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Abstract

Brine incompatibility is an intricate issue overshadowing the success of water-alternating-gas (WAG) enhanced oil recovery (EOR) project. Its
effect is especially noted in uncontrolled Low salinity (Lowsal) waterflood-operated fields. In this study, the inefficient waterflooding in a low
permeable Morrowan sandstone is investigated through a comprehensive experimental study. The implications concluded from this study are critical
for improving the efficiency of CO2-WAG EOR and Sequestration with compatible brine injection. This in part was conducted through Core-flood
experiments, fluid-fluid surface charge, compatibility, and rock-fluid interactions analysis. Stable electrostatic forces prevent in a solution prevents
particle aggregation, but distortion in surface charges weakens the expulsion forces and causes precipitation. Surface charge and compatibility tests
revealed fluid-fluid reactivity and scale formation influenced by high ionic concentrations differences, temperature, and pressure. Fluid-fluid
mixtures with produced water exhibited a unique compatibility signature, with a transition point causing of increasing and decreasing turbidity and
vice-versa for {-potential (zeta potential) respectively. Geochemical analysis indicated precipitation of aragonite, calcite, and dolomite under
reservoir conditions. Rocks interacted differently with synthetic brine, showing intense surface activity with low salinity water. Element-mineral
associations showed clays and mineral particles obstructing pores and pore throats. In summary, the principal mechanisms of waterflood failure
include low permeability, mineral composition (especially clay minerals), clay mineral reactivity, increased pressure drop (AP), fluid-fluid
reactivity. These factors collectively contribute to formation damage, pore plugging, reduced flow capacity, and ultimately the failure of waterflood
operations. This study thus, provide a new dataset from a Morrowan-aged clastic reservoir in the Anadarko basin offering insights into waterflood
response. This knowledge will aid in optimizing brine composition for CO2-WAG EOR or an informed decision on the type of improved recovery
to employ.

Keywords: Inefficient waterflood, uncontrolled salinity, surface charge geochemistry, low permeability, zeta potential, electrical conductivity,
Morrowan sandstone-Farnsworth Unit.

1.0 Introduction

The success of EOR techniques depends on major factors as the properties of the in-situ fluid and the
geological and mineralogical characterization of the reservoir and most importantly a detailed insight into
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the performance of previous secondary recovery techniques (especially waterflooding). Noticeable among
EOR techniques is gas injection, which utilizes gas such as natural gas, nitrogen or carbon dioxide as
injectants and accounts for about 60% of U.S. EOR oil production [1]. CO,-EOR is currently one of the
most attractive and matured EOR techniques not only for its efficiency in oil recovery but also in the
reduction of global warming coupled with incentives to operators for tons of CO, sequestered. CO,-EOR
could be extended to include a water injection scheme, where injected gas is alternated with the injection
of water to reduce the mobility contrast between gas and reservoir oil, i.e. water alternating gas (WAGQG)
EOR [2]. In this scenario, two techniques (water flooding and gas injection) are therefore coupled together
for an increment in recovery. Continuous gas injection (CGI) improves microscopic displacement
efficiency but factors such as gravity segregation and viscous fingering of CO» in high permeable zones,
makes CO,-WAG more efficient, because it increases oil recovery to about 5% more than CGI [3].
Alternating gas with water increases macroscopic sweep efficiency through mobility control and also builds
up reservoir pressure to increase miscibility of injected gas and reservoir oil [2]. However, the application
of waterflood may not produce the desired effect on every reservoir as has been recorded in several studies.
Thus, a comprehensive investigation ought to be undertaken into the mechanistic factors governing
waterflood pre or post performance. This will provide an informed decision criteria for operators on the
type of improved recovery technique, especially for considerations towards CO,-WAG deployment.

The eastern section of the Farnsworth Unit (FWU) (Figure 1) in Texas experiences an inefficient
waterflood, contrasting with the efficient operation on the west side. Despite sharing the same geological
characteristics, the east exhibits higher estimated oil initially in place (OIIP) and primary production.
Successful waterflood in the west prompted consideration of CO.-WAG enhanced oil recovery and storage
which is currently ongoing. The study's objective is to decipher the mechanisms behind waterflood
inefficiency through core flood experiments. Additional tests, such as core-fluid compatibility, XRD,
scanning electron micrographs, turbidity, and (-potential (zeta potential) measurements, aim to identify
clay effects and mineral composition changes, providing a comprehensive understanding of waterflood
inefficiency in the FWU's eastern section. This will enable an informed decision on the type of improved
recovery technique to be employed, specifically CGI and WAG utilizing CO; as the working gas phase
fluid. This paper focuses on utilizing surface charge geochemistry building on previous studies [4], [5]
where fluid-fluid and rock-fluid interaction were analyzed to develop compatibility signature for FWU.

2.0 A General Overview and Operations of FWU

The discovery of FWU traces back to 1955. The field is located in the Pennsylvanian-age system
in the northwest part of the Anadarko basin in Ochiltree County, Texas [6]-[10]. This geological system
consists of sandstone and mudstone sequences [11], [12][9], [13]. Particular interest is the Morrow B
reservoir from the Morrowan period, characterized by limestones intercalated with mudstones and coal that
formed in an incised-valley filled during a fluvial low stand and marine transgression (Figure 1). The impact
of primary deposition characteristics on reservoir performance is found to be less significant compared to
diagenetic features. Notable diagenetic alterations include feldspar modification and the formation of
authigenic clays, influencing porosity changes. Dissolution of silica, quartz, calcite, and siderite
cementation, along with minor pyrite formation, are observed [11][14], [15][16]-[18]. The Morrow
formation spans from 7550ft to 7950ft depths, and is predominantly composed of subarkosic sandstone
with chlorite, smectite, siderite, dolomite, calcite, illite, and kaolinite introduced by diagenetic processes.
The reservoir is confined by mineral and stratigraphic trapping mechanisms, with Morrow shales acting as
primary seals. The Morrow formation is described as a heterogeneous reservoir with four principal
lithofacies (fine-grained sandstone, coarse-grained sandstone, conglomerate, and mudstone) further
subdivided into seven subfacies [11]. The dominant porosity facies include grained-sized pores and micro-
porous clays.
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Figure 1: paleographic image of Morrow and site map of FWU modified from [15], [19]

3.0 Data and methods

The primary objective of this study was to investigate the potential mechanisms of waterflood
failure in the east section of FWU using an experimental approach. The experiment was conducted in two
parts. Firstly, a fluid-fluid test was performed to assess the compatibility of connate and injection water
under both ambient and reservoir conditions. Secondly, a rock-fluid analysis was carried out, which
involved a core flow test using single-phase brine flow test. These tests aimed to analyze the interaction
between the rock and injected fluids and their impact on the storage and flow capacity of the core samples,
which were simulated to replicate initial reservoir conditions. Detailed procedures, materials, and
equipment utilized are presented in the subsequent sections of this chapter. Analyzed properties of core

samples from variable depths of the reservoir are summarized in Table 1.

Table 1: Properties of Core sample measured.

Depthin  Core

Permeability/,

it plugip Lin Diin M(rylg Mwetyg PV '°°",,’/f“y' oat
A 1 145 6676 6950 274 1013 0.15
2967 B 191 145  82.88 8500 212 658 0.108
c 2 145 7850 8100 241 742 0.121
D 2 145 8274 8510 236  6.92 0.107
7969 E 'y 145 7966 8230 264 820 0.186
Fo 2 145 781 81.00 29 857 0.191
7973 ¢ 13 145 g2 8560 268  7.56 0.13
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1.2

H 145 80.89 8350 261  7.78 0.131
| 152 145  76.25 7900 275  8.13 0.183
J 11'3 145  86.58 89.00 242  6.83 0.124
K 190 145  68.03 7100 297  10.07 0.77
L M 445 7203 7520 227  7.42 0.104
3
7974 >
M Z 145 7188 81.00 22 650 0.11
N 191 145 742 7700 2.8  8.70 0.152

3.1 Synthetic Brine formulation

The ionic compositions of connate water in the Morrow reservoir within the Anadarko Basin were obtained
from [20], and the fresh water from the Ogallala aquifer and produced water compositions reported were
obtained from [21]. Table 2 presents the reported compositions of the brine used in the study. The brine
was synthesized using the following chemicals: Sodium Chloride (NaCl), Sodium Sulfate (Na2SO4),
Magnesium Chloride (MgCl2), Calcium Chloride (CaCl2), Sodium Bicarbonate (NaHCO3), Potassium
Chloride (KCI), Aluminum Chloride (AICI3), and Ferrous Sulfate Hepta-hydrate (FeSO4.7H20). To
prepare the brine, distilled water (approximately 3 ppm) was used. The required mass of each compound
was determined in order to represent the desired aqueous speciation of the synthesized brine. The required
mass of each compound was determined in order to represent the desired aqueous speciation of the
synthesized brine. The calculation of the mass, involved the following steps:

(1) Molar masses (g/mol) of the various compounds were determined;
(i) Concentrations were converted from mg/L to g/L [g/L = (mg/L)/1000];

(iii)Moles per each ion was calculated (multiply volume of solution required in liters), [Moles =
concentration (g/L) *(volume of solution, L)/Molar mass (g/mol)];

(iv) Stoichiometry was utilized in determining moles of each compound; and

(v) Mass of compound is estimated using the stoichiometric moles and the molar mass of each compound,
[Mass = moles * molar mass].

Table 2: Aqueous species/ionic composition

Aqueous Avg. Connate Fresh Water Produced Water
Species Water Concentration Concentration
(mg/L) (mg/L) (mg/L)
Na+ 2.25E+04 4.53E-01 1.29E+03
Ca2+ 4.25E+03 1.52E-02 3.69E+01
Mg2+ 6.75E+02 1.64E-03 9.60E+00
K+ - 3.11E-04 7.74E+00
Fe2+ - - 3.77E-05

Al3+ - - 5.48E-01
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HCO3- 5.00E+02 2.96E+01 3.03E+04
Cl- 4.05E+04 4.49E-01 1.71E+03
S042- 2.35E+03 2.40E-03 1.78E+01
pH 6.54E+00 7.00E+00 7.00E+00

3.3 Fluid-Fluid compatibility and surface charge test

Connate water or formation water (SCW) and injection water (SIIW) were tested for possible mineral
dissolution and precipitation. These were conducted at ambient conditions (70 °F) and at reservoir pressure
of 2000 psi and temperature of 125 °F in a PVT cell. Three sets of compositions were mixed at variable
proportion in a 15 ml centrifuge conical tubes: freshwater -connate water (FC), produced water — connate
water (PC) and freshwater — produced water (FP) mixtures. The mixing ratios ranged from (20:80)%,
(40:60)%, (50:50)%, (60:40)% and (80:20)%. After a period of injection, produced water concentration
now becomes the stabilized reservoir water saturation. The further injection of fresh water or any other
composition may further cause instability or incompatibility. Hence the analysis of produced water as a
different brine salinity and composition. The mixtures were stored for 7 days and observed for changes in
clarity and solid formation. Turbidity (using the vernier turbidity sensor) of the mixtures were tested after
which they were filtered for any precipitates. Total dissolved salts (salinities), pH, electrical conductivity
and {-potential tests were conducted to assess the solution stability and compatibility.

3.4 Tests conducted and Equipment utilized

To simulate reservoir conditions, a high-temperature-high-pressure (HTHP) pressure-volume-temperature
(PVT) cell was employed. This cell is connected to a data acquisition (DAQ) system with signal processing
transducers that can be controlled remotely using LABVIEW software. For turbidity and salinity
measurements, Vernier turbidity and TDS (Total Dissolved Solids) sensors were utilized. These sensors
operate in conjunction with a computer software called Logger Pro. The turbidity sensor was calibrated
using a two-point calibration routine, where a 100 NTU (Nephelometric Turbidity Unit) standard turbidity
fluid and distilled water (0 NTU) were used in a cuvette. Approximately 100 measurements were recorded,
and the mean value was taken as the final value to ensure greater stability and accuracy. The turbidity sensor
measures light scattering caused by particles in suspension. A turbidity value of 0 NTU indicates a very
clear solution, while higher values indicate increasing levels of cloudiness or the presence of particles in
suspension. The TDS sensor was also calibrated using a one-point calibration routine, employing a 35ppt
(parts per thousand) solution as a reference. {-Potential measurements of samples were conducted with
Anton Paar Litesizer 500 linked to a Kalliope computer program. The instrument employs the Laser
Doppler electrophoresis (LDE) technique in acquiring the {-Potential of suspended particles. The stability
and behaviors of suspended particulates can be inferred from particle’s surface electro-kinetic potential (C-
Potential). This gives information about inter-particle interaction, dispersive characters, and flocculation
susceptibilities. {-potential measurements are important in understanding rock-brine interactions in oil and
gas enhanced recovery. They determine surface charge, predict particle aggregation and dispersion, and
help assess colloidal system stability, mineral scaling, corrosion potential, and ion adsorption. {-potential
has been instrumental in optimizing enhanced oil recovery techniques by understanding how reservoir rocks
behave with low salinity brine. It contributes to a better understanding of electrochemical phenomena, fluid
flow, scaling tendencies, and effective EOR strategies, making it valuable in many fields.

3.5 PH Redox Equilibrium in Complex Groundwater Systems (PHREEQC)

PREEQC is an aqueous system geochemical reactions modeling software developed by the United
States Geological Survey (USGS). Its application is particularly for analyzing groundwater and natural
water chemistry as well as hydrothermal systems. It employs thermodynamics to estimate the speciation
and distribution of chemical species based on the pH, temperature and pressure of the system. A command
driven interface and scripting program for batch process and cumbersome simulations. In this study,
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PHREEQC was utilized to perform series of geochemical simulations to investigate the diagenetic reaction
between the mixing of reservoir connate water and various compositions of injection water. Figure 2
represents the workflow utilized for the simulation.

Aqueous species

Define the
Geochemical |+ Minerals
Model
Define mixing — Solids
ratio
pH
Set boyr.\dary — Temperature
conditions
Run simulation Pressure
Geochemical
changes
Analyzeand | | Mineral
interpret results precipitation
Mineral
dissolution

Figure 2: PHREEQC geochemical reaction workflow

4.0 Results

4.1 Fluid — Fluid Compatibility and Surface Charge

Figure 3 represents results of core flow-through experiment with variable salinities. It is observed that
permeability decreases with an increase in differential pressure (AP) as salinity decreases to low salinity
(LS). The measured permeabilities also indicate very low permeability values on the eastside of the
reservoir as compared to the westside (as seen in preliminary analysis, Figure 4). The mechanisms
associated with the success or failure of waterflood are however, not limited to the rock and fluid
interactions in sandstone reservoirs. In most cases, connate water composition and salinities are different
from injection fluids. Hence the compatibility of injection water during waterflood operation is paramount.
Incompatible connate and injection water may lead to dissolution and precipitation issues, and impair
reservoir storage and flow capacity. This section investigates as part of factors leading to inefficiency on
FWU-east, two different injection water compositions and connate water mixtures at different proportions
at ambient and reservoir conditions. The prepared samples were stored for 7 days after which measurements
were taken.
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Figure 5(a) presents pH and TDS measurements of freshwater (SHW (LS)) and connate (SCW)
mixtures. pH_Before and pH_After generally increases as the proportion of freshwater increases with a
decrease in TDS. With respect to individual mixtures, pH and TDS after 7 days show relatively reduced
values as depicted in Figure 5(a). From 5(b) the corresponding turbidity measurements reduces in ascending
order of SITW-LS proportion, whiles conductivity decreases in that regard. However, {-potential decreases
or the surface charge or potential of the mixtures after 7 days become more negatively charged with an
increase in %volume of SIIW. The results of LS-SIIW and synthetic production water (SPW) are reported
in Figure 6(a) and Figure 6(b). Ph and TDS before and after 7 days exhibit the same trend as recorded in
LS (SIIW and) HS (SCW) mixtures. Turbidity and {-potential follow a different trend. There is an increase
in turbidity with a corresponding decrease in {-potential (negative charge) until a 50 — 50% mixture (from
80% SPW to 50% SPW). From 60% LS to 80% LS turbidity declines with an increase in {-potential. In
this mixture turbidity and {-potential are strongly influenced by the proportions of ionic concentrations of
the two solutions above or below 50™ percent volume.
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Figure 5(a): PH and TDS readings for LS (SIIW) and HS (SCW) mixtures.

TDS, Ph, and conductivity (Figure 17a, 17b) repeats a similar trend as described mixtures above
for SPW and SCW mixtures. Turbidity also increases and declines until the midpoint mixture as exhibited
in SPW and SCW mixtures {-potential however increases towards the negative charge as volume of SPW
increases from 20% to 80% (Figure 17b). This trend in turbidity only happens in mixtures involving SPW.
At an equal ratio 50:50 mixture turbidity is at its peak, but reduces towards which side of the ratio increases.
This is also repeated for {-potential values, which reduces or increases towards the 100% values of the
original solutions forming the mixture. The mixtures of SHW — SCW and SPW — SCW with the highest
precipitates (50F-50C and 50P-50C) at ambient conditions were subjected to 120 °F and 2200 psi high
temperature, high pressure, HPHT respectively. The result is presented in figure 3.18 as a comparison to
ambient conditions. There is a slight decrease in Ph at HTHP, whiles turbidity drops. However, {-potential
increase at reservoir conditions.
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Figure 5(b): Turbidity, {-potential, and conductivity readings for LS (SIIW) and HS (SCW) mixtures
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Figure 6(a): PH and TDS readings for LS (SIIW) and (SPW) mixtures
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Figure 6(b): Turbidity, {-potential, and conductivity readings for LS (SITW) and (SPW) mixtures

4.2 Rock — Fluid surface charge and electrical conductivity

Powdered samples from five core samples with different synthetic brines were mixed. Two samples were
mixed with SPW, two with SITW, and one with SCW. The pH values before and after mixing showed slight
differences for all samples. The (-potential measurement showed a significant increase in all samples,
except for the one mixed with SCW brine. The conductivity of all samples reduced as compared to the
values of the original brine. Detailed results of rock-brine surface charge and electrical conductivity
measurements are presented in Figure 19.
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Figure 7(a): PH and TDS readings for SPW and SCW mixtures
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4.3 Brine geochemical Speciation reactions

Geochemical reactions of synthetic brine representing the FWU brine properties were further analyzed
using PHREEQC. The workflow in Figure 2 was employed. Initial speciation of the 3 synthetic brines
(SCW, SIIW, and SPW) were first modeled to confirm self-precipitation due to the non-zero turbidity
measurements recorded for original brine. SIIW solution recorded saturation index (SI, Equation 1) of
negative for all possible mineral formations based on its ionic composition at both ambient and reservoir
conditions (Figure 10a). A negative SI indicates dissolution of all minerals and a positive indicate
precipitation. The degree of dissolution or precipitation (undersaturation or over-saturation) however,
depends on the magnitude of SI value and the conditions and factors favoring forward or backward reactions
of the particular mineral based on the Le Chatelier’s principle (concentration, temperature and pressure).
As evident in turbidity measurement, SCW speciation analyzed showed some level of aragonite (CaCO3),
calcite (CaCO3) and dolomite (CaMg(COs), precipitates at both ambient and reservoir conditions (Figure
10b). SPW also recorded gibbsite (AI(OH)3;) and Alunite (KAI3(SO4)2(OH)s) precipitate together with
mentioned minerals in SCW (Figure 10c).
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Figure 10(a): Chemical speciation of SIIW.
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Saturation Index (SI) = log (%) (1)

Where IAP is the ion activity product of dissolved species and Ksp is the solubility product constant
of interested substances. A positive SI indicates concentration of a substance is greater than the solution’s
solubility hence the higher positive the SI the higher tendency of precipitation and vice versa for a negative
SI, which represents solubility, where a very low negative means the solution has great capacity to dissolve
substances. Geochemical model involved reactions between mixtures of the three brines at variable volume
proportions at ambient and reservoir conditions. Three sets of principal mixtures were evaluated: SITW —
SCW, SIIW — SPW and SPW — SCW mixtures. Nine (9) mixtures were modeled for each of the sets varying
at 10% by volume in each phase. Figures 11(a, b, ¢) present results and descriptions for each set.
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Figure 10c: Chemical speciation of SPW.
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Saturation Index for SIIW and SCW mixtures @ 77 °F
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Figure 11 (a). geochemical reaction between SIIW and SCW. At ambient (77 °F) and reservoir, the major

Dolomite
CaMg(C03)2

Gypsum
CaS04:2H20

[10F/100C
[110F/90C

20F/80c

30F/70C
[140F/60C
[150F/50C
[ 60F/40C
[170F/30C
[180F/20C
[190F/10C
O 100F/0C

[10F/100C
[110F/90C

20F/80c

30F/70C
[140F/60C
[150F/50C
[160F/40C
[170F/30C
[CI80F/20C
[I190F/10C
C1100F/0C

13

precipitates produced were carbonates. However, SI reduced as SITW volume increased in all minerals until
70% SIIW (for 77 °F) and 90% SIIW for 168 °F, where all carbonates went into dissolution. SI for 168 Of
were relatively higher. This indicates higher temperature and high concentrations of carbonate mineral ions
favors their precipitation. At higher volumes of SCW (90%-50%) and higher temperature anhydrite
recorded a positive SI.
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Figure 11(b). Brine geochemical reaction between SIIW and SPW at ambient and reservoir conditions. At
ambient conditions (77 °F), all CaSO4 mineral types are in dissolution. Carbonates as compared to SIITW
and SCW have very low positive SI and reaction move to dissolution much faster (just about 30% volume
of SIIW). However, the reaction favors gibbsite precipitation throughout the mixtures. Hematite and
Alunite also precipitate until 40% of SIIW. Conversely, at reservoir conditions SI values for carbonates
positively increases but reduces as volume of SIIW increase until at 70% when reaction shifts to dissolution.
CaSO4 and alunite remain in dissolution. Gibbsite reduces and dissolves at 90% SIIW and hematite
precipitates at in all mixtures. This mixture is much more driven by temperature than concentration as seen

in the results. Hence more precipitation is expected in the reservoir.
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Figure 11(c). Brine geochemical reaction between SPW and SCW. SCW is highly concentrated with
cations (Na, Mg and Ca) and SCW is relatively concentrated with more different cations (Na, Mg, Ca, Al,
K, and Fe). From the results at both ambient and reservoir conditions ionic concentrations play a key
condition for the precipitation of carbonates. However, temperature also had a significant role by increasing
the SI of carbonates at reservoir conditions as seen in other mixtures described above. The influence of
temperature also caused the dissolution of alunite completely at reservoir conditions. Gypsum and it related
minerals are almost always in dissolution. This can be due to the low concentration of SOs ions in all brine
compositions.

5.0 Discussions

Development of a successful improved recovery technique after a reservoir is flooded with water
(secondary recovery) will largely depend on the outcome of waterflood implementation. It is imperative
that the mechanisms responsible for inefficiency or failure of waterflood be investigated. Through
experimental approach, the cause of inefficiency on FWU-east is assessed. This chapter provides detailed
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analysis of results from the test outcomes from the experiments conducted and how they explain the
mechanisms responsible for the poor outcome of waterflood.

5.1 Injectant and connate water salinities and surface charge implications during waterflood at FWU-
East

The potential impact of injection water on reservoir fluids and rock, which includes adverse
reactions or precipitation can cause detrimental issues in the reservoir with associated production issues
and challenges. Previous sections have addressed rock-fluid interaction and implications on reservoir
quality. This section discusses results of fluid-fluid interaction and compatibility assessment. Both physical
(mixing fluids and observing for phase separation, turbidity or precipitates) and chemical (pH, electrical
conductivity, TDS and {-potential) compatibility tests were conducted. Geochemistry speciation and
reaction simulation with PHREEQC was further conducted to confirm results of laboratory tests. Formation
of precipitates or scale formation may occur when the amount of certain minerals in solution exceed
solubility limit, mixing of solutions with incompatible ionic constituents and changes in pressure and
temperature conditions.

5.2 Compatibility and surface charge of brine at ambient conditions

Three brine solutions, including SCW, SPW and SIIW, were considered for compatibility testing.
Turbidity measurements of all mixtures indicated low levels of precipitation as all values for all mixtures
were below 10 NTU at ambient condition (Figures 5b, 6b & 7b). The highest recorded value was 8.7 NTU
for a mixture of 50% SPW and 50% SCW. After 7 days, precipitation, pH, TDS and conductivity reduction
was recorded for all mixtures (Figures 5a, 6a & 7a). This supports that precipitation occurred. Precipitation
will lead to the increase in H+ ions and reduction in cations (Ca2+, Mg2+) concentrations as these minerals
are formed. As H+ ions increase with a reduction in principal cations in solution, pH declines, TDS reduces
with a corresponding decrease in electrical conductivity, which is based on the ionic concentration of the
mixtures.

Turbidity reduces as percentage of SIIW (LS) volume increases for SHW and SCW mixtures
(Figure 5b). This occurs with a corresponding increase in negative surface charge ({ potential) (Figures 5b).
The (€ potential) of 100% SCW is -1.1 Mv and 100% SIIW-LS is -19 Mv. This means that SIIW has
stronger electrostatic forces (stable solution) keeping brine particles from aggregating, whereas SCW has a
weak electrostatic force and an unstable solution. Thus, in mixing these two solutions, where SITW has
HCO?" as the highest ionic composition, the likelihood of precipitation reactions with SCW (high salinity
with highest cationic concentration) occurs, and as the volume of SIIW mixture increases, SCW reduces,
diminishing the number of cations in solution. Hence, a decrease in precipitation and a gradual increase in
negative surface charge ({ potential) of the resulting solution as observed in the geochemical reaction
analysis in Figure 11a. This leads to reduction in cations and carbonate ions with an increase H+ ions
leading to pH, TDS and conductivity reduction. In this case, interaction between LS-SIIW and SCW ions
alters the electrostatic properties and stability of suspended particles in the final mixture. This disrupts the
equilibrium and repulsive forces between particles which enhances aggregation or flocculation.

Mixing SIIW and SPW relatively recorded lower turbidity as compared to SIIW and SCW mixtures. This
can be attributed to the more stable electrostatic forces ({ potential = -13 Mv) of SPW brine than those of
SCW (-1.1 Mv). Also from geochemical analysis, there was less carbonate formation, which went into
dissolution at 50% SIIW and beyond (Figure 11b). In the case of this mixture, as volume percent of LS
increases the turbidity increases with a decrease in (-potential; but as volume of LS exceeds 50%, the
turbidity reduces with an increase in negative {-potential (Figure 6b). Low concentration of LS ion creates
instability in the electrostatic force of the mixture leading to a low {-potential resulting in the formation of
larger aggregates, hence an increase in turbidity. However, LS alters the chemical composition of the
mixture as it reaches a certain optimal concentration threshold (above 50%). This leads to the surface
complexes and precipitation reaction causing the formation of much larger rapidly settling particles with
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different surface properties and surface charges causing an increase in {-potential. Electrostatic force by
virtue of increase in {-potential is also increased and hence particle repulsion creating a reduction in
turbidity. Complex precipitation reactions and changes to the properties of particles are a result of excess
in LS volume. However, geochemical analysis shows a drop in all carbonate precipitations at about 50% of
SIIW, an indication of reduced carbonate forming ions hence less turbidity and high stability ({-potential).

The highest turbidity measurements were recorded in the SPW and SCW mixtures (figure 7b),
apparently because of the relatively higher ionic concentrations in both solutions, which favored
precipitation as shown in geochemical reaction (Figure 11c). Turbidity however followed the same trend
as described in SIIW and SPW mixtures. {-potential increased as percentage volume of SPW increased.
This is due to the fact that SPW relatively had a higher ionic concentration to undergo surface complexes
and precipitation reaction causing the formation of much larger rapidly settling particles with different
surface properties and surface charges causing an increase in (-potential. Geochemical reactions highlights
drop in SI values as volume of SPW increases beyond 50% except gibbsite. Presented in Figures 12(a, b &
c) are the summarized geochemical signatures of mixtures considered.
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Figure 12(c): SPW and SCW
Figures 12(a) & 12(b) are Geochemical reaction signature of mixtures with increasing proportion of
SIHW and Figure 12(c) is with respect to increasing SPW

5.3 Compatibility and surface charge tests at HTHP conditions

Two mixtures comprising 50% SITW/50% SCW and 50% SPW/50% SCW were subjected to HTHP
(120 °F and 2200 psi) to assess the effect of HTHP on compatibility since these conditions favor calcite,
dolomite and gypsum precipitation. Note that siderite forms at lower temperatures. As observed at ambient
conditions, pH reduction was also observed (Figure 12). Turbidity recorded for 50% SPW/50% SCW
mixture at reservoir reduced (about 21% reduction) with a corresponding increase in {-potential. At HTHP,
certain precipitates were not favored. Rather, the reaction equilibrium favored dissolutions of these ions
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leading to a relatively stronger repulsive electrostatic force. The mixture involving 50% SIIW/50% SCW
also recorded a slight 7.5% decrease in turbidity with an increase in {-potential. Geochemical analysis
shows an increased precipitation for carbonates, as HTHP conditions favors precipitation (Figures 11a-11c
@ 168 °F). Conversely, gibbsite saw a great reduction in SI values. Generally, there was a reduction as
volume of lowest ionic concentrated brine increased.

One key observation is that, the precipitation reaction (based on turbidity measurement) is dictated
by the original {-potential or surface charge magnitude of the original solutions forming the mixtures and
greatly by the ionic strength or proportion (volume) of each solution forming the mixture. Fluid
incompatibility based on turbidity and SI values as well as {-potential are relatively low for synthetic FWU-
east connate brine, produced brine and initial injection water (fresh water from Ogallala River). The severity
as observed occurs when the volume of the least concentrated brine is low, which means precipitation
occurs in the early start of injection but as injection volume increases precipitation reduces. However, the
early adverse effect can lead to formation damage causing injectivity and flow issues.

5.4 Rock-brine surface chemistry: Insight from surface charge and electrical conductivity tests

As described in Figure 9, five rock samples were used to conduct surface chemistry interaction test with
synthetic brine. Changes in pH measurement indicates surface reactions between the rock and brine. SCW
sample (RockC) with -3.7 Mv is the {-potential least change from the original value of -1.1 Mv. This was
expected as an indication of low surface reactivity since it represents the connate water saturation at initial
reservoir phase. Produced water (SCW) also had an increase in {-potential (RockC P and RockA_P) which
shows some level of geochemical surface reaction, however low salinity water (SIIW) mixed with samples
RockM_F and RockG F recorded the highest (-potential. This is an indication of high surface activity
between low salinity and rock minerals especially clay minerals. Table 3, summarizes various inferences
that can be gathered from the results.

Table 3: Rock-brine surface chemistry and inferences gathered.

Activity Inference

Ion Exchange and  Increase or decrease in {-potential indicates changes in concentration of adsorbed

Surface Chemistry  ions or surface charge behavior due to interaction with SIIW. Ionic exchange and
surface reaction which lead to release of more ions into the solution charged the
electrostatic forces hence the increase in {-potential.

Dispersion or Higher electrostatic forces as a result of ionic exchange between rock and SIITW

Aggregation brine indicates high repulsion between particles. This means clay particle is more
dispersed and less tendency for aggregation or settling hence highly mobile. This
mobility in a very low permeable reservoir as FWU-east leads to pore plugging.

Reduced Scaling Stronger electrostatic forces lead to high repulsion tendencies. This implies that

Tendency particles have reduced susceptibility for mineral deposition and scaling potential
preventing precipitation.

Wettability Surface charge properties of rocks due to ionic exchange with low salinity can be

Alteration changed. This affects wettability of the rock surface. Low salinity through ionic

exchanges and dissolution leads to a higher {-potential which is linked to a shift
in wettability to more water wet. This is one of the major mechanisms reported in
the recovery of oil by low salinity flooding. This leads to the release of rock
minerals, clays especially which may lead to reservoir impairment for low
permeable reservoirs.

Enhanced Fluid When Z-potential increases, it can lead to better fluid and mineral flow. This is

and mineral Flow  because higher values of {-potential mean more electrostatic repulsion between
particles, making it easier for them to flow through the rock. It appears that a low
salinity brine may have changed the surface properties of the rock, resulting in
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improved flow characteristics. However, if a reservoir has many micro pores or
low permeability, there is a risk of particles building up and blocking the flow in
the long term.

6.0 Conclusions

This study aimed to investigate the primary factors contributing to the inefficiency of waterflooding in the
FWU-east and to provide insights to the development of further improved recovery technique (specifically
CO,-WAG EOR). To achieve this objective, a series of experiments were conducted encompassing core-
flood experiments involving the injection of single-phase brine. Furthermore, tests were carried out to
evaluate fluid-fluid surface charge, compatibility, and the surface chemistry analysis of rock-fluid
interactions. Various parameters were measured and analyzed, including pH, TDS, electrical conductivity,
surface charge, electrostatic stability (C-potential), turbidity, differential pressure, flow and storage
capacities.

The study highlights that the east section of the field has notably lower permeability than the west section.
Preliminary analysis also detects the presence of authigenic clays in FWU[22]. Geochemical analysis
indicates both fluid-fluid and rock-fluid reactivity (incompatibility) between the formation and the injected
water. This reactivity has the potential to induce pore plugging, resulting in a reduction of flow capacity.
Given the very low permeability on the east side, there is a higher susceptibility to formation impairment
and inefficient flooding compared to the west. The study presents various geochemical signatures,
providing valuable insights. This understanding can significantly enhance the engineering of the appropriate
brine composition for CO2-WAG operations in subsequent studies.
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