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Abstract
Increasing energy demands and associated global warming are unarguably two of the
most pressing challenges the world currently faces. One of the ideas to reduce the
carbon footprint while increasing the efficiency of energy extraction is 1) geo-storage
(CCS) in high salinity sandstone formations and 2) enhanced oil or gas recovery
schemes. However, to improve containment security in CCS and better reservoirscale predictions of oil and gas, recovery projects need to understand and improve
the knowledge of the wetting characteristics of CO2 in rock. This is because the
wettability of the rock matrix has a strong effect on capillary pressure, relative
permeability, and the phases distribution within the pore space and thus on the entire
displacement mechanism and storage capacity. Moreover, it is important to
understand the nature of interactions between fluid and rock, because these affect the
rock permeability and consequently the injectivity.
In this work, the CO2 wettability was measured via contact angle measurements and
the results show that rock became more CO2 wet with increasing pressure,
temperature and brine salinities and less CO2 wet with increasing surface roughness.
Moreover, we found here that caprock can be weakly water wet or intermediate wet
at typical storage conditions. Consequently, a lower storage capacity can be inferred
for structural trapping in such cases. We also demonstrate that gas densities correlate
remarkably well with wettability. Finally, a physical model based on the diffusion
double layer theory was developed to provide a theoretical framework for the
observed behavior of the systems analyzed. The model correctly predicted the
influence of the different variables (ion type, ionic concentration, temperature, and
pressure) and can be used to describe the physical phenomena behind the results
obtained in a qualitative framework. A quantitative analysis can also be performed
with the proposed model to predict the contact angles if all parameters needed are
available.
Furthermore, the permeability of sandstone samples has been evaluated because of
the injection of brine, CO2-saturated brine or supercritical CO2 at reservoir
conditions, and it was found that permeability was reduced, which was likely caused
by fines release and subsequent pore throat plugging. We expect that this
phenomenon can have a significant and detrimental influence on CO2 injectivity,
IV

which would be reduced accordingly. Therefore, the plugging mechanisms and
characteristics with a particular focus on the effect of wettability because of fines
injection was investigated here using a combination of ex-situ (coreflooding
measurements, SEM imaging) and in-situ (NMR, μCT) methods. Thus, we showed
that the deposited fines were tightly packed, apparently because of strong adhesion
forces.
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Introduction
CO2 emissions have recently been recognized as a major cause of climate change
[IPCC, 2005]; also the growing demand for power because of industrialization
leads to increase in fossil fuel consumption and consequently the generation of
CO2

[International Energy

Agency,

2010;

IPCC,

2005].In order

to

simultaneously address climate change mitigation and improve economics of
CO2 sequestration, CO2 enhanced oil recovery projects may be given an
increased attention. CO2 Enhanced Oil Recovery Projects may offer an added
advantage in that the production of oil and gas is accompanied by sequestration
of carbon dioxide in subterranean reservoirs. In recent years, the carbon
geostorage(CGS) in deep sandstone saline aquifers has attracted a lot of attention
[IPCC, 2005], but to safely store CO2 in the ground, it is important to understand
the nature of fluid-rock [Sayegh et al. 1990; Nightingale et al. 2009; Carroll et
al., 2011; Iglauer et al., 2015a] and fluid-fluid interaction [Adamson, and Gast
1997; Georgiadis et al., 2010, Georgiadis 2011]. In addition, the injected CO2 is
partially miscible with the resident brine and reacts with the water to form an
acidic environment [Sayegh et al. 1990]:

CO2 + H2O ↔ H2CO3

(1)

H2CO3 ↔ HCO3- + H+

(2)

HCO3- ↔ CO32- + H+

(3)

This carbonic acid [Nightingale et al. 2009, Carroll et al., 2011, Iglauer 2011]
can react with rock minerals and lead to ionic dissolution-precipitation, as well
as form secondary minerals [Worden and Smith, 2004]; especially given that the
CO2 can be trapped in the pore spaces of rock for several hundreds of years
[Ballentine et al., 2001]. Fines released from acid-rock interaction could migrate
toward pore throats and lead to permeability reduction, which has a significant
and detrimental influence on CO2 injectivity (reduced storage capacity).
1

Therefore, permeability changes were carefully evaluated along with the
plugging mechanisms and characteristics, with a particular focus on the effect of
wettability because of fines injection.
Furthermore, the CO2wettability of the rock and CO2-water interfacial tension
have a dramatic impact on structural and residual trapping, and CO2 movement
through the rock [IPCC, 2005, Iglauer et al., 2017, Morrow1990, Spiteri et al.,
2008, Iglauer et al., 2010, Iglauer et al., 2012a] because of the small capillarylike pores in the rock that form a complex network. In addition, relative
permeability [McCaffery and Bennion, 1974] and capillary pressures [Morrow
1976; Anderson 1987] that determine reservoir-scale fluid flow are also
dependent on the CO2 wettability and interfacial tension. Therefore, CO2-waterrock contact angle, which is essentially an expression of the rock wettability,
was measured here, along with the influence of pressure, temperature, rock
surface roughness, gas density, and brine salinities.

1.1

Aims and objectives
The main objective of this research is to establish a fundamental and solid
understanding of the CO2 wettability of rock by studying:

1. The effect of different solid surfaces (quartz and shale) on
CO2wettability.
2. The effect of surface roughness on contact angle values.
3. The effect of gas density on water-rock wettability.
4. The effect of increasing pressure on water-rock wettability.
5. The effect of increasing temperature on water-rock wettability.
6. The effect of water salinity on water-rock wettability.
7. The effect of CO2 injection on rock permeability.
8. The effect of rock wettability on permeability reduction and fines
migration.
2

2
2.1

Literature Review
CO2-rock wettability and CO2-water interfacial tension

Two parameters, which have received little attention but have a dramatic impact on
structural and residual trapping because of the small capillary-like pores in the rock,
are the CO2-wettability of the rock [IPCC, 2005, Iglauer et al., 2017] and CO2-water
interfacial tension [Morrow1990, Spiteri et al., 2008,Iglauer et al., 2010, Iglauer et
al., 2012b]. In addition, relative permeability [McCaffery and Bennion, 1974] and
capillary pressures [Morrow 1976; Anderson 1987] that can determine reservoirscale fluid flow are two key variables that also depend on CO2 wettability and
interfacial tension. Contact angle, which is an expression of the rock wettability, is a
factor that is highly variable. However, published data of CO2-water-rock contact
angles have a large uncertainty even with the simplest systems: For instance, water
contact angles for CO2/quartz varied between 0 and 95 degrees, the main reasons
being that receding and advancing angles were not distinguished and surface
contamination led to artificially high contact angles [Dehghanpour et al., 2012].
Therefore, it is necessary to constrain this parameter to a reasonable level to enable
reliable reservoir flow predictions. It is also necessary to understand the interfacial
characteristics of the rock-fluid–fluid system in more depth to reduce project risk.
Note that increasing the contact angle and interfacial tension values led to reduced
structural and residual trapping capacities.

2.1.1 Effect of temperature on contact angle
It was reported that contact angle increases with temperature [Yang et al., 2008,
Farokhpoor et al., 2013]; however, there are other works [De Ruijter et al., 1998,
Saraji et al., 2014, Arif et al., 2016] showing that the contact angle decreases with
temperature. Further, Roshan et al. [2016] observed theoretically (Eq.1) that contact
angle is a function of temperature through several parameters, among which are the
dielectric constant of the solution ( D f ), the interfacial tension ( g lg ) between the
fluids, the density difference between the phases ( ∆ρ ) and temperature (T) itself.
The effect of temperature on D f [Floriano and Nascimento, 2004] is insignificant
compared to its effect on the density difference and interfacial tension between fluids
3

[Jho et al., 1978] and temperature itself. Thus, three parameters compete against each
other contact angle decreases with temperature and with increases in ∆ρ by
temperature, but increases because of a decrease in

g lg with temperature

[Sarmadivaleh et al., 2015, Al-Yaseri et al., 2016a]; however, in one case, the
contact angle increased with temperature, which shows the effect of temperature on

g lg over-compensated for the effect of density difference and temperature and, thus,
caused the contact angle to increase. A further change in contact angle can take place
as a result of a microscopic change in the van der Waals potential caused by
temperature. However, this effect is neglected herein, as these microscopic variations
are not yet fully understood [Roshan et al., 2016].

1/2

IΔρ e 0ψ S2 D  2e 2nbulk z 2 
−
cos θ =−1 +


g lg
2g lg  N ae 0 K B Df T 

(1)

Where, ∆ρ is the density difference between gas phase and liquid-gas phase and
I = −∫

∞

zmin

V ( z )dz where V is the net preference of the adsorbate molecule for

wetting the substrate instead of forming a droplet due to intermolecular forces. where

D f is the dielectric constant of the solution in the presence of charged surfaces, T is
the temperature, z is the ionic valency, K B is the Boltzmann constant (1.38×10-23
JK-1), nbulk is the ionic concentration of the solution (mol/m3), N a is the Avogadro
constant (6.022×1023 mol-1) and e is the electric charge (1.602×10-9 C).

ψ is the

electric potential of the solid surface , D is the dielectric constant of the medium and

ε 0 is the permittivity of vacuum
2.1.2 Effect of ion concentration and type on contact angle
It was reported that the contact angle consistently increased with increasing ionic
concentration ( n ) [Farokhpoor et al., 2013,Saraji et al., 2014, Arif et al., 2016,
Mugele et al., 2016, Roshan et al., 2016]. This effect is primarily caused by two main
parameters (Equation 1, above): the ionic concentration ( n ) itself and D f . D f
decreases with increasing n . Thus, both effects result in a contact angle increase with
4

increasing n , consistent with literature data [Farokhpoor et al., 2013,Saraji et al.,
2014, Arif et al., 2016, Mugele et al., 2016]. Further, it was found that MgCl2
produced the highest contact angles, followed by CaCl2, NaCl, and KCl, at any
pressure, temperature, and ionic concentration [Saraji et al., 2013a, Mugele et al.,
2015, Arif et al., 2016, Mugele et al., 2016]. This is also consistent with the theory
(Eq. 1), predicting that an increase inion valency increases the contact angle [Roshan
et al., 2016]. Moreover, if the same valency is considered, for instance, Na+ and K+,
the variation in contact angle can be attributed to a change in solution dielectric
constant ( D f ), (Eq. 1). D f of NaCl is lower than D f of KCl, e.g., D f of 1M NaCl
is 63 while D f of 1M KCl is 70 [Levy et al., 2012]. A lower D f consequently
increases the contact angle (Eq. 1) as seen from Figs 4-6 in Roshan et al. [2016];
however, it is also dependent on the ionic absorption potential of the minerals’
surfaces. The bivalent ions (Ca2+ and Mg2+), for instance, can be strongly absorbed
on clay surfaces in shale and reduce the surface potential. This can, in turn, increase
the contact angle, although such interactions are not yet fully understood [Roshan et
al., 2016].

2.1.3 Effect of pressure on contact angle
Increasing pressure significantly reduces the density difference and causes the
contact angle to increase [Al-Yaseri et al., 2016a].This is well supported by much
literature data [Dicksonet al., 2006, Ameri et al., 2013, Saraji et al., 2013b, Arif et
al., 2016] and molecular dynamics data [Jung and Wan 2012, Iglauer et al., 2012b,
McCaughan et al., 2013, Sedghi et al., 2014, Chen et al., 2015]. Furthermore,
pressure has a profound effect on contact angle, both on charged and neutral
surfaces. When examining Eq. 1, clearly several parameters are a function of
pressure. For instance, the increase in pressure slightly affects the interfacial tension
between the fluids [Hjelmel and et al., 1986] along with the dielectric constant of the
liquid phase ( D f ) [Floriano and Nascimento 2004]; however, the main effect
primarily occurs through the change in the density difference of the phases by
pressure [Georgiadis et al., 2010].
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2.1.4 Effect of pressure and temperature on interfacial tension
Increasing pressure significantly reduces the CO2-water interfacial tension. This is
well supported by much literature data [Chun and Wilkinson 1995, Park et al., 2005,
Georgiad is et al., 2010, Nielsen et al., 2012, Sarmadivaleh et al., 2015, Arif et al.,
2016] and molecular dynamics data [Iglauer et al., 2012b, Tsuji et al., 2013].
Furthermore, it was reported that CO2-water interfacial tension increases with
increasing temperature [Chun and Wilkinson 1995, Park et al., 2005, Georgiadis et
al., 2010, Iglauer et al., 2012b, Tsuji et al., 2013, Sarmadivaleh et al., 2015, Arif et
al., 2016]. However, little literature data have shown a constant relation of IFT with
increasing temperature [Tsuji et al., 2013, Nielsen et al., 2012].

2.2

The influence of rock wettability on permeability reduction because of
fines migration.

Fines migration and plugging of pores and pore throats by solid particles can be
caused by drilling, completion, cementing, perforation, workover, stimulation, and
injection of water and chemicals during enhanced oil recovery, with the potential
consequence of a significant reduction in rock permeability [Civan 2007; Kalfayan
2008]. Such plugging may also result from proppant crushing at high fracture closure
pressure during hydraulic fracturing [Kalfayan 2008]. Furthermore, fines are
mobilized if the critical flow velocity (i.e., the critical value of viscous forces) for a
particular rock is reached and particles detach from the matrix [Civan 2007]. Krueger
[1988], Economides and Nolte [1987], and Amaerule et al. [1988] indicated that
migration of formation fines is the major factor for permeability damage, and it is
well established the induced permeability impairment strongly depends on particle
and pore space geometry [e.g. Muecke 1979,Civan 2007]. Generally, this damage is
a problem in various fields, ranging from water production [McDowell-Boyer et
al.,1986,Torkzaban et al., 2007,Bradford et al., 2011], geothermal energy efficiency
[Mahmoudi et al., 2010, Rosenbrand et al., 2014, Rosenbrand et al., 2015],
hydrocarbon recovery [Ahmed and McKinney 2005; Iglauer et al., 2010] to carbon
geo-storage [Iglauer et al., 2017].

6

Furthermore, wettability is another factor influencing fines migration. In two-phase
flow experiments, Muecke [1979] found that calcium carbonate particles (2 to 15 μm
size) migrated faster through quartz sand packs if the phase that wets them is
moving. Sarkar and Sharma [1990] investigated fines migration in single-phase and
two-phase flow through Berea sandstone, and they found that formation damage was
significantly lower in two-phase flow (permeability ratio reduced from 1 to 0.04
compared with a reduction from 1 to 0.0016 in single phase flow). However, there is
a lack of analysis in terms of how combinations of rock-fines wettability affect
formation damage, and particularly a lack of in-situ experiments. Considering that
wettability of petroleum reservoirs can vary widely [Cuiec 1984, Buckley et al.,
1997, Buckley and Monsterleet 1998], and that wettability at the wellbore can be
altered by drilling, completion and flooding fluids [Cuiec 1984, Sharma and
Wunderlich 1987, Kalfayan 2008], this factor requires further attention.

2.3

Permeability reduction because of CO2 injection

It is important to understand the nature of the interaction between fluid and rock in
order to safely store CO2 in the ground [Sayegh et al., 1990, Nightingale et al., 2009,
Carroll et al., 2011]. Such interactions, on the other hand, affect the aquifer
permeability and consequently the injectivity [Wiese et al., 2010]. Therefore,
permeability and permeability alteration should be carefully evaluated to properly
design CO2 injection projects, because injected CO2 dissolves in reservoir in-situ
water to produce a weak carbonic acid [Nightingale et al. 2009, Carroll et al., 2011,
Iglauer 2011]. This acid reacts with rock minerals leading to ionic dissolutionprecipitation as well as forming secondary minerals [Worden and Smith, 2004].
Therefore, sandstone formations are considered to be the best candidates for CO2
sequestration [IPCC 2005]. However, sandstone typically contains components
(cements, clays) other than quartz [Delle et al., 2013], and these impurities usually
have a substantially higher reactivity in an acidic environment than quartz [Fischer et
al., 2010; Carroll et al., 2011], especially in the carbonate brine (live brine) at
reservoir condition, which has low pH (about 3 to 4) [Schaeff and McGrail, 2004,
Sigfusson et al., 2015]. Also, CO2 can be trapped in the pore spaces of rock for
several hundreds of years [Ballentine et al., 2001].
7

The main reactions that occur during the dissolution of CO2 in water are:
CO2 + H2O ↔ H2CO3

(1)

H2CO3 ↔ HCO3- + H+

(2)

HCO3- ↔ CO32- + H+

(3)

Among initial attempts to map such variability, Sayegh et al. 1990 tested five
sandstone reservoir samples from the Cardium formation in the Pembina Oil Field
area of Western Canada (average permeability = 0.04md, average porosity = 0.13,
where the XRD analysis showed quartz (~ 50%), chert, siderite and calcite as
dominant minerals) at a pressure of 13.8MPa, temperature of 318K and a flow rate of
0.3 cm3/min for carbonated brine (5wt% NaCl+ CO2). Sayegh et al. [1990] reported
that the permeabilities of the tested samples dropped toward a minimum value
of93%; however, the permeabilities increased again after 25 to 50 hours of the
flooding time (approaching the original value). Furthermore, the calcium ion content
(150 ppm and 250 ppm) slightly increased in the collected effluent while the level of
sodium ions stayed unchanged during the test. (No significant amount of magnesium
ions was observed.) Moreover, one more sample was flooded by noncarbonatedbrine (without CO2) and no calcium or magnesium ions were noticed in the XRD
analysis.
Sayegh et al. [1990] concluded that the initial permeability reduction occurred by
fines migration through pore throat blocking mechanisms that were later dissolved
and led to an increase in the permeability. Ochi and Vernoux [1998] observed
permeability decline by more than 50% because of injection of synthetic (no CO2)
brines (0.01 to 0.5M NaCl) into Berea sandstone plugs (from Ohio, USA with
average permeability ̴ 380md) at reservoir conditions (pressure 22 MPa and
temperature 363K). They also reported higher permeability reduction with increasing
injection rates (≥ 3.6 cc/sec). They interpreted that permeability reduction as being
linked to the fines migration and resultant plugging that was initiated by the chemical
reaction between the injected fluid and the rock. It was in fact shown that a critical
flow rate exists above which the permeability decreases as a consequence of the
hydrodynamic release of particles. This critical flow rate was found to be higher than
those observed in the literature. The filtering or size exclusion appears to be the
8

principal cause of permeability decrease at high injection flow rates. They concluded
that the hydrodynamic effect can reduce the permeability by more than 50%, but is
less severe than the chemical effect. Wellman et al. [2003] also found that dissolution
was relatively uniform and the surface reaction rate was quite slow during CO2
injection into sandstone rocks. Interestingly, a significant reduction in well injectivity
(from 10 to 100%) was reported in the reservoir because of CO2 injection [Grigg et
al., 2003, Zeng et al., 2005]. In addition, Raistrick et al. [2009] recorded an increase
in Ca2+, Mg2+, K+, SO42-, HCO3-, and CO2 concentrations in produced brines after
CO2 injection (for EOR purpose) into a sandstone reservoir (Weyburn oil field in
Canada) towing to the dissolution of calcite, dolomite and K-feldspars. Nightingale
et al. [2009] tested different sandstone samples from the Cardium formation in the
Pembina field (Alberta, Canada) and found residual clays and feldspar grains in the
rock samples after CO2 injection. Mohamed et al. [2012] tested Berea samples (XRD
that showed 79.61wt% quartz, 7.21wt% kaolinite, and 4.11wt% illite) at constant
pressure (8.96MPa) and flow rate (5.0 cm3/min) while the temperature ranged from
294 Kto 394 K. Significant reductions in cores permeabilities were observed (35 to
55% loss) by reason of CO2 injection (WAG cycles of CO2 and brine, or continuous
CO2 injections). In their experiments, the calcium ions concentration slightly
increased (from 5.023 to 7.393 wt%) in the effluent brine while the concentration of
the sodium and magnesium ions did not vary significantly. Furthermore, for longer
WAG injection (less brine volume injected per cycle and low temperature) less
permeability reduction was noted. The damage in permeability was explained by
precipitation of the reaction products and/or because of the migration of clay
particles. Pini et al. [2012] did not observe any change in the permeability (no
change in pressure drop across the core) of Berea samples (280 md) towing to CO2saturated brine injection. Their experiments were carried out at reservoir conditions
(9 MPa pore pressure, 12 MPa confining pressure, 298 K and 323 K temperatures,
from 1 to 50 ml/min flow rates).However, their Berea sandstone samples were heated
to 973 K for two hours to stabilize swelling clay minerals. Ma and Morrow [1994]
clarified that no clay minerals were observed in Berea after heat treatment (≥973K).
Therefore, the permeability was supposed to stay unchanged in the Pini et al. [2012]
study [Sayegh et al., 1990,Worden and Smith, 2004]. However, it has been reported
that the reaction kinetic rate between the clay minerals and acid is very slow [Knauss
and Wolery 1989, Nagy 1995, Blum and Stillings 1995, Xu et al., 2004, Xu et al.,
9

2007, Luquot et al., 2012] and the effect of the acidic environment on clay particle
detachment remains uncertain.
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3

Conclusions

The wettability of rock with respect to CO2 and water is of vital importance in CO2
geo-storage as it strongly affects residual and structural trapping by reason of the
small capillary-like pores in the rock [IPCC, 2005, Iglauer et al., 2017]. Therefore,
the contact angle was measured here because it is an expression of the rock
wettability; however, there is much uncertainty associated with the published data
[Iglauer et al. 2014a]. Thus was reported inhere the experimental (brine + CO2 )
advancing and receding contact angles on quartz/shale surfaces; specifically, the
impact of pressure, salinity, gas density, salt type, surface roughness and temperature
conditions.
In this work, it was observed that a higher surface roughness resulted in lower
advancing (θa) and receding (θr) contact angles (Al-Yaseri et al., 2016b). Further,
values of θa and θr increased as pressure and temperature increased (Sarmadivaleh et
al., 2016, Al-Yaseri et al., 2016b, Al-Yaseri et al., 2016a, Roshan et al., 2016, Iglauer
et al., 2015b). In addition, it was shown that gas densities can be used to predict
water contact angles on quartz for a specific temperature and brine composition, and
thus rock wettability (Al-Yaseri et al., 2016a). Effectively, the impact of pressure and
gas type can be correlated by gas density, which represents a remarkable
simplification of a complex phenomenon (Al-Yaseri et al., 2016a). Thus, these
findings enable more rapid and simplified determination of θ. Associated with that,
there is more reliable pore scale and reservoir scale predictions as gas densities can
be swiftly and reliably calculated. Moreover, a physical model was developed based
on the diffusion double layer theory to provide a framework for the observed
experimental data (Roshan et al., 2016).
It was found that the permeability did not significantly change in clean sandstone
consisting of pure quartz (Fonteinemebleau) towing to live or dead brine injection,
although permeability changed because of scCO2 injection by ~23% (Iglauer et al.,
2014b). The permeability in the Berea sandstone, however, changed because of live
or dead brine injection, by up to 35% (Iglauer et al., 2014b). This permeability
reduction in Berea sandstone was likely caused by fines release and subsequent pore
throat plugging as the damage was more significant at higher injection rates (Iglauer
et al., 2014b, Sayegh et al., 1990). Therefore, plugging mechanisms and
11

characteristics with a combination of ex situ (i.e., coreflooding measurements and
scanning electron microscopy imaging) and in situ (i.e., nuclear magnetic resonance
and μCT) methods, with a particular focus on the effect of wettability was
investigated inhere (Al-Yaseri et al, 2015, Al-Yaseri et al, 2016c).The corefloods
indicated that permeability drops rapidly when fines are injected; mechanistically
thin pore throats are plugged first, followed by the filling of adjacent pore bodies
with the fine material (Al-Yaseri et al, 2015). Furthermore, it was clearly shown that
wettability played a major role: If fines and rock wettability are identical, plugging is
significantly accelerated; wettability also controls the 3D distribution of the fines in
the pore space (Al-Yaseri et al, 2015).Also, the deposited fines were tightly packed,
apparently because of strong adhesion forces (Al-Yaseri et al, 2015, Al-Yaseri et al,
2016c).
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supercritical CO2 at reservoir conditions.
S. Iglauera*, M. Sarmadivaleha, A. Al-Yaseria, M. Lebedevb
a

Department of Petroleum Engineering, Curtin University, 26 Dick Perry Avenue, 6151 Kensington,
Australia
b

Department of Exploration Geophysics, Curtin University, 26 Dick Perry Avenue, 6151 Kensington,
Australia

Abstract
We measured the change in permeability of

two selected sandstones (Berea,

Fonteinebleau) due to injection of CO2-saturated (“live”) brine, unsaturated (“dead”)
brine or supercritical (sc) CO2 at reservoir conditions. We found that the permeability
did not significantly change in a clean sandstone consisting of pure quartz
(Fonteinemebleau) due to live or dead brine injection, although permeability changed
due to scCO2 injection by ∼23%. The permeability in the Berea sandstone, however,
changed due to live or dead brine injection, by up to 35%; this permeability reduction
in Berea sandstone was likely caused by fines release and subsequent pore throat
plugging as the damage was more significant at higher injection rates. We expect that
this phenomenon – i.e. rock permeability reduction due to CO2 injection into the
formation – can have a significant and detrimental influence on CO2 injectivity,
which would be reduced accordingly.

Keywords
permeability reduction, sandstone, CO2-saturated brine, live brine, supercritical CO2,
injectivity decrease.
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1. Introduction
Injection of CO2 deep into the subsurface is a recognized method to reduce
anthropogenic greenhouse gas emissions [1]. During this process, CO2 sweeps the
target formation and is eventually immobilized by structural [2,3], residual [4-6],
dissolution [7,8] or mineral [9.10] trapping mechanisms. The injected CO2 is partially
miscible with the resident brine (up to 0.01mol% of water can be dissolved in CO2 at
323K and 20MPa, [11]; and up to 2.6mol% of CO2 can dissolve in brine, [12]) and
reacts with the water to form an acidic environment [8]:
CO2(sc) + 3 H2O ↔ CO2(aq)

+

3 H2O

(a)

H2O

↔

H2CO3

(b)

+

CO2(aq)

H2CO3

↔

HCO3-

+

H+

(c)

HCO3-

↔

CO32-

+

H+

(d)

Scheme 1: Formation and dissociation of carbonic acid.

When inspecting scheme 1 several conclusions can be reached:
a) as the partial CO2 pressure is high at reservoir conditions, reaction (a) is
shifted to the right, which causes.
b) increased formation of carbonic acid (reaction (b)) according to Le
Chatelier’s principle, which again.
c) significantly increases proton concentration (reaction (c)), thus significantly
lowering the pH value.

Schaeff and McGrail [13] and Sigfusson et al. [14] report that the acidity created can
reach significant levels (pH values 3-4 were measured at reservoir conditions for
CO2-saturated (“live”) brine); and it is well established that such acidic environments
can severely impact on the permeability and pore morphology of limestones: the acid
“eats” into the carbonate forming large holes, so-called “wormholes” (e.g. [15-17]),
which dramatically increase the permeability of the rock. This is a very significant
effect, which, however, Gilfillan et al. [18] claim is a buffered reaction at reservoir
scale (pH values increase to ∼5.5).
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Canal et al. [19] reported a similar effect in a Spanish sandstone, where live brine led
to a four-fold increase of permeability. The sandstone Canal et al. [19] investigated
contained 92.1vol% quartz, 5.0vol% kaolinite, 0.3vol% Mg-calcite, 0.5vol% Kfeldspar, 0.1vol% muscovite, 0.9vol% goethite, 0.03vol% apatite and 0.1vol% rutile;
based on chemical analysis of the effluents they concluded that mainly the Mg-calcite
dissolved and was transported out of the plug. Indeed, sandstone typically contains
considerable quantities of components (cements, clays) other than quartz (e.g. [2023]), and these impurities usually have a substantially higher reactivity in an acidic
environment than quartz [22,24]. Dissolution of such components is thus expected to
increase permeability. However, sandstone is frequently considered to be pure quartz,
and it is thus usually assumed that the permeability of sandstone reservoirs does not
change due to CO2 injection (e.g. [5,25,26]).

A phenomenon related to this, which received less attention, but which can also have
a dramatic impact on reservoir permeability, is the decrease in permeability due to
the injection of supercritical (sc) CO2 and associated live brine flow. This effect has
been observed by a number of researchers [27,28] who report permeability decreases
up to 60% and hypothesize that it is caused by either mineral precipitation or fines
migration.

From a carbon geo-storage project perspective this is a highly significant effect,
because - as Wiese et al. [29] pointed out - aquifer permeability has a dominant effect
on injectivities. Permeability and permeability changes thus need to be carefully
assessed prior to CO2 injection to avoid project failure.

In this work we flooded sandstone plugs with live brine and scCO2 and measured the
permeability evolution with time; we demonstrate that the permeability reduction can
be significant and is caused by fines migration, and not by mineral precipitation.
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2. Experimental Methodology
A Berea and a Fonteinebleau sandstone plug were selected for the experiments, their
petrophysical and chemical properties are listed in Table 1. Porosity and nitrogen
permeability were measured as a function of confining stress with an AP-608
Coretest instrument; Figure 1 shows that porosity and permeability only slightly
depended on effective stress. The compositions of the plugs were measured via XRD
with a Bruker-AXS D8 Advance Diffractometer on fragments obtained from the
same blocks just adjacent to the drill holes.

Table 1: Petrophysical and chemical properties of the sandstone plugs used in the
experiments (porosity and permeability values reported were measured at 10.69MPa
effective stress).
sample

porosity

Klinkenberg

[%]

permeability

composition

length

diameter

[mm]

[mm]

[mD]
Berea

20.6

490

95wt% quartz, 4wt%

80.7

38.7

84.1

38.2

alumina, 0.1wt%
ferric oxide,
0.55wt% ferrous
oxide, 0.25wt%
magnesium oxide,
0.1wt% calcium
oxide

Fonteinebleau

7.9

78.8

100wt% quartz

30

10
Porosity

Klinkenberg permeability

9.5
90

Porosity (%)

8.5
8

70

7.5
7
6.5

Permeability (mD)

9

50

6
5.5
5

30
0

5

10

15

20

25

Confining Stress (MPa)

(a)

22

520
Porosity

Klinkenberg permeability

500

480

21

460

Permeability (mD)

Porosity (%)

21.5

440
20.5
420

20

400
0

5

10

15

20

25

30

35

Confining Stress (MPa)

(b)
Fig. 1. Porosity and Klinkenberg permeability of (a) Berea, (b) Fonteinebleau
sandstone as a function of effective stress.
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After the porosity and permeability tests, each plug was wrapped in PTFE tape,
Aluminum foil, and again PTFE tape. The specimen was then covered by a heatshrinkable PTFE sleeve, which was cured with a heat gun, and finally placed in a
rubber sleeve. For a flooding experiment, a plug was then housed in a high pressure
elevated temperature core holder, which was initially vaccumed for more than 24
hours (to remove air), and then saturated with dead brine (5 wt% NaCl + 1 wt% KCl
in deionized water). Subsequently the confining stress was increased to 10.69MPa,
the rig heated to 323K (± 1K) and brine pore pressure was increased to 10MPa by a
high precision syringe pump; these thermophysical conditions approximately
correspond to a storage formation at 1000m depth. Finally dead brine was injected
into the plug with a second high precision syringe pump at constant flow rates, which
were stepwise increased (0.3, 1, 2, 3, 5, 10, 20, 50 mL/min); this flooding sequence
was repeated with live brine; the live brine was prepared in a mixing reactor
described earlier [30]. The pressure drop across the plug was continuously measured
with high accuracy pressure sensors (Keller 33X, accuracy = ±1500Pa), and the
associated dynamic permeability was calculated with Darcy’s law. For the
Fonteinebleau plug, three permeability tests with dead and live brine were
performed, but between each test scCO2 was injected, again at increasing flow rates
up to capillary pressures of ∼80kPa (the detailed procedure for this measurement is
described elsewhere [31]).
3. Results and discussion
Figure 2 shows the pressure drop evolution with time measured for the Berea sample
for the different flow rates used (left: dead brine; right: live brine). As expected a
higher flow rate increased the pressure drop significantly; furthermore, it is clear that
the pressure drop also continuously and significantly increased with time for constant
flow rates. This effect was stronger for live brine injection, but it was also observed
for dead brine. An increasing pressure gradient is equivalent to a decreasing brine
permeability as illustrated in Figure 3.
The decrease in permeability ∆k was related to the injection flow rate, a higher flow
rate led to larger ∆k, Table 2. This is an indication of fines transport, which should be
more significant at higher flow rates as then the shear stresses which release the fines
are higher [32]. Moreover, if one hypothesizes that reactive transport, the second
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possible plugging mechanism, see above, is responsible for the ∆k, then it would be
expected that the Damköhler number (= ratio of reaction timescale to convective
mass flow timescale) is reduced at higher flow rates thus more plugging should
happen at lower flow rates. This is therefore indirect evidence that the formation
damage is caused mainly due to fines migration. In addition, the permeability
continuously and smoothly dropped with progressing time and we expect a further
drop with further extended injection time. This is consistent with Sayegh et al.’s [27]
results; we note that Sayegh et al. [27] observed an increase in permeability at
significantly longer time scales.
The overall permeability decrease for live brine lied between 10% (1 mL/min flow
rate) to 35% (50mL/min flow rate), which is consistent with data reported by Sayegh
et al. [27] and Mohamed et al. [28]. This drop in permeability is highly significant
and implies that injectivities will be detrimentally affected during live brine
migration through a storage formation having similar geochemical characteristics as
Berea sandstone. We note that live brine is present in all reservoir volumes swept by
scCO2, including the advancing brine front which has been loaded with CO2 [33] and
deeper areas into which live brine sinks due to gravitational instabilities [34].
The picture for Fonteinebleau sandstone was quite different though: essentially brine
permeability was only marginally affected by live or dead brine, Figures 4-6 and
Table 2. We explain this difference with the different chemical compositions of
Fonteinebleau (Table 1), Fonteinebleau is pure quartz, and apparently does not easily
release colloids or fines. However, injection of scCO2 significantly decreased brine
permeability (by ∼23%) and a milky-coloured effluent was observed; cp. Figure 6:
scCO2 was injected after each test, the permeability was reduced substantially after
the first CO2 injection (change from test 1 to test 2), but not after the second CO2
flood.
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Fig. 2a. Change in pressure drop across the Berea sample as a function of dead brine
injection time and injection rate.

Fig. 2b. Change in pressure drop across the Berea sample as a function of live brine
injection time and injection rate.

34

Fig. 3a. Change in permeability of the Berea sample as a function of dead brine
injection time and injection rate.

Fig. 3b. Change in permeability of the Berea sample as a function of live brine
injection time and injection rate.
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Fig. 4a. Fonteinebleau test 1: change in pressure drop across the sample as a
function of dead brine injection time and injection rate.

Fig. 4b. Fonteinebleau test 3: change in pressure drop across the sample as a
function of dead brine injection time and injection rate
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Fig. 5a. Fonteinebleau test 1: change in pressure drop across the sample as a
function of live brine injection time and injection rate.

Fig. 5b. Fonteinebleau test 2: change in pressure drop across the sample as a
function of live brine injection time and injection rate.
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Fig.5c. Fonteinebleau test 3: change in pressure drop across the sample as
a function of live brine injection time and injection rate.

Fig. 6a. Changes in brine permeability of the Fonteinebleau sample as a function
of live brine injection time and injection rate for the three tests conducted.
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Table 2: Permeability changes in Berea and Fonteinebleau sandstone due to dead or live brine injection.
sample

Flow rate
[mL/min]

Berea - dead brine

Berea - live brine

Brine

Brine

Permeability

permeability before

permeability after

change [%]

flooding [mD]

flooding [mD]

1

116.5

116.0

0.5

2

169.2

166.0

3.1

5

226.3

216.8

9.5

10

245.0

226.9

18.0

20

245.6

237.7

7.9

50

248.2

230.3

17.8

1

104.9

96.9

7.9

2

138.9

122.3

16.5

5

164.4

148.5

16.0

10

169.3

150.9

18.4

20

168.7

141.8

26.9

50

161.1

125.6

35.5

0.3

62.9

60.4

2.4

1

62.1

61.6

0.5

2

61.0

60.6

0.3

5

56.4

56.0

0.4

10

56.7

54.8

1.8

15

52.7

48.1

4.6

20

50.8

48.3

2.5

0.3

68.3

62.6

5.7

1

53.2

52.6

0.6

2

56.5

56.3

0.2

5

57.3

57.1

0.1

10

57.0

56.8

0.1

15

55.3

54.9

0.4

1

45.3

44.8

0.5

2

44.1

42.9

1.1

5

44.5

44.2

0.2

10

44.6

44.4

0.1

20

43.0

42.9

0.1

Fonteinebleau – test 1
Dead brine

Fonteinebleau – test 1
live brine

Fonteinebleau – test 3
dead brine
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Fonteinebleau – test 3
live brine

1

40.5

40.1

0.4

2

42.8

42.4

0.3

5

42.6

42.5

0.1

10

42.0

41.8

0.1

15

41.0

40.8

0.1

Conclusions
We conclude that the permeability of sandstone storage rock can be significantly
reduced by live brine or scCO2 flow. The Berea sample was probably damaged by
fines release, migration and pore throat plugging as higher permeability reductions
were observed for higher flow rates (while mineral precipitation in a hypothesized
reactive transport model should increase plugging with reduced flow rate). We
measured a maximum drop in permeability of 35%; consistent with data reported by
Sayegh et al. [27] (up to 60% drop reported), or Mohamed et al. [28] (up to 53%
drop reported). We note, however, that after extended time (4-10 hours) Sayegh et al.
(1990) measured an increase in permeability, but the permeability never reached
again the original value and remained substantially reduced. It is thus likely that live
brine movement through typical sandstone storage rock (which contains impurities
such as cements and clays) damages the reservoir. We also note that dead brine,
particularly at higher flow rates, can significantly reduce permeability. Furthermore
we observed that live or dead brine injection did not significantly affect the
permeability of a clean sandstone (Fonteinebleau); however, injection of scCO2
substantially reduced the Fonteinebleau rock permeability (by ∼ 23%). Considering
that permeability is – apart from formation thickness - the dominant variable
determining injectivities [29], these effects should be assessed in more detail and we
recommend that these relationships should be evaluated for all storage rocks.
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Abstract
Carbon geo-sequestration (CGS) has been identified as an important method to
reduce carbon dioxide (CO2) emissions to the atmosphere thus mitigating global
warming. In CGS, the CO2 captured from large point source emitters is injected into
hydrocarbon reservoirs for enhanced oil and gas recovery or into deep saline aquifers
for storage. In this context the State of Victoria (southeast Australia) is reviewing the
suitability of Victorian sedimentary basins as CO2 sinks. The main focus is on the
Gippsland basin, which has been positively evaluated from a geological point of
view. Now it is necessary to assess the storage capacity of the formation and thus the
intimately related fluid–fluid–rock properties. We therefore conducted interfacial
tension and contact angle measurements at the prevailing storage conditions (13
MPa, 333 K); as a result, we show that CO2 has a relatively high water contact angle
(θ= 47°), while lower θ values were measured for N2 (θ=40.6°) and for a 50 mol%
CO2 + 50 mol% N2 mixture (θ=33.9°). Consequently all systems were weakly waterwet. This implies that residual and structural trapping capacities are reduced;
however, both mechanisms should work adequately. Specifically, we predict that a
CO2 column height of ̴ 698 m can be permanently immobilized beneath the caprock.

Keywords
carbon geo-sequestration, interfacial tension, contact angle, quartz, carbon dioxide,
nitrogen.
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1. Introduction

Understanding the interfacial characteristics of brine, CO2, N2 and flue gas in rock is
of vital importance in carbon geo-storage (CGS), and petroleum engineering
operations where these gases are injected deep into the subsurface for storage (IPCC,
2005; Iglauer, 2011; Kaveh et al., 2014) or for oil and gas recovery schemes (Blunt
et al., 1993; Islam et al., 2009; Iglauer et al., 2013). Particularly, the quality of CGS
containment security and oil and gas production optimization hinge on reducing the
current uncertainty associated with these parameters (Morrow, 1990; Iglauer et al.,
2012a; Iglauer et al., 2015). For instance, the contact angle (θ) between the rock,
water and gas and the gas–water interfacial tension γ strongly affect residual trapping
in CGS schemes (Iglauer et al., 2011; Chaudhary et al., 2013) and residual oil
saturations in oil recovery operations (Morrow, 1990; Spiteri et al., 2008; Iglauer et
al., 2012b). In addition, relative permeabilities (McCaffery and Bennion, 1974) and
capillary pressures (Morrow,1976; Anderson, 1987) are two key variables which also
depend on θ and γ, and which determine reservoir-scale fluid flow. Furthermore, θ
and γ strongly influence structural trapping, the primary CO2 trapping mechanism in
CGS (Iglauer et al., 2012b). It is therefore essential that θ and γ are well constrained
to make reliable reservoir predictions, and related economic and safety risk
assessments.
In this context, several authors reported CO2/brine contact angles on silica substrates
and CO2–water interfacial tensions at reservoir conditions (Massoudi and King,
1974; Jho et al., 1978; Byung-Soo et al., 1995; Wesch et al., 1997; Hebach et al.,
2002; Park et al., 2005; Chiquet et al., 2007; Sutjiadi-Sia et al., 2008; Bachu and
Bennion, 2009; Chalbaud et al., 2009; Georgiadis et al., 2010; Bikkina, 2011; Mills
et al., 2011; Jung and Wan, 2012; Broseta et al., 2012; Li et al., 2012; Farokhpoor et
al., 2013; Saraji et al., 2013; Iglauer et al., 2014; Sarmadivaleh et al., 2015).
However, N2 and flue gas systems were assessed to much lesser extent: Kaveh et al.
(2014) found that water contact angles (θ) for CO2-deionized water–Bentheimer
sandstone systems are higher than those forflue gas (20 mol% CO2 and 80 mol% N2)
at low to moderate pressures (up to 14 MPa) and 318 K. Kaveh et al.(2013,2014)
also found that γ for N2 is higher than for flue gas (20 mol% CO2 and 80 mol% N2)
or CO2 at 313 K and pressures below 15 MPa, consistent with previous results
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(Wiegand and Franck, 1994; Yan et al., 2001). Mills et al. (2011) observed a small
difference in θ between N2 and CO2 at 313K and 5.5 MPa or 13MPa pressure in a
quartz-brine (35000ppm salt brine: 18200ppm Cl-, 11700 ppm Na+, 3180ppm SO42-,
1170ppm Ca2+, 326ppm Mg2+, 123ppm K+) system. However, there is only very
scant information available in terms of such contact angles at higher temperatures
and high pressures; these are, nevertheless, most relevant in industry.
In this study we focus on the thermophysical conditions prevailing at a proposed
Australian CO2 storage formation (Gippsland Basin), and present related
experimental contact angle and interfacial tension data. The Gippsland Basin is one
of the largest sedimentary basins in Victoria, Australia, comprising a total area of
approximately of 56,000 km2 (one third onshore and two thirds offshore), Gibson et
al. (2006). Several research projects examined the geology of the basin in terms of
CGS projects (Annetts et al., 2012; Gibson et al., 2006), and they conclude that it is
an optimal CO2 storage site with a suggested target injection depth of ∼1600m,
(Gibson et al., 2006). We now assess the structural trapping capacity of the
formation, based on our θ and g measurements.

Experimental methodology

The composition of a core recovered from the Gippsland Basin at the target storage
depth (1602.03m; gas permeability 990.27mD and 25.58% porosity) was measured
via XRD with a Bruker-AXS D9 Advance Diffractometer (Kaolinite 2.3 wt%, Quartz
82 wt%, Rutile 0.3wt%, Muscovite 1.8wt%, Barite 4wt%, and Amorophous 9wt%);
this indicated that the formation is relatively clean and consists mainly of quartz. We
thus conduct our contact angle measurements on a smooth alpha-quartz crystal
surface (RMS roughness ∼56 nm measured with atomic force microscopy (model
AFM DSE 95-200), Figure 1).
The salinity of the brine in the Gippsland basin at a depth of 1600m was determined
as ∼5000ppm (Michael et al., 2011), and the temperature and pressure at 1600m
depth were measured as 13MPa and 333K (Ozimic et al. 1987); we thus conducted
the measurements at these thermophysical conditions using 5000ppm NaCl brine.
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Contact angle measurements

The quartz substrate was first cleaned with acetone and then exposed to an air plasma
apparatus for at least 15min. Plasma cleaning is of prime importance as surface
contamination can have a dramatic impact on measured contact angle values
(Mahadevan, 2012; Iglauer et al. 2014). The substrate was then placed in a high
pressure cell, and the system was flooded for at least 10min with CO2 (99.9mol%),
N2 (99.9mol%) or with CO2-N2 mixture of 50 mol% CO2 + 50 mol% N2 (note that
the purity of the N2-CO2 mixture has an uncertainty of ±1mol%). Subsequently the
gas pressure in the cell was increased to a pre-set value with a high precision syringe
pump (Figure 2). A de-gassed (i.e. placed under vacuum for more than 10 hours)
brine (5000ppm NaCl in deionized water) droplet (average volume of a single brine
drop was ∼7μL) was then dispensed onto the substrate’s surface, followed by a
second and a third drop, while a special high resolution video camera (Basler
scA640-70fm and 35mm CCTV lens) recorded the dispensing process as a movie.
The contact angle of the drop just before the three phase line jumped forward (due to
adding more water) was set to the advancing θ. The water advancing contact angles θ
were then measured from the images extracted from the movie files. Temperature
and pressure were kept constant (13MPa and 333K), and each experiment was
repeated three times for each type of gas; the associated standard deviation of these
measurements was 3° based on replicate measurements. We note that the
experiments were conducted with dry gases and under-saturated brine; however, we
also investigated the effect of CO2-brine equilibration time on θ: CO2 and brine were
equilibrated in a mixing reactor described earlier (El-Maghraby et al., 2012) and θ
was measured for the equilibrated fluids and compared with the θ measured for fresh
fluids as a function of time.

Interfacial tension measurements
For measuring the interfacial tension, the pendant drop method at high pressure and
high temperature conditions was used (Adamson, and Gast, 1997; Georgiadis, 2011;
Sarmadivaleh et al. 2015).
Experimentally, a pressure cell was heated (333K), and then CO2 was injected into the

cell with a high precision syringe pump (ISCO pump model 500D) until the
prescribed pressure was obtained (13 MPa). Subsequently brine was introduced from
the top of the cell through a needle which was connected to another syringe pump
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(ISCO pump model 500D). This pump was set to a constant flow rate (0.35 ml/min)
and pressure (13MPa); consequently, a drop of brine at the bottom of the needle was
formed. The drop volume gradually increased until it fell down due to gravity forces.
A high resolution video camera (Basler scA640-70fm) was used to record the whole
process, and images were extracted from the movie files for the g measurement
(Georgiadis, 2011). Each g measurement was repeated three times for each type of
gas, and then arithmetic averages were calculated together with standard deviations,
Figure 5. The standard deviation of these measurements was 3mN/m based on the
replicate measurements. Note that for the computations, the density difference (∆ρ)
was taken from Georgiadis et al. (2010).
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Figure. 1. Atomic Force Microscopy images of the quartz surface used in the
experiments. (a) 3D topography of the substrate; (b) deflection signal, different heights
are coloured (black is 0nm, white is 800nm); (c) surface profile (blue dotted line shown
in Figures (a) and (b)).
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Results and discussion

We measured CO2/N2-brine interfacial tensions and CO2/N2-brine-quartz contact
angles at conditions prevailing at the CarbonNet storage site to provide structural
trapping capacity predictions. Specifically, we will predict the maximum CO2
column height, which can be permanently stored beneath the caprock.

Contact Angles
The data measured shows that CO2 had a relatively high water advancing contact
angle (θ = 47° ± 3.4°), which apparently was caused by the elevated temperature
(Saraji et al., 2013; Sarmadivaleh et al., 2015) and pressure (Chiquet et al., 2007;
Broseta et al., 2012; Iglauer et al., 2012a,2014; McCaughan et al., 2013;
Sarmadivaleh et al., 2015), Figure 3. While the θ increase with pressure can be
explained by increased intermolecular interactions between CO2 and quartz (due to
increased CO2 density), Iglauer et al. (2012a), it is currently unclear why θ increases
with temperature. N2 (40.6° ± 3.9°) and the CO2/N2 mixture (33.9°± 6°) also showed
increased contact angles, although θ was higher for CO2; note that the contact angles
for air and CO2 are ∼0° at ambient conditions (Grate et al., 2012; Iglauer et al.,
2014). Consequently all systems were weakly water-wet at the tested reservoir
conditions, i.e. elevated pressure and temperature at moderate salinity (13 MPa,
333K, 5000ppm NaCl). As a comparison, Kaveh et al. (2014) measured a θ at 318K
of ∼3° at 2 MPa which increased to ∼8° at 14 MPa on Bentheimer sandstone (which
consisted of 96% quartz) for flue gas (20mol% CO2 + 80mol% N2). The difference
between Kaveh et al. (2014), and our results is probably due to the composite
(porous) character of the rock. Mills et al. (2011), measured a θ of ∼33° for N2 on
quartz at 313K and 13 MPa which slightly decreased to ∼30° at a lower pressure of
5.5 MPa. This is consistent with our results and our finding that increased
temperature increases θ (Sarmadivaleh et al., 2015; Saraji et al. 2013). Figure 4
shows that there was no significant effect of CO2-brine equilibration on rapid contact
angle measurements (completed within a minute; note that our measurements took
less than 30seconds); however, with extended time a significant effect developed,
which is probably due to mass transfer (Wang et al., 2013). It is well known that
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solubility of CO2 in water is higher than that of N2 (Kolev, 2012); we thus expect a
less significant equilibration effect for N2 or the N2-CO2 mixture.
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Figure 3. Arithmetic average of the measured advancing water contact angles on
quartz for 50 mol%:50mol% CO2/N2 mixture, N2, CO2 - brine - quartz systems at
(measured at 313K and 13 MPa). The error bars represent the standard deviations
based on replicate measurements.

Interfacial Tension
A CO2-brine interfacial tension of 38.7 mN/m ± 3.9 mN/m was measured, consistent
with literature data (Massoudi and King 1974; Jho et al., 1978; Byung-Soo et al.,
1995; Wesch et al., 1997; Hebach et al., 2002; Park et al., 2005; Bachu and Bennion,
2009; Chalbaud et al., 2009; Georgiadis et al., 2010; Li et al., 2012), while nitrogen
had a higher interfacial tension (60.5mN/m ± 3.7 mN/m), as expected, and consistent
with (Yan et al., 2001), who measured a g of ∼52mN/m and Wiegand and Franck
(Wiegand and Franck, 1994) who measured ∼62mN/m at the same thermophysical
conditions (note: we interpolated their results for comparison purposes), Figure 5.
The 50mol%:50mol% CO2-N2 mixture had a lower interfacial tension (40.6mN/m ±
3 mN/m), similar to the CO2-brine g, while Kaveh et al. 2013,2014), measured
∼55mN/m for a 20mol% CO2/80mol% N2 mixture at 318K and 13 MPa, which is
significantly higher than the values we measured for the gas mixture, probably
because of the different chemical compositions.
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Figure 4. CO2–brine-quartz water advancing contact angles at 13MPa and 333K for
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Figure 5. Arithmetic average of the measured interfacial tensions for CO2, N2, and
50mol%N2:50mol% CO2. The error bars represent the standard deviations based on
replicate measurements.
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Implications of measured data
We predict that a maximum CO2 column height h of ∼698m can be permanently
immobilized beneath the Gippsland basin caprock using a capillary force-buoyancy
force balance, equation 1 (Dake 1978); and the values measured for θ (=47o), γ (=39
mN/m), ∆ρ (≈518, Georgiadis et al., 2010), and pore radius r (≈0.015µm, Rezaee et
al., 2013).

ℎ=

2𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾
∆𝜌𝜌𝜌𝜌𝜌𝜌

(1)

Conclusions

We conclude that N2, CO2, and 50mol%:50mol% N2/CO2 – advancing water contact
angles θ on clean quartz are elevated at storage conditions specific to the CarbonNet
project in the Gippsland basin (333K, 13 MPa, 5000ppm NaCl). A significant
increase in θ – up to ∼50° for CO2, ∼40° for N2, and ∼35° for N2/CO2 - was measured
(when compared to ambient conditions (Grate et al. 2012, Iglauer et al. 2014). We
thus expect that residual and structural trapping capacities are significantly reduced
(Naylor et al. 2011, Iglauer et al. 2011,2012a,b, Chaudhury et al. 2013), however, all
systems studied were weakly water-wet, which implies that residual and structural
trapping will work at the given thermophysical conditions. Relative permeabilities
are also probably affected (McCaffery and Bennion 1974, Levine et al. 2014).
Furthermore, we note that the N2-brine interfacial tension measured was higher than
the CO2-brine or N2/CO2-brine interfacial tensions (which were similar), and this
may influence residual gas saturations.
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Abstract

We measured water-CO2 contact angles on a smooth quartz surface (RMS surface
roughness ∼40nm) as a function of pressure and temperature. The advancing water
contact angle θ was 0° at 0.1MPa CO2 pressure and all temperatures tested (296K343K); θ increased significantly with increasing pressure and temperature (θ = 35° at
296K and θ = 56° at 343K at 20MPa). A larger θ implies less structural and residual
trapping and thus lower CO2 storage capacities at higher pressures and temperatures.
Furthermore we did not identify any significant influence of CO2-water equilibration
on θ. Moreover, we measured the CO2-water interfacial tension g and found that g
strongly decreased with increasing pressure up to ∼10MPa, and then decreased with a
smaller slope with further increasing pressure. g also increased with increasing
temperature, but this effect was smaller than the effect of pressure.

Keywords
carbon geo-sequestration, residual trapping, structural trapping, interfacial tension,
contact angle, quartz, carbon dioxide, temperature.
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1. Introduction

Carbon geo-storage (CGS) has been recognized as a key technology to substantially
reduce anthropogenic CO2 emissions to the atmosphere and thus mitigate climate
change [1]. In CGS, CO2 is pressed into subsurface formations for storage, i.e. into
deep saline aquifers or oil and gas reservoirs for enhanced hydrocarbon production
[1-4]. However, CO2 is buoyant because it has a lower density than the formation
brine and consequently flows upwards. Four trapping mechanisms prevent the CO2
from leaking to the surface: 1. Structural trapping [5], 2. Residual trapping [6,7], 3.
Dissolution trapping [8] and 4. Mineral trapping [9]. In this context, the wettability
of a rock-CO2-water system plays a crucial role as it strongly impacts on the two
most important trapping mechanisms, namely structural [10-12] and residual
trapping [7,13,14], and thus also indirectly on dissolution and mineral trapping
[12,15].

It is therefore necessary to understand the interfacial characteristics of the rock-fluidfluid system in more depth to reduce project risk.
Specifically the contact angle between the rock, water and gas θ – which quantifies
wettability of a mineral substrate [13,17] - and the gas-water interfacial tension g
strongly affect residual saturations [14,18-20], and the column height of CO2 (i.e.
volume) which can be permanently immobilized beneath a caprock [11,12].
Wettability also significantly influences relative permeabilities [21-23] and capillary
pressures [8,13,24-26] and thus reservoir scale (hectometre scale) flow predictions.
In fact relative permeabilities and capillary pressures are essential input parameters
into reservoir simulators and the output computations are very sensitive to these
parameters [27]; so it is important to precisely know these quantities.

In order to study the rock-CO2-water wettability, several researchers measured waterCO2 contact angles on silica substrates (as a representative of sandstone) and CO2water interfacial tensions at low to high pressure conditions [28-50]. It is clear that g
drops with increasing pressure, and there is evidence that g increases with increasing
temperature [32,36,45,46]; furthermore, it appears that θ increases with increasing
pressure although the uncertainty associated with the θ measurements is high, cp. the
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recent review published by Iglauer et al. [13]. This is also true for the influence of
temperature on θ, no clear trend could be identified and less data is available,
particularly there is a lack of systematic investigations.
In this context, Saraji et al. [45] and Farokhpoor et al. [47] measured an increase in θ
with increasing pressure and temperature for deionized (DI) water ([45]: from ∼12°
at approximately 4 MPa and 308K to ∼35° at 333K at 8-12 MPa; [47]: from ∼10° at
309K to ∼20° at 339K over a pressure range of 35MPa; Figure 3). In contrast, Saraji
et al. [46] reported a slight decrease in θ (by up to ∼5°) with increasing temperature
(333K to 353K) at high pressures (∼13.7-27 MPa) for 1M brine and Wang et al. [50]
did not observe a significant increase in θ with pressure or temperature (from 7-20
MPa and 303-323K), cp. Figure 3. Molecular dynamics (MD) simulations – which
provide a theoretical foundation for these relationships – also do not provide a clear
picture; different groups report different results, cp. Table 1.

Table 1. Molecular dynamics predictions for the influence of pressure and
temperature on the water-CO2-quartz contact angle θ and CO2-water interfacial
tension g. *Liu et al. [51] simulated a β-christobalite surface.
reference

influence of pressure

Influence of temperature

Liu et al. [51]*

θ increases

Iglauer et al. [12]

θ increases; g decreases

McCaughan et al. [52]

θ increases

Tsuji et al. [53]

constant θ; g decreases

g constant or decreases

Nielsen et al. [54]

g decreases

g ∼constant

θ decreases; g increases

In order to reduce uncertainty in this area and to better constrain θ and g, we
conducted measurements at the relevant thermophysical conditions (i.e. high
pressure, elevated temperature) and compared our results with the experimental
literature data and MD model predictions.
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We note that for reliable and reproducible contact angle measurements the surface
roughness of the substrate needs to be quantified [55], and related to this the
advancing and receding contact angles need to be distinguished; moreover, it is vital
that the surfaces are cleaned with appropriate methods [48,56]. The fact that not all
groups strictly applied these prescribed requirements may explain the uncertainty to
some extent.

2. Experimental methodology
2.1 Contact angle measurements
A smooth alpha-quartz crystal surface (RMS surface roughness ∼40nm and z-range
∼290nm measured via Atomic Force Microscopy, Figure 1) was cleaned with
acetone and then exposed to an air plasma for at least 15min. We note that oxygen
plasma is one prescribed surface cleaning method; and it is vital that surfaces are
cleaned properly as inappropriate cleaning and surface contamination, respectively,
have a dramatic impact on measured contact angle values (typically increased water
contact angles are measured, which is highly biased [48]). We note that oxygen
plasma increases the number of hydroxyl groups on the quartz surface [57], which
leads to lower θ [52]. However, on a subsurface quartz surface, which was exposed
to formation brine for very long times, we expect that the surface silanol group
concentration is at its maximum (4.6 silanol groups per nm2, [58]), and this condition
is again well represented by an O2-plasma cleaned surface. We also note that oxygen
plasma does not significantly affect the surface roughness of the substrate [59].

Quartz was used for this work because this material is the most common constituent
of mudrocks and sandstone storage rocks [34,60,61]. Once cleaned, the substrate was
placed into a high pressure cell, and the apparatus was flooded for at least 10min
with CO2 gas. Subsequently the gas pressure in the cell was increased to a pre-set
value with a high precision syringe pump (Figure 2). A droplet of deionized water
was then dispensed onto the substrate’s surface, followed by a second and a third
drop, while a video camera recorded the dispensing process as a movie. The contact
angle of the drop just before the three phase line jumped forward (due to adding
more water) was set to the advancing θ; the volume of the advancing drop was
approximately 20μL. The time interval for one measurement (from initial drop
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dispensation to the advancing three-phase line observation) amounted to less than
30seconds, which is sufficiently rapid to avoid mass transfer effects [62]. The
advancing water contact angles θ were then measured on the images extracted from
the movie files. An experimental matrix with different temperatures (296K, 323K
and 343K) and pressures (0.1MPa, 5MPa, 10MPa, 15MPa, and 20MPa) was tested to
systematically investigate the impact of pressure and temperature on θ. The
reproducibility of the experiment was high with an average standard deviation of 3°.

Fig. 1. Atomic Force Microscopy images of the quartz surface used in the
experiments. Left: 3D topography of the substrate; right: deflection signal. Different
heights are coloured differently (light yellow: 130nm height, dark brown: 0nm). The
RMS surface roughness is approximately 40nm, which is very smooth. The area
shown is ∼10μm x 10μm.

Furthermore, we compared contact angles for equilibrated and non-equilibrated CO2water systems (note that CO2-water is a partially miscible system, up to 2.6mol% of
CO2 can dissolve in water, Bando et al. [63]); equilibrated fluids are present deeper
in the reservoir, when CO2 had sufficient exposure to formation brine, while nonequilibrated fluids are located closer to the injection well [64]. In order to equilibrate
CO2 and water, we used a mixing reactor described earlier [65]; as un-equilibrated
fluids dry gas and fresh de-gassed (i.e. vacuumed for more than 10 hours) water were
used. The fluid densities used in the calculations were taken from Georgiadis et al.
[38].
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Fig. 2. Schematic diagram of the high temperature/high pressure contact angle
measurement apparatus used for the interfacial tension and contact angle
measurements.

2.2 Interfacial tension measurements
The pendant drop method was used for measuring the interfacial tension [65]. When
a higher density liquid is dispensed into a lower density fluid environment through a
needle, a drop is formed, which is called pendant drop. The curvature of the fluidfluid interface of this drop is determined by the balance between interfacial (LaPlace
equation 1) and gravitational forces (equation 2),

∆𝑝𝑝𝑝𝑝 = γ �

1

R1

+

1

𝑅𝑅2

�

∆papex − ∆pp = z∆ρg

(1)

(2)

where γ is the interfacial tension, R1 and R2 are the curvature radii of two orthogonal
curves through the same point on the drop’s surface, ∆pp is the pressure difference

between water and CO2 at a random point P on the fluid-fluid interface at height

z, ∆papex is the pressure difference between water and CO2 at the apex point of the
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drop (z=0), ∆ρ is the density difference between CO2 and water, and g is the local

acceleration due to gravity.

When combining these equations and after some mathematical manipulations
equation 3 is obtained with which g can be computed:

γ=

∆ρg

2

�βk apex �

(3)

where kapex is the curvature at the apex point of the drop, and β is the shape

parameter (dimensionless). Equation 3 implies that, if the acceleration due to gravity
and the density difference between the fluids are known, γ can be calculated.

Experimentally, a high pressure cell was heated (to 296K, 323K or 343K) and
flooded with CO2 gas for at least 10min; subsequently gas pressure was increased (to
0.1MPa, 5MPa, 10MPa, 15MPa or 20MPa) with a syringe pump. Then a drop of
fresh water was introduced into the cell through a needle with a second high
precision syringe pump set to a constant flow rate. The water formed a drop at the
bottom of the injection needle, and if a sufficient amount of water was added to the
pendant drop, the drop separated from the needle and fell down. Two additional
drops were produced in this way and the whole process was recorded with a video
camera. From the drop images extracted from the movie files, the shape of the drop
was measured and g was calculated with equation 3. The standard deviation
associated with these measurements was 3mN/m.

3. Results and discussion
3.1 Contact angle measurements
3.1.1 Influence of CO2-water equilibration
The influence of thermodynamic CO2-water equilibration on θ was tested for one
thermo-physical condition (323K, 5 MPa), and we observed no significant difference
during the measurement time (i.e. less than 30seconds, see above), Table 2. Note that
for longer experimental times θ drops for un-equilibrated fluids due to mass transfer
effects [50,66]. This measurement was highly reproducible (cp. Table 2). We
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emphasise that in our experiments the drop volume and base radius were constant
(20μL and 4.4mm). We conclude that the degree of mutual CO2-H2O dissolution
(CO2 into H2O and H2O into CO2) has no significant effect on θ. This is contrary to
Wang et al.’s [50] and Kaveh’s [49] result; this discrepancy may be due to the
shrinking drop size in Wang et al.’s and Kaveh et al.’s experiments (overlap with
possible mass transfer kinetics and/or gravitational effects) or possible contamination
effects which are expected to be increasingly likely to occur with experimental time
[48,56]. Most importantly Wang et al. [50] and Kaveh et al. [49] did not clearly
identify advancing (or receding) θ, and distinguish them from a random sessile drop
θ (note: by adding more fluid to the drop θ will increase until the advancing θ is
reached; and differences between advancing and receding θ typically range from 520°, but can be significantly higher, [55]). Finally Kaveh et al. [49] used sandstone as
a substrate, not quartz, and the composite character of the rock (solid and pores)
makes it difficult to directly compare these substrates. The remaining θ tests in our
experimental matrix were conducted with fresh fluids (i.e. dry gas and fresh water).

Table 2. Advancing water contact angles on quartz in CO2 atmosphere at 5MPa and
333K; right: equilibrated CO2-water system; left: fresh CO2-water system (i.e. dry
gas, fresh water). The standard deviation for these measurements was estimated as
±1° based on replicate measurements.
Contact angle [°]

Equilibrate
d fluids

Fresh
fluids

1st measurement

22

20

2nd measurement

23

19

3rd measurement

21

21

average

22±1

20±1

3.1.2 Influence of pressure and temperature on θ
θ at ambient conditions (296K, 0.1MPa CO2 pressure) was 0°, consistent with
literature results [48,67]. θ continuously increased with increasing pressure, and
reached values of 35° (at 296K) to 56° (at 343K) at 20MPa, Figure 3. The observed
increase in θ with pressure is consistent with literature data [31,34,35,42,44,45,48]
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and molecular dynamics (MD) simulations [12,51,52], although Tsuji et al. [53]
predicted a quasi constant value, Table 1; Iglauer et al. [12] explain the increase in θ
with a higher CO2 density, which leads to stronger CO2-quartz intermolecular
interactions, which again de-wet the substrate (= higher θ).
θ also increased with temperature: while θ at ambient conditions was 0° for all
temperatures tested (296K, 323K, 343K), and the quartz remained completely waterwet, de-wetting was significant particularly at higher pressures and temperatures (at
343K: θ = 54° at 15MPa and = 56° at 20MPa). This is consistent with Saraji et al.’s
[45] and Farokhpoor et al.’s [47], measurements, but not with Wang et al.’s [50] or
Saraji et al.’s [46]. The different results Saraji et al. [46] reported may be due to the
higher salt content in the water, however, an overall higher θ is expected for Saraji et
al. [45,46] as they used an ultra-smooth glass surface (surface roughness = 0.5nm),
which is expected to increase θ as higher surface roughness leads to lower θ [55].
The fact that they used glass, not quartz, may also explain this discrepancy.
Farokhpoor et al. [47] and Wang et al. [50] did not report surface roughness, so the
difference might be caused by a higher surface roughness of their substrates;
moreover, they did not distinguish between receding and advancing θ, and a sessile
drop θ is expected to a) be generally lower than the advancing θ [64], and b) can lie
anywhere between the advancing and receding θ, so it is possible that they
systematically measured a θ closer to the receding point which is expected to be
substantially lower than the associated advancing θ. The factors responsible for this
discrepancy need to be further analysed.

Theoretically, none of the MD simulations predicted the influence of temperature
correctly, and this is probably due to the complex surface chemistry of the quartz in
an aqueous and acidic environment [68], which was not fully appreciated in the MD
models; we conclude that the MD models need to be improved.
We note that θ ≤ 50° has no influence on the primary drainage capillary pressure
curve [24], which determines the draining characteristics of a storage formation
(change in water saturation with increasing CO2 pressure). However, a θ > 0 implies
partial de-wetting of the sandstone surface, which a) is expected to reduce structural
[11,12] and residual (c. Figure 2 in Spiteri et al. [14]) CO2 trapping capacities, and b)
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change the morphology of the CO2 phase in the rock [20], which again is expected to
have implications for dissolution and mineral trapping capacities (mainly through
different CO2-water interfacial areas). Finally a variation in θ has been shown to
cause a change in the CO2-water fluid dynamics in the rock [22], thus changing flow

Contact angle (°）

patterns and consequently injectivities, leakage risk and project economics.
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Saraji et al. 2013, 333K, DI water, advancing

Saraji et al. 2013, 318K, DI water, advancing

Saraji et al. 2013, 308K, DI water, advancing

296K, DI water, advancing

323K, DI water, advancing

343K, DI water, advancing

Farokhpoor et al. 2013, 309K, DI water

Farokhpoor et al. 2013, 339K, DI water

Wang et al. 2013, 303K, DI water

Wang et al. 2013, 323K, DI water

Wang et al. 2013, 303K, brine*

Wang et al. 2013, 323K, brine*

Wang et al. 2013, 303K, buffered brine**

Wang et al. 2013, 323K, buffered brine**

Saraji et al. 2014, 323K, 1M brine, advancing

Saraji et al. 2014, 333K, 1M brine, advancing

Saraji et al. 2014, 343K, 1M brine, advancing

Saraji et al. 2014, 353K, 1M brine, advancing
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40

pressure (MPa)

Fig. 3. Advancing water contact angles for CO2/water/quartz systems as a function of
pressure and temperature (the error bar represents the standard deviation of the
measurements). Literature data is added for comparison [45,47,50]. *Ionic strength =
1.1-1.2 mol/L; contains: Na+, Cl-, Ca2+, SO42-, Mg2+; pH = 3.0-5.0; pH = 7.8 at
ambient conditions; **buffered brine: 0.74-0.75 mol/L; contains: Na+, Cl-, Ca2+, SO42, Mg2+, CO32-, HCO3-, B4O72-; pH = 5.8-5.9; pH = 10.0 at ambient conditions.

3.2 Interfacial tensions
The CO2-water interfacial tension was measured at different pressures (0.1MPa,
5MPa, 10MPa, 15MPa, and 20MPa) and temperatures (296K, 323K and 343K) for
dry CO2 and fresh deionized water. The results measured are consistent with
literature data [28-33,36-38,43], Figure 4. The CO2-water interfacial tension strongly
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decreased with increasing pressure until a pressure of approximately 10MPa was
reached. By further increasing the pressure, g decreased further, but with a smaller
slope. g increased with an increase in temperature, but the effect was smaller than
that caused by pressure change. This is again consistent with literature data
[30,33,38]. We note that several MD models correctly predicted these relationships,
Table 1.
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298K, Chun and Wilkinson 1995
326K, Chun and Wilkinson 1995
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344K, Chun and Wilkinson 1995
298K
333K
343K

60

interfacial tension (mN/m)

298K, Georgiadis et al. 2010
333.5K, Georgiadis et al. 2010
343.3K, Georgiadis et al. 2010
298K, Park et al. 2005
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344K, Park et al. 2005
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Fig. 4. CO2-water interfacial tensions as a function of pressure and temperature. For
comparison, literature data is also plotted (Chun and Wilkinson 1995 [30], Park et al.
2005 [33], Georgiadis et al., 2010 [38]).
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Conclusions

CO2-wettability is of key importance in CO2 geo-storage schemes [11,12,14];
however, despite its importance, CO2-wettability is still poorly understood and a
large uncertainty is associated with the reported data [13]. We thus measured the
advancing water contact angle θ on a smooth quartz surface (RMS surface roughness
∼40nm) as a function of pressure and temperature. Furthermore we analysed the
effect of CO2-water equilibration (fresh fluids versus thermodynamically equilibrated
fluids) on θ. We found that:
•

θ was identical (within experimental error; note that the experiments were
completed within 30seconds and mass transfer effects were thus negligible)
for fresh and thermodynamically equilibrated fluids. This is consistent with
Al-Yaseri et al. [62]; we note that Wang et al. [50] and Kaveh et al. [49]
observed a changing θ for unequilibrated fluids with time, which was
probably due to mass transfer effects at extended experimental times [62].

•

θ increased with increasing pressure. This is consistent with most published
experimental literature data [31,34,35,40-42,44,45,48,49], except [39,50].
Any discrepancies probably arose from surface contamination [40,48,56] or
the fact that not all researchers distinguished between advancing, receding or
sessile drops.

•

θ increased with increasing temperature; which is consistent with some
reported data [45], but not all [40,46,50]. Again discrepancies are probably
caused by the above mentioned reasons.

•

θ was still weakly water-wet at expected CO2 storage conditions; however, an
increased θ implies a reduction in structural and residual trapping capacities
[11,12,14].

Moreover, we measured CO2-water interfacial tensions g as a function of pressure
and temperature, and the results indicated that:
•

g decreased strongly with pressure up to a pressure of ∼10MPa and then
decreased further but with a smaller slope, which is consistent with literature
data [28-50].
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•

g increased with temperature, which is also consistent with literature data
[32,36,45,46].
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Abstract
We investigated fines movement through sandstone in-situ at the micrometre pore
scale and studied the associated pore-scale mechanisms leading to formation damage.
We used two in-situ techniques to accomplish this, namely nuclear magnetic
resonance T2 relaxation time (NMR) measurements (of pore size distributions) and
high resolution x-ray micro-computed tomography (μCT; at high resolutions of
(0.89μm)3 and (3.4μm)3). The μCT images showed the precise 3D location of the
fines particles in the plug and demonstrated that initially pore throats are plugged,
followed by filling of adjacent pore bodies by solid particles. These measurements in
combination with traditionally used (indirect) permeability and production curve
measurements and ex-situ SEM imaging enabled us to propose a new mechanistic
pore-scale plugging model; furthermore we demonstrated that the amount of fines
trapped decayed rapidly with core depth. We conclude that it is feasible to analyse
formation damage in-situ by a combination of NMR and μCT measurements.
Keywords
Formation damage, micro tomography, NMR, plugging mechanism, permeability
reduction.
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1. Introduction
Migration of colloids (≤ 5 μm) and dispersed small solid particles (< 100 μm)
through a porous medium is a key problem in various fields as deposition of such
particles can severely reduce permeability. Areas which face this problem include
hydrology, where the focus is on water production [McDowell et al., 1986; Bradford
et al., 2001; Torkzaban et al, 2007], geothermal engineering, where cold water is
pumped through subsurface reservoirs to produce warm water [Mahmoudi et al.,
2010; Rosenbrand et al., 2014; Rosenbrand et al., 2015], wellbore drilling [Byrne
et al. 2007, Civan 2007] and petroleum recovery, where water is injected to maintain
reservoir pressure and mobilize additional hydrocarbons by viscous forces [Ahmed
and McKinney, 2005; and Iglauer et al. 2010].
Common to all these processes is that water added to a reservoir can cause the
release of colloids and fine particles in the rock due to subtle changes in fluid
composition [Ryan and Elimelech, 1996] or through shear forces [Tran et al., 2009];
furthermore, surface water - which freely percolates into the formation due to
gravitational forces or may be injected by force in an industrial process - contains
fine particles [McDowell et al., 1986, Bennion et al., 2011] as filtration is
uneconomical [Bennion et al., 2011]. Consequently, in case of injected water, certain
quality requirements need to be fulfilled, i.e. the water must not contain solid
particles which are larger than a certain maximum size [Bennion 1998]. It is thus
important to understand the particles’ impact on fluid dynamics and associated porescale plugging mechanisms, which cause the formation damage [Nowark and
Krueger, 1951; Krueger et al. 1967; McDowell et al., 1986; Ryan and Elimelech,
1996; Civan 2007; Rosenbrand et al., 2014 and 2015].
Traditionally, various techniques were used to investigate the characteristics of such
formation damage. This usually included the measurement of the injection flow rate
and pressure drop across the sample to determine dynamic permeability, and the
measurement of produced fluid mass versus time [e.g. Krilov et al., 1991; Asghari et
al., 1995; Tran et al., 2010]. Frequently these measurements were supported by x-ray
diffraction (XRD) measurements [e.g. Krilov et al., 1991; Seright et al., 2006; Potter
et al., 2011; Green et al., 2013] and petrographic thin section analysis [e.g. Gulati et
al.,1975; Bowers et al., 1995; Hidajat, 2002; Green et al., 2013]. Furthermore
scanning electron microscopy (SEM) was used to study fines deposition at the
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nanometre to micrometre scale [e.g. Kandarpa and Joh 1981; Byrne et al., 2000;
Green et al., 2013], and nuclear magnetic resonance (NMR) T2 relaxation
measurements were used to probe changes in the associated pore size distributions
[Tran et al., 2010; Fischer et al., 2011]. More recently, medical x-ray computer
tomography has been used to image the distribution of fines within the rock at low
spatial resolution (1mm) [Tran et al., 2010; Green et al., 2013].
However, all these techniques have serious limitations: dynamic permeability
measurements and fluid mass production curves are indirect observations, while thin
section analysis, XRD and SEM only measure ex-situ data. NMR is a bulk
measurement and does not provide information about spatial distributions. 3D
medical x-ray tomography, however, can provide a 3D spatial map of the CT
numbers (which is related to the x-ray attenuation of the different minerals [Okabe et
al, 2013]), but here spatial resolution is low (0.5-1mm) and individual pores or fine
particles can thus not be observed.
Recently, with the advent of micro-computed tomography (µCT), it has become
possible to overcome these limitations [Blunt et al. 2013, Wildenschild and Sheppard
2013]. Green et al. [2013] for instance imaged representative core samples of varying
permeabilities (8 to 7000 mD) at a µCT resolution of 10-15µm in-situ in order to
investigate the damage caused by drilling mud invasion.
We are now paying attention to the detailed pore-scale plugging mechanisms via a
combination of high resolution µCT imaging (0.9µm and 3.4µm resolution), standard
coreflooding, SEM and NMR analysis. Using these methods we were able to
visualize the precise 3D distribution of fines within the pore space of the plug, and
were able to develop a new mechanistic plugging model; we discuss this new model
in the context of established literature models.

2. Experimental Methodology
2.1 Materials
The experiments were performed on two homogeneous cylindrical Bentheimer
sandstone plugs (diameter = 5.2mm, length = 32.5mm); these were sister plugs
drilled from the same block, the drill holes were just adjacent to each other. Their
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brine permeabilities were 559mD and 523mD, and their porosities were 21% and
23%, Table 1. The composition of the Bentheimer sandstone was measured via XRD
with a Bruker-AXS D9 Advance Diffractometer (Kaolinite 0.7 wt%, Quartz 99.0
wt%, Rutile 0.3wt%) on a fragment obtained from the same block just adjacent to the
drill holes; this indicated that the sandstone was quite clean and consisted mainly of
quartz.
As a representative for the fines in the subsurface, we selected a fine barite powder
[Krilov et al., 1991; Tran et al, 2010]. The barite particles had a broad particle size
distribution, which ranged from 0.4-80µm and peaked at 25µm, Figure 1 (measured
with a Mastersizer Malvern Hydro 2000S). The barite particles were suspended in
brine (5wt% NaCl + 1 wt% KCl in deionized water) by constant agitation with a
magnetic stirrer.
Table 1. Bentheimer sandstone porosities and permeabilities before and after fines
injection. *The initial porosity was set to the μCT porosity, see left column.
Porosit

Porosit

y measured

y measured

by µCT

by NMR

Brine
permeability
(Darcy)

Sample #1 before damage

0.21

0.21*

0.559

Sample #2 before damage

0.23

0.23*

0.523

Sample #1 damage by 10g/L barite

0.15

0.176

0.11

Sample #2 damage by 20g/L barite

0.10

0.121

0.048
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Figure 1. Particle size distribution of barite powder used in the experiments.

2.2 Simulation of fines migration in the subsurface
In order to mimic fines flow in the subsurface, the Bentheimer plugs were sealed
with a PTFE heat shrink sleeve, which was cured at 653K for ~20min, vacuumed for
40 minutes, and then saturated with brine. Subsequently the brine permeability of
each plug was measured by injecting water at a constant flow rate with a peristaltic
pump (Masterflex model 7518-10), while the pressure drop across the plug was
measured; brine permeability was then calculated using Darcy’s law. This
permeability measurement was continued during fines injection, see below. The
samples were then imaged with a µCT scanner (Xradia Versa XRM-500T) at a
resolution of (3.4µm)3, and NMR T2 response curves were measured for each
specimen on a (1H resonance) 20 MHz Bruker Minispec benchtop NMR instrument.
The NMR T2 response time correlates with the pore size distribution in the core
[Talabi et al. 2009, Fridjonsson et al. 2013], and it thus constitutes an independent
measurement.
The samples were then flooded with the barite suspension (two different barite
concentrations were tested: 10 g/L and 20 g/L), and simultaneously the mass of
produced fluid was measured with a balance (Phoenix, BTA/BTB series, accuracy =
0.001g) as a function of time. All experiments were conducted at ambient conditions,
i.e. 130000 Pa (±20000Pa) pressure and (296K ±2K) temperature.
Once the plug samples were highly damaged by the fines injection process
(permeability reduced by ∼90%), the plugs were μCT imaged again at two different
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but high resolutions (3.4 µm)3 and (0.89µm)3. All μCT images were filtered with a
non-local means filter [Buades 2005] and segmented according to Otsu’s algorithm
[Otsu 1979]. On the segmented images porosities, pore volumes, and pore radius
distributions were measured; we note that these parameters are affected by fines
migration [Civan 2007]. Furthermore, the precise 3D location of the barite particles
was observed, this is discussed further below.
After μCT scanning the plugs were subjected to another NMR T2 response
measurement to measure any changes in the pore size distributions.

3. Result and discussion
The evolution of the permeability with time during fines suspension injection is
shown in Figure 2. The permeability (k) continuously and smoothly decreased with
time (t) following a power law k=3.94t-0.343, Pearson coefficient R2=0.996,
(sample#1); k=2.701t-0.403, R2=0.978

(Sample#2), and the permeability reduction

was more significant for the higher barite concentration as expected, consistent with
trends reported in the literature [Krilov et al., 1991, Asghari et al., 1995]; moreover,
Nguyen and Civan [2005] and Tran et al. [2009 and 2010] observed an exponential
correlation for the dynamic permeability as a function of time with exponents and
coefficients depending on several variables including α (cement exclusion
parameter, dimensionless), σ (particle volume fraction, fraction), and β (pore-toparticle diameter, dimensionless), which is approximately consistent with our results.
Specifically, we measured a permeability reduction from 559mD to 110mD for 10
g/L barite concentration and from 523mD to 48mD for 20 g/L barite concentration.
The plugging time (note that plugging occurs at the discontinuity in the production
curve [Tran et al., 2009 and 2010], Figure 3) was faster when the particles’
concentration increased. Plugging time was 1.38hr for the 20 g/L suspension, while it
was 4.47hr for the 10 g/L suspension, Figure 3.
Note that plugging time for Krilov et al.’s [1991] study was ≈30min, they flooded
outcrop sandstone (permeabilities 144, 1549, 71, 40 mD and porosities 13.3, 21.2,
22.7 and 21.2 respectively) with barite suspensions (particle sizes varied from 2 to 60
µm); Asghari et al. [1995] reported plugging times ≈200min after injecting filtered
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sea water (filtration through a 10µ filter) through carbonate rock (core plugs from
Siri oil field in Iran with an average permeability of 7.9 mD and average porosity
20%); and Tran et al. [2010] reported a plugging time ≈2.5hr after injecting drilling
mud (bentonite and barite with 5wt% barite concentration and 1.2 to 12µm barite
particles size range) through Berea samples sandstone (permeabilities 1240, 265 mD
and porosity 20.6%, 17.5% respectively).
Figures 4 and 5 show the NMR T2 response curves for the undamaged and damaged
samples for both fines concentrations, respectively. The T2 NMR measurement is
related to the surface S to volume V ratio of the pore structure by the equation

1 / T2 = ρS / V , where ρ is the surface relaxivity, a parameter dependent on the
composition of the rock [Kleinberg, 1994], which we assume to be constant between
the two Bentheimer samples tested in this work. Therefore, a shorter T2 relaxation
time corresponds to a larger surface to volume ratio and thus smaller pores. Initially
the NMR signal indicated a primarily homogeneous pore space, with approximately
10-20% of the signal originating from secondary (smaller) pores, consistent with
previous measurements for similar sandstone [Liaw et al., 1996]. The integral of the
NMR T2 signal, which corresponds to the amount of water in the pore space, was
substantially reduced for the damaged samples, which corresponds to a substantially
reduced porosity [Allen et al., 1997], Table 1. This was measured for both fines
concentrations, although the 20g/L suspension was more effective in terms of
porosity reduction. Furthermore, the bimodal character of the pore space changed
into a multimodal system indicating that the homogeneous larger pores were
segmented into heterogeneous smaller pores after damage [Liaw et al., 1996].
Moreover, the average T2 times for the samples calculated from the distributions in
Figures 4 and 5 decreased after the samples were damaged with barite indicating
smaller pores sizes. The average T2 time of the sample injected with 10 g/L barite
suspension decreased from 0.72s before damage to 0.31s after damage, a reduction of
57%. For the sample injected with 20 g/L barite suspension, the average T2 time
decreased from 0.86s to 0.25s, a reduction of 71%. This clear shift in the NMR T2
response towards smaller relaxation times indicates shrinking pore sizes [Talabi et
al., 2009] with the effect more pronounced for the suspension which contained the
higher barite concentration.
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In addition to a shift of the average T2 time to shorter times, the T2 signal
distributions shown in Figures 4 and 5 also clearly show that the longest T2 peak
(associated with the larger pores) decreased after damage for both samples, with a
larger decrease in the long peak for the sample damaged with 20 g/L barite
suspension. This indicates that the larger pores in the structure have been plugged
and split into smaller pores which is consistent with literature results [Tran et al.
2010]; however, Tran et al.’s [2010] NMR results showed smaller changes in
porosity (20.6% to 17.6% for their first Berea sample (rock permeability 1240mD)
and 17.5% to 16.9% for their second Berea sample (rock permeability 265mD),
which was probably caused by the different rock pore morphology and mineralogy
and the different particles injected (they used a bentonite/barite mixture, which
simulated drilling mud; barite concentration was 5wt% with 1.2 to 12µm barite
particles sizes).
Consistent with the NMR data, the μCT results showed that particularly large pore
sizes (pore diameter >85µm for sample#1 and >136µm for sample#2) have been
damaged, Figures 6 and 7. Specifically, pores with diameters less than 51µm
(sample#1) and less than 102 μm (sample#2) showed a significantly higher
frequency after damage. As mentioned above, the barite particle size distribution
comprised sizes from 0.4-80μm and peaked at 25μm (Figure 1); while the sandstone
pore sizes ranged from ∼1-340μm (Figures 6 and 7). Consequently these distributions
overlapped and the fines caused plugging, consistent with predictions based on the
aspect ratio β, see discussion below (Civan 2007, Tran et al. 2009, 2010).
Figures 8 and 9 show that the amount of barite y (porosity fraction) trapped in the
core a) increased with barite concentration in the suspension, consistent with
literature results [Tran et al., 2009 and 2010] and b) decreased with depth d
following

a

polynomial k=0.0202d2-0.1152d+0.2067,

R2=0.81,

(sample#1);

k=0.0345d2-0.1642d+0.237, R2=0.82 (sample#2); this is approximately consistent
with Nguyen’s and Civan’s [2005] and Tran et al.’s [2010] results, which showed an
exponential reduction. Note that the 10g barite/L data can also be fitted well with a
linear least square fit (k=-0.046d+0.1558, R2=0.754); however, a linear fit through
the 20g barite/L data is poor (k=-0.0256d+0.1958, R2=0.374).
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The reason for this behaviour is visualized in Figures 10 and 11: the fines flow
frequently penetrated into the pore space until a thin pore throat was reached (note
that conceptually in pore network models, which quantify the complex pore
morphology, pore throats are the smallest pores connecting the larger pore bodies
[Dong and Blunt 2009; Ebrahimi et al. 2013]). We conclude that at these points the
fines flow was stopped, i.e. the fines were deposited here first (cp. for instance
Figures 11c, 11f, and 11i), and subsequently the larger adjacent pore bodies were
filled with barite; this was essentially a jamming process [Civan, 2007]. In addition,
the fines clustering in Figure 11c is more localized than in Figure 11i as a pore throat
was just adjacent to the main body of fines agglomerate (left side of cube).
The high resolution images (Figure 12) provide evidence in terms of the exact
plugging mechanism; the water-wet barite particles adhered to the water-wet rock
surface, and the barite particles also agglomerated into rather compact conglomerates
[Israelachvili 2011, and Torkzaban et al, 2007], which, however, were not loosely
packed as previously suggested [Gulati et al.,1975; Civan, 2007; and Elsaeh, 2014].
The SEM images shown in Figures 13c and 13d also demonstrate that adhesion
forces between barite particles and quartz surface were acting; and an analogue
situation is illustrated in Figures 13e and 13f for the barite-barite particle
interactions. Moreover, the SEM images clearly show the arrangement of the
particles at the pore-scale. Note that in the SEM images published by Kandarpa et al.
[1981]; Byrne et al. [2000]; Tran et al. [2010]; and Green et al. [2013], these details
were not visible because of low image resolution.
Based on the results discussed above we postulate a new formation damage model
which we hypothesize will hold for water-wet fines and water-wet rock (and very
likely oil-wet fines and oil-wet rock):
A combination of intermolecular forces and pore geometry leads to the build-up of
solid particles in the smallest pore throats. As the pore throats determine permeability
[Tiab and Donaldson 2004] a substantial decrease in permeability is the
consequence.
While the impact of pore geometry can be predicted in a straightforward way by
using an aspect ratio (β = pore throat to particle diameter length ratio) correlation: if
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β < 7, then bridging

can occur [Civan, 2007], a prediction of the impact of

intermolecular forces is more involved. For the specific system we are considering
(i.e. sandstone and barite) we hypothesize that the silanol groups on the quartz
(sandstone) surface [Zhuravlev 2000, McCaughan et al. 2013] strongly attract the
hydroxyl groups on the barite surface [Fenter et al. 2001; note that Fenter et al.
observed adsorbed water on the barite surface, but could not identify the exact
molecular species as the experimental technique they used did not allow them to
observe protons], certainly leading to strong Debye and Keesom forces [Israelachvili
2011], probably hydrogen bridges and possibly condensation reactions (Figure 14).
This scenario would explain the fact that the barite particles were packed tightly as
shown in Figures 12 and 13.
We thus conclude that a) fines damaging a reservoir might be more difficult to
remove than expected based on earlier models, however, b) chemicals may be found
which can break the strong intermolecular bonds and release the fines again.
Furthermore we hypothesize that wettability plays a primary role in plugging.

91

Figure 2. Permeability measured versus time for different barite concentrations (10
g/L and 20 g/L), The permeability (k) continuously and smoothly decreased with
time (t) following a power law, k=3.94t-0.343, R2=0.996 for 10 g/L); and k=2.701t0.403

, R2=0.978 for 20 g/L.

Figure 3. Accumulative weight of produced fluid versus time for different barite
concentrations (10 g/L and 20 g/L).
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Figure 4. NMR T2 response curves before and after injection of 10 g/L barite
suspension. Porosity was reduced from 21% to 17.6%.

Figure 5. NMR T2 response curves before and after injection of 20 g/L barite
suspension. Porosity was reduced from 23% to 12.1%.
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Figure 6. Bentheimer #1 pore diameters before and after damaged caused by fines
injection (10 g/L barite) measured with µCT.

Figure 7. Bentheimer #2 pore diameters before and after damaged caused by fines
injection (20 g/L barite) measured with µCT.

94

Figure 8. Porosity versus core length before (red) and after (green) damage and
amount of barite trapped (black) versus core depth (10 g/L barite).

Figure 9. Porosity versus core length before (red) and after (green) damage and
amount of barite trapped (black) versus core depth (20 g/L barite).
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Figure 10. 3D μCT images (3.4 μm resolution) of the core plugs before and after
barite injection; (a) is sample #1 and (c) is sample #2 before damage. (b) is sample
#1 after damage (10 gm/L barite) and (d) is samp le #2 after damage (20 gm/L
barite). The cylindrical volumes shown are 3.4mm in diameter and 3.4 mm in length
(= 30.86mm3). In the images (a) and (c) rutile (component of original rock, see XRD
analysis above) is blue and sandstone (quartz) is pink. In the images (b) and (d) the
deposited barite is also blue.
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Figure 11. 3D μCT images of Bentheimer sandstone after formation damage caused
by injection of barite suspension. (a) raw image for sample #1 (10g barite/L) at 3.4
µm resolution, a cubic volume (12.65mm3) is shown, (b) segmented image (a), (c)
segmented image for barite (shown in red) only, (d) raw image for sample #1 at a
resolution of 0.89 µm, a cubic volume ( 0.185 mm3) is shown, (e) segmented image
(d), (f) segmented image for barite only, (g) raw image for sample #2 (20g barite/L)
at 3.4 µm resolution, a cubic volume (12.65mm3) is shown, (h) segmented image (g),
(i) segmented image for barite only at 3.4 µm resolution. In the raw images barite is
white, open pore space is black and sandstone is grey; in the segmented images rock
is dark blue, barite red and open pore space is light blue.
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Figure 12. 2D slices through the rock and pore space: (a) damaged Bentheimer
sandstone (sample #2) after injection of particle suspension (20 g/L barite), pores are
black/dark grey, sandstone is light grey and barite is white, (b) segmented image,
sandstone is black, pore space is blue and barite red at resolutions of 3.4 µm. (c and
e) damaged Bentheimer sandstone (sample #1) after injection of particle suspension
(10 g/L barite), pores are dark grey, sandstone is light grey and barite is white, (d and
f) segmented images, sandstone is black, pore space is blue and barite red. These
images (c-f) show an area of 0.67mm x 0.67mm (= 0.45mm2) at resolutions of 0.89
µm.
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Figure 13. SEM images of Bentheimer # sample 1 before and after damage (10 g/L
barite): (a) and (b) show the undamaged plug, only quartz crystals can be seen, (c)
and (d) show the sample after damage, adhesion between quartz (grey) and barite
(white) can be seen, (e) and (f) show the adhesion between barite particles in the
damaged plug. The black arrows point towards barite-quartz and barite-barite
interfaces.

99

Figure 14. Barite-barite and quartz-barite surface interactions: the hydroxyl groups
attract each other by Debye and Keesom forces or form hydrogen bridges (a) and (c),
or a condensation reaction follows where Ba-O-Ba or Si-O-Ba bonds are formed and
water is released (b) and (d). These scenarios would trigger tight barite packing and
strong adhesion to the sandstone surface.
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4. Conclusions
We observed formation damage caused by fines injection into sandstone plugs in-situ
by μCT and NMR measurements. As expected higher fines concentrations led to
greater reduction in porosity and permeability, consistent with the measured
production curves and literature data [Krilov et al., 1991; Asghari et al., 1995;
Nguyen and Civan, 2005; and Tran et al., 2009]. The in-situ experiments showed that
the amount of fines trapped rapidly decreased with core depth, which confirms
earlier measurements [Nguyen and Civan, 2005; Tran et al., 2010]; in addition,
mainly larger pores were filled with the fines, which was reflected in the shift of the
pore size distributions to smaller sizes, this confirms earlier suggestions in the
literature [Nguyen and Civan, 2005; Tran et al., 2010]. Furthermore, the high
resolution μCT images in combination with SEM imaging allowed us to investigate
the detailed mechanisms causing the above damage: the barite particles were first
trapped in thin pore throats apparently due to the interplay between mechanical and
intermolecular forces. Once the throats were plugged, adjacent pore bodies were
filled with the fines. Moreover, the barite particles were tightly packed – not loosely
as previously suggested [Krilov et al., 1991; Asghari et al., 1995; Nguyen and Civan,
2005; Civan, 2007; and Tran et al., 2009], which we hypothesize is due to strong
intermolecular forces between the barite particles. These conclusions enabled us to
outline a new formation damage model, which we hypothesize will hold for strongly
water-wet rock and strongly water-wet fines (and likely in an equivalent way for
strongly oil-wet rock and oil-wet fines).
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Abstract
The wetting characteristics of CO2 in rock are of vital importance in carbon geostorage as they determine fluid dynamics and storage capacities. However, the
current literature data has a high uncertainty, which translates into uncertain
predictions in terms of containment security and economic project feasibility. We
thus measured contact angles for the CO2/water/quartz system at relevant reservoir
conditions, and analysed the effects of pressure (0.1–20 MPa), temperature (296343K), surface roughness (56nm-1300nm), salt type (NaCl, CaCl2, and MgCl2) and
brine salinities (0–35 wt%).
Water contact angles decreased with surface roughness, but increased with pressure,
temperature, and brine salinity. Overall the contact angles were significantly
increased at storage conditions (∼50°) when compared to ambient conditions (always
0°). Consequently quartz is weakly water-wet (not completely water-wet) at storage
conditions, and structural and residual trapping capacities are reduced accordingly.
Keywords
carbon geo-sequestration, contact angle, quartz, surface roughness, brine salinities,
carbon dioxide, residual trapping, structural trapping
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1. Introduction
In recent years CO2 emission into the atmosphere has been recognized as a major
cause for climate change [1]; these emissions are predicted to increase due to
increased energy demand as global industrialization proceeds and generally the
standard of living is targeted to increase (coupled with the fact that society heavily
relies on fossil fuels, >80% [2]).
In this context, carbon geo storage (CGS) has been identified as a viable option to
reduce CO2 emissions [1,3]. CGS can be combined with hydrocarbon recovery
schemes to enhance oil and gas recovery [1-4]. Specifically, in CGS, CO2 is collected
from large point-source emitters, compressed and injected deep underground into
geological formations for storage [1]. The primary problem with CGS is that CO2 has
a lower density than formation brine and will flow upwards. However, four
mechanisms prevent the CO2 from leaking to the surface: a) structural trapping [5],
b) residual trapping [6], c) dissolution trapping [7] and d) mineral trapping [8].

List of
symbols
θ

contact angle

θa

advancing contact angles

θr

receding contact angles

θrough

contact angle measured on the rough surface

θsmooth

contact angle measured on the smooth surface

θarough

advancing contact angle measured on the rough surface

θrroughr

receding contact angle measured on the rough surface

θasmooth

advancing contact angle measured on the smooth surface

θrsmooth

receding contact angle measured on the smooth surface
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pressure
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temperature
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surface roughness
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salinity

r’

mean pore throat radius

h

CO2 column height

∆ρ

density difference

γ

interfacial tensions

g

gravity
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One parameter, which has received little attention, but has a dramatic impact on
structural and residual trapping, is the CO2-wettability of the rock [9]. Precisely, the
published data has a large uncertainty even with the simplest systems: for instance
water contact angles for CO2/quartz varied between 0-95°, the main reasons being
that receding and advancing angles were not distinguished and surface contamination
led to artificially high contact angles [10]. It is thus necessary to constrain this
parameter to a reasonable level to enable reliable reservoir flow predictions.
Consequently we measured the contact angle (θ) on a quartz surface at reservoir
conditions and analysed how pressure, temperature, surface roughness, brine salinity
and salt types influence θ. In this text we present our results and discuss them in
terms of the underlying reasons for the measured correlations and compare them with
reliable literature results.

2. Experimental methodology
Four alpha-quartz crystals (RMS surface roughnesses were 56nm, 210nm, 560nm,
and 1300 nm, respectively, Figure 1, measured with an Atomic Force Microscope,
instrument model AFM DSE 95-200) were cleaned for at least 45min in an air
plasma to remove surface contamination [11], following Iglauer et al.’s [10] and
Sarmadivaleh et al.’s [12] procedure. This cleaning process is a crucial step to avoid
significant systematic errors [10-14]. The cleaned samples were then placed inside a
pressure chamber (Figure 2) at set temperatures (296, 323 and 343K). Subsequently
CO2 was injected into the chamber with a high precision syringe pump (ISCO 500D;
pressure accuracy of 0.1% FS) and pressure was increased to a pre-set value (0.1, 5,
10, 15, 20 MPa). We note that the fluids were not thermodynamically equilibrated,
however, earlier studies demonstrated that θ is not influenced by equilibration
(contact angle decreased with time by 2o/hr for the CO2-water-quartz system [15]), if
the θ measurement is rapid (<1 min), cp. Sarmadivaleh et al. [12], Al-Yaseri et al.
[15]. In addition, un-equilibrated fluids are encountered at the leading edge of the
CO2 plume in the reservoir [16].
Once the target pressure had been reached, a droplet (average volume of a single
drop was ~6μL±1 μL) of de-gassed (vacuumed for more than 10 hours) water or
brine was dispensed onto the quartz surface through a needle (Figure 2). The tiltingplate technique was used for measuring the contact angle [17-19], because it
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simultaneously measures advancing and receding contact angles under identical
condition, which makes the comparison and analysis of the results more meaningful.
Furthermore, the tilting plate method provides statistically more reliable data when
compared with the sessile-drop technique [18]. For an experiment, the substrate was
placed on a metal platform housed in the pressure cell, so that an inclination angle of

α=12o resulted, cp. Figure 3. Under these conditions the droplet slowly moved from
the upper side of the substrate to the lower side driven by gravity.
The advancing water contact angle θa was measured at the advancing front of the
droplet just before the droplet started to move, and the receding water contact angle
θr was measured simultaneously at the trailing end of the droplet (Figure 3). The
radius of the water droplet at the quartz interface was (≈ 1.7mm±0.2mm), which is
smaller than the minimum capillary length (κ-1=2.23mm); this implies that gravity
had a negligible impact on θ [20,21].
Movies of the whole process were recorded with a high resolution video camera
(Basler scA 640–70 fm, pixel size = 7.4 μm; frame rate = 71 fps; Fujinon CCTV
lens: HF35HA-1B; 1:1.6/35 mm) and θa and θr were measured on images extracted
from the movies (measurement uncertainty is ±3° based on replicate measurements),
Figure 3. Finally, a range of brines with different salinities and salt (Table 1) types
was investigated (3wt%, 6wt%, 10wt%, 20wt% and 35wt% NaCl, CaCl2, and MgCl2
in deionized (DI) water), as salinity can vary widely in subsurface reservoirs [22].
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Figure 1. Atomic Force Microscopy images of the four quartz surfaces investigated;
different heights are coloured differently (black is 0nm, white the highest value and
ranges from 0.788μm for the smoothest surface (56nm RMS surface roughness) to
7.57μm for the roughest surface (1300nm RMS surface roughness).
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Figure 2. Schematic of the high temperature/high pressure contact angle
measurement apparatus.

0.75

CO

θ

brine

g�

θ

quartz

(a)

(b)

Figure 3. (a) Optical image ofwater drop on quartz surface in CO2 atmosphere with
θa and θr indicated; (b) schematic of contact angle measurement using a tilted
surface (redrawn from Extrand and Kumagi [19]).
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Table 1. Provenance and mass fraction purity of chemicals used in this study.
Chemical
name

Source of supply

State

Mass fraction purity

CO2

BOC, Australia

gas

≥0.999

quartz

Ward’s natural science,
Canada

solid

≥0.9998 [23]

NaCl

Scharlab s.l., Spain

powder

≥0.995

CaCl2

Scharlab s.l., Spain

powder

≥0.995

MgCl2

Scharlab s.l., Spain

powder

DI water
a

David Gray’s Deionized
water

liquid

≥0.995
a

Conductivity (0.02mS/cm)

The Conductivity of DI water was measured with Multiparameter (HI 9823) at 294K.

3. Results and discussion
3.1 Influence of pressure on contact angles
θ was measured at various pressures (0.1, 5, 10, 15, and 20MPa) and temperatures
(296, 323 and 343K) on one quartz surface (RMS surface roughness 560nm);
advancing and receding contact angles at ambient conditions (296 K and 0.1 MPa
CO2 pressure) were 0o as expected [10,24]. However, θa and θr both increased with
pressure, up to θa=34o and θr=13o at 20MPa and 296K (Figures 4 and 5).The
increase in θa and θr with increasing pressure was also observed for experiments
conducted at 323K and 343K (Figures 4 and 5), which is consistent with most of the
literature data [10,12,15,25-31], and molecular dynamics (MD) simulations [32-34].
Iglauer et al. [33] explained this behaviour by rapid increase in CO2 density with
pressure, which strengthens the intermolecular interactions between CO2 and quartz,
and thus leads to de-wetting of the surface.

3.2 Influence of temperature on contact angles
A clear increase in θa and θr was measured with increasing temperature. Specifically,
when temperature increased from 296K to 343K at 5MPa pressure, θa increased by
~9o and θr by ~9o. This effect was even more pronounced at higher pressures (20
MPa): θa increased by ~17o and θr by ~27o, Figure 4, 5. This behaviour is consistent
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with most literature results (Farokhpoor et al. [31] reported an increase of θa by ~12 o
when temperature increased from 309K to 339K at 10MPa pressure; Saraji et al. [30]
measured an increase in θa by ~15o when temperature increased from 318K to 333K
at 10MPa; and Sarmadivaleh et al. [12] observed an increase of θa by ~20o at 20MPa
when temperature increased from 296K to 343K); however, Saraji et al. [35]
measured a slight decrease in θa when increasing the temperature from 323K to 373K
at 27.57 MPa. The difference between these trends may be due to differences in salt
concentration, salt type or surface roughness. Furthermore, the molecular dynamics
(MD) simulations found that contact angles decrease with increasing temperature
[33]; the discrepancy between the MD predictions and the measurements are
probably due to the inadequate representation of the quartz surface chemistry (which
is complex [36]) in the MD model, e.g. surface silanol groups exist [37] and
significantly lower θ [34]; furthermore the silanol groups can dissociate, and this has

Advancing Contact angle / [°]

not been implemented into the MD models yet.
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Figure 4. Advancing water contact angles for CO2/DI water/quartz as a function of
pressure and temperature, RMS = 560nm.

115

Receding Contact angle / [°]

296K, DI water, receding

45
40
35
30
25
20
15
10
5
0

323K, DI water, receding
343K, DI water, receding

0

2

4

6

8

10

12

14

16

20

18

pressure / [MPa]

Figure 5. Receding water contact angles for CO2/DI water/quartz as a function of
pressure and temperature, RMS = 560nm.

3.3. Influence of salinity on contact angles
The effect of salinity on contact angle was investigated at 10MPa using the substrate
with a 560nm RMS surface roughness at two different temperatures (323K and
343K). Salinity was varied over a large range: from 0 wt% to 35wt%, and several
salts were tested (NaCl, CaCl2, and MgCl2), cp. Figures 6, 7.
θa increased by 14o and θr by 12° when salinity was increased from 0 to 35wt% NaCl
at 323K, Figure 6. In case of divalent cations (i.e. Ca2+, Mg2+), θa and θr increased
further (in total: θa by 19° and θr by 16° for CaCl2; θa by 24° and θr by 22° for
MgCl2). This salinity effect was enhanced when the temperature rose from 323K to
343K, Figure 7 (θa increased by 26° and θr increased by 23° for NaCl; θa increased
by 28° and θr increased by 28° for CaCl2; and θa increased by 30° and θr increased by
27° for MgCl2).Thus the increase in θ was more pronounced for divalent cations, and
was strongest for Mg2+.
In summary, saline brine resulted in higher contact angles when compared to DIwater, consistent with literature data [14,26,29,31,35,38-40]. The increase in θ
changed with salt type and followed the ranking MgCl2 > CaCl2 > NaCl. We explain
this effect as follows: the cations of the dissolved salt shield the electrical surface
charge of quartz (the point of zero charge for quartz in water is pH = 3 [41,42]) thus
reducing the effective (negative) surface charge. Consequently, the surface is less
polar, which reduces the quartz-water attraction and de-wets the surface (= higher θ).
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The ranking Mg2+ > Ca2+ > Na+ in terms of the dewetting potential of quartz is
probably due to the differences in cation charge-to-volume ratio, which is highest for
Mg2+ and leads to more effective shielding [43], Table 2. These results are well
supported by Kaya et al.’s [44] and Saraji et al.’s [45] studies where zeta potentials
were measured for quartz. They reported that the zeta potential increased (from high
negative to low negative values) when increasing the salt concentration or ion
valency [45]. In an analogue way, higher electrolyte concentrations also lead to more
effective shielding and stronger de-wetting.

Table 2. Cations charge-to-volume ratios.
cation

ionic radiusa

ionic volumeb

charge-to-volume
ratio

[pm]

3

[pm ]

[C/pm3]

Mg2+

66

1204260

1.66 E-6

Ca2+

99

4063612

4.92 E-7

Na+

97

3822274

2.61 E-7

a,b

calculated by Holleman et al. [46],( a,b=

𝟒𝟒
𝟑𝟑

𝛑𝛑𝐫𝐫 𝟑𝟑)
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Figure 6. Effects of brine salinity (NaCl, CaCl2, and MgCl2) on advancing and
receding contact angles at 323K, 10MPa, and 560nm surface roughness.
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Figure 7. Effects of brine salinity (NaCl, CaCl2, and MgCl2) on advancing and
receding contact angles at 343K, 10MPa, and 560nm surface roughness.
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3.4 Influence of surface roughness on contact angles
The influence of surface roughness on CO2–water advancing and receding contact
angles was measured for one pressure (10MPa) and two different temperatures
(296K and 323K) on four substrates with four different surface roughnesses (56nm,
210nm, 560nm, and 1300nm).
θa decreased by 6.5o and θr by 2° when surface roughness was increased from 56nm
to 1300nm at 296K and 10MPa, Figure 8, consistent with literature data [40]. This
effect was even more pronounced at higher temperature (323K): θa decreased by
~14o and θr by ~14o.
The effect of surface roughness on θ is known for a long time, and Wenzel [47]
proposed equation (1) in 1936 to quantify the effect:

cos θrough = r cos θsmooth

(1)

where θrough is the contact angle measured on the rough surface (“apparent contact
angle”), and θsmooth is the conceptual contact angle on an imaginary ideal (= 100%
mathematically flat) surface. r is the roughness ratio between the actual (measured)
and projected (ideal) solid surface area; r is thus equal to one for an ideal surface, but
greater than one for rough surfaces. In this work r was measured; Table 3; using an
AFM-DSE 95-200 atomic force microscope: the actual length of the profile line (La)
was divided by the projected length of the profile line (Li) to obtain r, Figure 9. This
was repeated twelve times for different profile lines and the arithmetic average for r
was computed. The values obtained are consistent with roughness ratio data reported
for glass [47]. Specifically surface roughness ratios between 1.002 and 1.04 were
measured, with standard deviations ±0.0017, 0.0021, 0.007, and 0.0007 respectively.
The contact angle on a smooth (ideal) surface θsmooth – this angle is also called
Young’s contact angle – is thus larger than the contact angle measured on a rough
surface, θrough. Marmur [48] and Swain et al. [49] suggest that this effect is caused by
liquid penetrating into the roughness grooves, cp. Figure 10. Moreover, Marmur [48]
observed that if the droplet is larger than the roughness scale by two to three orders
of magnitude, the Wenzel equation applies.
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We computed θsmooth with the Wenzel equation (1) and found that slightly higher
contact angles are predicted for an ideal surface, similar to those expected from

Contact angle / [o]

linear extrapolation (cp. Figure 8 and Tables 3-7).
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Figure 8. Effect of quartz’ surface roughness (56nm, 210nm, 560nm, 1300nm) on
advancing and receding DI water contact angles at different temperatures (296K,
343K) and pressure of 10MPa.
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Table 3. θa and θr water contact angles on rough and smooth (ideal) surfaces at
10MPa for DI water (not saturated with CO2).a
RMS

T

[nm]

[K]

θarough

θrrough

[o ]

[o ]

θasmoothb

θrsmoothb

[-]

[o ]

[o ]

r

56

296

21.5

12

1.002

21.7

12.5

210

296

19.5

11

1.005

20.2

12.3

560

296

17.5

10.5

1.03

22.1

17.3

1300

296

15

10

1.04

21.7

18.7

56

323

40

36

1.002

40.1

36.1

210

323

38

34

1.005

38.3

34.4

560

323

33

26

1.03

35.4

29.2

1300

323

26

22

1.04

30.2

26.9

a
b

o

Standard uncertainties u are u(T)=1K, u(r)=0.0028, u(θ) = 3 , u(p) =0.02MPa.
Predicted with the Wenzel equation.

Table 4. θa and θr brine (not saturated with CO2) contact angles on the substrate
having a roughness ratio of 1.03 at 10MPa for NaCl brine.a
s

T

[ K]

θarough

θrrough

θasmoothb

θsmoothb

[°]

[°]

[°]

[°]

[wt%]

a

b

3

323

34

29

36.4

31.9

6

323

36

30

38.2

32.8

10

323

38

31

40.1

33.7

20

323

42

34

43.8

36.4

35

323

44

36

45.7

38.2

3

343

44

30

45.7

32.8

6

343

46

34

47.6

36.4

10

343

48

40

49.5

42.0

20

343

52

45

53.3

46.6

35

343

56

47

57.1

48.5

Standard uncertainties u are u(s) =0.001g, u(θ) = 3o, u(T)=1K, u(p) =0.02MPa, u(r)=0.0028.

predicted by the Wenzel equation.
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Table 5. θa and θr brine (not saturated with CO2) contact angles on the substrate
having a roughness ratio of 1.03 at 10MPa for CaCl2 brine.a
s

T

[ K]

θarough

θrrough

[°]

[°]

θasmoothb
[°]

θrsmoothb
[°]

[wt%]
3

323

35

27

37.3

30.1

6

323

37

29

39.2

31.9

10

323

43

34

44.8

36.4

20

323

47

36

48.5

38.2

35

323

49

40

50.4

42.0

3

343

45

32

46.6

34.6

6

343

49

36

50.4

38.2

10

343

50

43

51.4

44.8

20

343

54

46

55.2

47.6

35

343

58

48

59.0

49.5

a

Standard uncertainties u are u(s) =0.001g, u(θ) = 3o, u(T)=1K, u(p) =0.02MPa, u(r)=0.0028.

b

predicted by the Wenzel equation.

Table 6. θa and θr brine (not saturated with CO2) contact angles on the substrate
having a roughness ratio of 1.03 at 10MPa for MgCl2 brine.a
s

T

[ K]

θarough
[°]

θrrough

θasmoothb

[°]

[°]

θrsmoothb
[°]

[wt%]

a

3

323

36

29

38.2

31.9

6

323

39

32

41.0

34.6

10

323

45

38

46.6

40.1

20

323

50

44

51.4

45.7

35

323

54

46

55.2

47.6

3

343

47

34

48.5

36.4

6

343

50

41

51.4

42.9

10

343

52

46

53.3

47.6

20

343

56

48

57.1

49.5

35

343

60

51

61.0

52.3

Standard uncertainties u are u(s) =0.001g, u(θ) = 3o, u(T)=1K, u(p) =0.02MPa, u(r)=0.0028.

b

predicted by the Wenzel equation.
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Table 7. θa and θr water contact angles for the substrate having a roughness ratio of
1.03 for DI water (not saturated with CO2).a
p

[MPa]

a

b

θarough

T

[ K]

θrrough

θasmoothb

θrsmoothb

[°]

[°]

[°]

[°]

5

296

13

9.5

18.9

16.8

10

296

17.5

11

22.2

17.6

15

296

25

12

28.4

18.3

20

296

34

13

36.4

18.9

5

323

19

12.5

23.4

18.6

10

323

30

24

32.8

27.5

15

323

37

27

39.2

30.1

20

323

40

33

42.0

35.5

5

343

22

18.5

25.8

23.0

10

343

42

29

43.8

31.9

15

343

45

37

46.6

39.2

20

343

51

40

52.3

42.0

Standard uncertainties u are u(θ) = 3o, u(P)=0.02MPa, u(T)=1K, u(r)=0.0028.

predicted by the Wenzel equation.
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Figure 9. (a) Atomic Force Microscopy image of the 56nm quartz surface, (b)
profile line for the blue dotted line shown in (a). Li is the length of the image (63μm;
→ projected length of the profile line), and La is the actual length of the z profile line
plotted against substrate length.
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Theoretically the Wenzel equation should eliminate the roughness effect, and we
expect that θsmooth,advancing is identical for each temperature, pressure and salinity
condition. This was indeed the case at 296K (and 10 MPa, DI water, Table 3), where
a θsmooth of ∼21° is predicted, but the variation at 323K was large (30°-40° are
predicted). The range predicted for θsmooth,receding is also relatively large (12.5°-19° at
296K; and 27°-36° at 323K). Similar trends were observed for the other systems
investigated (Tables 4-7). The Wenzel equation thus does not completely remove the
surface roughness effect, although other factors, which were not investigated, may
play a role (e.g. high line tension, energy dissipation, surface shape,
adsorption/desorption, etc., cp. Butt et al. [50]), leading to the still existing but
reduced uncertainty.

θrough

θsmoot

Figure 10. Definition of contact angles: θsmooth is the Young’s contact angle – the
contact angle on an ideal surface, and θrough is the apparent or measured contact angle
on the rough surface (redrawn from Marmur [48]).

4. Implications of measured data
We predict that a in a typical formation at ∼1000m depth a maximum CO2 column
height h of ∼952m can be permanently stored beneath a caprock (using a capillary
force-buoyancy force balance, equation (2), [52], and θr =30o, 6wt%NaCl, 10MPa,
323K, ∆ρ=686 kg/m3, and γ = 37 mN/m from [53], r’ = 0.015µm, from [54]; r’ is
the mean pore throat radius of shale). This height reduces to ∼630m in hotter, more
saline reservoirs (θr= 51o, 35wt% MgCl2, 10MPa, 343K, ∆ρ =897 kg/m3 and γ =44
mN/m from [53], r’ =0.01µm, from [54]).

ℎ=

2𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾
∆𝜌𝜌𝜌𝜌𝑟𝑟 ′

(2)
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5. Conclusions
The wettability of quartz with respect to CO2 and water is of vital importance in CO2
geo-storage as it strongly affects residual and structural trapping. Despite its
importance, there is large uncertainty associated with the published data [10]. We
thus report experimental brine-CO2 advancing and receding contact angles on quartz
surfaces; specifically, the impact of pressure, salinity, salt type, surface roughness
and temperature conditions was studied.
A higher surface roughness resulted in lower advancing and receding contact angles,
consistent with literature data [40]. θa and θr increased as pressure increased, which is
consistent with most literature data [10,12,15,25-31]; furthermore, θ increased with
increasing temperature, consistent with Saraji et al. [30], Farokhpoor et al. [31], and
Sarmadivaleh et al. [12], but inconsistent with Saraji et al. [35] and molecular
dynamics predictions [33]. This effect thus needs to be further analysed. Increasing
salinity also significantly increased θ, consistent with literature data [26,2829,31,35,38-40], while different salts resulted in different θ changes. We observed
the ranking Mg+2 > Ca+2 > Na+ in terms of dewetting potential, and we explain this
effect by cation shielding of the electrical surface charge of quartz [43].
We conclude that quartz is weakly water-wet at typical storage conditions (high
pressure, high salinity, elevated temperature). A significant increase in θ up to ∼50°
was measured at storage conditions (when compared to ambient conditions [10,24]).
Residual and structural trapping are therefore expected to work, however, storage
capacities are reduced accordingly [9,33,55].
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Key points
Caprocks are intermediate-wet or weakly water-wet at typical storage conditions
CO2-wettability increases with pressure and thus depth
Structural storage capacities are significantly lower than previously predicted

Abstract
Structural trapping, the most important CO2 geo-storage mechanism during the first
decades of a sequestration project [IPCC, 2005], hinges on the traditional assumption
that the caprock is strongly water-wet [e.g. Hesse et al., 2008]. However, this
assumption has not yet been verified; and it is indeed not generally true as we
demonstrate here. Instead, caprock can be weakly water-wet or intermediate-wet at
typical storage conditions; and water-wettability decreases with increasing pressure
or temperature. Consequently, a lower storage capacity can be inferred for structural
trapping in such cases.
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1. Introduction
Carbon Geo-Sequestration (CGS) has been identified as a feasible technology to
reduce anthropogenic CO2 emissions and thus mitigate global warming [Lackner,
2003; IPCC, 2005; Orr, 2009]. In CGS, CO2 is captured from large point-source
emitters (e.g. coal-fired power stations), purified, compressed and injected deep into
the subsurface for storage. However, the CO2 is buoyant as it has a lower density
than the resident formation brine and thus flows upwards. The primary sequestration
mechanism during the first few decades of a storage project is structural trapping,
where a caprock acts as a seal barrier to the CO2 flow [Armitage et al. 2013;
Wollenweber et al., 2010]. Caprock has a low permeability and associated with that
small pores. Because of the small pore sizes (cp. equation 2 below) it is typically
assumed that high capillary forces are created which prevent the CO2 from entering
the caprock [e.g. Hesse et al., 2008]. However, a growing body of research papers
suggests that pure minerals are not completely water-wet [Chiquet et al., 2007;
Broseta et al., 2012; Farokhpoor et al., 2013; Saraji et al., 2013; Iglauer et al., 2014;
Sarmadivaleh et al., 2015; Al-Yaseri et al., 2015], and thus the capillary entry
pressure for CO2 can be dramatically reduced (and consequently also the structural
trapping capacity).
However, despite these efforts, there is a serious lack of information in terms of real
natural caprock, which is nevertheless most important. We thus tested several
selected real caprock samples from a proposed storage site, and we demonstrate that
the structural trapping capacity is significantly reduced at (high pressure) storage
conditions.

2. Experimental Procedure
2.1 Caprock samples
In order to constrain the uncertainty associated with structural trapping capacity
predictions to an acceptable level, we selected 8 caprock samples (Table 1) to
experimentally evaluate their CO2-wettability. These samples were retrieved from a
proposed CO2 storage site in New South Wales/Australia, and thoroughly
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characterized (quantitative x-ray diffraction [XRD], total organic content [TOC],
scanning electron microscopy-energy dispersive x-ray spectroscopy [SEM-EDS],
thin

section

petrology,

surface

roughness,

and

mercury

[Hg]

intrusion

measurements). Most samples consisted mainly of quartz (∼50-60wt%), substantial
amounts of clay (∼20wt% illite and chlorite), significant amounts of feldspar and a
few other minerals in low to medium concentrations, Table 1. An exception was
sample 5, which had a high calcite content (47wt%) and sample 3, which contained
high amounts of illite (33wt%). TOC ranged between 510-4400 mg/kg, typical for a
deep saline aquifer. The SEM images show that clay (illite, illite-smectite, smectite
or kaolinite) filled the pore space and thus covered the surface of the grains. This
observation is consistent with the EDS analysis, which mainly detected clay. Thin
sections were analysed for each sample at 40x and 100x magnification (Figure 1),
and these results reflected the XRD and SEM-EDS measurements: the samples
consisted mainly of quartz grains of varying size and angularity, with significant
amounts of clays present. Several samples also contained calcite and dolomite
intergranular cements. Quartz overgrowth and intergranular clay formation were the
dominant diagenetic features.

133

Table 1. Geological and chemical properties of caprock samples tested
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Figure 1. Selected thin section (clay = C and Q = quartz) image of caprock sample 6,
100x magnification.

2.2 Experimental tests
For the CO2-wettability experiments, cuboid samples were cut with a high speed
diamond blade (to ∼ 0.5cm x 1cm x 1cm) and each sample was exposed to air plasma
for 5min to remove surface contaminants (note that this cleaning step is vital as
otherwise the measurements are highly biased; contaminants are essentially all
organic molecules present in the laboratory air; although their concentrations are low
they can significantly change the contact angles [Love et al., 2005; Iglauer et al.,
2014]). Importantly, the caprocks contained large amounts (when compared to
molecular layers on a crystal surface) of organic material (TOC ranged from 5104400mg/kg, see above). During plasma cleaning, however, only the uppermost
molecular layers of material are removed (Alam et al. 2014). As the caprock
contained much more of the organic molecules, these naturally occurring organics
were effectively not removed, and significantly higher contact angles (intermediate
wetting) then for pure quartz crystals were measured, see below – thus the natural
organic molecules in the caprock were preserved in the best possible way.
Subsequently the advancing (θa) and receding (θr) water contact angles were
measured using the tilted plate method [Lander et al., 1993] at storage conditions
135

(15 MPa, 323K, [20wt% NaCl + 1wt% KCl = 4.15M ionic strength] brine). Note that
prior to the measurements the surface topography of each sample was measured with
an atomic force microscope (AFM, instrument model DSE 95-200), and the surface
roughness was quantified as it can significantly influence θ and typically induces a
difference between advancing and receding θ [Marmur, 2006] (Figure 2). The
receding water contact angle θr corresponds to CO2 entering the caprock and
displacing brine and is thus most relevant to structural trapping capacity estimates
(see equation 2 below). Root mean square (RMS) surface roughness ranged from
1100-1700nm, which is fairly rough when compared to pure mineral substrates, with
the exception of sample 1, which was very smooth (28nm), similar to a geological
single crystal mineral surface [Sarmadivaleh et al., 2015]. The standard deviation of
the measurements was determined as ±3° based on replicate measurements.

3. Results and Discussion
3.1. Contact Angles
All contact angles measured were quite similar, ∼50°, except sample 5 had a higher
contact angle (∼70°). The hysteresis between θa and θr was small and insignificant
despite significant surface roughness. We subsequently measured θ as a function of
pressure at 343K for samples 3 and 7, Figure 3, as pressure and temperature are
expected to vary with storage depth [Dake, 1978]. Both caprock samples showed a
similar CO2-wettability behaviour: θ increased dramatically with pressure and
reached ∼70° at 20 MPa. Such a trend has also been observed for clean silica
surfaces [Chiquet et al., 2007; Jung and Wan, 2012; Saraji et al., 2013; Iglauer et
al., 2014; Sarmadivaleh et al., 2015] and oil-wet surfaces [Chi et al., 1988; Dickson
et al., 2006; Li et al., 2007; Yang et al., 2008]. Theoretical molecular dynamics
predictions associate this effect with stronger CO2-rock intermolecular interactions
(which rise with pressure, [Iglauer et al., 2012a]). An increase in temperature by 20K
(from 323K to 343K) increased θ by ∼15°, a significant increase. Although this is
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consistent with what has been observed on quartz by some researchers [Saraji et al.,
2013; Sarmadivaleh et al., 2015], it is inconsistent with Wang et al.’s, [2013] and
Farokhpoor et al.’s, [2013] measurements where no temperature influence was
observed, and with Iglauer et al.’s, [2012] molecular dynamics predictions (note that
in the molecular dynamics work fully coordinated surfaces were investigated which
are not fully representative of subsurface conditions). θ was significantly higher on
the caprocks than on clean quartz [e.g. compare Chiquet et al., 2007; Farokhpoor et
al., 2013; Saraji et al., 2013; Iglauer et al., 2014; Sarmadivaleh et al., 2015] or
calcite [Farokhpoor et al., 2013], consistent with micro-computed tomography
measurements (Chaudhary et al., 2015); this is probably due to the presence of
organic material in the caprock. This conclusion is based on the fact that high water
contact angles were measured on oil-wet susbtrates (e.g. Dickson et al., 2006, Li et
al., 2007, Espinoza and Santamarina, 2010); compare the summary provided by
Iglauer et al. (2015). Hysteresis was small for sample 7, while a ∼10° lower θr was
measured for sample 3, which is probably due to its higher chemical heterogeneity as
surface roughness of both samples were similar (1100nm versus 1300nm). The
samples were thus weakly water-wet or intermediate-wet. This implies significantly
lower structural trapping capacities [Iglauer et al., 2015].
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(a)

(b)

CO2
θr
θa
0.75

Shale

Figure 2. (a) Surface topography (measured with AFM, RMS surface roughness =
1100 nm, sample 7) and (b) brine drop on caprock sample with advancing (θa) and
receding (θr) contact angles indicated.

Figure 3. Advancing and receding water contact angles on caprock samples 3 and 7
as a function of pressure (measured at 343 K in (20 wt %NaCl + 1 wt % KCl) brine).
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3.2 CO2 drainage behaviour
CO2 drainage curves (Figure 4) - which characterise how CO2 displaces brine from
the caprock - were obtained by scaling mercury intrusion data; equation 1:

𝑃𝑃(𝐶𝐶𝑂𝑂2 ) =

𝑃𝑃(𝐻𝐻𝐻𝐻)𝛾𝛾(𝐶𝐶𝐶𝐶2)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝐶𝐶𝐶𝐶2)
𝛾𝛾(𝐻𝐻𝐻𝐻)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝐻𝐻𝐻𝐻)

(1),

where P(CO2) is the CO2 (drainage or capillary) pressure, P(Hg) is the mercury
intrusion pressure, γ(CO2) is the CO2-brine interfacial tension (40 mN/m, taken from
[Li et al., 2012]), γ(Hg) is the mercury-air interfacial tension (480 mN/m), cosθ(CO2)
is the CO2-brine-rock contact angle (measured here, cp. Figure 3) and cosθ(Hg) is the
mercury-air-rock contact angle (140°, [Tiab and Donaldson, 2004]).

From these capillary pressure curves the threshold pressures (pt) – which correspond
to the percolation threshold [Thompson et al., 1987] – can be extracted. The
threshold pressures extracted for the tested caprock samples varied substantially,
between 0.2-3.6 MPa (Table 1), which is a significant variation, and which implies
that a broad range of storage capacities can be expected (cp. equation 2 and Table 1).
Please note that these are approximate estimates, as the extracted values depend on
the method used to determine the threshold pressure (we used the method proposed
by Boult et al. [1997], where a tangent through the drainage curve plateau is
extrapolated to the pressure axis).
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Figure 4. Supercritical CO2Primary Drainage Capillary Pressure Curves for the
Caprock Samples Tested.

4. Conclusions and Implications
There is a serious lack of information regarding the CO2-wettability of caprock
despite its vital role for structural trapping capacity and containment security
predictions. We thus measured CO2-wettability of 8 real natural caprock samples
extracted from a proposed storage site in NSW in Australia. Our results demonstrate
that the traditional assumption that a caprock for a brine-CO2 system is completely
water-wet may not be true; instead, at reservoir conditions, the wettability of a
caprock can reach up to 70°, implying a dramatically reduced sealing efficiency.
Using the threshold pressures, equation 2 below (Dake, 1978; capillary forcebuoyancy force equilibrium) and assuming ∆ρ = 350 kg/m3 as a typical value for the
fluid density difference [Iglauer et al., 2015], we were able to predict maximum CO2
column heights, which varied substantially, between ∼70-1000m. This implies that
structural trapping is a feasible storage mechanism.

𝒉𝒉 =

𝒑𝒑𝒕𝒕

∆𝝆𝝆𝝆𝝆

=

𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐
∆𝝆𝝆𝝆𝝆𝝆𝝆

(2),
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where h is the CO2 column height which can be permanently immobilized beneath a
caprock, pt is the threshold pressure of the caprock, γ is the CO2-brine interfacial
tension, θ is the brine-CO2-rock contact angle, ∆ρ is the CO2-brine density
difference, g is the gravitational constant, and r is the average pore throat radius of
the caprock material. While equation 2 assumes a fully connected CO2 ganglion
spanning the length h as per Archimedes’ principle, such connection, however, is
difficult if not impossible to observe at the scale of tens to hundreds of meters. Hence
we must base our prediction on the experimental data and the best theory available.
In this context such large CO2 clusters – which span essentially over the whole
observed volume – have been measured with x-ray micro-computed tomography
(e.g. Iglauer et al., 2011, Andrews et al., 2013; note: “large” here means several
millimetres as this is the limit for micro-tomography). Invasion percolation theory
then predicts a) a cluster size distribution, which follows a power law (as confirmed
by many experiments: Iglauer et al., 2010,2011,2012b,2013,2014b; Georgiadis et
al., 2013; Andrews et al., 2014; Geistlinger and Mohammadian, 2015, etc.), which
means that there are many small ganglia, and only very few large ganglia. But: 1.
The large ganglia contribute most to the saturation, and 2. There are very large
ganglia (although only very few of them) spanning through the whole volume, even
if this volume is very large, and even for residual CO2 clusters; and b) that the
maximum CO2 cluster volume Smax (= largest ganglion size) scales as:
𝑆𝑆𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑆𝑆𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑛𝑛𝐷𝐷

(equation 3),

where Spores is the volume of a typical pore, n is the number of pores across the
sample, and D is the fractal dimension (normally = 2.5), Wilkinson and Willemsen
(1983), Dias and Wilkinson (1986), Iglauer et al. (2010).

In summary, importantly, structural trapping capacities are significantly reduced
(when compared to completely water-wet caprock) by a factor of cosθ = cos(50°) ≈
0.64 at ∼1500m storage depth or cos(70°) ≈ 0.34 at ∼2000m storage depth. These
data need to be incorporated into reservoir simulators in order to obtain reliable
predictions and to guarantee containment security.
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Key Points:
•

Quartz wettability correlates with gas density

•

Water wettability decreases with increasing gas density

•

Wettability varies strongly with gas density (but not with gas type)

Abstract

Wettability is one of the most important parameters in multi-phase flow through
porous rocks. However, experimental measurements or theoretical predictions are
difficult and open to large uncertainty. In this work we demonstrate that gas densities
(which are much simpler to determine than wettability and typically well known)
correlate remarkably well with wettability. This insight can significantly improve
wettability predictions and thus de-risk subsurface operations (e.g. CO2 geo-storage
or hydrocarbon recovery), and significantly enhance fundamental understanding of
natural geological processes.
Keywords
Contact angle, CO2 geo-sequestration, Structural trapping, Storage capacity,
Wettability, Multi-phase flow
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1. Introduction

Carbon geo-storage (CGS) has recently been explored as a technology to reduce
anthropogenic greenhouse gas emissions and thus mitigate climate change [IPCC
2005; Orr 2009; Lackner 2013]. CGS containment security and storage efficiency
rely on several storage mechanisms of which structural and residual trapping are the
most important ones during the first several decades of a storage project [IPCC 2005,
Orr 2009]. Both mechanisms depend on strong capillary forces, which are present in
the pore network of the rock. The capillary forces counter balance the buoyancy
forces exerted by the (lower density) CO2, and they are determined by the contact
angle (θ) between the rock, water and gas in the pore space as well as pore geometry
[Iglauer et al., 2015a]. Specifically, small water contact angles (<50°) lead to good
structural [Iglauer et al., 2015b] and residual trapping capacities [Pentland et al.,
2011; Iglauer 2011; Andrew et al., 2013], while high contact angles (>90°)
dramatically reduce structural [Iglauer et al., 2015a,b] and residual trapping
capacities [Chaudhary et al., 2013; Rahman et al., 2016]. However, there is a large
uncertainty associated with such contact angle data reported in the literature
[Mahadevan 2012; Bikkina 2012; Iglauer et al., 2014; Palamara et al., 2015] and
such experiments are generally expensive and difficult to perform. Theoretical
predictions – based on molecular dynamics computations – are also laden with
uncertainty and the difficulty to mimic the solid surface in a representative way [Liu
et al., 2010; Iglauer et al., 2012; McCaughan et al., 2013; Javanbakht et al., 2015;
Chen et al., 2015]. It is therefore highly desirable to well constrain θ to make reliable
reservoir flow predictions, and related economic and safety risk assessments.
In this context, we demonstrate that the density of gas (ρg) in a brine/gas/quartz
system correlates remarkably well with θ, and therefore ρg can be used to
significantly simplify θ predictions. Implementation of such correlations in reservoir
simulators will significantly improve CGS planning and de-risk projects.
2. Experimental Methodology

An alpha-quartz crystal was selected as it is the most common constituent mineral
found in mudrocks and sandstone storage rocks [Blatt and Schultz 1976; Hawkes et
al., 2005; Chiquet et al., 2007; Qi et al., 2009; Linstrom et al., 2011; Grate et al.,
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2012; Wang et al., 2012; Broseta et al., 2012; Al-Yaseri et al., 2015; Sarmadivaleh
et al., 2015; Gallé 2000; Iglauer et al., 2015a,b; Al-Yaseri et al., 2016]. The smooth
sample (Root-Mean-Square surface roughness was 56nm [Al-Yaseri et al., 2016])
was cleaned with acetone, and then exposed to air plasma for a period of 15 minutes
to remove surface contaminants prior to each test [Love et al., 2005, Mahadevan
2012; Bikkina 2012; Iglauer et al., 2014]. Subsequently the substrate was placed in a
high pressure cell and flooded with gas for a minimum period of 10 minutes. The gas
pressure in the cell was then incrementally increased to pre-set values of (0.1, 5, 10,
15, 20 MPa) using a high precision syringe pump (ISCO pump model 500D), while
the temperature was kept constant (343K). A droplet of brine (20wt% NaCl + 1wt%
KCl in deionized water; de-gassed under vacuum for a period of 10 hours) was then
dispensed onto the tilted substrate, so that advancing and receding water contact
angles could be measured [Lander et al., 1993], with a high performance video
camera. Each experiment was repeated thrice, and therefore the average values of
contact angle with associated error-bars are shown in the results. The density of the
different gases (note: some of the components are supercritical at certain conditions,
e.g. CO2 above 304.8K and 7.39MPa, but for simplicity we call all volatile phases
“gas” here; the purity of all gases used was ̴ 99.9mol%) at different pressures was
calculated using the real gas low (PV=ZnRT)

[Linstrom and Mallard 2011].

Considering the fact that only quartz was tested (in presence of water), we limit our
discussion to this material only; however, we hypothesize that similar trends could
hold for other geological materials, this is further discussed below.

3. Results and Discussion

As abovementioned the contact angle is a key parameter required to predict
subsurface flow processes [e.g. Oren et al., 1998; Blunt 2001; Valvatne et al., 2004].
The difficulty however lies in acquiring accurate data, and we present here a much
simpler way to determine θ, namely through a correlation with the density of the gas
phase. The contact angle of liquid ( θ l ) can be related to the gas-solid ( g gs ), gasliquid ( g gl ) and liquid-solid ( γ ls ) interfacial tensions by Young’s equation (Young
1805):
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cos θ l =

(g gs − g ls )

(1)

g gl

With the use of the sharp-kink approximation [Dietrich and Napiorkowski 1991;
Merath 2008] and Young’s equation (Eq. 1), the following macroscopic equation can
be obtained [Garcia et al., 2009; Gatica et al., 2004; Cheng et al., 1991]:

cos θl =

I
∆ρ − 1
g lg

(2)

∞

Where I = − ∫ V ( z )dz , is the van der Waals potential integral (I) [Garcia et al.,
zmin

2009; Gatica et al., 2004], and ∆ρ = ρ g − ρlf ( ρ g is the gas density and ρlf is a
function of the liquid and gas densities for a specific substrate), [Merath 2008]. Rearranging equation 2 therefore yields:

I
I
− ρg + ( ρlf − 1)
cosθl =
g lg
g lg

(3)

Detailed discussion of equation 3 and how it has been derived is given in the
supplementary information. In order to use equation 3, the measured advancingreceding water contact angles (Figure 1) were combined to obtain the Young’s
contact angle [Chibowski and Terpilowski, 2008; Tadmor, 2004]:

 r cos θ A + rR cos θ R 
θl = arccos  A

rA + rR



(4)

With
1/3



sin 3 θ A
rA = 

3
 2 − 3cos θ A + cos θ A 

1/3



sin 3 θ R
and rR = 

3
 2 − 3cos θ R + cos θ R 

The measured advancing (θa) and receding (θr) water contact angles increased with
pressure, but to different degrees based on the gas type (Figure 1), consistent with
literature data [Chiquet et al., 2007; Espinoza et al., 2010; Jung and Wang 2012;
Saraji et al., 2013; Iglauer et al., 2014, 2015b; Al-Yaseri et al., 2016; Sarmadivaleh
et al., 2015],. The physico-chemical reason for this increase is the strengthening of
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gas-quartz intermolecular interactions, which increase with increasing pressure
[Iglauer et al., 2012]. Note that the associated Wenzel contact angles were computed
and used in Figure 1 to filter out the effect of surface roughness (Al-Yaseri et al.
2016 noticed that the effect of surface roughness is only minor).
The measurement (or estimation) of the van der Waals forces (term I in equation 3) is
a significant challenge and typically requires substantial effort [Cheng et al., 1991;
Gatica et al., 2004; Garcia et al., 2009] and therefore we propose to use the concept
presented in equation 3 and plot cos θ w vs ρ g for the measured water-gas-quartz
contact angles (Figure 2); note that the density of different gases are readily available
in the literature (e.g. Georgiadis et al. 2010; Linstrom and Mallard 2011).
Remarkably, there is a linear relationship (equation 5, R2 ≈ 0.98) between cos θ w and

ρ g for a wide range of gases. This implies that the contact angle for such a system
can be comfortably related to ρ g :

cos θ w =
(−0.0012) ρ g +0.99
Where the slope of the line represents −

(5)

I

g lg

(which remarkably stays constant with

changes in pressure or gas type) and the intersection represents (

I

g lg

ρlf − 1) . It is

however important to point out that this correlation holds only for quartz, a specific
salinity (20wt% NaCl + 1wt% KCl = 4.48M ionic strength) and temperature (343K)
as θ is also a function of salinity, temperature and the substrate itself [e.g. Arif et al.
2016; Chiquet et al., 2007; Broseta et al., 2012; Al-Yaseri et al., 2016; Sarmadivaleh
et al., 2015; cp. Iglauer et al. 2015a]. Nevertheless this correlation can be extended
to other salinity and temperature conditions, e.g. lower temperature as presented in
Fig. 3.
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Figure 1. (top) Advancing and (bottom) receding water contact angles for SF6, CO2,
N2, Ar, and He/brine/quartz as a function of pressure at constant temperature (343 K
and salinity, 4.48M ionic strength).
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Figure 2. Cosine of the equilibrium water contact angles for SF6,CO2,N2, Ar, and
He/brine/quartz as a function of gas density at constant temperature (343 K) and
salinity (4.48M ionic strength). The blue line is the fitted equation (5) (R2= 0.98).

Figure 3. Cosine of the equilibrium water contact angles for SF6,CO2,N2, Ar, and
He/brine/quartz as a function ofgas density at constant temperature (308 K) and
salinity (4.48M ionic strength). The blue line is the fitted equation (cosθ= (0.0006)ρg + 0.99, R2= 0.96).
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4. Conclusions and Implications

We have shown that gas densities can be used to predict water contact angles on
quartz for a specific temperature and brine composition, and thus rock wettability.
Effectively the impact of pressure and gas type can be correlated by gas density,
which represents a remarkable simplification of a complex phenomenon. Thus these
findings enable a much more rapid and simplified determination of θ and associated
with that more reliable pore-scale [Valvatne et al., 2004] and reservoir scale [Qi et
al., 2009; Iglauer et al., 2015a] predictions as gas densities can be swiftly and
reliably calculated [Linstrom and Mallard 2011]. One word of caution is required;
however, for each temperature, substrate and salinity a similar set of experiments
need to be acquired to adjust the correlations (see above). Furthermore, we conclude
that variability in rock wettability with depth can be expected as pressure and thus
gas density increase with depth [Hawkes et al., 2005; Linstrom and Mallard 2011].
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Content of this file
Derivation of the model

Introduction
This file includes auxiliary material for the above cited manuscript. The auxiliary
material explains how the equation used to fit the experimental data (equation 3 in
the script) was derived.

Derivation of the model
Young’s equation (Young 1805) relates the contact angle of liquid ( θ l ) to the gassolid ( g gs ), gas-liquid ( g gl ) and liquid-solid ( γ ls ) interfacial tensions:

cos θl =

(g gs − g ls )

g gl

(1)

The main issue with estimating this macroscopic contact angle lies in the inability to
measure the gas-solid and liquid-solid interfacial tensions [Garcia et al., 2009;
Gatica et al., 2004]. The microscopic approach to estimate (g gs − g ls ) has been
already established in the field of physical science through integrating the van der
Waals potentials at close proximity to the solid surface for a one-component fluid
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system with its liquid and gas phases in equilibrium (for instance liquid water and
water vapour) [Cheng et al., 1991; Garcia et al., 2009].

In such one-component fluid systems, the solid surface initiates a nucleation of a
liquid film when approaching the saturated vapour pressure, e.g. if attractive
interaction forces between the molecules and the surface are strong. Therefore the
van der Waals integral takes into account the forces associated with both the vapour
and liquid phases of the fluid. It should be noted that Young’s equation (Eq. 1) in the
one-component fluid system is thus valid when the saturated vapour pressure
condition is reached.

The computation of the potential integral, however, is quite complex and therefore
several approximations have been suggested to simplify the integral among which
the ‘sharp-kink approximation’ has proved to be the simplest but yet efficient one
[Dietrich and Napiorkowski 1991]. In this approximation, the solid-gas interface is
approximated by a liquid-like film (with constant density) and further discontinuous
change to constant bulk gas density [Merath 2008]. Obviously, this liquid-like film
will have the same density as that of the bulk liquid phase in the one-component
system when approaching saturated vapour pressure. Consequently it has been shown
that (g gs − g ls ) can be expressed as [Garcia et al., 2009]:

g l s ≈ g g s + g lg + ∆ρ

∞

∫ V ( z)dz

(2)

zmin

Where, V describes the net preference of the adsorbate molecule for wetting the
substrate instead of forming a droplet (because of intermolecular forces), and

∆ρ = ρ l − ρ g ( ρ is bulk density and subscripts l and g represent the liquid and gas
(vapour) phases, respectively). Combination of equations 1 and 2 therefore yields
[Garcia et al., 2009; Gatica et al., 2004]:

cos θl =

I
∆ρ − 1
g lg
∞

Where, I = −

∫ V ( z )dz . Equation 3 indicates that

zmin

(3)
I

g lg

stays constant with change in

∆ρ . While equation 3 is particularly useful for investigating contact angle changes
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with density changes (due to pressure and/or temperature change), the equation was
initially derived for one component systems.

As abovementioned, the gas density was equated to the bulk density of gas and the
density of the liquid-like film of vapour (which condenses at atomic scale on the
solid due to attractive intermolecular forces and grows with vapour pressure) was
equated to the density of bulk liquid in the one component system [Merath 2008].
When extending this model to a two (or multi) component system, the gas density is
equated to the bulk density of gas again, however, the density of the condensed
liquid-like vapour film has to be adjusted as both liquid and gas molecules condense
into this liquid-like film as two separate components for each specific substrate i.e.
we write ρlf = f ( ρ w , ρ gl ) . Such density is in fact a function of average density
oscillations of condensed gas and liquid from the substrate to that of bulk and it is
also indirectly related to substrate properties through I. The results of this study
indicate that the sharp-kink approximation is still functioned in two-component
system.
Re-arranging equation 3 with this argument ( ∆ρ = ρlf − ρ g ) therefore yields:

I
I
cosθl =
− ρg + ( ρlf − 1)
g lg
g lg

(4)

Remarkably, the equation explains that the contact angle of liquid (water here) has a
linear relationship with the density of gas. In addition, fitting equation 4 to
experimental data for different gases/brine/quartz systems shows only a small
variation in slope and intersection. Therefore, when all gas densities are combined,
the linear relationship still holds. Based on the above physical reasoning, it becomes
clear that when the gas density approaches the water density or exceeds it (higher
pressure or lower temperature), the influence of the gas density on the overall density
of the liquid-like film increases and therefore a deviation from the linear relationship
is observed. This is well-supported by our experimental data where a closer linear fit
is seen for lower pressure and higher temperature (lower densities with respect to
water density).
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Abstract
The low recovery of hydraulic fracturing fluid in unconventional shale reservoirs has
been in the centre of attention from both technical and environmental perspectives in
the last decade. One explanation for the loss of hydraulic fracturing fluid is fluid
uptake by the shale matrix; where capillarity is the dominant process controlling this
uptake. Detailed understanding of the rock wettability is thus an essential step in
analysis of loss of the hydraulic fracturing fluid in shale reservoirs, especially at
reservoir conditions. We therefore performed a suit of contact angle measurements
on a shale sample with oil and aqueous ionic solutions, and tested the influence of
different ion types (NaCl, KCl, MgCl2, CaCl2), concentrations (0.1, 0.5 and 1 M),
pressures (0.1, 10 and 20 MPa) and temperatures (35 and 70 °C). Furthermore, a
physical model was developed based on the diffuse double layer theory to provide a
framework for the observed experimental data.
Our results show that the water contact angle for bivalent ions is larger than for
monovalent ions; and that the contact angle (of both oil and different aqueous ionic
solutions) increases with increase in pressure and/or temperature; these increases are
more pronounced at higher ionic concentrations. Finally, the developed model
correctly predicted the influence of each tested variable on contact angle. Knowing
contact angle and therefore wettability, the contribution of the capillary process in
terms of water uptake into shale rocks and the possible impairment of hydrocarbon
production due to such uptake can be quantified.
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Keywords
contact angle, shale gas, oil shale, high pressure, elevated temperature, hydraulic
fracturing

1. Introduction
With the decline of conventional oil and gas resources, gravitation towards
unconventional resource development has increased significantly [1]. This is
particularly true for oil and gas shales which have significantly contributed to the
energy economy recently, in particular in the US [2]. Gas and oil shales typically
have a very low permeability [3, 4], and production is therefore usually associated
with hydraulic fracturing operations, which increases the reservoir permeability
through activating pre-existing fractures and creating new fractures thereby
enhancing connectivity [5]. However, one key technical-environmental issue
associated with hydraulic fracturing is the very low recovery of hydraulic fracturing
fluid; several hypotheses have been suggested to explain this disappearance of
hydraulic fracturing fluids: hydration of clay minerals [6-8]; capillary forces [9-14];
creation of micro-fractures [3, 9, 15]; storage of the fluid within the fracture network
[11, 16]; and osmotic flow [7, 17].
Water uptake is a complex function of these physico-chemical processes [7, 10, 14].
It is thus of vital importance to quantify the contribution of all processes in particular
capillary forces [10, 18] with respect to water uptake. Therefore the contact angle
between shale and the introduced fluids needs to be thoroughly investigated.
In this context, Fakcharoenphol et al. [17] showed that water-wet shale samples
cannot significantly imbibe water of higher salinity than that of the in-situ pore
water. In contrast, Xu and Dehghanpour [19] showed that organic-rich shale samples
can absorb a considerable amount of water even when their surface is lipophilic.
Moreover, Engelder et al. [16] investigated the wettability of organic shale samples
and concluded that the samples are strongly oil-wet in the presence of air. They
further mentioned that deionised (DI) water causes the highest contact angle on the
sample surface and that highly saline solutions lead to the lowest contact angles,
whereas other studies [7, 20] suggest that the (water) contact angle (θ) increases with
salinity.
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However, all above mentioned studies have been carried out under atmospheric
conditions, although it is well known that pressure and temperature can have a
dramatic impact on θ [21-28]. In addition, there is a lack of systematic measurements
of contact angles for brines containing major exchangeable cations (Mg2+, Ca2+, K+,
Na+) at different concentrations. We thus measured contact angles on a shale sample
as a function of salinity and salt type at realistic reservoir conditions. Finally we
proposed a physical model to qualitatively describe the physical processes
responsible for variation in contact angle due to pressure, temperature, ion type and
ionic concentration.

2. Experimental procedure
The shale sample was extracted from 1547 m depth of a nominated CO2 storage site
in New South Wales, Australia. The geological and chemical properties of this
sample including X-ray diffraction (XRD), scanning electron microscopy (SEM),
total organic carbon (TOC), and pore throat size distribution measurements using
mercury intrusion were reported previously [28] and are therefore only briefly
mentioned in this study. In the work presented here, an additional elemental analysis
via X-ray fluorescence (instrument PW2400 XRF) was carried out to further deepen
the understanding of the shale sample’s chemical composition.
Due to the fact that higher gas solubility in the liquid phase makes the interpretation
of contact angle data more complex, air (with low solubility in liquid phases: water
and oil, especially with pressure) was chosen as the gas phase in this study. The shale
sample was exposed to air plasma for 5 min to remove organic surface
contaminations [29]. Subsequently the substrate was placed in a high pressure-high
temperature cell (Fig. 1), and droplets of different ionic solutions or oil (n-decane)
were dispensed onto the tilted substrate [30] at different pressures and temperatures.
This process was videoed and advancing and receding contact angles were measured
simultaneously following Al-Yaseri et al.’s [21] procedure.
A broad range of salt types (KCl, NaCl, MgCl2 and CaCl2 covering major
exchangeable cations) and salinities (0.1, 0.5 and 1 M concentrations) were tested at
0.1, 10 and 20 MPa pressures at 70°C temperature. Additional measurements were
conducted at 35 °C and 20 MPa to investigate the effect of temperature.
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Fig. 1. Schematic of the high pressure-high temperature experimental apparatus used
to conduct the contact angle measurements.

3. Model development
In order to describe the physical basis for variation of contact angle with pressure,
temperature, ion type and ionic concentration on minerals carrying negative charges
such as clays, we developed a constitutive equation. We begin with a formulation for
contact angles on mineral surfaces without electric charges. This formulation is then
extended to minerals with surface charges, assuming that the electrically charged
mineral surface has a constant electric potential, and that this electric potential
reduces exponentially towards the bulk solution. The zone where the electrical
potential of the charged surface is active is the so-called diffuse double layer and its
thickness is given by the Debye length [31]. This thickness coupled with the
chemistry of the charged surfaces will be the basis for our model development for
contact angle of charge surfaces.

3.1 Mineral without surface charges
When a drop of a liquid, in the presence of another fluid (liquid or gas), is placed on
a solid surface with no electric potential, the droplet spreads across the solid surface,
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until the minimum free energy is reached [32]. This is related to the cohesion forces
in the fluids and adhesion forces between the fluids and the solid surface. If contact
angle hysteresis due to energy dissipation is neglected, and the free energy change
due to an infinitesimal increase in base area of the droplet on the solid surface
(surrounded by another fluid) is considered, the free energy of the system is written
[32, 33]:

=
dF g lg cos θ dA − g sg dA + g sl dA

Where

(1)

γ is the interfacial tension or surface free energy, F is total free energy of

the system, θ is contact angle of the droplet and dA is the infinitesimal surface area
(s, g and l represent the solid, fluid (gas or liquid) and liquid phases). When the
minimum energy is reached and equilibrium is established, Eq. 1 turns in a especial
case, the Young’s equation [33].

3.2 Mineral with electrically charged surfaces
We now use the concept of altering the contact angle by applying an electric field
between a solid surface and an electrolyte [32, 34]. Recall that the electric field is
created by negative electrical charges present on the surface of the mineral [35] and
there is no external electric field. Thus the solid-liquid free energy in Eq. 1 can be
extended:

dF g lg cos θ dA − g sg dA + (g sl dA − dWC )
=

(2)

Where dWC is the work performed by the electric potential of the solid surface to rearrange the positions of the cations and anions in the diffuse double layer in the
presence of the electric field and therefore adjusts the

γ sl . By using the concept of a

charged parallel-plate, dWc can be related to the electrical energy stored in the system
[32, 34]:

1
dWC = dCψ S2
2

(3)
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Where, ψ is the electric potential of the solid surface and C is the capacitance per
unit area, defined as dC = Dε 0

dA
according to Gauss’s law: D is the dielectric
k

constant of the medium (solid surface and surrounding liquid), ε 0 is the permittivity
of vacuum and k is the distance between the charged plates where the electric
potential is active. By combining Gauss’s law with Eqs. 2 and 3 we obtain:

1
dA
=
dF g lg cos θ (ψ S )dA − g sg dA + (g sl dA − Dε 0 ψ S2 )
2
k

(4)

In order to take into account the effect of liquid-surface interaction on the dielectric
properties, the medium dielectric constant was employed in the formulation. There is
no general equation to evaluate the dielectric constant of the medium but the
experimental data for different rocks are often available in the literature [36].
Further, we write the contact angle of a neutral surface at equilibrium (

cos=
θ (g sg − g sl ) / g lg ; [33]) as [37]:

g −g
∆ρ
cos θ = sg sl =−1 +
I
g lg
g lg

(5)

where, ∆ρ = ρ lf − ρ g : ρ g is the density of gas phase and ρ lf is a function of gas
∞

and liquid density of a subtrate [38] and I = − ∫ V ( z )dz where V is the net
zmin

preference of the adsorbate molecule for wetting the substrate instead of forming a
droplet due to intermolecular forces [37] e.g. I has been related to density difference
in the formulation. A detailed discussion on the extension of equation 5 from a onecomponent fluid system to two-component fluid systems was given by Al-Yaseri et
al [38]. Considering an equilibrated system ( dF = 0 where dA disappears:

cos=
θ (ψ S )

g sg − g sl 1
ψ2
+ ( Dε 0 S ) ) and combining Eqs. 4 and 5, the contact angle
kg lg
2
g lg

for a charged surface is written:

cos θ (ψ ) = ( −1 +

Dρ

g lg

I) +

Dε 0ψ S2
2kg lg

(6)
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It is noted that ψ S ( = ψ S0 ) is the constant potential at the mineral surface and it is
assumed that it is not influenced by thermodynamic variables. We now define the
distance between charged plates k in Eq. 6 as the distance where the effect of
surface potential of the charged mineral vanishes in the bulk solution (with negative
sign as it is oriented away from the surface towards the bulk solution); i.e. the Debye
length [31]:

 e 0 D f K BT 
k = 2 2

 2e z nbulk N a 

1/2

(7)

where, D f is the dielectric constant of the solution, T is the temperature, z is the
ionic valency, K B is the Boltzmann constant (1.38×10-23 JK-1), nbulk is the ionic
concentration of the solution (mol/m3), N a is the Avogadro constant (6.022×1023
mol-1) and e is the electric charge (1.602×10-9 C). The ion valency ( z ), temperature
( T ) and ionic concentration of bulk solution ( nbulk ) are straightforward parameters;
however, the effect of thermodynamic variables on the fluid dielectric constant ( D f )
is complex and still an open research area [18, 39]. Combining equations 6 and 7, the
final equation takes the form:
1/2

IΔρ e 0ψ S2 D  2e 2n bulk z 2 N a 
−
cos θ =

 −1
2 γ lg  e 0 K B Df T 
g lg

(8)

Where the bold parameters are the ones most influenced by pressure, temperature,
ion type and ion concentration.
The first term on the right-hand-side (RHS) of equation 8 (

IΔρ
) is related to the
γ lg

interfacial tensions between solid-liquid, solid-gas and liquid-gas and the second
term takes into account the contribution of the formation of a diffusive double layer
in an aqueous solution within the solid-liquid region.
It is noteworthy that the fluid dielectric constant in equation 8 is much more affected
by temperature and pressure than the dielectric constant of the porous medium [40].
Furthermore, the effect of thermodynamic variables on

I in

equation 8 is not yet
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fully understood. It is also assumed that ion adsorption on the surface of clay
minerals are most likely to occur [14].
It is now possible to describe the physical processes responsible for contact angle
variation in shales by Eq. 8 which is discussed further below. It should also be noted
that the sum of the first and second terms of Eq. 8’s RHS can only vary from 0 to 2
as contact angle varies between 0 and 180 ° and therefore cos θ varies between 1 to
-1. In order to understand the impact of the first and second terms of equation 8 on
the resulting contact angles, we have extracted some data from the literature (Table
1) mostly for shale and 1 M NaCl brine and have plotted the ratio of the first term per
1/2
 IΔρ   ε 0 ψS2 D  2e 2 n bulk z 2 N a  
second term ( 
/

  ) vs a range of surface potentials in
 γ lg   2γ lg  ε 0 K B Df T  

Fig. 2.

Table 1. Extracted data from the literature (references given in the table) to
investigate the ratio of the first and second right hand side terms of equation 8.
Parameter

Magnitude

Unit

T

25

°C

Df

70 [62]

-

KB

1.38×10-23

JK-1

ε0

6.95×10-10

Fm-1

Na

6.022×1023

mol-1

z

1 (NaCl)

-

nbulk

1

Mol/L

e

1.602×10-9

C

D

9 [63]

-

g lg

62 [64]

mNm-1

I / g lg

0.0012 [38]

Kg-1m3

∆ρ

1600 [38]

Kgm-3

175

Fig. 2. Effect of surface potential on the ratio of the first and second right hand side
terms of Eq.(8).

4. Results
4.1 Chemical-structural measurements
The total organic carbon of the sample was measured as 810 (mg/kg) and the
chemical composition was measured as: 33 wt% illite, 31 wt% quartz, 15 wt%
analcite, 9 wt% feldspar, 8 wt% albite and 4 wt% chlorite using XRD analysis. The
major elemental oxides measured by XRF analysis (above 0.1 wt%) include 3.14
wt% Na2O, 2.26 wt% MgO, 16.70 wt% Al2O3, 60.68 wt% SiO2, 4.49 wt% K2O, 0.22
wt% CaO, 0.77 wt% TiO2 and 5.81 wt% Fe2O3. SEM micrographs of the shale
sample are also presented in Fig. 3; they show the laminated nature of the sample’s
mineralization by clay minerals.
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Fig. 3. SEM micrographs of the shale sample.

4.2 Contact angle measurements
All advancing and receding water contact angles measured are reported in Tables 2
and 3, respectively. The advancing and receding contact angles measured at 0.1 M
salt (KCl, NaCl, CaCl2 and MgCl2) concentration at three different pressures (0.1, 10
and 20 MPa) and constant temperature (70 °C) are presented in Fig. 4. As expected
the advancing contact angles were higher than the receding contact angles; and
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generally contact angles increased with pressure, especially the advancing contact
angles. For instance, a pressure increase from 0.1 to 20 MPa caused the advancing
and receding contact angles to increase from 10° to 25° and 8° to 14° for 0.1 M KCl
concentration, respectively. Furthermore, MgCl2 brine consistently showed the
highest contact angles followed by CaCl2, NaCl and KCl; this was especially
pronounced for the advancing contact angles. Moreover, both, advancing and
receding contact angles consistently increased when the ion concentration increased
(Figures 4-6). This increase was stronger at higher pressures.

Table 2. Advancing water contact angle ( ̊ ) for all cases measured in this study.

0.1 MPa
Brine composition
70 °C
0.1 M NaCl
17
0.5 M NaCl
18
1.0 M NaCl
30
0.1 M KCl
10
0.5 M KCl
17
1.0 M KCl
22
0.1 M CaCl2
21
0.5 M CaCl2
29
1.0 M CaCl2
32
0.1 M MgCl2
22
0.5 M MgCl2
31
1.0 M MgCl2
35
n-Decane*
6
*
instead of brine n-decane was used.

Pressure and Temperature
10 MPa
20 MPa
70 °C
21
25
34
19
22
27
24
28
38
31
33
41
14

70 °C
28
31
48
25
29
41
29
36
57
33
38
62
18

35 °C
26
28
31
20
23
28
28
32
36
29
33
43
12

A temperature increase from 35 °C to 70 °C led to a gradual increase in both
advancing and receding contact angles for 0.1 and 0.5 M salt concentrations at 20
MPa pressure (Fig. 7). When salt concentration increased to 1M, an increase in
temperature caused a sudden jump in contact angle, in contrast to the gradual
increase seen at the relatively lower salt concentrations (0.1 and 0.5 M). For instance
an increase in temperature from 35 °C to 70 °C caused the advancing contact angle
of 0.1 M MgCl2 brine to increase from 29 to 33°, whereas the advancing contact
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angle changed from 43 to 62 ° at 1 M MgCl2 concentration with the same
temperature increment.

Table 3. Receding water contact angle ( ̊ ) for all cases measured in this study.
Pressure and Temperature
0.1MPa
Brine
composition
70 °C
0.1 M NaCl
14
0.5 M NaCl
15
1.0 M NaCl
20
0.1 M KCl
8
0.5 M KCl
13
1.0 M KCl
15
0.1 M CaCl2
15
0.5 M CaCl2
18
1.0 M CaCl2
20
0.1 M MgCl2
17
0.5 M MgCl2
20
1.0 M MgCl2
24
n-Decane*
0
*
instead of brine n-decane was used.

10Ma
70 °C
13
16
21
12
14
16
10
13
20
16
19
22
6

20 MPa
70 °C
15
24
30
14
20
28
18
26
42
23
26
51
10

35 °C
12
20
25
10
12
17
16
21
25
20
21
37
3

Fig. 8 presents the decane advancing and receding contact angles in air at different
pressures (0.1, 10 and 20 MPa) and 70 °C. Both, advancing and receding contact
angles increased with pressure. For instance, the advancing decane contact angle
increased from 6 ° at 0.1 MPa pressure to 18 ° at 20 MPa pressure. Decreasing the
temperature to 35 °C on the other hand caused the advancing and receding decane
contact angles to slightly reduce (Tables 2 and 3). For example, the advancing
decane contact angle decreased from 18 ° to 12 ° as temperature decreased from 70
°C to 35 °C at constant 20 MPa pressure (Tables 2 and 3). Generally, the decane-air
contact angles were more affected by pressure than by temperature.
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(a)

(b)
Fig. 4. (a) Advancing and (b) receding water contact angles measured at 0.1 M salt
concentration (KCl, NaCl, CaCl2 and MgCl2) as a function of pressure and salt type
at 70 °C.
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(a)

(b)
Fig. 5. (a) Advancing and (b) receding water contact angles measured at 0.5 M salt
concentration (KCl, NaCl, CaCl2 and MgCl2) as a function of pressure and salt type
at 70 °C.
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(a)

(b)
Fig. 6. (a) Advancing and (b) receding water contact angles measured at 1. M salt
concentration (KCl, NaCl, CaCl2 and MgCl2) as a function of pressure and salt type
at 70 °C.
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(a)

(b)
Fig. 7. (a) Advancing and (b) receding water contact angles measured at diffeionic
concentrations (0.1, 0.5 and 1.0 M KCl, NaCl, CaCl2 and MgCl2 concentrations) at
two temperatures (35°and 70°C) and 20 MPa pressure.
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Fig. 8. n-Decane contact angles in air measured at different pressures (0.1, 10 and 20
MPa) at 70°C.

5. Discussion
Recall that in Fig. 2, it is seen that for the set of data used for the analysis, the
contribution of the second term of the RHS of equation 8 on the contact angle
(related to charged surfaces) increases with increase in the surface potential. At some
surface potential (-12 mV here), the contribution of both terms (RHS of equation 8)
to the contact angle are the same and as the surface potential reduces, the
contribution of the charged surface term decreases dramatically. Based on the results
obtained for the extracted data, when the surface charge falls below -7 mV, the
second term of equation 8 can be comfortably neglected. Having above discussion in
mind, the variations in contact angle with ion type, ionic concentration, pressure and
temperature in the context of the proposed model (Eq. 8) are discussed below.
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5.1 Effect of pressure on contact angle
Pressure has a profound effect on contact angle, both on charged and neutral
surfaces. When examining Eq. 8, it is clear that several parameters are a function of
pressure. For instance, the increase in pressure slightly affects the interfacial tension
between the fluids [41] along with the dielectric constant of the liquid ( D f ) [42];
however the main effect occurs through the change in the density difference induced
by change in pressure [43]. Increasing pressure significantly reduces this density
difference and causes the contact angle to increase [38] e.g ρ lf variation with
pressure is insignificant compared to ρ g which considerably increases with pressure
increase thus reducing ∆ρ ( = ρ lf − ρ g ) . This is well-supported by our data and
experimental literature data [22, 23, 28, 44-46] as well as molecular dynamics data
[26, 47-49] reported previously.

5.2 Effect of temperature on contact angle
Temperature increased the contact angle for all cases (Figure 6), consistent with most
literature data [22, 50-52]; however, there are other works [45, 53, 54] which show
that the contact angle decreases with temperature.
Theoretically, based on Eq. 8, the contact angle is a function of temperature through
several parameters among which the dielectric constant of the solution ( D f ), the
interfacial tension ( g lg ) between the fluids, the density difference between the phases
( ∆ρ ) and temperature (T) itself are the main parameters. The effect of temperature
on D f [42] is relatively insignificant compared to its effect on the density difference,
interfacial tension between fluids [55] and temperature by itself.
While the contact angle decreases with temperature itself and due to decrease in g lg
with temperature, it increases due to decrease in density difference by temperature
increase. The gas density slightly decreases with temperature increase (for the
temperature range investigated herein) and if ρ lf is assumed constant, the density
difference ( ∆ρ = ρ lf − ρ g ) increases with increase in pressure. However ρ lf
decreases significantly with temperature increment [38] e.g. ρ lf is a function of gas
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and liquid densities as well as substrate forces at microscale. This in turn leads to
decrease in density difference by temperature increase leading to an increase in
contact angle.
In the cases investigated in this study the contact angle increased with temperature
which shows that the effect of temperature on ρ lf over compensated the effect of
temperature on g lg and temperature itself and thus caused the contact angle to
increase. A further change in contact angle can take place by microscopic change in
the van der Waals potential by temperature changes; however, this effect is neglected
herein as such microscopic interactions are not yet fully understood.

5.3 Effect of ion concentration on contact angle
The contact angle consistently increased with increasing ionic concentration. This
effect is primarily caused by two main parameters (equation 8): the ionic
concentration ( n ) itself and D f . D f decreases with increasing n. Thus both effects
result in a contact angle increase with increasing n, consistent with literature data
[45, 50, 51, 53, 56].

5.4 Effect of ion type on contact angle
Our results (Figures 4-6) show that MgCl2 produced the highest contact angles
followed by CaCl2, NaCl and KCl at any pressure, temperature and ionic
concentration, consistent with literature data [21, 45, 56-58]. This is also consistent
with the theory (equation 8), which predicts that an increase in ion valency increases
the contact angle.
If the same valency is considered, for instance Na+ and K+, the variation in contact
angle can be attributed to a change in solution dielectric constant ( D f ), (Eq. 8). D f
of NaCl is lower than D f of KCl e.g. D f of 1M NaCl is 63 while D f of 1M KCl is
70 [18]. A lower D f consequently increases the contact angle (equation 8) as seen
from Figs 4-6. However, the contact angle also depends on in-situ ionic
concentration as well as ion adsorption on the mineral surfaces and the subsequent
ion exchange. The bivalent ions (Ca2+ and Mg2+) for instance can be strongly
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adsorbed on clay surfaces (part of the shale) and reduce the surface potential [31].
This can in turn increase the contact angle although the effect of such interactions on
contact angle are not yet fully understood.

5.5 Decane-air system: effect of pressure and temperature on contact angle
When oil (n-decane) is used as the liquid phase, the contact angle is not significantly
influenced by the surface potential of the mineral (when compared to aqueous
solutions), and therefore Young’s equation is assumed valid. Consequently the
parameters mostly affected by pressure and temperature variation are oil-air
interfacial tension and air-oil density difference and therefore less variation in
contact angles is expected. The pressure increase significantly reduces the density
difference between the phases, which leads to an increase in contact angle.
Furthermore, the effect of pressure on contact angle is stronger than the effect of
temperature due to the fact that density difference is more sensitive to pressure
changes than temperature [59] which is also supported by the results of this study
(Tables 2 and 3).

6. Conclusions

The capillary process has been proposed as one of the main mechanisms involved in
water uptake into shale reservoirs [12] and we have therefore conducted a suite of
contact angle measurements on a shale sample with oil and aqueous solutions with
different ion types and concentrations, pressures and temperatures to evaluate the
wettability of shale at reservoir conditions. We systematically measured advancing
and receding water contact angles on shale in air. The effect of different salt types
(NaCl, KCl, MgCl2, CaCl2) and salt concentrations (0.1, 0.5 and 1 M), pressures
(range 0.1, 10 and 20 MPa) and temperatures (35 °C and 70 °C) were examined.
Furthermore, the contact angles of decane on shale in air were also measured as a
function of temperature and pressure and compared with the water contact angles.
Generally, the water contact angles for solutions with higher ionic strength were
higher: addition of CaCl2 or MgCl2 led to higher contact angles than addition of
NaCl or KCl (same 0.1, 0.5 and 1 M concentrations), and increasing salt
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concentration led to an increase in contact angle (from 17 to 30 ° for NaCl solution
when moving from 0.1 to 1 M for instance); consistent with literature data [51, 53,
56, 60]. Moreover, oil and water contact angles both increased with pressure and/or
temperature increase; this increase was

more pronounced at higher ionic

concentration. For instance an increase in pressure from 0.1 MPa to 20 MPa at
constant temperature of 70 °C increased the contact angle of 1M CaCl2 solution from
32 to 57 ° while a decrease in temperature from 70 °C to 35 °C reduced the contact
angle from 57 to 36 °.
Finally, a physical model based on the diffuse double layer theory was developed to
provide a theoretical framework for the observed behaviour of the systems analysed.
The model correctly predicted the influence of the different variables (ion type, ionic
concentration, temperature and pressure) and can be used to describe the physical
phenomena behind the results obtained in a qualitative framework. A quantitative
analysis can also be performed with the proposed model to predict the contact angle
if all parameters needed are available. Knowing contact angle and therefore
wettability, the contribution of the capillary process in terms of water uptake into
shale rocks can be quantified, which in turn addresses the technical issue of gas
production impairment by water uptake, as well as the environmental issue of
disappearance of hydraulic fracturing fluid e.g. for instance an oil-wet shale can
become water-wet when moving from atmospheric to reservoir conditions.
Furthermore, increased contact angles are also relevant for CO2 geo-storage as they
reduce structural storage capacities [28, 61].
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Abstract

Pore throat plugging of porous rock by fine particles causes formation damage, and
thus has attracted attention in various areas such as petroleum engineering,
hydrology and geothermal energy production. Despite significant efforts, the detailed
pore-scale mechanisms leading to formation damage and the associated permeability
reduction are not well understood. We thus investigated plugging mechanisms and
characteristics with a combination of ex-situ (coreflooding measurements, SEM
imaging) and in-situ (NMR, μCT) methods, with a particular focus on the effect of
wettability.
The corefloods indicated that permeability drops rapidly when fines are injected;
mechanistically thin pore throats are plugged first, followed by filling of adjacent
pore bodies with the fine material (as evidenced by the NMR and μCT experiments,
which can measure the pore size distribution evolution with fines injection).
Furthermore, it is clear that wettability plays a major role: if fines and rock
wettability is identical, plugging is significantly accelerated; wettability also controls
the 3D distribution of the fines in the pore space. Furthermore we note that the
deposited fines were tightly packed, apparently due to strong adhesion forces.

Keywords

Formation damage, fines migration, wettability, Bentheimer, micro-computed
tomography, plugging
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1. Introduction

Fines migration and plugging of pores and pore throats by solid particles can be
caused by drilling, completion, cementing, perforation, workover, stimulation, and
injection of water and chemicals for enhanced oil recovery, with the potential
consequence of significant reduction in rock permeability (Civan 2007; Kalfayan
2008). Such plugging may also result from proppant crushing at high fracture closure
pressure during hydraulic fracturing (Kalfayan, 2008). Furthermore, fines are
mobilized if the critical flow velocity (i.e. the critical value of viscous forces) for a
particular rock is reached and particles detach from the matrix (Civan 2007). Krueger
(1988), Economides and Nolte (1987), and Amaerule et al. (1988) indicated that
migration of formation fines is the major factor for permeability damage, and it is
well established that the induced permeability impairment strongly depends on
particle and pore space geometry (e.g. Muecke 1979; Civan 2007; Al-Yaseri et al.
2015).
Generally, this damage is a problem in a variety of fields, ranging from water
production (McDowell-Boyer et al. 1986; Torkzaban et al. 2007; Bradford et al.
2011), geothermal energy efficiency (Mahmoudi et al. 2010; Rosenbrand et al. 2014,
2015), hydrocarbon recovery (Ahmed and McKinney 2005; Iglauer et al. 2010) to
carbon geo-storage (Iglauer et al. 2014).

Another factor influencing fines migration is wettability; in two-phase flow
experiments Muecke (1979) found that calcium carbonate particles (2 to 15 μm size)
migrated faster through quartz sand packs if the phase that wets them is moving.
Sarkar and Sharma (1990) investigated fines migration in single phase and two phase
flow through Berea sandstone, and they found that formation damage was
significantly lower in two-phase flow (permeability ratio reduced from 1 to 0.04
compared with a reduction from 1 to 0.0016 in single phase flow). However, there is
a lack of analysis in terms of how combinations of rock-fines wettability affect
formation damage, and particularly in-situ experiments. Considering that wettability
of petroleum reservoirs can vary widely (Cuiec 1984, Buckley et al. 1997, Buckley
and Monsterleet 1998), and that wettability at the wellbore can be altered by drilling,
completion and flooding fluids (Culec 1984; Sharma and Wunderlich 1987; Kalfayan
2008) this factor requires further attention.
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We thus investigated formation damage mechanisms for various wettability
combinations (water-wet rock/water-wet fines; water-wet rock/oil-wet fines; oil-wet
rock/water-wet fines; oil-wet rock/oil-wet fines) with a range of experimental
techniques, including high resolution micro-computed tomography (µCT) imaging,
nuclear magnetic resonance (NMR) measurements, standard core flooding, and
scanning electron microscopy (SEM) methods.

2. Experimental Methodology
2.1 Materials
Four homogeneous cylindrical Bentheimer sandstone plugs were drilled from the
same block; these sister plugs had the same brine permeability (1.7 Darcy) and
porosity (23%), Table 1. The composition of the Bentheimer sandstone was
measured via XRD (Kaolinite 0.7 wt%, Quartz 99 wt%, Rutile 0.3 wt%; Al-Yaseri et
al. 2015); the sandstone was thus quite clean and consisted mainly of quartz.
Fine Barite particles with a size distribution of 0.3-45µm which peaked at 26µm
(measured with a Mastersizer Malvern Hydro 2000S, Figure 1) were used as a
representative for the fines in the subsurface (Krilov et al. 1991; Tran et al. 2010).
These Barite particles were suspended in brine (5wt% NaCl + 1 wt% KCl in
deionized water) by continuous agitation with a magnetic stirrer. The rheological
properties of this suspension were measured with an Anton Paar RheolabQC
viscometer (Figures 2 and 3); the suspension was shear thickening as expected
(Robertson and Stiff 1976).
Two of the Bentheimer plugs were left in the original state (i.e. strongly water-wet),
but the remaining two plugs were aged in Triethoxy(octyl)silane (Grate et al. 2012)
for one month at ambient conditions and then left to dry at room temperature for a
week. Advancing (115o) and receding (95o) water contact angles were measured on
the rock at ambient conditions (in air) using the tilted plate method (Al-Yaseri et al.
2016), this clearly indicated that the Bentheimer plugs turned oil-wet (Dake
1978).This process rendered the sandstone surface oil-wet
(Hendraningrat and Torsæter

by silylation

2014). Several Barite particle batches were also
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rendered oil-wet using the same aging method (note: virgin Barite is water-wet,
Fenter et al. 2001).

Table 1 Bentheimer sandstone properties, all samples have the same brine
permeability (1.7 Darcy) and porosity (23%).
Plug

Absolute

no.

Permeability

Core
length
[cm]

[Darcy]

Core
Diameter

Bentheimer

Barite

wettability

wettability

[cm]

1

1.7

1.7

0.5

Water-wet

Water-wet

2

1.7

1.3

0.5

Oil-wet

Oil-wet

3

1.7

1.4

0.5

Water-wet

Oil-wet

4

1.7

1.7

0.5

Oil-wet

Water-wet

Volume [%]

10
8
6
4
2
0
0

10

20
30
Particle Size [μm]

40

50

Figure 1. Particle size distribution of Barite powder used in the experiments.
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Figure 2 Viscosity of 10 g/L Barite suspension in brine as a function of shear rate at
ambient conditions.
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Figure 3 Viscosity of 10 g/L Barite suspension in brine as a function of shear stress
at ambient conditions.
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All plugs were imaged with a µCT scanner (Xradia Versa XRM-500T) at a constant
high resolution of (3.4µm)3, and NMR T2 response curves were measured for each
sample with a 20 MHz Bruker Minispec (1H resonance) instrument; these curves
correlate with the pore size distribution in the core (Talabi et al. 2009; Fridjonsson et
al. 2013). Subsequently these samples were sealed with a PTFE heat shrink sleeve at
653K for ~20min, vacuumed for 40 minutes and saturated with brine (note: oil-wet
plugs were aged in silane after heating/flow cell construction). Afterwards the plugs
were flooded with the brine suspension (10 g/L Barite concentration) at a constant
Darcy flow rate (0.0127 m/s) using a peristaltic pump (Masterflex model 7518-10).
The pressure drop across the plug was continuously measured, and the dynamic brine
permeability was calculated with Darcy’s law, Figure 4. In addition, the
accumulative weight of produced fluid was measured as a function of time using a
balance (Phoenix, BTA/BTB series, accuracy = 0.001g), Figure 5. Note that all
experiments were performed at ambient conditions, i.e. 130000 Pa (±20000Pa)
pressure and (296K ±1K) temperature. Suspension injection was stopped when the
permeability was reduced by ∼90%, and the plugs were again scanned by μCT and
NMR.
Petrophysical properties (porosity, pore volumes, and pore size distributions) for
each plug before and after damage were measured on the μCT images; the μCT
images were filtered with a 3D non-local means filter (Buades 2005) and segmented
with a watershed algorithm (Schlüter et al. 2014) prior to analysis. Moreover, SEM
images were acquired for the plugs before and after damage: interior sections of the
plugs were cut out, dried and gold-spray-coated. The microstructure was then
observed at different magnifications with a MIRA3 FESEM-TESCAN instrument.
Note that μCT images in combination with SEM imaging can provide detailed
information in terms of where fines migrated, and how they interact with the rock
(Al-Yaseri et al. 2015).

3. Results and discussion
The results show that permeability (k) continuously and smoothly decreased with
time (t) during fines suspension injection following power law correlations (Figure 4,
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Table 2) k=3.214t-0.441, Pearson coefficient R2=0.88, (sample#1); k=3t-0.499, R2=0.95
(Sample#2), k=4.39t-0.412, R2=0.99 (Sample#3), k=2.4t-0.385, R2=0.98 (Sample#4),
which is approximately consistent with literatures data (Nguyen and Civan, 2005;
Tran et al. 2009; Tran et al. 2010; Al-Yaseri et al. 2015). It is interesting to note that
the power-law exponent was always around -0.40 (± 0.045). Furthermore,
permeabilities of Bentheimer plugs (sample#1 and sample#2), which had the same
wettability as the injected Barite particles were significantly more damaged than the
plugs (sample#3 and sample#4), where fine-rock wettability did not match.
Moreover, Figure 5 shows the plugging time, which is the point where the production
curve slope changes (Tran et al. 2009; Tran et al. 2010). Plugging times were shorter
for systems with the same wettability (2700s and 2600s), and longer for systems with
different wettability (4000s and 3600s), cp. Table 2 for details. These production data
are consistent with the permeability measurements, see above.

Figure 4 Dynamic permeability as a function of time for different rock-fine
wettability conditions.
201

Figure 5 Accumulative weight of produced fluid as a function of time for different
rock-fine wettability conditions.

Table 2 Plugging time for different rock-fine wettability conditions and associated
statistics.
Sample
No.

Wettability condition

Plugging
time [sec]

Power law

Power
law
exponent

1

Bentheimer water-wet
and Barite water-wet

2700

k=3.214t-0.441

-0.441

2

Bentheimer oil-wet

2600

k=3t-0.499

-0.499

and Barite oil-wet
3

Bentheimer water-wet
and Barite oil-wet

4000

k=4.39t-0.412

-0.412

4

Bentheimer oil-wet

3600

k=2.4t-0.385

-0.385

and Barite water-wet

The NMR T2 response curves for sample#1 (Bentheimer and Barite were water-wet)
and sample#4 (Oil-wet Bentheimer and water-wet Barite) before and after damage
are shown in Figures 6 and 7 respectively. These data show that the integral of the
NMR T2 signal (which corresponds to the amount of water in the pore space, and
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thus porosity (Allen et al. 1997) shrunk significantly after fines injection, Table 3.
Furthermore, the porosity of water-wet rock/water-wet fines (sample#1) was more
reduced (by ̴ 35%) when compared with the oil-wet Bentheimer plug/water-wet
Barite system (sample#4) (reduction by ̴ 22%), Table 3.
The samples (sample 1 and 2) before and after damage showed three different main
pore sizes, the largest volume fraction was the largest pore size. The fines filled
mainly the largest pores (shrinking of the largest peak at high T2 times), and
generally reduced porosity. Although in both wettability cases the pore sizes were
reduced, this was more pronounced in the water-wet/water-wet case. Here this effect
was so strong that the main pore size strongly decreased, to an extend that the
frequency of the medium sized pores actually increased (slightly).
Moreover, the clear reduction in the average NMR T2 response time (which
decreased from 0.66s before damage to 0.45s after damage for sample #1
(Bentheimer and Barite were water-wet), and from 0.66s to 0.55s for sample #4 (oilwet Bentheimer and water-wet Barite)) indicate shrinking pore sizes (Talabi et al.
2009; Al-Yaseri et al. 2015).
The μCT images show that the undamaged Bentheimer plugs had pore sizes ranging
from ∼1-100μm (Figures 8-11). Fines deposition changed these size distributions
towards smaller pore sizes. This shift was particularly significant if fine particle and
core plug wettability was the same (samples 1 and 2). with Figures 8 and 9. Figures
8-11 also show that the count number of pore diameters <50µm after damage
increased, particularly the count number of the smallest pores (<10μm); this increase
was strong (same wettability) or moderate (different wettability). This implies that
larger pores are split into smaller pores, and this result is consistent with the NMR
(see above), and SEM measurements (see below), and literature data (Civan 2007;
Tran et al. 2009; Tran et al. 2010; Al-Yaseri et al. 2015).
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Table 3 Bentheimer sandstone porosities before and after fines injection.
Sample
No.

1

Wettability condition

Damage
state

Bentheimer water-wet and Barite
water-wet

2

Bentheimer oil-wet and Barite oilwet

3

Bentheimer water-wet and Barite
oil-wet

4

Bentheimer oil-wet and Barite
water-wet

Porosity
measured by
µCT

Porosity
measured by
NMR

[-]

[-]

before
damage

0.23

0.23*

after damage

0.15

0.131

before
damage

0.23

0.23*

after damage

0.14

0.131

before
damage

0.23

0.23*

after damage

0.17

0.182

before
damage

0.23

0.23*

after damage

0.18

0.182

The initial porosity was set to the μCT porosity.

*

0.050

Normalized intensity [a.u.]

0.045
0.040
0.035
0.030

before damage

0.025

after damage

0.020
0.015
0.010
0.005
0.000
0.0001

0.001

0.01

0.1

1

10

T2 [s]

Figure 6 NMR T2 response curves for sample #1 (water-wet Bentheimer and waterwet Barite) before and after fines suspension injection. Porosity was reduced from
23% to 15%.
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Normalized intensity [a.u.]

0.050
0.045
0.040
0.035
0.030
0.025
0.020
0.015
0.010
0.005
0.000
0.0001

before damage
after damage

0.001

0.01

0.1

10

1

T2 [s]

Figure 7 NMR T2 response curves for sample #4 (oil-wet Bentheimer and water-wet
Barite) before and after fines suspension injection. Porosity was reduced from 23%
to 18%.

Figure 8 Pore diameter distribution of sample#1 (Bentheimer and Barite were waterwet) before and after damage caused by fines injection (10 g/L Barite, measured with
µCT).
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Figure 9 Pore diameter distribution of sample#2 (Bentheimer and Barite were oilwet) before and after damage caused by fines injection (10 g/L Barite, measured with
µCT).

Figure 10 Pore diameter distribution of sample#3 (Bentheimer water-wet and Barite
oil-wet) before and after damage caused by fines injection (10 g/L Barite, measured
with µCT).
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Figure 11 Pore diameter distribution of sample#4 (Bentheimer oil-wet and Barite
water-wet) before and after damage caused by fines injection (10 g/L Barite,
measured with µCT).

The amount of fines deposited as a function of plug length was also measured on the
μCT images, Figures 12-15. The higher porosity reduction was observed when the
wettability of Bentheimer plug and Barite particles were the same (from ∼23% to
∼15% for sample 1 and from ∼23% to ∼14% for sample 2), Figures 12 and 13.
Furthermore, porosity was reduced gradually with core length; see Figures 12-15 and
Table 3.
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Figure 12 Porosity versus core depth before (red) and after (black) damage for
sample#1 (Bentheimer and Barite were water-wet).

Figure 13 Porosity versus core depth before (red) and after (black) damage for
sample#2 (Bentheimer and Barite were oil-wet).
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Figure 14 Porosity versus core depth before (red) and after (black) damage for
sample#3 (Bentheimer water-wet and Barite oil-wet).

Figure 15 Porosity versus core depth before (red) and after (black) damage for
sample#4 (Bentheimer oil-wet and Barite water-wet).
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Furthermore the precise 3D spatial location of the deposited Barite particles can be
measured on the μCT images, cp. Figures 16. The 3D-μCT images again indicated
that if the core plug and fine particles have the same wettability (samples 1 and 2),
they were more damaged (Figure 16a -16f); compare with samples 3 and 4, Figures
16g-16i, where core plug and fine wettability was different). Al-Yaseri et al. (2015)
explained the pore-scale plugging mechanism with fine particles penetrating into the
pore space until a thin pore throat is reached and plugged, followed by subsequent
filling of larger adjacent pore bodies. Figure 16 (c, f, i and l) show the deposited fine
particles in the pores space after plugging; it is clear from Figure 16c and 16f that
more fines deposited and agglomerated when the core plug and fine particles had the
same wettability (samples 1 and 2); when the wettabilies were different a more
homogeneous fines distribution was observed. These observations were well
supported by the high resolution 2D-μCT image slices (Figure 17): the water-wet or
oil-wet Barite particles adhered to the water-wet or oil-wet quartz surface; also the
Barite particles were significantly more agglomerated and distributed more
heterogeneously if fines-rock wettability was the same (Figure 17).
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Figure 16 3D μCT images of Bentheimer sandstone after formation damage caused
by injection of Barite suspension. (a,d,g,j) raw images for samples 1,2,3, and 4,
respectively, at (3.4µm)3 resolution, a cubic volume (12.65mm3) is shown; (b,e,h,k)
segmented images; (c,f,i,l) segmented images showing Barite (red) only. In the raw
images Barite is white, open pore space is black and sandstone is grey; in the
segmented images rock is dark blue, Barite red and open pore space is yellow.
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Figure 17 2D slices through the rock and pore space before and after damage
(injection of 10 g/L Barite suspension): In the raw images, pores are black/dark grey,
sandstone is light grey and Barite is white; in the segmented images sandstone is
blue, pore space is yellow and Barite red. Resolution is (3.4μm)3 for all images.

The high resolution 2D-SEM images clearly show that the Barite particles strongly
adhered to the quartz surface (Figure 18), independent of the wettability condition.
This indicates that strong adhesion forces between Barite-Barite particles (Figure 18e
and 18f) and Barite-quartz were acting (Israelachvili 2011; Torkzaban et al. 2007).
The adhesion forces between Barite-Barite particles or Barite and quartz surface lead
to build-up of solid particle agglomerations inside the pores space which can
significantly reduce permeability (Tiab and Donaldson 2004, Civan 2007).
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Several cases can be distinguished:
Water-wet particles on water-wet rock surface
As discussed earlier (Al-Yaseri et al. 2015), silanol groups on the water-wet quartz
surface (Zhuravlev 2000; McCaughan et al. 2013) strongly attract the hydroxyl
groups on the water-wet Barite surface (Fenter et al. 2001). This results in strong
Debye and Keesom forces, and probably hydrogen bonding (Hirasaki 1991,
Israelachvili 2011).

Combined wettability conditions
In case of oil-wet particles – water-wet rock and oil-wet rock and water-wet fines,
London and Debye forces create the cohesive forces between surfaces of different
wettability. More importantly, some parts of the oil-wet surfaces were not covered by
alkyl groups (advancing water contact angle was ∼115°, see above), and were thus
partially water-wet. For these water-wet surface patches the same forces act as in the
water-wet/water-wet case, leading to strong adhesion.

Oil-wet particles and oil-wet rock surfaces
The largest contribution to the adhesion will again be contributed by the unaltered
(i.e. water-wet) surfaces, although their relative contribution is smaller than for the
above cases. Furthermore the overall adhesion force should be weaker as only
London forces act between the (now larger) oil-wet surfaces.
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Figure 18 SEM images of damaged and undamaged water-wet Bentheimer: sample 1
(a) before and (b) after damage (10 g/L water-wet Barite suspension injection);
sample 3 (c) before and (d) after damage (10 g/L oil-wet Barite suspension
injection). Adhesion between Barite-Barite particles and Barite-quartz surfaces can
be seen (b,d,e,f).
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Conclusions
Permeability reduction due to pore plugging is a serious problem in many subsurface
engineering fields, including petroleum engineering, hydrology or geothermal energy
production. The detailed plugging mechanisms are, however, not well understood.
We thus investigated these mechanisms at the micrometre pore scale with in-situ
(NMR, μCT), and ex-situ (coreflooding and SEM) techniques, and discuss their
consequences for pore structure and permeability. The focus of the study was on
wettability effects, which have received little attention so far.
We found that porosity and permeability were more reduced if the rock (quartz)
surface and the fine (Barite) particles had the same wettability. Initially thin pore
throats were plugged, followed by filling of large adjacent pore bodies. As a result,
fines filled mainly larger pores and split these into smaller pores (as evidenced by
μCT and NMR scanning). Furthermore, when the rock surface and particles had
different wettabilities, fine particles migrated deeper into the plug, spread more
homogeneously in the pore space, and generally caused less damage.
We note that Barite particles were tightly packed and strongly adhered to the quartz
surface as reported earlier which apparently was caused by strong intermolecular
forces between the Barite-Barite and Barite-quartz surfaces. We conclude that
stimulating a damaged reservoir could be more difficult than expected. However,
fine particles, which can travel deeper into the formation (and this happens if rockfine wettability is different, see above), can be an advantage for hydraulic fracturing
and drilling processes.
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