al. (2010) that rock dissolution can change the wettability and

perhaps even cause pore collapse that could expel oil in reservoir rocks. This can be done if

dissolution takes place where the oil is adsorbed; then the oil can be liberated from the rock. If

adsorbed oil components are removed from the rock surface, the rock surface will be more

water-wet. Hiorth et al. illustrated the dissolution mechanism for a carbonate rock, shown in

figure 2-1 and 2-2.

il phase

Rock Surface
Water wet Aqueous phase

Figure 2-1: Illustration of a section of the pore space, before any dissolution reaction. The surface is rough

and oil is attached where there is a large curvature and the water film is broken (Hiorth et al.,, 2010).

Dissolution
- L -
Rock Surface
Water wet Aqueous phase

Figure 2-2: Dissolution of the chalk surface has taken place where the oil was attached, and new water-

wet rock surface has been created (Hiorth et al., 2010)



2.2  Wettability alteration caused by changes in adsorbed components

The ion exchange theory refers to adsorption of ions from the injection water and desorption of

negatively charges oil components on the rock surface.

At the rock surface there are naturally occurring exchange sites. The composition of an
exchanger is affected by the ions in the water it is surrounded of. Under steady-state chemical
conditions, the composition will be in equilibrium with the resident groundwater. If there is a
change in the water composition, the exchanger readjusts its composition in order to reach
equilibrium. Ions in the pore water compete for the mineral exchange site, and the natural
exchangers display different selectivity for different cations. An exchanger may completely alter
the concentrations in the water. Le. if an exchanger is surrounded by water dominated by Caz+
and HCOsz, the cation exchanger is dominated by adsorbed Ca?+. If another type of water with

other cations intrudes, there will be an exchange of cations (Appelo and Postma, 2005).

Lager et al. (2008) suggested multicomponent ion exchange (MIE) as the mechanism which
causes the wettability alteration in sandstones during LSW flooding. It has been observed during
waterfloods, where water less saline than the connate water has been injected, that some cations
in the less saline water “stay” in the reservoir. This indicated that the “disappeared” cations had

been strongly adsorbed by the rock matrix.

On an oil-wet clay surface, multivalent cations will bond to polar compounds in the oil phase
forming organo-metallic complexes. At the same time, some organic polar compounds will be
adsorbed directly to the mineral surface, enhancing the oil wetness of the clay surface (Lager et
al,, 2008). During injection of low salinity brine, an exchange of multivalent cations will take
place, removing organic polar compounds and organo-metallic complexes from the surface and
replacing them with uncomplexed cations. These should then result in a more water-wet

surface, resulting in an increase in oil recovery (Lager et al., 2008)

For carbonates, surface ion exchange is proposed as the mechanism causing increased oil
recovery by wettability alteration, when injecting water with spesific composition of ions.
Austad et al. (2005) suggested a chemical mechanism for the wettability alteration happening
when seawater is injected into a carbonate reservoir. Initially, chalk surface is positively charged
due to the high concentration of Ca?* in the formation water, while the interface between oil and
gas is negatively charges due to the content of carboxylic acid in the crude oil. S04 in the
seawater will adsorb on the positively charged chalk surface, which will lead to removal of

negatively charged carboxylic material present in oil.



Austad et al., (2007) stated that surface active components in seawater, like Ca2+, Mg2+ and SO4%
will play an important role both regarding wettability modification and rock mechanics.
Experiments showed that adsorption of Ca?* onto the chalk surface increased during the
adsorption of SO42. The relative affinity of Ca2+ and Mg?+ towards the chalk surface at different
temperatures was studied. At temperatures below 70°C, Ca?* appeared to be more strongly
adsorbed to the chalk surface compared to Mg2+. At temperatures over 70°C, Mg2+ substituted
Ca?t+ on the chalk surface. A chemical mechanism for the wettability modification was proposed.
The mechanism is illustrated in figure 2-3. The adsorption of SO42 onto the chalk surface will
decrease the positive charge of the surface, which causes excess of Ca2+ to be close to the surface.
Caz+ will react with the negatively charged carboxylic group, and some carboxylic material is
removed from the chalk surface. At high temperatures, Mg2+ also becomes active, and in the
presence of SO4% it is proposed that Mg?+ is able to replace Caz+ at the chalk surface and it is also

expected that Mg2+ can displace the Ca%+ bonded to carboxylate groups.

(A) (B)

sol'. c.lo

caCo,,

Figure 2-3: A: Proposed mechanism when mainly Ca%+ and SO.% are active at lower temperatures. B:

Proposed mechanism when Mg2+ and SO42- are active at higher temperatures (Austad et al., 2007).
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3 Theory

3.1 Wettability

The most frequently suggested cause of increased recovery by LSW and seawater flooding in
chalk is wettability alteration of rock surface towards a more water-wet rock surface. Therefore

the concept of wettability within petroleum sciences will be reviewed.

Fluid distributions and the general relative permeability characteristics in a reservoir rock
reflect the balance between cohesive and adhesive forces. Molecules of one fluid are attracted to
another fluid by an electrostatic force generally referred to as cohesion; the basic property of
this is interfacial tension. The molecules of each fluid are to some degree attracted to the
molecules of an adjoining solid by an electrostatic force called adhesion. In a reservoir, where
there is more than one fluid present, the most adhesive fluid sticks preferentially to the solid’s
surface. This fluid is called the wetting fluid (Zolotukhin and Ursin, 2000). Wettability of a solid
can be defined as the tendency of one fluid to spread on, or adhere to, a solid’s surface in the

presence of a second immiscible fluid (Forrest and Craig, 1971).

The wettability of a reservoir rock can be estimated quantitatively by measuring the contact
angle between the liquid-liquid’s, or liquid-gas’, interface and the solid’s surface. This is called
the wetting angle and it reflects the equilibrium between the interfacial tension between the two
fluids and their individual adhesive attraction to the solid. The angle is measured on the denser
fluids’ side of the interface. If the measured angle is smaller than 90°, the denser fluid is the
wetting phase. If oil is this denser fluid, the rock is classified as oil-wet. If the angle is larger than
the 90°, the less dense fluid is considered to be the wetting phase (Zolotukhin and Ursin, 2000).
If water is this less dense fluid, the rock is classified as water-wet. The wettability of rocks’ pore
walls by fluids depend upon the chemical composition of the fluids and the mineral composition

of the rock.

Most reservoirs are neither strongly water nor oil-wet, but fall in between the two extremes. In

an oil-water system the porous media can be classified according to the oil-water contact angle:

Table 3-1: Wettability classification based on contact angle (Anderson, 1986)

0° < | Oow | < | 75° | water-wet
75° | < | Oow | < | 105° | intermediate-wet
105° | < | Oow | < | 180° | oil-wet

If the B,w = 90°, the rock is defined as neutral-wet. When a rock is neutral-wet it has no clear

preference for either oil or water.

11



Laboratory experiments have proved that rock wettability affects oil displacement, hence the
residual oil saturations (Zolotukhin and Ursin, 2000). An example of the effect on saturations is
shown in figure 3-1, which shows residual oil saturations in a strongly water-wet and strongly
oil-wet rock. As the figure shows, if a rock is water-wet, there will be less residual oil than if the

rock is oil-wet. If it is oil-wet the oil prefers to stick to the rock and it flows less easy compared

to water.

Figure 3-1: Residual oil saturations in a water-wet system and in and oil-wet system (Green and Willhite,

1998)

A wettability alteration towards a more water-wet system will give a lower residual saturation,

hence increased oil recovery.

12



3.2  Fluid rock interactions

When water is injected into a reservoir, it will tend to equilibrate with the reservoir rock
minerals, and minerals might dissolve or precipitate. These reactions might impact the wetting
condition of the reservoir rock, and could potentially explain the LSW effect. Therefore there will

be a review of the basic in this section.

All minerals, except for native elements, oxides and hydroxides, are salts. So when performing
solubility calculations it is the solubility of salts that is being calculated. A salt may remain in
solution or precipitate as a solid depending on its solubility. The solubility of a substance in
water is the concentration of the substance in the water that is in equilibrium with the substance

at the pressure and temperature of interest (Misra, 2012).

Water is an effective solvent because of its high dielectric constant. The dielectric constant of a
solvent is a measure of its capacity of its molecules to prevent recombination of the charged
solute particles. The high dielectric constant arises from the dipolar nature of the water
molecules which causes the solute ions to be hydrated, thus reducing the probability of the
solute ions to recombine. Since the dissolved ionic species are charges particles, the aqueous

solutions are electrolyte solutions (Misra, 2012).

3.2.1 Law of mass action
Equilibrium will often be attained when a mineral is in contact with water, and the reactions can
be written as follows:

aA + bB & cC + dD,

where the capital letters is chemical symbols which express the chemical species involved in the
reaction, and the non-capital letters is numbers which express the numeric relationship between

the chemical species.

The distribution of the species at equilibrium is given by:
K=—r—. 3.1
[A]

These equations are based on the law of mass action. K is the equilibrium constant and the
bracketed quantities “[ ]” denote activities. The law of mass action is applicable to any type of
reaction and it is fundamental in solubility calculations. These equations should be written for
all the reactions that will occur in the system that is being studied. Activities of pure solids and

H:0 in dilute solutions are always considered to be one (Appelo and Postma, 2005).

13



3.2.2 Activity

Activity may be defined as the effective concentration. Electrolyte solutions are in general
nonideal, and the activity of dissolved aqueous specie is not equal to its concentration in the
solution, but it is a function of both concentration and the individual activity coefficient. In
thermodynamics the activity is expressed as a fraction to a standard state. Molal concentration
is written in terms of molality (mol/kgw), and the consistency between activity and molal

concentration for aqueous solutes is as follows:

. ‘ym
[i]= 1 01 =Yilm, (3.2)
m;

where [i] is the activity of the ion i, y; is the dimensionless individual activity coefficient, m; is the
concentration expressed in molality and m;° is the standard state which causes the activity to be
dimensionless. As y; approaches 1, the solution approaches ideal behavior. For a very dilute

solutionyi=1and [i] = 1.

3.2.3 Ionic strength

The electrostatic forces between the charged solute species in an aqueous electrolyte solution
depend on the charges of the species and the total concentration of the species. Both these
factors are included in the ionic strength of an aqueous solution. Ionic strength is a relation
useful in comparing solutions of different compositions because the electrical effects of the
interactions of the various charged ions present are taken into consideration. Because of these
interactions, activity coefficients of aqueous ions cannot be estimated indirectly. lonic strength
was a concept introduced by G. N Lewis and M. Randall in 1921 for calculation of activity

coefficients, and it is calculated by the formula
1 m; 1
[= E m_icl)Zi2= EZ m; Ziz, (33)

where m; is the concentration expressed in molality, z; is the charge number of ion 7and and m;°
is the standard state which causes also the ionic strength to be dimensionless. The ionic strength

does not include any contribution from neutral molecules (Misra, 2012).

For dilute electrolyte solutions with ionic strengths lower than 0.1, the Debye-Hiickel equation is

used to calculate the individual activity coefficient for solutes:

AZiZ\/T

—, 3.4
1+4,BVI (34)

-logy; =

where A and B are temperature and pressure dependent constants, 3; is the empirical ion-size

parameter of the ion j z; is the charge number of ion 7 and I is the ionic strength.
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3.2.4 Calculation of saturation condition

Sometimes the state of saturation is unknown in the systems of water and minerals studied. If
the activities of the ions in the system are known the IAP, the ion activity product, can be
calculated. IAP is the analogue product of activities to the solubility product K (Appelo and
Postma, 2005). L.e,, when gypsum is put in water, one can calculate the state of saturation: The

activities at equilibrium give the solubility product:
K = [Ca2+][S042].

The activities of the ions in the system where the state of saturation is unknown, give the ion

activity product:
IAP = [Caz+][SO4%].

The saturation condition may be expressed as the ratio between IAP and K, the saturation state

Q=—. (3.5)

When Q = 1 the system is in equilibrium, 0 > 1 indicates supersaturation and Q < 1
subsaturation. Supersaturation suggests that there are more ions in the solution than what it
would have been at equilibrium, and precipitation of the mineral is expected. Subsaturation
suggests that there are fewer ions in the solution than what it would have been at equilibrium,

and dissolution of the mineral is expected (Appelo and Postma, 2005).

For large deviations from equilibrium, a logarithmic scale can be useful. This is given by the

saturation index SI:

SI =log(Q). (3.6)

When SI = 0 the system is in equilibrium, SI < 0 suggests subsaturation and SI > 0

supersaturation.
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3.2.5 Calculation of equilibrium constants

For the general equation:
aA + bB & cC + dD,

one may write

[CI°[D]¢
[A]*[B]*’

AG,= AG?+RTIn (3.7)

where AG: is the change in Gibbs free energy (k]/mol) of the reaction, AG? is the standard Gibbs
free energy of the reaction and equal to AG: when each product or reactant is present at unit
activity at a specified standard state, R is the gas constant and T is the absolute temperature. The
prefix 4 is used because energy can be measured only as relative amounts (Appelo and Postma).

The direction which the reaction will proceed is indicated by AG::

AG:> 0 the reaction proceed to the left (precipitation);

AG; = 0 the reaction is at equilibrium;

AG; < 0 the reaction proceed to the right (dissolution).

In the case of equilibrium the equation reduces to:

AGr® = —RTInK (3.8)

This equation allows calculation of the equilibrium constant for any reaction from tabulated data
of AG¢ for dissolved substances, minerals, and gases. AG¢ is the free energy of formation, and is
tabulated for different species in thermodynamic tables (Appelo and Postma, 2005). Tabulations

are normally given for 25°C and 1 atm pressure. 4G° is calculated from:

AGrO = ZA Gfoproduct - ZA Gforeactant (39)

If one were to calculate the solubility product for calcite at 25°C (298.15 K), this can be done by

the use of Gibbs free energies at 25°C. The values are given by Appelo and Postma:

AGf¢acoz = -1128.8 k]/mol
AGfca?t = -553.6 k] /mol
AGfOco3% = -527.8 kJ/mol
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For the reaction, CaCO3; < Caz+ 4+ CO32-, we may write:
AG® = AGOc2t + AGPco3?% - AGOcaco3z = 47.4 k]/mol

AGY =-RTInK=-8.314 x 10-3x 298.15 x 2.303 log K=-5.708 log K

47.4
—5.708

logK = = —8.30.
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3.2.6 Calculation of equilibrium constants at different temperatures
Groundwater is generally not found at the standard conditions of 25°C and 1 atm pressure. The
temperature variation has great effect on the value of the mass action constant. Variation of

mass action constants with temperature are usually calculated with the Van’t Hoff equation:

dInK _AH,

4T —RTZ (3.10)

where AH; is the heat lost or gained by the chemical system; the change in enthalpy. For
exothermal reactions, 4AH; is negative and heat is gained. For endothermal reactions, 4H; is
positive and heat is lost. AH{ is listed for different species in thermodynamic tables, and AH,? is

calculated from:
AHrO = ZA HfOproduct - ZHfOreactants (31 1)

Usually, 4H,0 is constant within the range of a few tenths of degrees and there we can integrate

Van’t Hoff equation:
logKy: -logK =ﬁ(i-i). (3.12)
1 27 2303R\T; T,

Using this equation makes it possible to calculate the equilibrium constant at other

temperatures than 25°C (Appelo and Postma)

If one were to calculate the solubility product of calcite at 10°C, this can be done by the use of

formation enthalpies. The values are given by Appelo and Postma:

AHO¢aco3 = -1206.9 k]/mol
AHc 2t = -542.8 k] /mol
AH{0co3% = -677.1 kJ/mol

For the reaction, CaCO3 < Cazt+ + CO3?-, we may write:
AH9=-542.8 k] /mol + (-677.1 k] /mol) - (-1206.9 k] /mol) = -13.0 k] /mol

Since the value is negative, this means that the reaction is exothermal; the system heats up when
calcite dissolves. Equation 2.12 is used to find the solubility product of calcite at 10°C,
remembering that log K of calcite at 25°C is -8.30.

ook oo AH? <1 1)1 Ko = —(-13.0) ( 1 )+ 830
08K10=5303r (T, T,) 18K25 = 33038314 x 103 \298.15  z83.15) T (830
= -8.18.
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4 Interpretation of coreflood results by the use of PHREEQC

There has been done a lot of research on low-salinity water as an injection fluid. The purpose of
this study is to go through some of the investigations, explain what has been done and then use
PHREEQC to interpret some of the core floods. The purpose is to quantify the textural changes
(precipitation and dissolution) and the exchanger composition changes that happen within the
core during these corefloods, and investigate if there are any correlations with oil recovery. For
the interested reader, we have in Appendix A performed analytical geochemical calculations for
a brine in equilibrium with calcite and CO; in the atmosphere. In Appendix C, we explain how to
use PHREEQC, and demonstrate that we can get similar results with PHREEQC as for the

examples discussed in Appendix A.
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4.1 Impact of injection-water salinity and ionic content on oil recovery in
carbonates

Saudi-Aramco has initiated a research program called “SmartWater Flood”, where the goal is to
investigate the potential of increasing oil recovery buy tuning the injection-water properties.

Yousef et al. (2011) performed an investigation on the impact of salinity and ionic content of
injection-water on oil recovery from carbonate reservoirs. They investigated the potential for
increased oil recovery and possible reasons for why the oil recovery increases when altering the

salinity and ionic content of injection-water.

To do this they performed a coreflooding study, a recovery mechanism study and also used a
laboratory NMR instrument to study the impact of injection-water chemistry on carbonate rock
samples. Core plugs was cut out from cores chosen from a carbonate reservoir and live oil
recombined from an oil/gas separator was used in this study. Different brines were prepared
from distilled water and reagent grade chemicals so that they had the same composition as field
water. Composition of field connate water and seawater was found through geochemical
analysis of field water. Several diluted versions of seawater were also prepared. The effect of
salinity and ion composition on density and viscosity of brines was measured at reservoir

temperature.

To investigate the potential of increased oil recovery they performed two coreflooding studies,
where the salinity and ionic composition of the injection-water was altered during the floods.
The objective of the second coreflood was to validate the result in the first coreflood.

The results found was that by injecting water with lower salinity and ionic content after
injecting seawater, give an additional oil recovery of 18-19%. When injecting twice and 10 times

diluted seawater the biggest percentage of additional oil recovery was observed.

To mobilize residual oil during a waterflood, a reduction in capillary forces is required. Capillary
force is a function of fluid/fluid and fluid/rock interactions. To measure these interactions, IFT
between oil and different salinity slugs and contact angle between the rock and different salinity
slugs was measured in the recovery mechanism study. The results found were that injection of
different diluted slugs has an insignificant impact on the fluid/fluid interactions, but a significant
impact on the rock wettability. This suggests that injection of different salinity slugs changes

rock wettability towards a water-wet state, and thus a higher oil recovery.
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To investigate the impact of injection-water chemistry on the rock samples, a NMR instrument
measured the rock sample before and after the coreflood. The conclusion of these measurements
was that the salinity and ionic composition has a significant impact on the carbonate rock
surface relaxation and connectivity among different pore systems. The five different salinity
slugs of seawater were injected one after another, starting with regular seawater and ending
with 100-times-diluted seawater. There were two core flooding experiments, four core plugs
were flooded in the first experiment and six core plugs in the second experiment. A summary of
the coreflooding experiments are given in table 4-1 and 4-2 and shown in figure 4-1 and 4-2. The
additional oil recovery was 7 to 8.5% with twice diluted seawater, 9 to 10% with 10 times
diluted seawater, 1 to 1.6% with 20 times diluted seawater, all in terms of OOIC (original oil in

core). No additional oil recovery was observed with 100 times diluted seawater.

Table 4-1: Summary of the first coreflood experiment (Yousef et al., 2011)

Slug Type Phase Type Qil Recovery (% OOIC) Residual Oil Saturation, Sor (% PV)
Regular Seawater Secondary 67.04 29.5
Twice Diluted Tertiary 6.99 23.3
10 Times Diluted Tertiary 9.12 15.1
20 Times Diluted Tertiary 1.63 13.5
100 Times Diluted Tertiary 0.00 13.5
Final 84.97 13.46
The Slug of Regular Seawater Secondary 67.00 295
Different-Salinity Slugs of Seawater Tertiary 17.94 13.5
*PV = 36.82 cm’, Q0IC = 32.82 cm’, Average Swi = 10.44%

100 r 40
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90 1 TotalSalinity
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o 80 .
O 30 g
& 704 =
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3 ; Twice Times Times Times )
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0 - 0
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Cumulative Water Injected (No. Composite Core Pore Volume)

Figure 4-1: Oil recovery curve of the first coreflood experiment. The blue curve represents the amount of
oil produced in terms of OOIC through all injected salinity slugs of seawater. The red curve represents the

injection-rate profile implemented during the coreflood experiment (Yousef et al.,, 2011).
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Table 4-2: Summary of the second coreflood experiment (Yousef et al., 2011)

Slug Type Phase Type il Recovery (% O0IC) Residual Oil Saturation, Sor (% PV)

Regular Seawater Secondary T2 221

T Diluifed Tartiary 848 14.9

10 Times Diluted Tertiary 9.95 6.4

20 Times Diluted Tardiary 0.895 5.4

100 Tirmes Dilutied Tertiary 0.00 54

Final 9365 .43

The Slug of Regular Seawaler Secondary T4.12 221

Differant-Salinity Slugs of Seawater Tarliary 15.53 5.4
Y = 53427 om’, OOIC = 54,78 om', Average Swi = 14 4%

100 7 Seawater [ 20
go -Total Salinity
G 57,600 ppm
g 80 \ =
(15 -=
2 70 5‘-:%
= £
= 60 . 10 20 100 )
3 Twice Times Times Times | [}
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= 59
S 20 =
: |
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Figure 4-2: Oil recovery curve of the second coreflood experiment. The blue curve represents the amount
of oil produced in terms of OOIC through all injected slugs of seawater, and the red curve represents the

injection-rate profile implemented during the coreflood experiment. (Yousef et al,, 2011)
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4.1.1 Mineralogy

Which minerals that are present in the rock need to be known before one can find if there has
been any dissolution or precipitation of minerals. One of the rock samples from the targeted
carbonate reservoir was crushed to determine the main rock components. X-ray diffraction
(XRD) technique was used to identify the chemical composition of the crushed materials. The
components identified were calcite (80%), dolomite (13%), anhydrite (6%) and quartz (less
than 1%) (Yousefetal,, 2011)

The chemical composition of the field connate water is also given. The brine was prepared from
distilled water and reagent grade chemicals on the basis of geochemical analysis of field water
samples. This chemical composition of the field connate water can give an idea whether the
chemical composition of the rock given, is correct. The field connate water has been in contact
with the rock for such a long time that one can assume that the water is equilibrated with all

minerals present in the rock.

The chemical concentrations for the field connate water used in this investigation (Yousef et al,,
2011) are listed in table 4-3.

Table 4-3: Conversion of concentrations of field connate water from ppm to mol/kgw

lons Concentration (ppm) Gram formula | Concentration (mol/kgw)
weight (g/mol)

Nat 59491 22.99 2.588

Caz+ 19040 40.08 0.475

Mg2+ 2439 24.31 0.1003

S042 350 96.07 0.00364

Cl- 132060 35.45 3.725

COs* 0 60.01 0

HCOs3- 354 61.02 0.005801

Conversion from parts per million to molality is done with the relation:

molality = PR x 1073 (4.1)

gram formula weight

According to the components identified by Yousef et al. one can assume that when the connate
water is in contact with the formation, the water will be in equilibrium with calcite, dolomite,
anhydrite and quartz. The composition of the field connate water also suggest this since Ca?+ is a
component in calcite, dolomite and anhydrite, Mg?* is a component in dolomite, and SO4% is a
component in anhydrite. Since there is some quartz present, one should also assume that the

field connate water contains some Si4+. Why this has not been included is unknown.
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These relations yield at equilibrium:

Calicte: CaCOs < Caz+ + HCO3z - H*

Dolomite: CaMg(C03); & Cazt + Mg2+ + 2HCOs3 - 2H+
Anhydrite: CaS04 & Caz+ + S04%

Quartz: H4Si04 < SiO; + 2H20

The density of the connate water was measured to be 1.1083 g/cm3 at reservoir temperature of
212°F (100°C). In PHREEQC one can put the given concentrations of sodium, chloride and
bicarbonate, while calcium, magnesium, sulfate and silicon is forced in equilibrium with
respectively calcite, dolomite, anhydrite and quartz. PHREEQC will then calculate the ionic
composition of the water, shown in table 4-4. If that composition is similar to the one given by
Yousef et al. we have found the right mineralogy, since it is expected that field connate water is

in equilibrium with the minerals it has been surrounded of.

Table 4-4: lonic composition given by PHREEQC and Yousef et al., and the ratio between.

lons Ionic composition given by Ionic composition used | Ratio

PHREEQC (mol/kgw) by Yousef et al.

(mol/kgw)

Na+ 2.588 2.588 1
Caz+ 0.3440 0.475 0.72
Mg2+ 0.2300 0.1003 2.29
S042 0.00327 0.00364 0.9
Cl- 3.725 3.725 1
CO3*> 0 0
Sit+ 0.0002542 0
HCOs3- 0.005801 0.005801 1

There are differences between the concentrations predicted of PHREEQC compared to what was
given in the geochemical analysis used by Yousef et al. The biggest difference is in magnesium.
The saturation indices of the field connate water may also indicate something about the
chemical composition of the rock. When the saturation index to a mineral is larger than zero,

precipitation of the mineral is expected.
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Saturation indices

Phase SI
Anhydrite 0.00
Aragonite -0.10
Calcite 0.00
Chalcedony -0.20
Chrysotile -2.27
CO2(g) -0.21
Dolomite -0.00
Gypsum -0.58
H2(g) -18.21
H20(g) -0.01
H2S(g) -55.32
Halite -1.03
02(g) -26.39
Quartz 0.00
Sepiolite -4.44
Sepiolite(d) -8.91
Si02(a) -0.84
Sulfur -42.06
Talc 1.81

Figure 4-3: Saturation indices given by PHREEQC when the field connate water is equilibrated with calcite,
dolomite, anhydrite and quartz.

As observed in figure 4-3, precipitation of talc (MgsSis010(OH)>) is expected. Therefore it should

be assumed that there is talc in the rock. At equilibrium this relation yields:
Talc Mg35i4010(0H)2 + 4H,0 + 6H+ & 3Mg2+ + 4H,4Si04

If the problem is run one more time in PHREEQC, and magnesium is forced in equilibrium with
talc instead of dolomite, a chemical composition of water more alike the one given in the paper is

found, shown in table 4-5.

Table 4-5: Second ionic composition given by PHREEQC, ionic composition used by Yousef et al,, and the

ratio between.

lons Ionic composition given by Ionic composition used by Yousef et al. Ratio
PHREEQC (mol/kgw) (mol/kgw)

Na+ 2.588 2.588 1

Caz+ 0.4878 0.475 1.03

Mg2+ 0.08417 0.1003 0.8391

S042 0.001829 0.00364 0.5

Cl- 3.725 3.725 1

COs? 0 0

Si4+ 0.0002542 0

HCOs 0.005801 0.005801 1

The concentration of sulfate is more unlike than the first run, but the concentrations of calcite
and magnesium is much more alike. There are no saturation indices larger than zero in this run.
Therefore it will from now on be assumed that the minerals present in this rock are calcite, talc,

anhydrite and quartz.
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4.1.2 Precipitation and dissolution

When flooding a reservoir with injection water, the reactions between the minerals and injection
water will move towards equilibrium. In this case, the major minerals present are assumed to be
calcite, talc, anhydrite and quartz. Through the use of PHREEQC one can force the injection
water in equilibrium with these minerals to observe what happens with the concentration of the
ions in the water. These changes will tell if there has been any dissolution or precipitation of

minerals.

The composition of the injection waters tested in this study is given in table 4-6 (Yousef et al,
2011).

Table 4-6: lonic composition of seawater and diluted versions given in ppm.

lons Seawater Twice diluted | 10 times 20 times 100 times
(ppm) seawater diluted diluted diluted
(ppm) seawater seawater seawater
(ppm) (ppm) (ppm)

Na+ 18300 9150 1830 915 183

Caz+ 650 325 65 325 6.5

Mg2+ 2110 1055 211 105.5 21.1

S042 4290 2145 429 214.5 429

Cl- 32200 16100 3220 1610 322

COs% 0 0 0 0 0

HCOs- 120 60 12 6 1.2

Table 4-7: Ionic composition of seawater and diluted versions converted to mmol/kgw

Ions Gram Seawater Twice 10 times 20 times 100 times
formula | (mmol/kgw) | diluted diluted diluted diluted
weight seawater seawater seawater seawater
(g/mol) (mmol/kgw) | (mmol/kgw) | (mmol/kgw) | (mmol/kgw)

Na+ 22.99 796 398 79.6 39.8 7.96

Caz+ 40.08 16.2 8.1 1.62 0.81 0.162

Mg+ | 24.31 86.8 43.4 8.68 4.34 0.868

S04+ | 96.07 44.65 22.3 4.465 2.23 0.4465

Cl- 3545 908.3 454.2 90.83 45.42 9.083

COs> |60.01 0 0 0 0 0

HCO3z- | 61.02 1.97 0.98 0.197 0.098 0.0197
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Densities of the different injection waters were measured at reservoir temperature and were

given in the paper (Yousefetal., 2011):

Table 4-8: Densities of seawater and diluted versions

Seawater Twice diluted | 10 times | 20 times | 100 times
seawater diluted diluted diluted
seawater seawater seawater
Density 1.0152 0.9959 0.9812 0.9782 0.9779
(g/cm3)

The different versions of seawater will now, through the use of PHREEQC, be forced in
equilibrium with calcite, talc, anhydrite and quartz. The amount of the different minerals is
unknown. As long as the amount given in PHREEQC is big enough, it will be able to quantify the
textural changes that happen within the core. In this case 100 moles of each mineral was used. If
1000 moles was used instead of 100 moles, the difference of ions in the water would be exactly

the same.

After equilibrating seawater with the minerals, changes in the seawater are observed, shown in

table 4-9.

Table 4-9: Changes in ionic composition of seawater when equilibrated with minerals.

lons Seawater (mol/kgw) Seawater equilibrated Difference (mol/kgw)
with minerals in
PHREEQC (mol/kgw)
Nat 0.796 0.7963 0.0003
Caz+ 0.0162 0.03228 0.01608
Mg2+ 0.0868 0.05018 -0.03662
SO42 0.04465 0.01978 -0.02487
Cl- 0.9083 0.9086 0.0003
COs% 0 0 0
HCOs- 0.00197 0.04293 0.04096
Sit+ 0 0.0006518 0.0006518

Through the use of equilibrium equations one can find the difference in minerals based on the

difference in concentration of the ions in the water.

Calicte:
Anhydrite:
Quartz:

Talc:

CaCOz« Ca2+ + HCO3 - H+

CaS04 & Caz* + S042-

H4Si04 « SiO; + 2H,0

Mg3$i4010(0H)2 + 4H,0 + 6H+ & 3Mg2+ + 4H4Si04
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Changes in concentration of Ca2+ effect both calcite and anhydrite, changes in Si*+ effect both
quartz and talc, changes in SO4?- effect anhydrite and changes in Mg2+ affect talc. The equations

below can give the differences in different minerals based on the differences of the different

ions:

ACalcite = -ACa?+ - AAnhydrite =-0.01608 - 0.02487 = -0.04095 mol/kgw
AAnhydrite = -ASQ4% = 0.02487 mol/kgw
AQuartz = -ASi*+ - 4*ATalc = -0.0006518 - (4*0.01219) = -0.04949 mol/kgw
ATalc = -AMg2+/3 = 0.01221 mol/kgw

PHREEQC also give the difference in moles of minerals, given in table 4-10.

Table 4-10: Differences in minerals when seawater is equilibrated with the minerals

Mineral Difference (mol/kgw)
Calcite -0.04095

Anhydrite 0.02488

Quartz -0.0495

Talc 0.01221

As observed, the difference found theoretically is the same as the one PHREEQC finds. From now
one the differences in mineral will be read in PHREEQC. It will be assumed that the weight of the
core, wg, is 1 kg, and the amount of water is also 1 kg. To find the difference in weight percent the

following equation is used:

Amineral X F,

Awt% = ~ % 100%), (4.2)

WC
where Awt% is the difference expressed in weight percent, Amineral is the difference observed
in mol/kgw, Fy, is the minerals formula gram weight expressed in gram/mol and w. is weight of
core expressed in gram. The difference in weight percent for minerals when equilibrated with

seawater is shown in table 4-11.

Table 4-11: Difference in minerals converted from mol/kgw to wt%

Mineral AMineral Fw Difference Awt%
(mol/kgw) (g/mol) (8/kgw)

Calcite -0.04095 100.085 -4.098 -0.4098

Anhydrite | 0.02488 136.136 3.3870 0.3387

Quartz -0.0495 96.11 -4.75 -0.475

Talc 0.01221 379.272 4.6309 0.463
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This can be understood as when 1 kg of seawater is flooded through a 1 kg core, there will be
dissolution of calcite and quartz, and precipitation of anhydrite and talc. This procedure will

now be done for all the diluted versions of seawater.

Table 4-12: Mineral differences presented in wt% for all versions of seawater when equilibrated with the

minerals
Seawater Twice diluted | 10 times 20 times 100 times
Awt% Awt% diluted diluted diluted
Awt% Awt% Awt%
Calcite -0.4098 -0.245 -0.071 -0.04134 -0.0112
Anhydrite 0.3387 0.103 -0.0513 -0.06495 -0.07292
Quartz -0.475 -0.283 -0.082 -0.04866 -0.0177
Talc 0.463 0.272 0.073 0.03982 0.00917

Negative values represent dissolution of minerals; positive values represent precipitation of
minerals. Dissolution and precipitation of the different minerals will be presented graphically as
a function of the ionic strengths and oil recovery observed with the different versions of
seawater in figure 4-5 - 4-12. The ionic strength is calculated in PHREEQC and the oil recovery
is an average of the recoveries observed in the first and the second coreflood (Yousef et al.,

2011).

Table 4-13: lonic strength and oil recovery observed for each version of seawater.

Seawater Twice diluted | 10 times 20 times 100 times
seawater diluted diluted diluted
seawater seawater seawater
Ionic strength | 1.041 0.5246 0.1066 0.05371 0.01102
Cumulative 70.6 78.3 87.9 89.1 89.1
oil recovery
% (00IC)
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The consistency between the ionic strength of each version of seawater and the oil recovery
observed with each version of seawater is presented in figure 4-3. It is almost linear, except
when no additional oil recovery is observed when changing from 20 times diluted seawater to

100 times diluted seawater.
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/.F_ 20 Oil recovery %

80
,// 75
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lonic strength

Figure 4-4: Consistency between ionic strength and observed oil recovery for each version of seawater
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Figure 4-5: Dissolution of calcite is observed when equilibrated with each type of diluted seawater. The
biggest amount of dissolved calcite is observed when seawater is equilibrated with seawater. The amount

decreases as the ionic strength decreases (as the salinity decreases).

0,5

0,4 &

0,3 \\
Dissolution of \\
calcite in wt%
0,2 \\

0,1 ~

™

70 75 80 85 90
Oil recovery %

0

Figure 4-6: When changing from seawater to twice diluted seawater, an additional oil recovery of 7.7 % is
observed and dissolution of calcite decreases. When changing from twice diluted to 10 times diluted
seawater, an additional oil recovery of 9.6% is observed and dissolution of calcite decreases. When
changing to 20 times and 100 times diluted seawater, little additional oil recovery is observed and the

dissolution of calcite still decreases.
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Figure 4-7: Dissolution of quartz is also observed when equilibrated with each type of diluted seawater.

The biggest amount of dissolved quartz is observed when seawater is equilibrated with seawater. The

amount decreases as the ionic strength decreases (as the salinity decreases).
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Figure 4-8: When changing from seawater to twice diluted seawater, an additional oil recovery of 7.7% is

observed and dissolution of quartz decreases. When changing from twice diluted to 10 times diluted

seawater, an additional oil recovery of 9.6% is observed and dissolution of quartz decreases. When

changing to 20 times and 100 times diluted seawater, little additional oil recovery is observed and the

dissolution of calcite still decreases.
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Figure 4-9: Anhydrite is first precipitated. Precipitation is observed when seawater and twice diluted
seawater is forced in equilibrium with the minerals. The amount precipitated when the minerals are
equilibrated with seawater is larger than when equilibrated with twice diluted seawater. When 10, 20 and

100 times diluted seawater is forced in equilibrium with the minerals, anhydrite is dissolved, here

represented with negative values.
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Figure 4-10: When changing from seawater to twice diluted seawater, an additional oil recovery of 7.7% is
observed and precipitation of anhydrite decreases. When changing from twice diluted to 10 times diluted
seawater, an additional oil recovery of 9.6% is observed and dissolution of anhydrite is observed. When

changing to 20 times and 100 times diluted seawater, little additional oil recovery is observed and the

dissolution of anhydrite increases.
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Figure 4-11: Talc is precipitated when the different versions of seawater are forced in equilibrium with

the different minerals. The precipitation is at its highest when forced in equilibrium with seawater. The

amount of talc precipitated decreases as the salinity decreases.
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Figure 4-12: When changing from seawater to twice diluted seawater, an additional oil recovery of 7.7% is

observed and precipitation of talc decreases. When changing from twice diluted to 10 times diluted

seawater, an additional oil recovery of 9.6% is observed and precipitation of talc decreases. When

changing to 20 times and 100 times diluted seawater, little additional oil recovery is observed and the

precipitation of talc still decreases.
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4.1.3 Exchanger composition
The water chemistry of injection water can change the rock surface, and the amount of adsorbed

ions. Though the use of PHREEQC one can predict how the cation exchanger at the surface of the

rock changes when it is forced in equilibrium with different brines.

First the different solutions are being equilibrated with the minerals, and then the exchanger is

calculated. The exchanger gives the amount of exchangeable cations present. The size of the

exchanger is assumed to be X = 1.1e3 mmol. If it was assumed to be smaller or larger, the

difference between the different cations would still be the same.

Table 4-14: Cation exchanger composition when the different solutions are equilibrated with the minerals

Field Seawater Twice 10 times 20 times 100 times

connate diluted diluted diluted diluted

water seawater seawater seawater seawater
Nat+ (%) | 63.42 61.27 49.21 26.25 19.27 8.893
Mgzt (%) | 3.635 28.56 37.65 55.06 60.50 69.11
Caz+ (%) | 32.94 10.17 13.14 18.69 20.22 22.00

The changes in the exchanger composition are shown graphically in figure 4-13 as a function of

the oil recovery observed with the different versions of water.
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Figure 4-13: Concentration of N+, Ca?+ and Mg?2+ at the exchanger versus observed oil recovery
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When seawater is forced in equilibrium with the rock, there will be an exchange of cations at the
surface; Mg?+ replaces Ca%+. The amount of Na+* stays almost constant. An oil recovery of 70.6 %
was observed when injecting seawater in the core. When changing from seawater to twice
diluted seawater, and from twice to 10 times diluted seawater, an additional oil recovery was
observed. The amount of both Mg2+ and Ca2+* at the surface increases and the amount of Na+
decreases. When changing to 20 and 100 times diluted seawater, little additional oil recovery is

observed, still the amount of Mg2+ and Ca2+ increases and the amount of Na+ decreases.

The exchanger composition is dominated by Nat+ when the rock is equilibrated with seawater
and twice diluted seawater. It is dominated by Mg2+ when equilibrated with 10, 20 and 100

times diluted seawater.
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Figure 4-14: When forcing the minerals in equilibrium with seawater, the composition of Caz+ at
the rock surface decreases. An oil recovery of 70.6% is observed. When forcing minerals in

equilibrium with diluted versions of seawater, the amount of Ca2* at the rock surface increases.
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Figure 4-15: When forcing the minerals in equilibrium with seawater, the composition of Mg2+ at
the rock surface increases. An oil recovery of 70.6% recovery is observed. When forcing
minerals in equilibrium with diluted versions of seawater, the amount of Mg2+ at the rock

surface increases even more.
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Figure 4-16: When forcing the minerals in equilibrium with seawater, the composition of Na+ at the rock
surface stays constant. An oil recovery of 70.6% is observed. When forcing minerals in equilibrium with

diluted versions of seawater, the amount of Na+ at the rock surface decreases.
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4.2 Impact of injection-water salinity and ionic content on oil recovery in

sandstones

In a paper published by RezaeiDoust et al. (2010), results from low salinity laboratory
experiments on cores from an offshore field in the North Sea are discussed in relation to the
recovery mechanism proposed by Austad et al. in 2010; local pH variation. The cores was taken
from a sandstone reservoir, Varg, which had been flooded with seawater and the goal of the
experiment was to find out if the oil recovery could increase by injecting diluted seawater as the

low salinity water.

The six cores used in the experiment were mainly selected due to the clay content. Four of the

cores had a clay content of approximately 16% and the two others 8%.

Synthetic brines were prepared based on compositions given by Talisman. For most of the
floods, the cores were first flooded with formation water in a secondary process followed by 20
times diluted seawater in a tertiary process. Sulfate was excluded from the diluted seawater to
avoid precipitation of BaSO4. For some cores diluted formation water (salinity of 31000 ppm)
was used as high salinity water and 200 times diluted formation water (salinity of 1050 ppm)

was used as low salinity water.

They found that the aging temperature was important for observing an additional oil recovery.
When it was 90°C, a low salinity effect of about 6% of OOIP was observed when core flooding
was performed at 60 and 130°C. The low salinity effect decreased from 6% to about 2% when

the clay content of the core material decreased from 16 to 8 wt%.

The low salinity effect of 6% of OOIP was observed when two of the cores first were flooded
with formation water, and secondly with 20 times diluted seawater. For one of the cores, there
was observed an oil recovery of 44% when injecting formation water, and additional 6% when
injecting 20 times diluted seawater, shown in figure 4-17. For the other core, there was observed
an oil recovery of approximately 53% when injecting formation water, and additional 6% when

injecting 20 times diluted seawater, shown in figure 4-18.
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Figure 4-17: During the third restoration of Varg Core 1, the oil recovery increased from 44% using

formation brine to 50% OOIP during the low salinity flood (RezaeiDoust et al., 2010)
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Figure 4-18: For Varg Core 2, the oil recovery increased from 53% using formation brine to 59% OOIP

during the low salinity flood (RezaeiDoust et al., 2010)

39



The low salinity effect of 2% of OOIP was observed when two of the cores first were flooded
with formation water diluted to 31000 ppm, and secondly with formation water diluted to 1050
ppm. For one of the cores, there was observed an oil recovery of 28% when injecting formation
water diluted to 31000 ppm, and additional 2% when injecting formation water diluted to 1050
ppm. For the other core, there was observed an oil recovery of approximately 39% when
injecting formation water diluted to 31000 ppm, and additional 2% when injecting formation

water diluted to 1050 ppm. This is shown in figure 4-19:
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Figure 4-19: For Varg Core 8, the oil recovery increased from 28% using formation brine diluted to 31000
ppm to 30% OOIP during the low salinity flood. For Varg Core 9, the oil recovery increased from 39%
using formation brine diluted to 31000 ppm to 41% OOIP during the low salinity flood (RezaeiDoust et al.
(2010))

Two of the cores were first flooded with formation water, followed by seawater, and finally by
low salinity water at 500 ppm. No low salinity effects were recorded when switching from FW to
SW or by switching from SW to the low salinity water. Both aging and flooded were performed at

130°C, and this was suggested as a reason why no effect was observed.
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4.2.1 Mineralogy
As no mineralogy was given by RezaeiDoust et al, we have to use the composition of the

formation water to estimate the mineralogy of the reservoir rock. The composition of the
formation water in the Varg formation is given, and this can give indications of which minerals

that are present in the rock.

Table 4-15: Composition of Varg formation water and seawater (RezaeiDoust et al., 2010)

Varg Sea Water
Salt Formation Brine
o/l mol1 o/l mol1
NaCl 1219 | 209 | 2338 | 04
Na;S0. 0.0 0.0 341 0.02
NaHCO, 0.0 0.0 017 | 0.002
KCl 38 0.05 0.75 0.01

MgCl; * 6H20 | 2025 | 0.14 | 9.05 0.04
CaCl; * 2H:0 7881 | 054 1.91 0.01
BaCl: * 2H:0 1.7 0.01 0.0 0.0
SrCl; * 6H;O 203 | 0.01 0.0 0.0

The composition of the salts in the formation water is given. To find the mineralogy of the rock,
the composition of the different ions is needed. This conversion is done, and the ionic

composition of formation water is given in table 4-16.

Table 4-16: lonic composition of Varg formation water

lons Concentration (mol/I)
Nat 2.09

Cazt 0.54

Mg2+ 0.14

S042 0

Cl- 3.54

Srz+ 0.01

HCO3- 0

Baz+ 0.01

K+ 0.05

The reservoir temperature given in the paper is 130°C. In the paper the amounts of clay are
given. Clay minerals are based on Mg+, Al3+ and Si*t, so it can be assumed that there is some Si+

and Al3+ as well in the formation water and that they are neglected because of small amount.

When forcing magnesium in equilibrium with talc, aluminum with mica and silica with quartz,

the composition of the water is the same as given. All the SI-indices are above zero.
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Table 4-17: Ionic concentration given by RezaeiDoust et al. and PHREECQ when solution is equilibrated

with talc, mica and quartz.

Concentration (mol/l) PHRRECQ (mol/I)
lons 2.09 2.09
Caz+ 0.54 0.54
Mg+ 0.14 0.14
S04 0 0
Cl- 3.54 3.54
Sr2+ 0.01 0.01
HCOs3- 0 0
Baz+ 0.01 0.01
K+ 0.05 0.05
Al3+ 0.00000001268
Sit+ 0.0004671

On the basis of this, the mineralogy of the rock will be assumed to be talc, quartz and mica.
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4.2.2 Precipitation and dissolution

As for the formation water, the composition of the salts in the seawater is given. This

composition need to be converted to ionic composition.

Table 4-18: Seawater composition

Salt Seawater (mol/l)
NaCl 0.4

Na S04 0.02

NaHCOs; 0.002

KCl 0.01
MgCl>*6H,0 0.04

CaClz*2H0 0.01

Table 4-19: Ionic composition of seawater and 20 times diluted seawater

lons Seawater (mol/l) 20 times diluted (mol/1)
HCO3- 0.002 0.0001

Cl- 0.53 0.0265

SO42 0.024 0.0012

Mg2+ 0.045 0.00225

Caz+ 0.013 0.00065

Nat 0.45 0.0225

K+ 0.01 0.0005

Table 4-20: Ionic composition in formation water and diluted versions of formation water:

lIons Formation water 7 times diluted formation 200 times diluted formation

(mol/1) water (mol/l) water (mol/1)
(salinity of 31000 ppm) (salinity of 1050 ppm)

Na+ 2.09 0.298 0.01

Caz+ | 0.54 0.077 0.003

Mg2+ | 0.14 0.02 0.0007

SO42- | 0 0 0

Cl- 3.54 0.506 0.0177

Srz+ 0.01 0.0014 0.00005

HCOz | 0 0 0

Baz+ | 0.01 0.0014 0.00005

K+ 0.05 0.007 0.00025

Al3+ 1.2*108 1.8*10° 6.34 * 10-11

Si4+ 0.0004671 6.67 * 10-5 2.34* 106
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The salinity of the different brines is different. Most saline is the formation water, followed by
respectively 7 times diluted formation water, 20 times diluted seawater and, at last, 200 times
diluted formation water as the least saline injection water. This yields when salinity is measured

in ppm.

These brines will now, through the use of PHREEQC, be forced in equilibrium with talc, quartz
and mica. This is done to find out if any changes in the chemical composition of the brines will
occur when it is in contact with the minerals. These changes will tell if there has been either

dissolution or precipitation of minerals.

Table 4-21: Mineral changes when formation water is equilibrated with the minerals.

Mineral Difference (mol/kgw)
Mica 5.954 * 10-12
Quartz -8.317 * 104
Talc 2.079*10+

It will be assumed that the weight of the core, w, is 1 kg, and the amount of water is also 1 kg. To

find the difference in weight percent, equation 4.2 is used.

Changes in wt% when formation water is equilibrated with the minerals are given in table 4-22.

Table 4-22: Difference in minerals converted from mol/kgw to wt%

Mineral AMineral Fw Difference Awt%
(mol/kgw) (g/mol) (g/kgw)

Mica 5.954 * 10-12 398.31 2.37 * 10 2.37 *10-10

Quartz -8.317 * 10+ 96.11 0.08 0.008

Talc 2.079 * 104 379.272 0.079 0.0079

This can be understood as when 1 kg of formation water is flooded through a 1 kg core, there
will be dissolution of quartz and precipitation of talc and mica. This procedure will now be done
for the rest of the waters. The differences in wt% of minerals when equilibrated with brine are

tabulated in table 4-23.

Table 4-23: Mineral differences presented in wt% for all brines when equilibrated with the minerals

Formation 7 times diluted 20 times 200 times
water formation water | diluted diluted
Awt% Awt% seawater formation
Awt% water
Awt%
Mica 237 % 10-10 -9.86 * 107 -2.84 %106 | -4.44*10%6
Quartz -0.008 -0.0137 -0.0156 -0.0151
Talc 0.0079 0.00167 0.000815 0.000208
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Average oil recoveries observed when injecting the different brines is given in table 4-24.

Table 4-24: Average oil recoveries observed for the different brines

Formation 7 times diluted 20 times 200 times
water formation water | diluted diluted
seawater | formation water
Oil recovery | 48.5% 33.5% 54.5% 35.5%
% of OOIP

The low salinity effect of 6% of OOIP was observed when two of the cores first were flooded
with formation water, and secondly with 20 times diluted seawater. An average oil recovery of
48.5% was observed when injecting formation water. The dissolution/precipitation happening

during these floods is shown in figures 4-20 - 4-22
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Figure 4-20: When the rock is equilibrated with formation water there will be precipitated a very small
amount of mica. When it is equilibrated with 20 times diluted seawater there will be dissolved a small

amount mica from the rock, and 6% more oil was observed recovered. The values are very small.
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Figure 4-21: When the rock is equilibrated with formation water there will be dissolution of quartz. When
it is equilibrated with 20 times diluted seawater, twice as much quartz will be dissolved, and 6 % more oil

was observed recovered.
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Figure 4-22: When the rock is equilibrated with formation water there will be precipitation of talc. When
itis equilibrated with 20 times diluted seawater there will still be precipitation, but a smaller amount. 6 %

more oil was observed recovered during this change of injection water.
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The low salinity effect of 2% of OOIP was observed when two of the cores first were flooded
with formation water diluted to 31000 ppm (7 times diluted formation water), and secondly
with formation water diluted to 1050 ppm (200 times diluted formation water). An average oil
recovery of 33.5% was observed when injection formation water diluted to 31000 ppm. The

dissolution/precipitation happening during these floods is shown in figures 4-23 - 4-25.

0,000005
0,0000045 /.

0,000004 /

0,0000035 /,
. 0,000003

Amount of mica /

dissolved 0,0000025 /

wt% 0,000002

0,0000015 /

0,000001 /

0,0000005
0

33 34 35 36
Oil recovery %

Figure 4-23: When the rock is equilibrated with 7 times diluted formation water, mica is dissolved. A
bigger amount of mica is dissolved when equilibrated with 200 times dissolved formation water. During

this change 2% more oil was observed recovered. The values are very small.
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Figure 4-24: When the rock is equilibrated with 7 times diluted formation water, quartz is dissolved. A
bigger amount of quartz is dissolved when equilibrated with 200 times dissolved formation water. During

this change 2% more oil was observed recovered.
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Figure 4-25: When the rock is equilibrated with 7 times diluted formation water, talc is precipitated. A
smaller amount of talc is precipitated when equilibrated with 200 times dissolved formation water.

During this change 2% more oil was observed recovered.
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4.2.3 Exchanger composition

The exchanger composition of the rock when equilibrated with the different versions of brines is

calculated by PHRREQC and it is tabulated in table 4-25.

Table 4-25: Exchanger composition when equilibrated with different versions of brines

Formation 7 times 20 times 200 times diluted
water diluted diluted formation water
formation seawater
water
Na+ (moles) 48.75 23.14 13.49 4.47
Caz+ (moles) 39.49 62.42 29.84 80.60
K+ (moles) 3.72 1.734 0.9507 0.3565
Mg2+ (moles) | 6.542 10.33 55.72 11.83
Sr2+ (moles) 0.788 1.249 0 1.447
Ba2+ (moles) 0.7095 1.125 0 1.303

Average oil recoveries observed when injecting the different brines is given in table 4-26.

Table 4-26: Average oil recoveries observed

Formation 7 times diluted 20 times 200 times
water formation water | diluted diluted
seawater | formation water
Oil recovery | 48.5% 33.5% 54.5% 35.5%
% of OOIP

The changes in the exchanger composition are shown graphically as a function of the oil

recovery observed with the different versions of water in figure 4-26 and 4-27.
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Figure 4-26: Concentration of Na*, Ca%+, K+, MgZ+, Sr2+ and Ba2* at the exchanger versus observed oil

recovery

Figure 4-26 illustrates the change in the exchanger composition when the minerals first are equilibrated
with formation water, and secondly 20 times diluted seawater. 6 % more oil was observed recovered
during this change of injection water. Surface changes from being Na+ and Ca?* dominant, to being Mg2+

and Ca2* dominant. Mg?+ replaces Na* and CaZ2+.
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Figure 4-27: Concentration of Nat, Ca2+, K+, Mg?+, Sr2+ and BaZ?+ at the exchanger versus observed oil

recovery

Figure 4-27 illustrates the change in the exchanger composition when the minerals first are equilibrated
with formation water, secondly with 7 times diluted formation water and at last, 200 times diluted
formation water. Formation water is included because one can assume that formation water surrounds
the rock before injecting the diluted versions. The two cores that were tested showed average oil recovery
of 33.5% when 7 times diluted seawater was injected. For both cores, 2 % more oil was observed
recovered when changing from 7 to 200 times diluted formation water. When the minerals are forced in
equilibrium with 7 times diluted formation water, Ca+ replaces Na+ at the rock surface. The concentration
of rest of the cations stays small and constant. When equilibrated with 200 times diluted formation water,

the concentration of Ca2t increases and the concentration of Na* decreases.
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5 Results and discussion

The results found when the minerals in the carbonate cores used by Yousef et al. (2011) were

equilibrated with seawater and different versions of seawater were:

e (alcite in the rock will dissolve. The amount of dissolved calcite decreases as the salinity
of the injection water decreases.

e Quartz in the rock will dissolve. The amount of dissolved quartz decreases as the salinity
of the injection water decreases.

o There will be precipitation of anhydrite when seawater and twice diluted seawater is
injected into the rock. When 10, 20 and 100 times diluted seawater is injected, anhydrite
will dissolve.

e There will be precipitation of talc. The precipitation decreases as the salinity of the

injection water decreases.

The interesting transitions in the carbonate coreflood performed by Yousef et al. (2011) was
when switching from seawater to twice diluted seawater and from twice diluted seawater to 10
times diluted seawater. When seawater was injected an average oil recovery of 70.6% was
observed, when twice diluted seawater was injected an additional average of 7.7% oil recovery
was observed and when 10 times diluted seawater was injected an average of 9.6% oil recovery

was observed.

Based on these results, mineral dissolution does not explain the additional oil recovery observed
with the use of twice and 10 times diluted seawater. The amount of dissolved calcite and quartz
is at its highest when seawater is equilibrated with the minerals, it does not increase when
diluted versions are equilibrated with the minerals. Dissolution of anhydrite is first observed
when the minerals are equilibrated with 10 times diluted seawater. If dissolution of anhydrite
should be considered as a reason for the increased recovery, dissolution should also been

observed with twice diluted seawater. No dissolution of talc is observed.
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The results found when the minerals in the sandstone cores used by RezaeiDoust et al. (2010)
were equilibrated with formation water, diluted versions of formation water and diluted

seawater were:

e Dissolution of mica increases as the salinity of the water decreases, but the values are so
small that they should be neglected.

e Quartz will be dissolved. There will be an increase in the amount of quartz dissolved
when minerals first are equilibrated with one type of water and secondly with water of
lower salinity.

e Talc will be precipitated. There will be a decrease in the amount of talc precipitated
when minerals first are equilibrated with one type of water and secondly with water of

lower salinity.

A low salinity effect of 6% of OOIP was observed by RezaeiDoust et al. (2010) when two of the
cores first were flooded with formation water, and secondly with 20 times diluted seawater. A
low salinity effect of 2% of OOIP was observed when two of the cores first were flooded with

formation water diluted to 31000 ppm and secondly with formation water diluted to 1050 ppm.

Based on these results, mineral dissolution can be an explanation of the low salinity effect
observed as the salinity of the injection water changes. Both when diluted seawater and diluted
formation water was used as the low saline brine, an additional oil recovery was observed and in
PHREEQC an increase in dissolution of quartz was observed when equilibrating the minerals
with the low saline fluid. This is in line with the suggestion made by Hiorth et al. (2010) that
rock dissolution can change the wettability. If quartz is dissolved where oil is adsorbed, oil will

be liberated from the rock.
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Figure 5-1: When the minerals present in the sandstone core used by RezaeiDoust et al. (2010) were
forced in equilibrium with formation water followed by diluted seawater, an increase in dissolution of
quartz was observed. When RezaeiDoust et al. (2010) injected formation water into Varg Core 1 & 2,

followed by diluted seawater, and average increase in oil recovery of 6% was observed.
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Figure 5-2: When the minerals present in the sandstone core used by RezaeiDoust et al. (2010) were
forced in equilibrium with formation water diluted to 31000 ppm followed by formation water diluted to
1050 ppm, an increase in dissolution of quartz was observed. When RezaeiDoust et al. (2010) injected
formation water diluted to 31000 ppm into Varg Core 8 & 9, followed by formation water diluted to 1050

ppm, and average increase in oil recovery of 2% was observed.

The increase in dissolution of quartz is larger when the 6% additional oil recovery is observed
compared to the increase when 2 % additional oil recovery was observed, which also indicates

quartz dissolution as a reason for the additional oil recovery.

The changes in exchanger composition when the minerals in the carbonate cores used by Yousef

etal. (2011) were equilibrated with seawater and the different diluted versions were:

. when equilibrated with seawater, the concentration of Mg2+ increased while the
concentration of Ca2+ decreased.

. when equilibrated with twice diluted seawater, the concentration of Mg2?+ and Caz+
increases, while the concentration of Na+ decreases

. when equilibrated with 10 times diluted seawater, the concentration of Mg2+ and
Caz+ keeps increasing, while the concentration of Na+ keeps decreasing

) when equilibrated with 20 and 100 times diluted seawater, the trend continues, the
concentration of Mg2+ and Ca2+ keeps increasing while the concentration of Na+

decreases.
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The oil recovery observed when injecting seawater could be explained by the exchange of
cations observed in PHREEQC. It seems as Mg2+ replaces Ca?+. This is in line with Austad et al.’s
(2007) suggestion that seawater containing SO42- causes this change in carbonates at
temperatures over 70°C. Temperature used when conduction these results in PHREEQC was
100°C. Austad et al. (2007) suggested that Mg2+ displaces Ca%+ bonded to carboxylate groups
present in oil, hence more oil is released. However, since the concentrations of both Mg2+ and
Ca2t increases when the minerals are equilibrated with diluted versions of seawater, results
found in PHREEQC do not suggest cation exchange as an explanation for the low salinity effect

observed.

The changes in exchanger composition when the minerals in the sandstone cores used by

RezaeiDoust et al. were forced in equilibrium with formation water and secondly diluted

seawater were:
) concentration of Na+, K+ and Ca2+ decreased
. concentration of Mg2+ increasesd
. concentration of Srz+ and Ba2+ is very small, and it stays constant

A low salinity effect of 6% of OOIP was observed by RezaeiDoust et al. (2010) when two of the
cores were flooded with formation water followed by diluted seawater. An exchange of
multivalent cations (Mg2+ replaces Ca2t) is observed in PHREEQC when changing from
formation water to diluted seawater, shown in figure 5-3. This is in line with Lager et al. (2008)
suggestion that multivalent cation exchange can release additional oil components. On an oil-
wet clay surface, multivalent cations will bond to polar compounds in the oil phase forming
organo-metallic complexes. At the same time, some organic polar compounds will be adsorbed
directly to the mineral surface, enhancing the oil wetness of the clay surface (Lager et at., 2008)
During injection of low salinity brine, an exchange of multivalent cations will take place,
removing organic polar compounds and organo-metallic complexes from the surface and
replacing them with uncomplexed cations. These should then result in a more water-wet
surface, resulting in an increase in oil recovery (Lager et al, 2008). However, it should be
remembered that the ion exchange interactions PHREEQC describes the interactions between
Mgzt and Ca?*+ with the surface, and not Mg?*+ and Ca?* bond with the surface and bond with the
oil phase. But this is beyond the scope of this thesis to also include oil phase in the geochemical

reactions.

56



60

50 /
40

Compostition at T /
the cation S‘
30
exchanger / =@=Ca
%
) 20 / ——Mg

Ny

4

0

48 50 52 54 56

Average oil recovery (%) observed for Varg core 1 and 2

Figure 5-3: Ca2* is replaced by Mg?+ when diluted seawater is used as the low saline brine.

The changes in the exchanger composition when the minerals in the sandstone cores used by
RezaeiDoust et al. were equilibrated with formation water diluted to 31000 ppm followed by

formation water diluted to 1050 ppm were:

. when equilibrated with formation water diluted to 31000 ppm, the concentration of
Mgzt and Ca?t increases, while the concentration of Nat and K+ decreases. The
concentration of Ba2+ and Sr2+ is low and stays constant.

. when equilibrated with formation water diluted to 1050 ppm, the concentration of
Mgzt and Ca?* keeps increasing, while the concentration of Nat+ and K* keeps

decreasing. The concentration of Ba2+ and Sr2+ is low and stays constant.

Based on these results, multivalent cation exchange suggested by Lager at al. (2008), cannot
explain the average oil recovery of 33.5% observed when injecting formation water diluted to
31000 ppm or the additional oil recovery of 2% that was observed when injecting formation

water diluted to 1050 ppm.
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The increase in dissolution of quartz in the sandstone observed when changing from high to low
saline brine indicates that dissolution affects the increased oil recovery. However, more research
is required before one can conclude that dissolution causes increased oil recovery. PHREEQC is
not able to find out if rock dissolution occurs where the oil is adsorbed. When Hiorth et al.
(2010) found that dissolution of calcite could have an effect on the rock wettability; they stated
that a coupled scale model that could address where the dissolution inside the core takes place
was needed for further investigations. In addition to this, results found did not indicate that
dissolution lead to additional oil recovery in the carbonate corefloods performed by Yousef et al.
(2011). With these results we can only conclude that mineral dissolution may be a cause of

wettability alteration and increased oil recovery in sandstones.

The exchange of multivalent cations observed when sandstone minerals was equilibrated with
diluted formation water followed by diluted seawater, indicates that cation exchange also affects
the oil recovery in sandstones positively. However, this was not observed when using diluted
formation water as the low saline brine. Therefore we can only conclude that results indicate
that multivalent cation exchange affects the oil recovery in sandstones when diluted seawater is
used as the low saline brine. More investigation is required before one can conclude that
multivalent cation exchange is the mechanism leading to additional oil recovery with use of low
salinity water. The results found in this thesis, give no information whether the released cations

was bound to oil or not. More advanced modeling need to be done for that to be found.

There are several factors that possibly have affected the results found. PHREEQC was used to
find the mineralogy of the cores by the use of formation water given in the papers of Yousef et al
and RezaeiDoust et al. When formation water is brought from the reservoir to the surface it will
go through changes that may affect the ionic composition of the formation water. Therefore
there is a possibility that the mineralogy of the cores predicted by PHREEQC is not correct. Also,
in the investigations studied, several cores were flooded, and average results of oil recovery

observed were used. Potential differences between cores were not considered.

When doing calculations in PHREEQC, it was assumed that there is equilibrium between all
species in the water and the minerals it is surrounding. No information is given of what happens
before equilibrium is reached between the different species. Some reactions reaches equilibrium
faster than others, and there might be dissolution or precipitation happening that cannot be

shown.
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6 Conclusions

Results found in this thesis does not give any clear answers of what causes the low salinity
effect observed in the corefloods of Yousef et al. (2011) and RezaeiDoust et al. (2010). However,

for some of the floods, results found in PHREEQC can indicate possible mechanisms.

Results found in PHREEQC showed correlation between dissolution of quartz and incremental
oil recovery in sandstones. A model that can address where the dissolution inside the core takes

place, and also include the oil phase is needed for further investigations.

We have found a correlation between multivalent cation exchange and incremental oil recovery
in sandstones when seawater was used as the low salinity fluid. More advanced modeling, and
experimental techniques is required if we are to find out whether the released cations was
bound to oil or not. A correlation between multivalent cation exchange and incremental oil

recovery was not observed when diluted formation water was used as the low salinty brine.

Mineral dissolution in carbonates as the mechanism leading to wettability alteration and
increased oil recovery is questionable. Results can confirm Austad et al.’s (2007) suggestion that
seawater containing SO4%,, causes Mg?+ to replace Ca?* bonded to oil at temperatures over 70°C.
This can however not explain the increased recovery observed when injecting diluted versions

of seawater.

Results may also indicate that there are different mechanisms leading to additional oil recovery
when flooding carbonates and sandstones with water of low salinity. This could also be the

reason that there does not seem to be a consensus.

The work performed in this thesis clearly demonstrates that when injecting different brine
chemistries through the cores, the brines induce changes in the rock texture and ion exchange.
Further work should be to investigate which of these interactions are important for oil recovery.
Possible ways of doing this would be to include oil components in the PHREEQC geochemical

reactions or model the oil production curves with a Darcy scale model.
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Appendix A Examples of manual solubility calculations

A.1 Calcite in pure water; system not connected to the atmosphere
To gain an understanding of how to perform solubility calculations it may be preferable to look

at specific examples. Knowing how to do manual solubility calculations is important to gain a
basic understanding of the underlying principles. I will go through some examples in detail and
show how to do this. The examples is taken from “Solutions, minerals and equilibria” written by

Garrel and Christ in 1965.

The first example shows how to decide the solubility of calcite when pure calcite, CaCOs3, is put in
pure water, H,0, with negligible gas present. It is assumed that there will be equilibrium
between calcite and water, as well as internal equilibrium of all ionic species in the solution.
Pure water is defined as water where reactive gases such as carbon dioxide, CO,, have been

swept out. The temperature is assumed to be 25°C and the pressure 1 bar.

HCOs a2+ H;0
+ H+* 2
on i —> o an
H:0 HzC03 CaCs

Figure A-1: Pure calcite is put in pure water

Pure water contains H,0-molecules and the disassociated ions H* and OH-. This is because one
water molecule can donate a proton to another water molecule; a process which is called
autoionization of water. H0-molecules react with each other to some degree and form equal
amount of H+ as OH-. After some time H+-ions and OH~ions start to react with each other and
form H20-molecules. After some time the amount of H,0 dissolved will equal the amount of H,0
formed. This is the definition of equilibrium, and the reaction can be written as follows (Brown

etal, 2009):

H,0 & H+ + OH-

The distribution of species at equilibrium is given by the equilibrium constant:
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_ [HTJ[oHT] L,
K—W—lol‘“’. (A.1)

The activity of H»0 is assumed to equal one. This can also be done in in dilute aqueous solutions.
This constant is called the ion-product constant, K. It is applicable to any dilute aqueous

solution and it is unaffected whether a solution is acidic or basic (Brown et al, 2009)

When calcite is placed in pure water there will be dissolved calcium ions, Ca2+, and carbonate

ions, CO32. When this reaction reaches equilibrium it can written as follows:
CaCOs3 & Caz+ + CO32-
The distribution of species is given by the equilibrium constant:

_[ca**][cos®] o
K—W =1083, (A.2)

CaCOs is a pure solid and the activity is therefore by definition considered to be one;

[CaC03] =1.

Some of the CO32--ions dissolved will now combine with H+ in the water and form bicarbonate,

HCO3-. When this reaction reaches equilibrium it can be written as follows:
CO32- 4+ H+ & HCO3-
The distribution of species is given by the equilibrium constant:

_ [HCO3] —10103
K_[H+][C032']_10 . (A.3)

Some of the bicarbonate formed combines with H+ in the water and forms carbonic acid. When

this reaction reaches equilibrium it is written as follows:
HCO3-+ H* & H,CO3
The distribution of species is given by the equilibrium constant:

_[H€05] o
K= HFHCO; 1064, (A.4)

Some carbonic acid will break up into water and dissolved carbon dioxide. At equilibrium this

reaction is written as follows:

H,CO3 & CO; + H20
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In this example it is assumed that this is a saturated calcite solution in contact with excess calcite
and that it is completely filling the container. Therefore the gas phase can be ignored, according

Garrel and Christ.

The species of importance in this system is Ca2+, CO32-, HCO3-, H,CO3, OH-, H+, CaCO3 and H;0. The
activity of H,0 and CaCOs is assumed to be one. The activities of Ca2+, CO32-, HCO3-, H2CO3, OH-

and H* need to be found. The four equilibrium constants, A.1 - A.4, yield for this system.

Since there are six unknowns, there is a need for two more equations to solve all activities. The
original water does not contain any carbonate species, so every carbonate specie in this solution
must come from the calcite added. Since the calcite dissolve similar molal amount of calcium
ions and carbonate ions it can be said that the molality of calcium in the solution must equal the
sum of molalities of all species containing a carbonate ion. This can be expressed by writing a

mass balance equation:

m =m m m A.5
CaZ+ c032'+ Hco3‘+ H,CO03 (A.5)

Mass balance equations are fundamental in solubility calculations. Information about initial
concentration of different species can give equations which will contribute to finding

concentration of species in a system.

Another fundamental principle of solution chemistry is that positive and negative charges of the
dissolved species in a solution must be equal to maintain electrical neutrality. The charge

balance equation is written:

Z Zimi=0, (A6)
i
where m; is the molality and z; is the charge of ion i. This equation is also fundamental in

solubility calculations.

The sum of positive and negative charges in water must be equal, so the charge balance equation

can be used for the solution:

chaz+ + my+ = 2mC032— + mHCOa_ + mgoy- (A7)

Now there are six equations to use and six unknowns to solve. A problem is that four of the
equations are written in terms of activities while two are written in terms of concentrations.
Another problem is that for the activity coefficients to be calculated, the ionic strength of the
solution must be known, which requires knowledge of the concentrations, which is exactly what

is trying to be solved.
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A way to solve the problems is to perform an iteration procedure and do some assumptions.
First it is assumed that the solution is ideal and that activities equals concentrations, in other
words that y; = 1 for all species. When all the concentrations are calculated, the ionic strength of
the solution can be calculated. With the ionic strength known, the individual activity coefficients
can be calculated. If some of these differ from one, the concentrations should be calculated over
again by using the calculated individual activity coefficients. With new values for concentration,
the ionic strength should be calculated again to calculate new individual activity coefficients.
This should be done repeatedly, until the approximations of concentrations show no appreciable

differences.

A third problem is that solving six unknowns by using six equations will be very time consuming
work. Simplifications are often very useful in chemical calculations, and any reasonable

assumption can be made as long as the validity is tested afterwards.

Since both the carbonate ion and bicarbonate combines with H+, it is known that there is more
OH- in the system than H+. Since the concentration of OH- will be relatively much larger than the
concentration of Ht, the molality of H* can be ignored in the charge balance equation. Neglecting
terms is allowed in equations based on summations, which in this case would be the mass

balance equation and the charge balance equation. Equation A.7 is now shortened down to:
chaz+ = chogz_ + mHCO3_ + mgoy- (A 8)
Since there are more OH- than H+, the solution must be basic; pH > 7.

Having an assumption about the pH, makes it possible to do an assumption about the carbonate
species present. The sum of concentration of CO3%, HCO3 and H,COs3 is constant. Based on this
information and equilibrium constants A.3 and A.4, the amount of each carbonate specie present
in a solution at a given sum can be found, for different pH-values. If the sum of the concentration

of these three species is i.e. one, it can be written:

Mco_,_ + Myco,- + My,co, = 1.

Now there are three equations and three unknowns, and the relative concentration of CO3?,
HCO3- and H:COs3 for different pH-values can be found, remembering that pH = -log[H+]. The

result looks as follows:
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Figure A-2: Relative concentration of carbonate species at different pH-values.

According to this, when pH > 7, the concentration of carbonic acid, H2CO3, is close to zero. When
calculating the mass balance equation this value can be ignored, because it is so small relative to

the other sizes involved.

Equation A.5 can now be written:

mca2+= mco32_+mﬂco3_ (Ag)

Multiplying equation (A.9) by two and subtracting from equation (A.8) give:

cho3_ =m (A].O)

OH"

Expressing the four equilibrium equations, A.1 - A4, in terms of mut give the following

equations:
10—14-.0

Moy-= — = Myco,-
10—24-.3

m =0
0327 (my+)?
me 2+ = 1016 (my+)?

my,co,= 107 mol/kgw
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By using equation A.9, mu* can be calculated and then the other species’ concentrations:

10-24.3 10-14.0

1016 (my*) 2=

(m]-[+)2 m]—[+

Using a solver in Microsoft Excel makes it possible to calculate my*. Putting this value into the

equilibrium equations makes it possible to calculate the other species’ concentrations.

myt+ = 10-99 mol/kgw

Mon™ = Mucos- = 10-+95mol/kgw

mco3? = 10-+* mol/kgw

mca2*t = 1039 mol/kgw

Now one have to start considering the error involved in assuming [i] = m;. To calculate the

activity coefficients we need to calculate the ionic strength, equation 3.3:

= %z‘, m; z;* = %(10—9-95 X124+107*05 x 12 +107*%° x 12 + 107** x 22 + 10739 x 2%) =
4.2 x 1074,

Knowing the ionic strength makes it possible to calculate the different individual activity

coefficients by use of the Debye-Hiickel equation, 3.4.

At 25°C the temperature dependent constants are A = 0.5085 and B = 0.3201 X 10-8.
The empirical ion-size parameter, §;, for the different ions is found from table A-1:

Table A-1: §; for the different ions (Garrel and Christ, 1965)

g, x l0® lon

2.5 Rb*, Cs+, NHi, TI+, Ag*

3.0 K+, Cl-, Br=, I=, NOj

35 OH=, F-, HS~, BrO3, 103, MnO;

4.0=4.5 Na®, HCOj;, H,PO3, HSO3, Hgs *, SO; ~, SeO;~, CrOg

HPO; -, POZ-

4.5 Pht+*+, CO5 =, 505, MaQ;~

50 Sr++, Ba**, Ra*+, Cd++, Hg*+, 5-- WO~

& Li+, Cat*, Cu**, Zn**, Snt+, Mn*+, Fe*+, Ni* ™, Co*+

B Mg**, Be*

9 H*, A3+, Cr3+, trivalent rare earths

il Thi+, Zri+ Cett, Spi+t

SOURCE: Adapted fram 1. M. Klotz, Chemicai Thermedynomics. Englewood Cliffs, M.,
Prentice-Hall, 1950, p. 331
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Solving the Debye-Hiickel equation give the following individual activity coefficients:
Ycaz+t = 0.91 = 10-004

Yco,z- = 091 = 10-0-04

Yhco,~ = 0.98 = 10700088

You- = 0.98 = 10~0.0088

yu+ = 0.98 = 10700088

Since H2COs3 is a molecular specie the individual activity coefficient is one. The individual activity

coefficients are close to one, so that is a sign that the approximation was pretty good.

The four equilibrium equations can now be written over again in terms of individual activity

coefficients and molalities:

Yy+ My+ YoH™ MoH~ R
K= H H[H Ol]'l H =10 14.0
2

107 — 10—13.98

My+Moy- = T7=002 =

_ Yca2+ Mea2+ Yo32- Mep,2

K= i =1083
[CaCOs3]
10—8.3 822
Mea2+Meg, 2= = TiTo0s — 10
YHCco3~ MHco3~
K= 3 3 — 1010.3

Yyt My+ Yeo,2- Meg,2-

Myco,~ _ 101031070-00881(-0.0088 101029
M+ Mega— 10—0.0088 -
H Cco3
m 3
H,CO
K= 2 = 1054
Yu+ Myp+ YHCO3~ MHCO3~
MH,c03 — 106.410—0.008810—0.0088 — 106.38

My+Myco;~

There are very small differences in these calculations, so the first estimated concentrations were

close to the truth. Equation A.8 and A.9 still yields.
Equation A.9 in terms of my* will now be slightly different:

101697 (my+) * = 1072429 4 10~ “my+.
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This will cause the equilibrium pH to be slightly lower, but the difference will be so small that
the concentrations in the system is can be assumed to be what we calculated them to be before

considering the error involved in assuming activities to equal molalities.

The concentration of calcium in the water found was 10-39 mol/kgw. This means that there has
been dissolution of calcite; there was no calcium in the water before the calcite was added. As

observed in the reaction equation, 1 mol of calcite give 1 mol of Ca2+ and 1 mol of CO32-:

CaCO03 < Caz+ + COs%

If the amount of water in this example was given, one could have found the solubility of calcite. If
one assume that there is 100 kg of water, then 10-39 mol/kgw * 100 kgw = 10-19 moles of calcite

has dissolved in the water.
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A.2  Calcite in pure water; system connected to the atmosphere
This example show how to decide the concentration of calcium in water, when a study is done on

the equilibrium involved in a system where pure water contains calcite, and this system is

connected to the atmosphere. The pH is arbitrarily determined and the ionic strength is given.

CO:(g)
{

CDE{E}

h g
T T

HCO3 Cat+ H0

. COs(aq) H* ..
OH A :> OH {}q{} o

Figure A-3: Calcite is put water; system connected to the atmosphere.

When CO; dissolves in water, gaseous COzg) becomes aqueous COzug), and some of this
associates with water molecules to from carbonate acid, H,COs. The reactions can be written as

follows:
CO2(— CO2(ag)
CO; + H20 & H,CO3

The carbonic acid will dissociate in water, and it will stepwise release two protons. The

concentration of the dissolved carbonate species therefore depend on the pH of the solution.

The four equilibrium equations A.1 - A.4 are also valid for this system. Since the system is in

equilibrium with the atmosphere there is a fifth equilibrium equation that yields:

[H,CO3]
Keo.= —————= 10147, A 11
€027 TPos] ( )

71



For gaseous species the activity is the same as partial pressure. It is known that in the
atmosphere the partial pressure of CO; is approximately 10-35 bar. This makes it possible to

calculate the activity of H,COs.
[H,CO3] = 10714710735 = 107*97
The pH is given to be 10, and the ionic strength 0.10.

Since pH is known, the activity of OH- and H+ is also known; [OH-] = 10-4 and [H*] = 10-10. What
we need to find out is the activity of HCO3-, CO3%- and Ca?+. Using equations A.2 - A.4:

—1083
Ma2+Y g2+ mCO32—yCO32— =10

Myco,~YHCO;™

:1010.3
[H+]mCO32—yCO32—

[H,CO3]

=10%4
[H+]cho3‘YHco3‘

The activity coefficients can then be calculated using the Debye-Hiickel equation, 3.4.
Then it is found that yc.2- = 10-039, y¢o32- = 10-043 and yucosz = 10-0-11,

Putting these values in to the equations A.2 - A.4, makes it possible to calculate the

concentrations.

T = [H2COs]
feos 10%*yhco; [H*]

= 107126 mol/kgw

MycozYHCO;

- — 10-124
Meg2- = 1010'3Yc0§—[H+] =10 mol/kgw

10783
M2+ = = 107%2* mol/kgw
Yca2+Mco2-Yco3-

The concentration of calcium found could also in this case give the solubility of calcite.
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Appendix B Databases in PHREEQC

When a basic understanding of how to do manual solubility calculations is obtained, calculation
of ion activities, ion molalities, saturation states and other hydrogeochemical calculations can be
done in PHREEQC. As shown, manual solubility calculations requires much time since it often
involves several iterations. PHREEQC has become the standard for doing these types of
calculations. PHREEQC was developed for calculation of “real world” hydrogeochemistry and is a

powerful tool for modeling data (Appelo and Postma, 2005).

The program is based on equilibrium chemistry of aqueous solutions interacting with minerals,
gases, solid solutions, exchangers, and sorption surfaces, but also includes the capability to
model Kinetic reactions with rate equations that are completely user-specifies in the form of

basic statements (Parkhurst and Appelo, 1999).

There are different thermodynamic databases distributed with PHREEQC. These are:

e iso.dat

e llnldat

e minteq.dat

e minteq.v4.dat
e phreeqc.dat

e pitzer.dat

e sitdat

o wateq4f.dat.

Thermodynamic databases are the primary source of information of all geochemical modeling
programs (Merkel and Planer-Friedrich, 2008). A database contains definitions of chemical
species, complexes, mineral solubilities etc. which are needed to do the calculations. The need
for different databases is that some elements, species or constant that are needed for a specific

problem might be unavailable in one or more of the databases.

One of the databases; phreeqc.dat, will be explained to gain an understanding of what
information may be found in a database, and how it is given. It contains definitions of chemical
species, complexes, mineral solubilities etc. and can be viewed by clicking on the database tab.
The database is structured by a number of keywords, each followed by chemical definitions and

constants needed to do the calculations (Appelo and Postma, 2005).
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The first keyword is SOLUTION_MASTER_SPECIES and defines the elements in solution. The first
column gives the elements name. Elements with several redox levels may be repeated with the
number of electrons lost. The second column lists the aqueous species that are used primarily in
the speciation calculation. The third column gives the contribution of that species to the
alkalinity. The alkalinity is defines as the amount of acid that is needed to bring the pH down to
about 4.5. The next two columns give the chemical formula that is used to convert grams into

moles, and the atomic weight of the element (Appelo and Postma, 2005).

SOLUTION_MASTER_SPECIES

#

#element species alk gfw_formula element_gfw
#

Ca Ca+2 0.0 Ca 40.08
Mg Mg+2 0.0 Mg 24.312
Na Na+ 0.0 Na 22.9898
K K+ 0.0 K 39.102
Fe Fe+2 0.0 Fe 55.847
Fe(+2) Fe+2 0.0 Fe

Fe(+3) Fe+3 -2.0 Fe

Mn Mn+2 0.0 Mn 54.938
# etc...

The second keyword, SOLUTION_SPECIES, defines the various aqueous complexes. These are
tabulated in the form of an association reaction, with log_k, the association constant. Changes of
log_k with temperature are calculated from the reaction enthalpy delta_h or with an analytical
expression. The different options to calculate the activity coefficient from the ionic strength are
controlled by the parameter —-gamma. For major ions the Truesdell-Jones equation is used, and
the two parameters A and B follows -gamma. For minor ions the Debye-Hiickel equation is used,
and & is given as the first parameter following gamma. If the line -gamma is absent then the
Davies Equation is used. For neutral species, like uncharged complexes and gases, PHREEQC

uses logy = 0.11 (Appelo and Postma, 2005).

SOLUTION_SPECIES

H+ =H+

log k 0.0

-gamma 9.0 0.0
Ca+2 = Ca+2

log k 0.0

-gamma 5.0 0.1650
Ca+2 + C03-2 = CaCO3

log k 3.224

delta_h 3.545 kcal

# etc...
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Keyword PHASES lists minerals and gases for which saturation indices are calculated. The
equations are written as dissociation reactions, therefore log_k for dissociation reaction. The
variation of log_k with temperature is again calculated from the reaction enthalpy or from an

analytical expression.

PHASES
Calcite

CaC03 =C03-2 + Ca+2

log k -8.48

delta_h -2.297 kcal

-analytic -171.9065 -0.077993 2839.319 71.595
# etc...

Keyword “EXCHANGE-MASTER_SPECIES” followed by exchange half-reactions under keyword
“EXCHANGE_SPECIES” follows next, which is necessary data if we are to calculate exchanger
composition. The exchanger composition can be calculated by combining the mass action

expressions with the mass balance for the sum of exchangeable cations.

EXCHANGE_MASTER _SPECIES

X X-
EXCHANGE_SPECIES

X-=X-

log k 0.0

Na+ + X- = NaX
logk 0.0
-gamma 4.0 0.075

Ca+2 + 2X- = CaX2

logk 08

-gamma 5.0 0.165
# etc...
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The last keywords in the database is “SURFACE_MASTER_SPECIES” followed by keyword
“SURFACE_SPECIES”. “SURFACE_MASTER_SPECIES” is the keyword used to define the
correspondence between surface binding-site names and surface master species.
«SURFACE_SPECIES» is the keyword data used to define a reaction and log K for each surface

species, including surface master species (Parkhurst and Appelo, 1999).

SURFACE_MASTER_SPECIES
Hfo_s Hfo_sOH
Hfow Hfo_wOH

SURFACE_SPECIES

# strong binding site--Hfo_s,

Hfo_sOH + H+ = Hfo_sOH2+
logk 7.29 # = pKal,int

# weak binding site--Hfo_w
Hfo_wOH + H+ = Hfo_wOH2+

logk 7.29 # = pKal,int
# etc...
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Appendix C Examples of solubility calculations in PHREEQC

C.1 Calcite in pure water; system not connected to the atmosphere
The example gone through in A.1 can be calculated in PHREEQC. It was the system where pure

calcite was put in pure water, with neglible gas phase present. The concentration of the species

in the water at equilibrium with calcite was calculated.

HCO3 Ca2+ H0

. He
OH i => oRn 40 o

Figure C-1: Pure calcite put in pure water

With keyword solution, the initial water solution is specified. In this case it is pure water with

pH = 7, density = 1 and the temperature is 25°C. This is written as follows:

SOLUTION 1

units mmol/L

pH 7.0 charge #default pH = 7. 7 is an arbitrary number.
density 1.0 #density in kg/L, default = 1 kg/L.

temp 25.0 #temperature in degrees Celcius, default = 25°C.
pe 4.0 #pe = -log(electron activity), default = 4.

Information followed by “#” is not read by the code. By writing “pH 7.0 charge”, the code is
going to adapt the PH to obtain charge balance for the final solution. Therefore one can say that
7.0 is an arbitrary number. If this was not pure water, the amount of other species present could

have been added in solution.

A solution can be equilibrated with minerals assembled together in keyword equilibrium phases.

In this case calcite is going to be equilibrated with the pure water. This is written as follows:

EQUILIBRIUM_PHASES 1
Calcite 0.0100 # saturation index = 0, amount of calcite added = 100 mol.
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The input file will look as follows:

SOLUTION 1

units mmol/L

pH 7.0 charge #default pH = 7. 7 is an arbitrary number.

density 1.0 #density in kg/1, default = 1kg/L.

temp 25.0 #temperature in degrees Celcius, default = 25°C.

pe 4.0 #pe = -log(electron activity), default =4.
EQUILIBRIUM_PHASES 1

Calcite 0.0 100 # saturation index = 0, amount of calcite added = 100 mol.
END

The output file we get looks as follows:

Input file: C:\Users\Tale\AppData\Local\Temp\phrq0000.tmp
Output file: C:\Users\Tale\Desktop\Master\Problem1\casel.out
Database file: C:\Program Files (x86)\Phreeqc2\Databases\Phreeqc.dat

SOLUTION_MASTER_SPECIES
SOLUTION_SPECIES

PHASES

EXCHANGE_MASTER _SPECIES
EXCHANGE_SPECIES
SURFACE_MASTER_SPECIES
SURFACE_SPECIES

RATES

END

Reading input data for simulation 1.

SOLUTION 1

units mmol/L
pH 7.0 charge
density 1.0

temp 25.0

pe 4.0
EQUILIBRIUM_PHASES 1
Calcite 0.0 100
END

Beginning of initial solution calculations.

Initial solution 1.

Solution composition
Elements Molality  Moles

Pure water

Description of solution

pH = 7.000 Charge balance
pe = 4.000

Specific Conductance (uS/cm, 25 oC) = 0

Density (g/cm3) = 0.99705 (Millero)
Activity of water = 1.000

lonic strength = 1.001e-07

Mass of water (kg) = 1.000e+00

Total alkalinity (eq/kg) = 3.121e-18

Total carbon (mol/kg) = 0.000e+00
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Delta

-1.227e-04

Total CO2 (mol/kg) = 0.000e+00
Temperature (deg C) = 25.000
Electrical balance (eq) = -3.121e-18
Percent error, 100*(Cat-|An|)/(Cat+|An|) = -0.00
Iterations = 2
TotalH = 1.110124e402
Total 0 = 5.550622e+01

Distribution of species

Log Log Log
Species Molality Activity Molality Activity Gamma
OH- 1.001e-07 1.001e-07 -7.000 -7.000 -0.000
H+ 1.001e-07 1.001e-07 -7.000 -7.000 -0.000
H20 5.551e+01 1.000e+00 1.744 -0.000 0.000
H(0) 1.417e-25
H2 7.087e-26 7.087e-26 -25.150 -25.150 0.000
0(0) 0.000e+00
02 0.000e+00 0.000e+00 -42.081 -42.081 0.000
Saturation indices
Phase SI log IAP log KT
H2(g) -22.00 -25.15 -3.15 H2
H20(g) -1.51 -0.00 1.51 H20
02(g) -39.19 -42.08 -2.89 02
Beginning of batch-reaction calculations.
Reaction step 1.
Using solution 1.
Using pure phase assemblage 1.
Phase assemblage

Moles in assemblage
Phase SI log IAP log KT Initial Final
Calcite 0.00 -8.48 -8.48 1.000e+02 1.000e+02

Solution composition
Elements Molality Moles
C 1.227e-04 1.227e-04
Ca 1.227e-04 1.227e-04

Description of solution
pH = 9.910 Charge balance
pe = 7.967 Adjusted to redox equilibrium
Specific Conductance (uS/cm, 25 oC) = 37
Density (g/cm3) = 0.99706 (Millero)
Activity of water = 1.000
Ionic strength = 3.848e-04
Mass of water (kg) = 1.000e+00
Total alkalinity (eq/kg) = 2.454e-04
Total CO2 (mol/kg) = 1.227e-04
Temperature (deg C) = 25.000
Electrical balance (eq) = 5.510e-16
Percent error, 100*(Cat-|An|)/(Cat+|An|) = 0.00
Iterations = 17
Total H = 1.110124e+02
Total 0 = 5.550658e+01

Distribution of species

Log Log Log

Species Molality Activity Molality Activity Gamma
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OH- 8.316e-05 8.131e-05 -4.080 -4.090 -0.010

H+ 1.258e-10 1.231e-10 -9.900 -9.910 -0.009

H20 5.551e+01 1.000e+00 1.744 -0.000 0.000

C(-4) 0.000e+00

CH4 0.000e+00 0.000e+400 -126.272 -126.272 .000

C4) 1.227e-04

HCO3- 8.315e-05 8.132e-05 -4.080 -4.090 -0.010

C03-2 3.386e-05 3.098e-05 -4.470 -4.509 -0.039

CaCo03 5.564e-06 5.565e-06 -5.255 -5.255 0.000

CaHCO3+ 1.134e-07 1.110e-07 -6.945 -6.955 -0.010

Cco2 2.251e-08 2.251e-08 -7.648 -7.648 0.000

Ca 1.227e-04

Ca+2 1.169e-04 1.069e-04 -3.932 -3.971 -0.039

CaCoO3 5.564e-06 5.565e-06 -5.255 -5.255 0.000

CaOH+ 1.474e-07 1.441e-07 -6.831 -6.841 -0.010

CaHCO3+ 1.134e-07 1.110e-07 -6.945 -6.955 -0.010

H(0) 2.496e-39

H2 1.248e-39 1.248e-39 -38.904 -38.904 0.000

0(0) 5.352e-15

02 2.676e-15 2.676e-15 -14.572 -14.572 0.000
Saturation indices

Phase SI log IAP log KT

Aragonite -0.14 -8.48 -8.34  CaCO3

Calcite 0.00 -8.48 -8.48  CaCO3

CH4(g) -123.41 -126.27 -2.86 CH4

C02(g) -6.18 -7.65 -1.47  CO2

H2(g) -35.75 -38.90 -3.15  H2

H20(g) -1.51 -0.00 1.51 H20

02(g) -11.68 -14.57 -289 02

The output can be divided into two parts. First shown is solution composition, solution
description (in terms of pH, density, ionic strength, alkanity etc), distribution of species and
saturation indices for the solution before it is equilibrated with calcite. The second part starts
with information about the phase the solution is to be equilibrated with, in this case calcite.
Then, as for initial solution, it is shown solution composition, solution description, distribution

of species and the solution when equilibrated with calcite.

The concentrations at equilibrium calculated manually was moy = mucoz- = 10-495 mol/kgw,
mco3? = 1044 mol/kgw and mc.2t = 10-39 mol/kgw. The first approximation of my* was mu* =

10-995 mol/kgw, but it was concluded that the concentration probably was closer to 10-99.
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The concentration at equilibrium calculated in PHREEQC is mon~ = mpcos- = 10408 mol/kgw,

Mmcoz? = 10447 mol/kgw, m¢a2t = 10-393 mol/kgw and mut = 10-99 mol/kgw. This is very similar

results to the ones manually calculated. Some of the equilibrium constants used in PHREEQC is

slightly different from the equlibrium equations used in chapter A.1 and A.2, and this might be

the reason for the small differences. PHREEQC default assumes one kg of water. It therefore

states that the molality of calcium in water equals the amount of calcite that has been dissolved.

These concentrations were calculated using the database phreeqc.dat. The calculations were

done using all different databases to compare the results.

manual | phreeqc | Iso 1Inl Minteq | minteq | Pitzer | Sit wateq
v4 4f

MoH" 10-4.05 10-4.08 10-4.07 10-4.09 10-4.08 10-4.08 10-4.05 10-4.08 10-4.08
(mol/kgw)
MHCo3- 10-4.05 10-4.08 10—4.08 10-4—.09 10-4—.08 10-4—.07 10-4—.05 10—4—.08 10—4.08
(mol/kgw)
mC032 10-4.4 10-4.47 10—4.47 10-4—.5 10-4—.4—6 10-4—.4—7 10-4—.4—2 10—4—.4—7 10—4.47
(mol/kgw)
mCaZ+ 10-39 10-393 10-393 10-395 10-392 10-393 10-3-89 10-393 10-393
(mol/kgw)
mH+ 109 - 10-9.9 10—9.9 10-9.9 10-9.9 10-9.89 10-9.92 109.9 10—9.9
(mol/kgw) | 10-95

Table C-1: Concentrations given by different databases

All databases give very similar concentration of the species of interest. The database which gives

results most similar to the ones manually calculates is pitzer. There are some elements and

species that are unavailable in pitzer, which will be needed for later calculations. Therefore

phreeqc will be chosen as the database for further calculations.

81




C.2 Calcite in pure water; system connected to the atmosphere
The second example was the equilibrium involved in the system where pure water contains

calcite, and the system is connected to the atmosphere. The pH was arbitrarily determined to 10,
and the ionic strength was given to be 0.10. The concentration of the calcium ion in the water

was calculated. In the atmosphere the partial pressure of CO2 is 10-35 bar.

CO:(g)

h

Ca?+

HCO3 H:0

CO:(aq) H*

40

]!:CO‘

Figure C-2: Calcite put in pure water; system connected to the atmosphere

OH COy?

H* =>

H:0

The problem is specified in the input file as follows:

SOLUTION 1

units mmol/L

pH 10

density 1

temp 25

Ca le-4 Calcite 0.0  #adapt calcium ion to be in equilibrium with calcite, 1e-4 is a random value
C4) le-4 CO2(g) -3.5 #adapt carbonate species to be in equilibrium with COz, 1e-4 is a random value
END

The pure water is here being equilibrated with calcite and CO; in keyword “SOLUTION”. This is
because if it had been equilibrated in keyword “EQULIBRIUM_PHASES” the pH would have
changed. As seen, a solution can also be equilibrated with gases. The gas pressure can be varied,
setting SI. The Sl is equal to log(gas pressure/1 atm), and in the atmosphere the partial pressure

of CO is approximately 10-35 atm.

Parameters not mentioned in solution, is assumed by the code to have the default value. So in
this case, pe is considered to be 4. Since the default value of density is 1, and the one for
temperature is 25, it could have been left out in the input file. The concentration of the calcium
ion found when this example was calculated manually was mc¢.2t = 10-624 mol/kgw. When
calculated in PHREEQC the concentration found is mc,2t = 10-6:35 mol/kgw, which is almost 25%

less than concentration found manually.
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One reason can be differences between the equilibrium constants. Another one can be that the
ionic strength is assumed to be 0.10 in the manual calculations, and calculations are done by
using this value. This value cannot be given in the input file in PHREEQC and it is calculated to
be 0.1681. This will lead to different individual activity coefficients which will give different
values for concentration. In the description of solution we see that there is an electrical
unbalance, which means that there is something wrong. This example is an example of a
hypothetical condition, so it is not that important to focus on the difference in answer. This is
shown as an example of how to find the concentration of a specie in a system where it is believed

that equilibrium is already reached between minerals, water and the atmosphere.
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Appendix D PHREEQC input files

SOLUTION 1

temp 100

density 1.1083

units mmol/kgw

pH 7 charge #adapt pH to electric neutrality

Na 2588

Ca 1 Calcite 0 #adapt calcium concentration to equilibrium with calcite
Mg 1 Dolomite 0 #adapt magnesium concentration to equilibrium with dolomite
S 1 Anhydrite 0 #adapt sulfate concentration to equilibrium with anhydrite
Si 1 Quartz 0 #adapt silicon concentration to equilibrium with quartz

cl 3725

C4) 5.801 as HCO3

END

Figure D-1: Input file when trying to find mineralogy. This example is from when I was trying to find out
whether calcite, dolomite, anhydrite and quartz were present in the carbonate core or not.

SOLUTION 1

Temp 100

Density 1.0152

units mmol/kgw
Na 796

Ca 16.2

Mg 86.8

S 44.65

cl 908.3

C(4) 1.97 as HCO3
EQUILIBRIUM_PHASES 1
Calcite 0 100
Talc 0 100
Anhydrite 0 100
Quartz 0 100
END

#saturation index & amount
#saturation index & amount
#saturation index & amount
#saturation index & amount

Figure D-2: Input file when equilibrating solution with minerals. This example is from when I was
equilibrating seawater with minerals present in the carbonate core.
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SOLUTION 1

Temp 100

Density 1.1083

units mmol/kgw

pH 7 charge

Na 2588

Ca 1 Calcite 0

Mg 1 Talc 0

S 1 Anhydrite 0

Si 1 as Si02 Quartz 0

cl 3725

C4) 5.801 as HCO3

END

EXCHANGE 1

X 1.1e-3  # 1.1 mmol X- (assumed value)
-equilibrate 1 # equilibrate with SOLUTION 1
END

Figure D-3: Input file showing how to find the exchanger composition. This example shows how I found

the exchanger composition of the carbonate core when it was surrounded by field connate water.

SOLUTION 1

temp 100

density 1.0152

units mmol/kgw
Na 796

Ca 16.2

Mg 86.8

S 44.65

Cl 908.3

C(4) 1.97 as HCO3
EQUILIBRIUM_PHASES 1

Calcite 0 100
Talc 0 100
Anhydrite 0 100
Quartz 0 100
END

EXCHANGE 1

X 1.1e-3
-equilibrate 1

END

Figure D-4: Input file showing how to find the exchanger composition. This example shows how I
found the exchanger composition of the carbonate core when the minerals were equilibrated

with seawater.
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