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Abstract

A high CO, carbonate gas field offshore Sarawak, Malaysia, is scheduled for development. Fines migration has been identified
as a potential risk for a sustained and stable production for this field, triggering this investigation. The reservoir investigated
(subdivided in S3, S2, S1 formation) has an average 8% clays, of which over 50% are migratory illites and 15% migratory
kaolinite. This paper discusses the laboratory findings and factors contributing to fines migration for this reservoir. We
conducted core flood tests to determine critical flow rates for the onset of fines migration of high CO, hydrocarbon gas and
CO,-saturated brine within the production gas zone. In addition, we measured total suspended solids during each incremen-
tal rate stage and performed scanning electron microscopy—energy-dispersive X-ray (SEM—-EDX) analysis on the effluents
collected. We also performed mineralogical analysis of formation rocks to determine clay types, amount, and morphology.
Core floods performed with CO,-saturated brine on S3 and S2 cores showed damage at a critical flow rate of 10 ml/min with
permeability recovery of 65-75%. This shows that CO,-saturated brine tends to mobilize the fines such as illite and kaolinite.
Core floods performed with high CO, hydrocarbon gas showed permeability recovery of 93-96% at rates up to 10 ml/min.
SEM analysis on effluents collected showed presence of silicate and carbonate particles with size of 5-50 pm. A combined
salt dropout and fines mobilization core flood showed a higher degree of formation damage due to fines mobilization with
74% permeability recovery compared to baseline permeability compared to core floods with high CO, hydrocarbon gas.
However, the formation damage due to fines mobilization for this experiment was reversible. Overall, the results indicate
that a high potential for fines migration in this type of carbonate system exists for CO,-saturated brine flow with significant
less potential for dry CO, flow.

Keywords Carbon capture and storage - Malaysia - Core flood - Fines migration - Salt dropout

Introduction

The increase in CO, as a greenhouse gas in the atmosphere
has triggered efforts to reduce greenhouse gas emissions
and significant research efforts, one of them being CO,
sequestration, which foresees the injection of CO, into the
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treatments in order to alleviate the impact caused (e.g. Ali
et al. 2015; Gharbi et. 2014; Goedeke et al. 2012).

The migration of fines can occur in conventional as
well as unconventional reservoirs. As fines move through a
porous medium, they can be deposited and if the deposition
occurs in the pore throats, a severe reduction in permeability
may result (Economides et al. 2013). High flow rates and
low salinities have been identified as key issues triggering
fines migration (e.g. Russel et al. 2018). Usually, in the case
of gas—water flow, the fines move with the wetting water
phase (e.g. Bennion et al. 2000; Miranda and Underdown
1993). However, fines movement prior to water movement
has been observed in a number of gas reservoirs, e.g. due to
well perforating jobs (Paveley 2002, Watson 2001). Gener-
ally, fines migration may be less prominent in carbonates
than in sandstone reservoirs, but there are very few studies
which investigate fines migration in carbonate formations.
Most studies have investigated fines (such as clay minerals)
migration in sandstones (Zhang et al. 2020; Pearce et al.
2019; Sokama-Neuyam et al. 2017; Xie et al. 2017). Carbon-
ates on the other hand can contain clay minerals as well. In
particular dissolution of carbonates may enhance the expo-
sure of clay mineral surfaces (Othman et al. 2018). The dis-
solution of carbonates may occur during CO, injection or
production of CO,-saturated brine. Thus, this study looks
into potential fines migration during CO,-saturated brine
flow for a carbonate reservoir.

Fine particles, either formed authigenic or detrital and
located on the surface of rock grains, are affected by adhe-
sion, drag, lift, electrostatic and gravitational forces. Drag
and lifting forces are trying to detach the particle, while Van
der Waals and gravitational forces press the particle to the
rock grain surface (e.g. Bedrikovetsky et al. 2011). Once
mobilized, the fine particles can bridge on the pore throats
if its size exceeds the pore size of the matrix (e.g. Oliveira
et al. 2014). This bridging can occur when the particles are
on the order of one-third to one-seventh the size of the pore
throats or larger (e.g. Economides et al. 2013). Fines remain
attached to pore surfaces by electrostatic and van der Waals
forces. When the repulsive electrostatic forces exceed the
attractive van der Waals forces, the fines are released from
the pore surfaces (Bennion 1999). At high salt concentra-
tions, > 2%, the van der Waals forces are sufficiently large
to keep the fines attached to the pore surfaces. As the salin-
ity is decreased, the repulsive electrostatic forces increase
because the negative charge on the surfaces of the pores
and fines is no longer shielded by the ions. It has long been
realized from core flooding experiments that particle release
due to changes in salinity and flow rate can happen almost
instantaneously (Miranda and Underdown 1993; Bedriko-
vetsky et al. 2011). Of particular importance is a decrease
in salinity leading to particle mobilization (e.g. Schembre
and Kovscek 2005). This decrease in permeability due to
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decreasing salt concentration has been found to be depend-
ent on the kaolinite content. Permeability impairment due to
kaolinite fines has been reported recently (Xie et al. 2017).
Clay stabilizing chemicals could be utilized to avoid the
risk of formation damage due to clay fines (e.g. Frenier and
Ziauddin 2014). However, injection of additional chemicals
can also lead to further formation damage. Core flooding
experiments demonstrated that reversing flow could increase
permeability again by flushing fines out (Pronk et al. 2017).
However, fines migration may not in all cases cause a sig-
nificant impairment in the recovery of oil or gas. Cleverly
engineered, the effects of fines migration could be used in
order to control water production (Zeinijahromi et al. 2011,
2015).

The main sources of moveable fine particles in natural
reservoirs are usually kaolinite and illite clays (Lagasca and
Kovscek 2014; Arab et al. 2014). The kaolinite particles in
contrast to illite are flat plates stacked in form of booklets
(Wilson and Pittman 1977).

This study investigates factors contributing to fines
migration in a carbonate formation containing migratory
clay minerals. The carbonate reservoir has a high CO, con-
tent. Thus, the effect of CO,-saturated brine and high CO,
dry hydrocarbon gas flow during production was important.

In this study the fines migration potential of a high CO,
content gas field (70 Mol% CO,), scheduled for develop-
ment offshore Malaysia Sarawak, is being investigated in
detail. This high CO, content gas field has been identified
as a model site to investigate CCS in Malaysia. In particular
novel techniques to monitor CO, in the subsurface, novel
stimulation methods as well fines migration are being inves-
tigated in detail (Sazali et al. 2018a; Sazali et al. 2018b).
Furthermore, scaling and dissolution, geomechanical effects
from gas production as well CO, injection are studied (Sazali
et al. 2019).

The carbonate reservoir is located in a platform reef envi-
ronment (Middle-Late Miocene), located 250 km northwest
of Bintulu under water depths of 80 m. The reservoir is a
carbonate structure with dimensions at the fluid contact of
approximately 11 km by 8 km, from north to south, with the
hydrocarbon geologically trapped through a four-way dip
closure. The maximum hydrocarbon column is 483 m with
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Fig. 1 Reservoir architecture of the proposed gas field
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the interpreted free water level located at 2193 m true verti-
cal depth subsea (TVDSS).

The carbonate gas reservoir can be subdivided into three
formations, subsequently addressed as S1 to S3, with S1
the lowest in the stratigraphy and S3 the highest (Fig. 1).
Preliminary XRD analysis from cores of the production zone
revealed an average of 8% clay content in the samples.

Due to the high clay content of these formations, a study
was initiated to investigate formation damage due to fines
migration during production from this field. In the follow-
ing sections, the Materials and methods deployed during the
study are described, followed by the results and discussion
section and finally the conclusions.

Materials and methods

In order to determine the impact of fines migration,
five core floods were conducted at increasing rate stages
with CO,-saturated brine, hydrocarbon gas (70:30 Mol%
CO,:N,,) as well as 100% CO,. Two core floods were per-
formed with hydrocarbon gas and two with CO,-saturated
brine. The core floods with CO,-saturated brine were meant
to represent water breakthrough at the end of the field life.
The actual reservoir contains around 25 Mol% CH,. Meth-
ane was replaced with nitrogen during the core flood in
order to adhere to laboratory safety regulations. Mineral-
ogy analysis of S3, S2 and S1 formation rock was conducted
using XRD to determine clay types, amount and morphol-
ogy. Pore-throat size distributions were determined through
mercury injection capillary pressure (MICP) test for pore
level characterization. Total suspended solids (TSS) were
analysed from each incremental rate stage with SEM—-EDX
analysis (Hitachi S-2600N) performed on the effluents col-
lected. Core flood test was conducted with supercritical CO,.

Core plugs of 1’ diameter and 2’ length were selected
for the study after initial CT scans confirmed the integrity
of the core plugs and the absence of fractures. Tracer tests
could also aid in selecting core plugs and can help in the
field to determine the flow direction of injected fluids (e.g.
Godeke et al. 2006, 2008). The porosity and permeability of
the core plugs, together with average pore volume, are pre-
sented in Table 1. It can be seen from table one that a range

of permeabilities and porosities were investigated. Since no
direct core sample was available for the S1 formation, a core
of the S2 formation with a slightly lower permeability was
chosen as analogue for the S1 formation using additional
wireline data as it is known that the permeabilities are lower
for the S1 formation. Porosities and permeabilities of core
plugs were investigated using Coreeval 700.

For selected samples, MICP experiments were performed
at injection pressures of up to 60,000 psi in order to deter-
mine pore size distribution as well as permeability distribu-
tion curves.

The brine composition used for the study is based on the
water analysis from formation water of the reservoir which
was simulated to match down-hole conditions (Table 2),
since the original fluid sample was collected topside in
the absence of reservoir pressure and temperature. Table 2
shows the brine chemistry of the brine used for core floods
two and four. The total dissolved solids (TDS) concentra-
tion of the formation water which can be characterized as a
sodium-chloride type water, is around 7550 mg/1.

The sulphate concentrations were reduced to zero in the
brine, to avoid sulphate forming scales (e.g. gypsum) dur-
ing the experiment. Previous scaling simulation at reser-
voir pressure and temperature showed that sulphate form-
ing scales can be neglected and that the predominant scales
expected are carbonate scales (Sazali et al. 2019).

Table 2 Brine chemistry used

for core floods two and four Parameter Cor}cen-
: . tration

with CO,-saturated brine (mg/l)
Sodium 3848
Chloride 4651
Calcium 108
Magnesium 10
Potassium 136
Barium 1
Strontium 32
Iron 1.4
Sulphate 0
Bicarbonate 475
pH 5.47

Table 1 Core selection used for

Test Formation Av. Kair (mD Porosity (%) Av. pore vol-  Injection phase
core floods @417 psi) ume (ml)

1 S3 119.3 271 142 70:30 CO,:N,

2 S3 117.9 31.9 18.1 CO,-saturated brine

3 S2 146.6 27.6 17.9 70:30 CO,:N,

4 S2 92.1 8.8 13.5 CO,-saturated brine

5 S2 (S1 Analogue) 94.2 249 14.8 100% CO,
s ) Springer
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In order to mimic reservoir conditions, the core floods
were run under the following conditions:

e Overburden pressure: 3172 psi,
e Pore line pressure: 1450 psi,
e Temperature: 136 °C.

The 1722 psi net effective stress was applied using a
Gilson pump based on the existing geomechanical model
of the reservoir. The temperature, held constant during the
experiment at 136 °C, is representative of the average reser-
voir temperature of the future production zone. Before any
incremental rate stages were applied CO,-saturated brine or
hydrocarbon gas (70:30 Mol% CO,:N,) was flooded through
the core at baseline rates at ambient as well as at reservoir
temperature. These pre-treatment stages were applied to
achieve 100% saturation of the core with either brine or gas
prior to any incremental rate stages.

Total suspended solids (TSS) as effluents were deter-
mined from the core floods by weight measurement at each
rate increment, before and after the core flood. A stainless-
steel metal filter with a mesh size of 2 pm was positioned
at the outlet side of the core, prior to the outlet pressure
relief valve. The metal filter on which the fines accumulated
was washed with reverse-osmosis water prior to its removal
from the core flooding rig to remove any brine salts which
could affect the weight measurement. The TSS measure-
ments are conducted by weighing a filter pre- and post-stage
rate increase. One filter is used per stage. The post-stage
rate increase filter samples are flushed with reverse-osmosis
(RO) water prior to removal from the rig to remove possi-
ble salts, ensuring that only carbonates and silicate fines for
example are retained. The difference between the pre- and
post-stage weight of the filters is calculated with reference
to the amount of fluid flowing through the core to derive the
TSS value in mg/l1.

In addition, the filters were also investigated using SEM/
EDX analysis to support the TSS data and to characterize
the particle type and morphology. For the investigation of
the filters with SEM/EDX, the filters were dried overnight
at 60 °C.

It is important to use core flooding rates which are rep-
resentative of the targeted field production rates. The core
floods were conducted at increasing rate stages, with each
rate stage representative of a different distance to the well-
bore based on gas production rates of 200 MMscf/d.

In order to estimate a representative core flooding rate, it
was important to calculate a representative down-hole fluid
volume first based on the gas law:

P-V=znR-T (1)
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Fig.2 Sketch of wellbore production interval showing increasing dis-
tances away from the wellbore

Table 3 Calculated laboratory flow rates based on distance to the
wellbore

Distance from Wellbore (m) Flow rate (ml/h)
0 6000
0.5 1800
600
2 300
240
6 120
11 60

with P =pressure (psi), V=volume (ft’), Z =z-fac-
tor, n=amount of gas (moles), R=ideal gas constant,
T =temperature.

The following equation was used:

Zp-Tp-Ps- Vi
Vg= ———
? Zs'Ts'PB @

with Vi =volume, bottom-hole, Vs =volume, Surface,
Py =pressure, bottom-hole, Py =pressure, surface, Ts =tem-
perature, surface, Ty =temperature, bottom-hole.

Based on the target injection rate of 200 MM scf/d and
the above methodology, a representative down-hole fluid
volume of 22,844 m>/d is calculated. Then, the laboratory
flow rate u, can be calculated from the equation:

_9_
== Q/Qr(r+x;)L 3)
with L =production interval (assumed 100 m, based on
the planned well design), Q=in this case 22,844 m/d,
r=increasing distance from wellbore into the formation (m).
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Table 4 Clay fraction of

Sample depth Horizon
selected samples from XRD

Total clay (%)

Clay fraction (clay typing, wt%)

(m MD) — - - . -
study Kaolinite Chlorite Illite Mixed layer Smectite
Silicate
2050 S3 8.7 14.7 8.0 51.7 13.0 6.8
2115 S2 8.5 14.8 7.6 533 114 7.2
2120 S2 12.2 12.6 8.7 55.8 13.6 6.4
2125 S2 114 12.5 8.9 57.0 14.2 6.0
1895 S3 23.0 17.0 8.7 48.6 12.6 6.2
1900 S3 9.9 19.3 9.7 48.8 10.1 6.0
1905 S3 4.8 15.5 8.4 52.5 12.0 6.6

The following sketch is useful to visualize the taken
approach (Fig. 2).

Thus, first the reservoir velocity is calculated based
on the chosen target reservoir production interval. Then
the velocity is downscaled to the laboratory rate taking
the core radius into account (Table 3). As expected, rates
are very high near the sand face area. Thus, in order to
investigate the region very close to the wellbore, very high
laboratory flow rates would have to be chosen.

The rate of 60 ml/h represents the baseline saturation rate.
The baseline rate was flown until stable differential pressure
was reached before any of the incremental rate stages were
applied. At each baseline rate permeability was measured in
between incremental rate stages and permeability recovery
compared to the initial baseline permeability was recorded.
After each core flood temperature and pressure were care-
fully lowered to ambient conditions.

Results and discussion

The results and discussion presented in this section cover
the work from five core floods, XRD analysis, SEM/EDX
analysis of expelled solids during the core flood as well as
the MICP analysis from selected samples.

The XRD analysis revealed that these formations have an
average of 50 wt% illite, 15 wt% kalonite, 9 wt% chlorite and
6 wt% smectite (Table 4). The reported weight percentages
are representative of the total clay fraction. The clay con-
tent reaches its highest value further up in the stratigraphy
towards the seal (sample depth 1895 m). It can be seen that
total clay contents greater 10% can be found in the producing
formation (S2). The XRD results also revealed the presence
of smectite which can change its swelling behaviour due to
changes in salinity (Ahmed et al. 2016).

The mean hydraulic radii from the MICP of the samples
varied between 2.7 and 7.1 pm, with more than 70% of the
permeability associated with pore sizes greater than 10 pm.
The D (10), D (50) and D (90) pore-throat size values from
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Fig.3 Pore size and permeability distribution of a bind-stone sample
from sample depth 2079.95 m (S3 formation)
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Fig.5 Pore size and permeability distribution of a frame-stone sam-
ple from sample depth of 2086.30 m

the core plugs measured were: 5-15 pm D (10), 1-9 pm D
(50) and 0.02-3 pm D (90). The figures below show pore
size and permeability distributions from selected samples
(Figs. 3,4, 5).

All pore size distribution curves are bi- to multi-modal
indicating the considerable heterogeneity of the carbon-
ate reservoir. The separation of pore space is important for
two-phase flow in general and can result in bypassing of an

available cross-sectional area for flow (e.g. Ott et al. 2015a,
b).

For the sample in Fig. 4 more than 75% of the permea-
bility is associated with pore-throat sizes greater 14.2 pm.

For the sample from Fig. 5 of the S2 formation, the
mean hydraulic radius is 2.66 micron. Here, 70% of the
permeability is associated with pore-throat sizes greater
5.3 pm.

Core flooding results

In this section the core flooding results (core flood 1 to core
flood 5) are presented. The composite chart of baseline and
incremental rate stages will be shown for each core flood
together with permeabilities measured after each rate stage
as well as the analysis of TSS.

Core flood 1

Before the core was flooded with gas at the prescribed base-
line rate, the core was saturated with the hydrocarbon gas
(CO,, N,) until the irreducible water saturation.

Core flood 1 with hydrocarbon gas showed permeability
recovery back to 93% of baseline conditions at flow rates up
to 600 ml/h. These results demonstrated that permeability
values recovered almost fully compared to baseline levels

Fig.6 Differential pressure 2.0 - - -
versus time profile recorded —Differential Pressure  (psi)
during gas saturation at incre- 1.8 1 Fow:
mental rates and intermediate Le |BW: F>W: F>w: P>W: F>W: Baseline
baseline saturations. Conditions: = gz;‘zgtme“‘ Baseline S:f:rl::;n @ Baseline g;ﬁzﬁzn (4  Suwration 5)
CO,:N, (70:30) Po=3172 psi, 8 14 | Saturation Saration (1 oW F>W: Smtion (3)F W F>W:
S — o, ~ F>W: >W: N >W: :
Pp: 1450 psi, T=136"°C [ 12 4 l Incremental | l ,Incremental l i{ncremental: l Incremental, l ‘lncremental‘ l
2 Rate (1) | Rate 2) | Rate (3) Rate (4) | Rate (5) |
3 1.0 | | | 3 | i | 3 i
= o Lo Lo Lo Lo
s 27 27 2% 2% 29 2l 89 &7 29 27 =9
g |8 TR "3 TE Sz & T3 % "3 g “z
20.6 1 > > > > N N — > b
] 3 | 3 g g g " i
504 | | | |
02 | L |
0.0 T T T ‘ T ]’_\ T T
0 30 60 90 120 150 180 210 240 © 270 300
Time (minutes)
Table 5 Efffuent total Stage Initial weight (z)  Post-weight (¢)  Difference (¢)  Throughput ()  TSS (mg/L)
suspended solids from core
flood 1 120ml/h  2.3343 2.3347 0.0004 0.10 3.88
240 ml/h 2.3214 2.3321 0.0107 0.22 48.06
360 ml/h 2.3168 2.318 0.0012 0.30 4.00
480 ml/h 2.3183 2.3223 0.0040 0.29 13.89
600 ml/h 2.3121 2.314 0.0019 0.31 6.23
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Table 6 Permeability measurements for core flood 1, temperature
held constant at 136 °C

Table 7 Permeability measurements for core flood 2, temperature
held constant at 136 °C

Stage Q (ml/h) K (mD) Recovery (%) Av.dP (psi)
Baseline Saturation 60 227.09 0.040
Saturation Rate 1 120 214.04

Baseline Saturation 60 218.43 96 0.043
Saturation Rate 2 240 212.87

Baseline Saturation 60 226.84 100 0.041
Saturation Rate 3 360 233.48

Baseline Saturation 60 224.64 99 0.041
Saturation Rate 4 480 191.78

Baseline Saturation 60 222.58 98 0.042
Saturation Rate 5 600 217.90

Baseline Saturation 60 211.34 93 0.052
Baseline Saturation 60 21043 93

(Fig. 6). Differential pressures during each rate increase
reached a stable value, indicating that no progressive forma-
tion damage occurred during each rate stage. The cores were
flooded in forward mode (formation to wellbore direction).

The effluent total suspended solids data from this test is
presented in Table 5.

Overall, the data show very low concentrations of solids
being expelled. The greatest release of fines occurs during
the 240 ml/h stage. Overall, the movement of fines recorded
by the TSS has had no negative impact on the permeability
of the core (Table 6).

The filter analysis using SEM/EDX showed a fines area
coverage of the filter of around 1% in four of the filter sam-
ples. At the rate of 240 ml/h the filter coverage is around
30%. The material on the filters is primarily made up of sili-
cate fines as clay minerals together with rare CaCO; and salt
residue. The clay particles were typically small to medium,
ranging from~5 to 50 pm having angular to sub-angular
morphology.

Core flood 2

Here, the core plug was 100% saturated with brine (Table 2)
which was fully saturated with CO, prior to core flooding.

The data show that at a laboratory rate of 600 ml/h rep-
resenting a distance of 1 m from the wellbore the perme-
ability recovery value is 80% (Table 7). After this initial rate
increase, no further impairment occurs.

It is also important to note that stable differential pres-
sures are reached during all stages as can be seen from
Fig. 7. During the baseline saturation stages, permeabilities
tend to slightly increase compared to the previous saturation
rate. The reason could be that due to the lower interstitial
flow velocities during these stages some fines particles get

Stage Q (ml/h) K (mD) Permeability Av. dP (psi)
Recovery (%)

Baseline Satura- 60 35.34 0.792
tion 1

Saturation Rate 1 120 28.61

Baseline Satura- 60 29.10 82 0.974
tion 2

Saturation Rate 2 240 27.40

Baseline Satura- 60 28.06 79 1.013
tion 3

Saturation Rate 3 360 26.64

Baseline Saturation 60 27.28 77 1.030

Saturation Rate 4 480 24.92

Baseline Saturation 60 2997 85 0.943

Saturation Rate 5 600 24.01

Baseline Saturation 60 28.27 80 1.010

re-arranged and detach from pore throats and thus slightly
increasing the permeability.

Again, low concentrations of solids are expelled during
the core flood (Table 8). The greatest release of fines occurs
during the 120 ml/h and 240 ml/h stage with concentrations
of 41.5 and 58.5 mg/l, respectively.

It becomes obvious that a high outflow of total suspended
solids at a certain flow rate does not correlate with signifi-
cant permeability drop. Generally, lower flow rates seem to
show a greater amount of total suspended solids expelled
than during the higher flow rates. It is possible that fines
become mobilized already at lower flow rates and then sim-
ply start to bridge the pore throats during the higher flow
rates and thus reducing the outflow of total suspended solids.

The SEM analysis of the filtrand material showed sparse
CaCOj grains and silicate grains present on all filter sam-
ples. Silicate grains were present on all samples except for
the 360 ml/h rate. Silicate and CaCOj; grains could have
been released during the dissolution of intergranular cement
as a result of the lowering of pH from the injection of
CO,-saturated brine (e.g. Zhang et al. 2020).

Core flood 3

Core flood 3 performed with CO,—N, gas showed very simi-
lar results to core flood 1, with 96% permeability recov-
ery after four incremental rate stages, with the final rate at
600 ml/h (Table 9, Fig. 8). Again, only a small number of
fines were expelled, with the highest amount measured dur-
ing the 120 ml/h stage (Table 10). The SEM-EDX analy-
sis indicated that clay fines as well as iron carbonates were
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IZ':e'eﬂi Ogszs measurements for g, Initial Weight (g)  Post-Weight ()  Difference (z)  Throughput (L)  TSS
(mg/L)
120 ml/h 2.3290 2.3324 0.0034 0.08 41.46
240 ml/h 2.2995 2.3071 0.0076 0.13 58.46
360 ml/h 2.3167 2.3172 0.0005 0.19 2.65
480 ml/h 2.3069 2.3072 0.0003 0.34 0.88
600 ml/h 2.3127 2.3135 0.0008 0.51 1.56

Table 9 Permeability measurements for core flood 3, temperature
held constant at 136 °C

Stage Q (ml/h) K (mD) Permeability Av. dP (psi)
Recovery (%)

Baseline Saturation 60 160.87 0.078
Saturation Rate 1 120 213.32

Baseline Saturation 60 160.20 100 0.078
Saturation Rate 2 240 244.67

Baseline Saturation 60 156.63 97 0.079
Saturation Rate 3 360 243.04

Baseline Saturation 60 15699 98 0.079
Saturation Rate 4 480 258.28

Baseline Saturation 60 153.04 95 0.081
Saturation Rate 5 600 249.73

Baseline Saturation 60 15394 96 0.081

expelled. Small quantities of Dolomite grains as well as fos-
sil forms were also identified.

It can be seen that permeabilities almost fully recover
to baseline permeabilities. No successive permeability
decrease after increasing rate stages can be identified. Stable
injectivities were reached for each stage.
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Core flood 3 showed the lowest number of solids expelled
compared to the other core floods. Since this core showed
dolomitic grains, it is possible that less solids were expelled
due to a slightly different mineralogy compared to the other
core plugs.

Core flood 4

This core flood was performed with CO,-saturated brine.
It showed permeability recovery back to 63% of baseline
conditions at flow rates of 600 ml/h. For this core flood the
rates were raised to rates representative of the sand face area
(Fig. 9). The results demonstrated that permeability values
declined during rates up to 600 ml/h (Table 11).

At flow rates of 600 ml/h, the permeability dropped to
64% of the initial permeability which represents a signifi-
cant permeability reduction. It becomes obvious that the
highest amount of formation damage occurs for the flow
rate of 600 ml/h. At the next higher rate of 1800 ml/h,
the permeability did not decrease further but slightly
increased. After the rate 6000 ml/h, it is obvious from
the significant permeability increase (343% compared
to the initial permeability) that the high rates led to the
permeability increase. First at flow rates of 1800 ml/h
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Table 10 Efﬂl}ent total Stage Initial Weight (g) Post-Weight (g) Difference (g) Throughput (L) TSS (mg/L)
suspended solids for core flood
3 60 ml/h 2.3028 2.3047 0.0019 0.40 4.81
120ml/h  2.3162 2.3173 0.0011 0.10 10.82
240 ml/h 23142 2.315 0.0008 0.18 4.34
360 ml/h  2.3043 2.3046 0.0003 0.16 1.85
480 ml/h  2.3485 2.3493 0.0008 0.30 2.70
Fig. 8 Differential pressure 2.0 - - -
versus time profile recorded —Differential Pressure (psi)
during gas saturation at incre- L8 Tew: F>W:
mental rates and intermediate Pre-Treatment F>W: F>w: F>W: >w: Baseline
R . .. 1.6 1Baseline Baseline Baseline Baseline Bascline Saturation
baseline saturations. Conditions: - Saturation Saturation (1) Saturation (2) Saturation (3) Saturation (4) 5)
CO,:N, (70:30) Po=3172 psi, B 14 |stage2.1 Stage 3.3, ig\%e 35, JL f_;“vgveé-% L Stage 3.9, l
— GoT— ° 2 Stage 3.1, F>W: : : F>W:
Pp=1450 psi, T=136 °C 012 T —t --- —F;a\gve; = -l- -- TIHZFequ_m_aL_L = = ncremenal~ “¥- = 7 Incremental = = Trgrsieaa < 7 T
3 ! Incremental |Rate 2) | Rate (3) Rate (4) Rate (5)
» 1.0 - ! Rate (1) 3 : : : 3
o oo e N R o B ) o LR
& g 27 s BT En BY B 59 87 29 27 59
— 0.8 1 = = =N = S W = B = =
s 5 }8 = 2 Eg 3:rg 3%8 59 Eg‘E% 3:r§ i}g
§ 0.6 > : > :3 :3 » > >
£ 04 - 3 v
a 3
0.2 - 3
0.0 1 : ; J : I — :
0 30 60 90 120 150 180 210 240 270 300
Time (minutes)
Fig.9 Differential pressure 150
versus time profile recorded 140 = Differential Pressure (psi)
during brine saturation at incre- 130
mentfﬂ rates anq 1ntermed{a'te 120 | FoW: oW:
baseline saturations. Conditions: o g: Swel’ine Baseline Baseline W: W IF>W= »
. — T . . . H : ncremental
CO,-saturated brine, Po=3172 T 100 | saturation (1) Seturtion (2)  Saturation (3) Bascline | @ gaseline Incremental Rate (6)
psi, Pp=1450 psi, T=136 °C o ‘ 3) Rate (5) |
S 90 - | : l | l | W:
2 80 F>W: ! F>W: : >W: ' Baseline |
o Incremental Incremental E>W: ] Incremental : (ase (m_e ]
o 70 4 Kate (1) ' iRale ) : Ir‘lcrcmcma‘[l Ratc (4) ‘Sdturdtmni
© 60 3 ' ! Rate (3) 3 | ]
= > > > > > > = >—>
2 50 1 | : : ; ; : : : o |
(9] ! 3 SR : | Lo =R
E {0 © o 1 P | g © §z o o)
o [ O g ! 35 oo o =0 I 5 - -
Ple B 2 2 8 EL 2778 3 R 2
201 B i3 ! E 2 TR Fg =3 = =
s B [T = =~ | | = S =
w{= 5 5 : : | = =
0 : { 1 : I ] J ] ] :
0 30 60 90 120 150 180 210 240 270 300 330 360 390

permeabilities started to increase again to 75% of baseline
levels. The high flow velocities seemed to reverse the for-
mation damage possibly creating preferential flow-paths;
however, the core face got slightly eroded and no stable
differential pressure was reached at that stage (Fig. 9,
Supplementary Figure). An increase in flow rate did not
correspond to an increased level of TSS released. It is
therefore possible that most of the fines damage was in the
first section of the core from the injector and thus the fines

Time (minutes)

damage may not be homogenously distributed through-
out the core. The TSS concentrations showed a decreas-
ing trend with time, generally indicating particle capture
(Table 12). The effluent filter analysis shows again low
levels of expelled solids similar to previous tests. Coin-
ciding with the permeability and injectivity data from the
previous table which indicated fines movement at rates
above 120 ml/h, increased levels of fines are released at
rates above 120 ml/h. The difference in weight pre- and
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Table 11 Permeability and baseline differential pressures for core
flood 4, temperature held constant at 136 °C

Stage Q (ml/h) K (mD) Permeability Av. dP (psi)
Recovery (%)

Baseline Saturation 60 94.95 0.26
Saturation Rate 1 120 104.83

Baseline Saturation 60 121.35 128 0.21
Saturation Rate 2 600 52.29

Baseline Saturation 60 75.79 80 0.34
Saturation Rate 3 120 76.55

Baseline Saturation 60 81.56 86 0.31
Saturation Rate 4 600 44.20

Baseline Saturation 60 60.50 64 0.42
Saturation Rate 5 1800 34.08

Baseline Saturation 60 70.93 75 0.36
Saturation Rate 6 6000 55.53

Baseline Saturation 60 32534 343 0.08

post-stage for the experiment are greatest during these
high rates showing that the weight of the core plug is being
reduced which confirms the erosion of the core face.
Again, filtrand samples were analysed with SEM for each
flow rate. The two highest incremental rates of 1800 and
6000 ml/h showed the highest levels of fines coverage of
30 and 10% on the filter material, respectively. The filtrate
material is predominantly silicate and lesser carbonate.

2009). The investigations showed that salt precipitation (e.g.
Halite) due to CO, injection in subsurface formations can
lead to permeability and porosity reduction.

This test was performed as a combined CO, injection salt
dropout test meaning supercritical CO, is injected first to the
point of irreducible water saturation of the core plug; then
subsequently CO, rates were increased (Fig. 9). Before the
rates were rates more than 100 PV of CO, were injected.
The differential pressure plot shows stable differential pres-
sures during the CO, injection phase, indicating no sign of
formation damage due to mineral precipitation. The core was
saturated with brine before injection of CO,.

The brine permeability for the baseline rate of 60 ml/h
was measured to be 57 mD. After a rate increase to 120 ml/h,
the permeability recovers fully to the baseline permeability
suggesting no sign of formation damage. At the second rate
increase of 240 ml/h, the permeability reduced to 79% of
the initial and at a further increased rate of 600 ml/h the
rate reduced further to 74% of the initial permeability. Thus,
for this experiment a critical rate for fines movement of
240 ml/h can be formulated.

A brine saturation post-treatment showed a full perme-
ability recovery (118%) to baseline permeability (Table 13),
demonstrating that no irreversible formation damage has

Table 13 Permeability and baseline differential pressure for core
flood 5, temperature held constant at 136 °C

In addition, digital images pre- and post-test of the core ~ S12&¢ Q (ml/h) K (mD) Permeability — Av. dP (psi)
. Recovery (%)

faces were taken. Inlet and outlet faces show larger openings

also aligned with fossils and vugs. Fine material appears to  Baseline Brine 60 67.45 0.49

have been physically washed out from the core at the higher Saturation

flow rates creating flow-paths. Visible are also pin holes on ~ Main Injection 60 56.73 0.22

the core faces (Supplementary Figure). Saturation Rate 1~ 120 41.76

Baseline Saturation 60 56.84 100 0.23
Core flood 5 Saturation Rate 2 240 31.34
Baseline Saturation 60 44.81 79 0.29

The injection of CO, may cause salt precipitation due to for- Saturation Rate 3 600 28.38

mation dry-out around the injection zone. Salt precipitation ~ Baseline Saturation 60 41.82 74 0.31

due to CO, injection has been previously investigated (Ot~ Baseline Brine 60 7658 118 043

et al. 2015a; Andre et al. 2014; Muller et al. 2009; Pruess Saturation

Table 15 Efﬂll.lentftotal a Rate Stage Initial Weight (g) Post-Weight Difference (g) Throughput TSS

Zuspen ed solids for core flood (ml/h) © L) (mg/1)
60 2.2904 2.2907 0.0003 0.05 6.41
120 2.2753 2.2776 0.0023 0.06 37.92
600 2.3211 2.3222 0.0011 0.07 15.71
120 2.2739 2.2746 0.0007 0.07 10.00
600 2.2977 2.2986 0.0009 0.30 297
1800 2.2778 2.2801 0.0023 0.38 5.99
6000 2.2784 2.28 0.0016 2.19 0.73
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occurred. From Table 13 and the comparative chart (Fig. 10)
it becomes obvious that no spikes in differential pressures
are observed.

The effluent analysis displays similar concentrations of
total dissolved solids being expelled compared to previous
filter analysis. The greatest release of fines occurred during
the initial main CO, injection (Table 14), which is consistent

with core floods one and three. No significant contribution
from precipitated salts has been discovered from the efflu-
ent analysis with the dominant expelled solid identified as
carbonate.

The following table summarized the results of all five
core floods (Table 15).

The comparison table shows that final permeability recov-
ery for the core floods with dry CO,—N, gas was the high-
est showing no significant formation damage occurred. The
highest permeability reduction was observed during core

Fig. 10 Differential pressure 5.0 T
versus time profile recorded —— Differential W>F: b W>F
during CO,-saturated brine 45 IW>F: Pressure (psi) Incremental r Baseline
saturations at incremental rates 40 |Baseline and Baseline Brine
and intermediate baseline satu- = Brine ) Co, >
rations for core flood 5. Condi- 2 3.5 {Saturation , Saturation Pl | l
tions: Po=3172 psi, Pp= 1450 ® 3 WF: . N ‘
G T— ° 530 14 : I
psi, T=136 °C a L Co, \
;L: 25 Q=60 mlh Injection !
s, 7=
= 2.0 ©O
S I
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Q10 = ‘
0.5 - ‘3
el e LB | M ‘F :¢—
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Table 14 Effluent total suspended solids for core flood 5
Stage Initial Weight (g) Post-Weight (g) Difference (g) Throughput (L) TSS (mg/L)
Main CO, Injection (1) 2.2848 2.3047 0.0199 0.47 42.77
Main CO, Injection (2) 2.2991 2.3058 0.0067 0.42 16.00
Main CO, Injection (3) 2.2779 2.2798 0.0019 0.41 4.59
120 ml/h (gas) 2.3186 2.3195 0.0009 0.06 14.36
240 ml/h (gas) 2.2753 2.2770 0.0017 0.15 11.09
600 ml/h (gas) 2.2847 2.2877 0.0030 0.30 10.06
Table 15 Result comparison of fines mobilization core floods
Test 1 2 3 4 5
Injection Phase 70:30 CO,:N, CO,-Saturated Brine 70:30 CO,:N, CO,-Saturated Brine 100% CO,
Formation S3 S3 S2 S2 S1 (analogue)
Flow Rates 60— 600 ml/h 60-600 ml/h 60-600 ml/h 60-6000 ml/h 60-600 ml/h
Injectivity Stable Stable Stable Stable Stable
Final Recovery 93% 80% 96% 64% (to 600 ml/h) 74%
> 300% (to 6000 ml/h)
Critical Damage Rate > 600 ml/h 120 ml/h > 600 ml/h 600 ml/h 240 ml/h
TSS Peak Conc. 48 mg/l 58 mg/l 11 mg/l 38 mg/l 43 mg/l
Dominant Filtrand Silicate Silicate/Carbonate Silicate Silicate/Carbonate Carbonate
&’f&m&ﬁ @ Springer
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flood 4 for the core with the lowest porosity (8.8%). This
formation damage was then reversed at very high flow rate;
however, the core face was eroded during these high rates.
Overall the total amount of suspended solids was low, the
expelled amount of expelled carbonate could indicate that
due the injection of CO,-saturated brine carbonate got dis-
solved which could also lead to the dislodging of fines (e.g.
Othman et al. 2018).

Conclusions

This study is one of the few studies which investigated
fines migration for a carbonate reservoir scheduled for gas
production and re-injection of produced CO,. The results
demonstrate that fines migration in carbonates can be an
issue. Several important conclusions can be drawn from
the work:

e The greatest amount of formation damage was observed
for the core with the porosity of 10%, showing the
greater risk of formation damage due to fines migra-
tion at lower porosities;

e QOverall a high potential for fines migration in this type
of carbonate system exists for CO,-saturated brine flow.
The core floods with CO,-N, gas showed no sign of
formation damage at increasing rate stages;

e Thus, formation damage due to fines migration is more
prominent when fines can move with the brine (water
wet phase), which is in agreement with findings in the
literature (e.g. Muecke 1979);

e [t is therefore expected that fines migration would only
start to affect production at a later stage in the field life,
once water production from the reservoir increases;

e Increasing rate stages did not necessarily lead to
increasing formation damage;

e The resulting formation damage observed from core
flood 4 was not irreversible, because higher rates lead-
ing to core face erosion could significantly improve the
permeability of the core plug. An explanation for this
could be that the formation damage e.g. due to block-
age of pore throats is not evenly distributed throughout
the core plug but more prominent at the core inlet.

e The combined salt dropout and fines mobilization core
flood 5 showed a higher degree of formation dam-
age due to fines mobilization with 74% permeability
recovery compared to baseline permeability compared
to core floods 1 and 3. However, the formation damage
due to fines mobilization was reversible.

Overall a high potential for fines migration in this type
of carbonate system exist for CO,-saturated brine flow.
The critical rate for fines movement determined from the
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core floods was 120 ml/h. There is a less significant forma-
tion damage potential for dry CO, flow. 100% CO, injec-
tion may cause permeability impairment at rates exceeding
120 ml/h, representative of a field rate of 6 m from the
wellbore at production rates of 200 MM scf/d.
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