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Abstract—This article describes the effects of different physico-chemical factors on formation damage caused
by migration of in situ clay particles as a result of water injection into a clastic reservoir.
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INTRODUCTION

Reduced well injectivity is a common problem with
water intake in oil and geothermal fields. One of the
most common causes of reduced permeability of rocks
in the near-wellbore is clogging of the pore space as a
result of in-situ clay particle migration, initiated either
by a high injection rate or changes in physical and
chemical conditions when a solution with a chemical
composition different from the natural composition of
formation water penetrates the formation. Despite the
relatively active study of permeability loss problems in
the last 2 decades (Tchistiakov, 2000; Bennion, 2002;
Bedrikovetsky, 2014; Kalantarias, 2014; Kozhevnikov,
2016; Mikhailov et al., 2016; Civan, 2016), theoretical
and experimental studies aimed at design of reservoir
pressure maintenance systems and injection of low
mineralized water to increase oil recovery in depleted
fields, as well as development of geothermal reservoirs,
remain highly relevant.

The aim of our work is a comprehensive theoretical
analysis of the influence of physical and chemical fac-
tors on the migration of clay particles and experimen-
tal modeling of their migration process in a terrigenous
Ieservoir.

THE THEORY OF CLAY PARTICLE
MIGRATION AND PORE SPACE CLOGGING

The migration mechanism of clay particles and pore
space clogging. A simple way to explain the mecha-
nism of clay particle migration in rocks is to present a
model of the mineral matrix of a relatively pure sand-

stone as a system of interconnected sand grains with
dispersed clay particles and microaggregates adsorbed
on the surface. The theoretical model of the rock pore
space can be represented, accordingly, as a system of
pores interconnected by narrow channels (Priisholm
etal., 1987).

The physical and chemical properties of the pore
fluid changed as a result of injecting an external solu-
tion may trigger disintegration of microaggregates and
detachment of clay particles and microaggregates from
sand grains. As a result, they are carried by the fluid
and redeposited in narrower pore channels, which
leads to a significant reduction in rock permeability in
the near-wellbore (Vaidya and Fogler, 1990). The pro-
cesses of microaggregate disintegration and clay parti-
cle desorption from the surface of sand grains are
determined by colloidal interactions. Accordingly, it is
logical to distinguish this mechanism of permeability
loss as a separate colloidal type of formation damage
(Tchistiakov, 2000).

Under the conditions of intense fluid injection,
detachment and redeposition of clay particles and
microaggregates can be initiated even without chang-
ing the physical and chemical properties of the fluid.
This type of permeability loss according to the physics
of the prevailing process is hydrodynamic (Vaidya and
Fogler, 1990; Bennion, 2002). The degree of rock col-
matation due to hydrodynamic particle migration
depends on the fluid filtration rate, as well as the mor-
phology and surface charge of clay minerals and sand
grains. The surface charge is determined by the min-
eral composition of the sand and clay particles as well
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Fig. 1. The structure of the double electric layer on the
boundary of clay particle with aqueous solution; ¢y, sur-
face potential; @, Stern potential; {-potential: (/) surface
of clay particle; (2) boundary of adsorption layer; (3) slid-
ing plane; (4) boundary of diffusion layer.

as by the physical and chemical properties of the pore
solution.

The major physical and chemical factors affecting
colloidal colmatation include the mineral composi-
tion of the rock and the concentration and composi-
tion of salts in the injected solution, as well as its pH
and temperature (Fogler, 1990; Vaidya, 1990; Rosen-
brand et al., 2015). Accordingly, the influence of each
of these factors is considered in detail in the theoreti-
cal sections of the present article. To simplify the
description of the migration mechanism, the general
term “clay particles” is hereafter used for both micro-
aggregates and individual particles, since such a divi-
sion is often of purely theoretical significance anyway.

The formation of an electrical double layer around
clay particles in aqueous solution. Isomorphic substitu-
tions of Si** cations for cations of lower valence (Al
Mg?*, etc.) in the crystal structure of clay minerals
lead to the formation of excess negative charge on their
surfaces, which is compensated by positively charged
exchange cations (Osipov and Sokolov, 1978, 2013;
Kumar et al, 2017).

The exchange cations that occur in aqueous solu-
tions are hydrated, which leads to the formation of the
double electric layer (DEL) around the clay particles.
The DEL consists of a negatively charged surface of
the clay particle and a layer of cations with opposite
charge in the surrounding solution. The layer of DEL
cations, in turn, consists of an adsorption layer imme-
diately adjacent to the surface of the clay particle, and
a diffusion layer formed at some distance from the
mineral surface as a result of cations dissociation in the
aqueous medium. The cations of the adsorption and
diffusion layers are attracted to the surface of clay par-
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ticles by electrostatic forces and balance their surface
negative charge (Fig. 1).

The &-potential is the potential difference between
the dispersion medium and the stationary liquid layer
surrounding the particle. The interaction between
charged particles is determined primarily by the over-
lap of their diffuse layers; therefore, the §-potential is
an important parameter to determine the type of inter-
action between particles, namely, their tendency to
coagulate or disperse.

The charge of shear rupture in aqueous medium is
formed as a result of its hydration and formation of
SiOH-groups:

2(=Si0) + H,0 — 2(-SiOH). (1)

The positive or negative (depending on the pH of
the medium) charge formed on the ruptures deter-
mines the stability of clay particles (Tchistiakov et al.,
2001). This effect is described in more detail in the
respective section.

The balance of forces acting on the clay particle
adsorbed on the surface of the sand grain. The stability
of the clay particle, i.e., its adsorption or desorption
from the surface of the sand grain, is controlled by the
balance of the following forces (Tchistiakov et al.,
2000):

FEo(h) = Fry(h) + Fpp(h) + Fgr(h)
+ Fyr(h) + Fryy,

where F,, is the resultant force of interaction of the
clay particle with the surface of the mineral matrix (it
has a positive sign if repulsive forces predominate and
a negative sign if attractive forces predominate); Fyy,is
the London-Van der Waals force; Fp;p is the electro-
static repulsion force caused by interaction of the min-
eral matrix surface with DEL of the clay particle car-
rying the charge of the same sign; Fjp is the Born
repulsion force (it has a significant effect at distances
less than 5 A); Fyp is the hydrodynamic force (this
depends on the fluid velocity in the rock); F; is the
force of interaction of bound water layers occurring
between the clay particle and the surface of the min-
eral matrix (this has a wedging effect); and / is the dis-
tance between the particle and the surface of the min-
eral matrix. Bedrikovetsky and Caruso (2014) pro-
posed consideration of the gravitational force in the
equilibrium equation. We note that its contribution to
the balance of the acting forces is determined by the
mutual orientation of the clay particle and the surface
of the sand grain. According to (You et al., 2015), the
gravitational component is 2—4 orders of magnitude
smaller than the hydrodynamic and electrostatic
repulsive forces.

The influence of pore solution mineralization. The
electrokinetic potential is one of the key parameters
determining the stability of clay particles and the total
balance of their interaction forces with the surface of
the mineral matrix (Khilar and Fogler, 1987; Rosen-
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brand et al., 2015). Theoretically, if other parameters
(e.g., temperature and pH) remain constant, an
increase in the concentration of ions in the solution
causes the transition of some cations from the diffu-
sion layer to the adsorption layer due to the concentra-
tion gradient. This in turn leads to a decrease in the
&-potential of the particles (Osipov et al., 1989).

Decreasing salinity and, consequently, an increase
in the &-potential leads to increasing electrostatic
repulsion between clay particles and the sand grains to
which they were adsorbed during sedimentation. Con-
sequently, pumping desalinated water into sandy res-
ervoirs can cause clay particles to detach from mineral
walls. The subsequent migration of clay particles
together with the moving flow may lead to their rede-
position in narrower pore channels, clogging the latter
and, consequently, reducing the permeability of the
rock as a whole (Davis et al., 1978; Vaidya and Fogler,
1990; Tchistiakov et al., 2001).

The influence of the pH of the pore solution. The
charge of clay particles may vary depending on the pH
ofthe aqueous medium (Davis et al., 1978; Osipov and
Sokolov, 1978; Tchistiakov et al., 2001). In accordance
with the existing ideas, partial dissociation of the
hydroxyl and its transfer into the solution takes place
in an alkaline environment, with an excessive negative
charge being formed on the edges:

(-SiOH) — Si0™ + H". 3)

The (—AlIOH)~ group where Si** ion is replaced
with AI’" ion is also capable of dissociation depending
on the pH. In an alkaline environment, the group dis-
sociates to form a proton:

Al(OH); < AI(OH),0” + H". 4)

In an acidic environment, dissociation results in
the release of the OH™ ion

Al(OH), & AI(OH), + OH". ©)

Thus, the ratio of OH~ and H™ ions in solution
affects the type and degree of dissociation and, there-
fore, determines the charge of the lateral chip. An
increase in pH (i.e., an increase in the concentration
of OH™ ions) leads to an increase in the negative
charge on the side chips of clay particles. If the rock-
forming mineral is quartz, whose surface charge is
negative under natural conditions, an increase in pH
above the isoelectric point of clay particles will cause
their detachment from the surface of sand grains and,
consequently, a decrease in rock permeability
(Kottsova, et al., 2021). A decrease in pH below the
isoelectric point induces a positive charge on lateral
clay chips due to the protonation effect, which, in
turn, contributes to the stabilization of clay particles
on quartz grains, where the surface charge turns to
positive at pH < 3.5, which is not typical of known res-
ervoirs (Kottsova, et al., 2021).
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For a long time it was believed that only lateral
chips of clay minerals were subject to recharge. It has
been relatively recently established that the basal sur-
faces of clay particles are also affected by pH, and the
effect of pH increase may differ for silicate (tetrahe-
dral) and aluminum (octahedral) lattices. In particu-
lar, it was found that silicate kaolinite surfaces acquire
a negative charge at pH > 4, while aluminum surfaces
are negatively charged only at pH > 9 (Kumar et al.,
2017). Perhaps the difference in the isoelectric points
of the tetrahedral and octahedral layers can explain
the significant differences in the published isoelectric
point values obtained for the same mineral.

The influence of temperature. An increase in tem-
perature leads to an increase in the &-potential, which
in turn contributes to the dispersion of particles
(Rodriguez and Araujo, 2006; Rosenbrand et al.,
2015). At the same time, the hydrodynamic effect on
the adsorbed particle is weakened due to a decrease in
fluid viscosity. Moreover, the wedging effect of the
bound water layer also decreases (Tchistiakov, 2000a,
2000b). The published data suggest that the total effect
of temperature still contributes to desorption of clay
particles, their migration and subsequent reduction in
the rock permeability (Nozdratenko, 2015; You et al.,
2015). However, when interpreting the experimental
data, it should be born in mind that the temperature-
induced permeability decrease may also be due to
thermal expansion of the rock matrix and closure of
pore channels (Cheng and Milsch, 2020).

MATERIALS AND METHODS

In order to study the effect of decreasing salinity on
the permeability of a terrigenous reservoir, a series of
filtration experiments was performed on sandstone
samples from the Bentheimer Formation. X-ray anal-
ysis revealed that the sandy fraction of the rock is rep-
resented almost entirely by quartz while the clay frac-
tion was mostly kaolinite. The proportion of quartz
and kaolinite in the total composition of the rock was
98 and 2%, respectively. The length of the sample was
17 cm, diameter 3.8 cm. To simulate the effect of
decreasing salinity on migration of clay particles, a
NaCl solution with salinity of 5 g/L the sample was
soaked in at first, was replaced with demineralized
water during the experiment.

The pressure was measured during the experiment
along the sample at three equal intervals to monitor
permeability variations during fluid filtration. A 0.5 um
filter was installed in front of the core sample holder in
order to filter out impurities from the injected solu-
tion. The fluid exiting the sample was collected into
cuvettes for subsequent analysis of suspended solids.
The volume of each sample was 0.2 of the total volume
of the sample pores. The turbidity of the filtrate was
measured by nephelometry, and the size distribution
of suspended particles was determined by dynamic
light scattering.

No. 5 2022
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Table 1. The parameters of the experiment

Stage of experiment 1 2 3 4 5 6
1.182.36|4.72|7.08|9.95

Demineralized water 11.81

flow rate, mL/min

The experiment consisted of several stages: satura-
tion of the core with saline solution, permeability
measurement, injection of demineralized water with
different flow rates, and one more permeability mea-
surement. The injection parameters are shown in
Table 1. The volume of injected fluid was equal to ten
pore volumes at each stage. In this article, we present
the results of one of the most representative tests;
other experiments showed similar patterns.

RESULTS AND DISCUSSION

The measured permeability of the sample initially
saturated with sodium chloride solution are given in
Table 2. The close values of permeability in all sections
of the sample indicate its homogeneity, which allows a
comparative analysis of differential pressure values
measured during the subsequent filtration of deminer-
alized water.

Upon replacing the sodium chloride solution with
demineralized water, a pressure drop was recorded
consistently in all sections of the sample at the first
flow rate step, equal to 1.18 mL/min (Fig. 2). Sus-
pended particles were detected in the filtrate immedi-
ately after replacement of the first pore volume by
demineralized water (Fig. 3). We note that their con-
centration gradually increased, reaching its maximum
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after filtering five pore volumes of water, after which it
decreased and reached its minimum when the last,
tenth, pore volume was pumped through the sample.

Increasing the demineralized water flow rate to
2.36 mL/min at the second stage of the experiment led
to an increase in the pressure drop in all intervals of the
sample, starting approximately from the fourth pore
volume that was pumped through. There are two peaks
on the turbidity plot (Fig. 3). The first peak corre-
sponds to the passage of the first pore volume at the
increased flow rate. The second surge in the concen-
tration of suspended particles in the filtrate begins
after passing the fourth pore volume, which corre-
sponds to the previously mentioned increase in the
pressure drop (Fig. 4). On the basis of these data, one
can assume that the flow rate of 2.36 mL/min, corre-
sponding to a linear flow rate of 0.2 cm/min, exceeds
the critical value for kaolinite particles in the studied
sandstone. This resulted in their hydrodynamic
detachment from the surface of the mineral matrix and
a decrease in rock permeability. It is important to note
that after each successive stage of fluid flow the
observed pressure drop in the outlet section of the core
was becoming increasingly significant compared to
those in the inlet and middle sections of the sample,
which can be explained by the gradual accumulation
of particles migrating from the first two sections. The
calculated values of permeability decrease compared
with the initial one (Table 2) for three sections of the
sample also indicate the regular decrease in the per-
meability in the direction of liquid flow.

Analysis of filtrate turbidity showed that each
increase in fluid flow rate above the critical one
(2.36 mL/min) caused detachment of additional clay

9 .

sl 11.81 mL/min
5
~.
£ 7r 9.95 mL/min [t
Eﬁ 6l ety
—
~
E 5| 7.08 mL/min ——DP1
£ 4l ——DP2
S 4.72 mL/min
= ol —DP3
o
=
§ 2r 2.36 mL/min
=9

1 F 118 mL/min

1 1 1 1 1 1
0 10 20 30 40 50 60
PV

Fig. 2. The differential pressure gradient as a function of pumped liquid volume at different phases of the experiment.

MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 77

No.5 2022



556 TCHISTIAKOV et al.

1200

1000

800 -

600 -

Turbidity, NTU

400

200 ~

- 1.18 mL/min
e 2.36 mL/min
—— 4.72 mL/min

7.08 mL/min
— 9.95 mL/min

a— 11.81 mL/min

2 4 6 8 10
PV

Fig. 3. The turbidity of the solution flowing out of the core at different stages of the experiment.
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Fig. 4. The pressure drop gradient at the stage of demineralized water injection at a flow rate of 2.36 mL/min.

particles and an increase of filtrate turbidity, which
decreased in the process of passing several pore vol-
umes of water. At the same time, the peak concentra-
tion of turbidity of filtrate was observed at the

moment of release of the first pore volume of liquid.
Starting from the fourth flow rate of 7.08 mL/min,
kaolinite particles were recorded only in the first
2.3 pore volumes of filtered water and the total amount

Table 2. The core permeability before and after filtration experiments

. Initial core permeability, Final core permeability, .
Section ) 5 ) 5 Permeability decrease, %
uwm< x 10 um x 10
Total 1900 1600 15
1 1780 1660 7
2 1930 1620 16
3 860 1510 19
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Fig. 5. The kaolinite particle size distribution.

of particles carried out of the sample decreased after
each flow rate step.

Analysis of the size of the dispersed kaolinite parti-
cles in the filtrate showed the presence of two peaks
corresponding to particle diameters of 0.2 and 1 um.
The maximum diameter of suspended particles was
about 5 um. Accordingly, all particles of larger diame-
ter retained in the rock. According to the mercury
porosimetry data, the diameters of the pore channels
in the rock range from 10 to 30 um (Fig. 5).

CONCLUSIONS

(1) Reduction of mineralization from 5 to 0 g/L
NacCl initiates migration of internal clay particles and,
as a consequence, leads to reduction of rock permea-
bility. The degree of permeability reduction increases
in the direction of fluid movement from the inlet to
the outlet section of the sample due to clogging of pore
channels by particles moving with the flow.

(2) It was established that filtrate turbidity gradu-
ally increases after the replacement of sodium chloride
solution with demineralized water, reaches its maxi-
mum after filtering first five pore volumes of water,
and decreases afterwards. In principle, a gradual
increase in the concentration of suspended solids in
the filtrate can be explained by a combination of sev-
eral factors, namely nonsimultaneous detachment of
clay particles from sand grains, the different time when
they accelerated to the speed of fluid flow, and differ-
ences in their size, shape, and therefore, hydraulic
size, as well as different water flow rates at the
microlevel and partial retention in pore constrictions.

(3) The critical flow rate of demineralized water for
kaolinite particles in the Bentheimer Formation sand-

MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 77

stone of 2.36 mL/min corresponds to linear flow rate
of 0.2 cm/min. This value was established based on
measurements of pressure drop along the core sample
and analysis of the turbidity of the output filtrate.

(4) Each increase in flow rate above the critical
value leads to detachment of an additional portion of
kaolinite particles due to the influence of hydrody-
namic force. The amplitude of the turbidity peaks of
the filtrate decreases with each subsequent surge of
demineralized water.

(5) The comparative analysis of the turbidity plots
obtained for the studied rock suggests that the electro-
static repulsion that increased as a result of a salinity
drop caused migration of more clay particles com-
pared to an increase in the hydrodynamic flow rate.
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