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Abstract. In this work, we have investigated the wettabil-
ity of Bazhenov Formation rock samples using a nuclear
magnetic resonance (NMR), the methods of vapor adsorp-
tion, and wetting contact angle. We have conducted the pet-
rographic description of rocks using ultra-thin sections and
scanning electron microscopy (SEM). In addition, we used
data on the organic content (TOC) obtained by the Rock-Eval
method and the results of lithological typing on thin sections
for detailed analysis of NMR and contact angle methods re-
sults. Thus, for target rock, the groups with a similar rock
wettability were highlighted by the lithological description of
thin sections. The calculation of the wetting angle provided
an initial assessment of the surface wettability of the rock
and made it possible to establish the relationship between
the wetting angle and the TOC, which is relevant for rocks
of the Abalak-Bazhenov group. The NMR method described
the core plug wettability proved to be less sensitive to the
rock lithotype and organic matter (OM) texture in the rock
and, therefore, used for the integral characterization of core
plugs. Correlations of calculated wetting angle and adsorp-
tion wettability index vs. TOC and OM texture illustrated the
dependence of rock wettability behavior on both the litholog-
ical specifics and the OM properties.

1 Introduction

In recent years, the share of unconventional reserves in global
oil production has grown significantly (Ahmed and Mee-
han, 2016; Prishchepa et al., 2014). Exploration and develop-
ment of unconventional resources require novel effective lab-
oratory methods for characterizing the reservoir properties.

The wettability of reservoir rock is one of the most critical
factors affecting the residual saturation and flow properties
in the formation. However, as multiple petrophysical stud-
ies showed, traditional laboratory methods for characterizing
the wettability are not applicable for low-permeable source
rocks.

Wettability is an ability of a rock surface to interact with
a reservoir fluid molecularly, and it is one of the essential
characteristics associated with the development of oil and gas
fields and reserves estimation (Morrow, 1990; Ogunberu and
Ayub, 2005). The nature of the rock surface wettability in
the reservoir significantly affects the residual saturation, to-
tal recovery factor, etc. The preliminary recovery of fully or
partially hydrophobic reservoirs leads to an artificial overes-
timation of the residual water saturation when estimated by
indirect methods.

According to the literature data, wettability in shales is
characterized by mixed wet properties, controlled by numer-
ous factors such as total organic carbon content, organic mat-
ter maturity, mineralogical composition, porosity, pressure,
temperature, and brine salinity. Rui Yang (Yang et al., 2018)
reports that samples of marine Longmaxi shales with higher
TOC and quartz content are characterized as predominantly
oil-wet. Xuan Liu (Liu et al., 2018) emphasizes that the main
factors controlling the wettability of Longmaxi shales are
migrating organic matter and clay minerals: increasing mi-
grating organic matter leads to oil-wet behavior of the rock;
the same is true for illite and smectite components. More-
over, they mentioned that if TOC content is less than 1.5 %,
then the main controlling factor is clay mineral content, and
if TOC content is higher 1.5 % TOC and organic matter uni-
formly developed and distributed – content TOC plays key
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role in wettability behavior. At the same time Eric J. Guilti-
nan (Guiltinan et al., 2017) showed that TOC and OM ther-
mal maturity have no significant effect on Barnet Formation
shale samples wettability, which may be a demonstration of
mineral heterogeneity. Archana Jagadisan and Zoya Heidari
(Jagadisan and Heidari, 2019) experimentally found that the
wettability of the kerogen is a function of OM maturity: at
high thermal maturities, kerogen is strongly oil-wet when at
low thermal maturity, kerogen is predominantly water-wet.
Bin Pan (Pan et al., 2020), with coauthors, quite categorically
states that increasing TOC content leads to the evolution of
oil-wet behavior of shale samples when increasing temper-
ature causes water-wet, but increasing TOC content reduces
the influence of temperature on shales. Salinity is a differ-
ent factor that influences the wettability behavior of shales;
it is shown in Safari et al. (2020) and Liu et al. (2020): with
decreasing NaCl brine salinity contact angle reduces, when
decreasing of MgCl2 concentration leads to the opposite ef-
fect.

There are multiple conventional methods for assessing the
wetting properties of shale rocks in laboratory conditions,
but obtained results are often contradictory and difficult to
reproduce. Mainly they are based on the phenomenon of
the capillary imbibition (Amott, 1959), capillary displace-
ment (USBM, Donaldson et al., 1969), microscopic tech-
niques, and a combination of mentioned methods (Abdal-
lah et al., 2007). The abovementioned experimental methods
are widely known for characterizing the wettability of sand-
stone and carbonate formations (Thyne, 2015; Ivanova et al.,
2019).

Determination of wettability for shale rocks is complicated
due to the low rock permeability (< 1 mD), low porosity
(< 3 %–5 %), and a high content of clay minerals and highly
viscous components. To increase the accuracy of wettability
evaluation, shale rock assessment requires an integrated ap-
proach composed of different laboratory methods. Nuclear
magnetic relaxometry (NMR) has gained high interest in the
last 20–30 years due to the non-invasiveness and prompt test-
ing and characterizing the primary reservoir properties, in-
cluding wettability of the source rocks (Odusina et al., 2011;
Valori and Nicot, 2019).

In the framework of this paper, the fluid saturation and
wettability of Abalak and Bazhenov rocks were analyzed
employing the adsorption method, nuclear magnetic reso-
nance (NMR), as well as by determining the wetting contact
angle of the rock surface. Microstructural lithological study
of rocks was carried out using thin (10–20 microns) petro-
graphic sections.

2 Materials and methods

2.1 Materials

Abalak-Bazhenov group is represented by the Abalak Forma-
tion (AF) and Bazhenov Formation (BF). Abalak-Bazhenov
group (ABG) is one of the most prominent oil shale clus-
ters in the world, located in the Russian Federation with
a total area> 1 mln km2. BF and AF are Upper Juras-
sic – Lower Cretaceous clay-siliceous-carbonate organic-
rich shale rocks, which occupy most of the West Siberian
Petroleum Basin with a thickness of 15–60 and 20–90 m, re-
spectively. The investigated object is characterized by low
values of porosity and permeability, high content of or-
ganic matter up to 25 % w.t. represented by viscous and solid
components, including kerogen (Balushkina et al., 2014;
Ryzhkova et al., 2018). Main rock types are composed of
siliceous, carbonate, clay minerals, and organic matter, with
the dominance of siliceous minerals (Kontorovich et al.,
1997). The AB group is characterized by high heterogene-
ity caused by the interlaying of silica and mudstone with
kerogen-enriched laminas.

2.2 Methods

To study the wettability of the ABG rocks, we have proposed
a combination of three laboratory methods: water vapor ad-
sorption, contact angle estimation, and nuclear magnetic re-
laxometry (NMR).

2.2.1 Rock characterization

Rock typing was performed according to the classification
proposed by Lazar et al. (2015). Special ultra-thin sec-
tions (10 µm) were prepared for analysis on ZEISS Axio
2 m polarizing microscope. For high-resolution 2D imag-
ing and micromorphological characterization, we used the
Thermo Fisher Scientific Quattro S scanning electron mi-
croscope (SEM), which analyzed small (2–5 mm) rock spec-
imens chipped from each sample. Mineralogy analysis on
core powder was performed using the benchtop Rigaku
Smartlab X-Ray diffractometer unit. Gas porosity and per-
meability were analyzed by an automated gas permeameter-
porosimeter Geologika PIK-PP (Russia) based on the pres-
sure decay technique. Additionally, data on the organic car-
bon content (TOC) was obtained by the Rock-Eval method
on the HAWK RW instrument (Wildcat Technologies). In-
terpretation of results was based on the principles of py-
rolytic data analysis for source rock (Espitalie and Borde-
nave, 1993).

2.2.2 NMR relaxometry

We have used NMR relaxometry for measurements on ex-
tracted core samples (cylinders) in oil (kerosene) and wa-
ter (brine) saturated states. The tests were performed using a
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low-field (0.05T ) benchtop NMR relaxometer Geospec 2-53
(Oxford Instruments Inc) operating at 2.28 MHz frequency.
T2 relaxation curves were measured by the Carr–Purcell–
Meybum–Gill method (CPMG), the time-echo (TE= 2τ )
was set to 0.1 ms. The number of accumulations of the pulse
sequence was at least equal to 128 scans, with the maxi-
mum signal-to-noise ratio achieved. Interpretation of results
was based on the main principles of NMR in petrophys-
ical research (Abragam, 1961; Bloembergen et al., 1948;
Callaghan, 1991; Straley et al., 1997). Wettability charac-
terization was based on the calculation of the logarithm of
the ratio of the average logarithmic times T2 for water- and
kerosene-saturated samples after extraction (Borisenko et al.,
2017):

Wnmr = lg
T2lm oil

T2lm water
. (1)

Values of Wnmr index vary from −1 to +1; negative val-
ues indicate the oil-wet, near-zero, and positive values cor-
respond to a neutral and water-wet character. For the conve-
nience of comparison with the WI by the adsorption method,
Wnmr can be recalculated in the range from 0 to 1 so that
zero value corresponds to water-wet, 0.5 to neutral wettabil-
ity, and values about 1 to oil-wet.

WI= 1−
Wnmr+ 1

2
, (2)

where W and WI are wettability indexes and T2lm oil and
T2lm water – logarithmic mean T2 times for oil and water-
saturated samples, accordingly. The current approach is
based on the alteration of the T2 relaxation time spectra under
the influence of saturation fluid (Foley et al., 1996).

2.2.3 Contact angle measurement

A measure of wettability is considered to be the wetting an-
gle, depending on the size of which the surfaces are divided
into hydrophilic and hydrophobic. For water-oil shown in the
figure below, surface energies are distributed according to the
Dupre–Young equation extensions:

Eo−Ew = Eow · cosθ, (3)

where Eo is the surface binding energy between oil and rock
surface (dyne per cm);Ew is the binding energy between wa-
ter and a solid surface (dyne per cm); Eow is the binding en-
ergy between water and oil (dyne per cm); θ is the contact
angle at the oil-water-solid surfaces, measured from the wa-
terside (degree). There are no methods for the direct determi-
nation of Eo and Ew. Still, the equivalent value of Eo−Ew,
i.e., Eow ·cosθ can be obtained by independent measurement
of Eo and, thus, characterize the rock wettability. Contact
angles of less than 90◦ determine the predominant water-wet
surface, whereas the limiting case (θ = 0◦) shows that the
movement of oil by water from the surface will be sponta-
neous and will not require external forces. On the contrary,

the condition Eo <Ew leads to variation of θ angle from
90 to 180◦. Therefore, contact angles greater than 90◦ de-
termine the predominant wettability of the surface with oil;
otherwise, it indicates hydrophobicity of the surface.

For the contact angle measurement, core plugs were
probed, and fresh-cut plug faces were polished for a smooth
surface. The contact angle was defined in an air-water-flat
surface system for dry core samples. Measurements were
conducted in the “native” state of the rock saturation and af-
ter cleaning with chloroform in the Soxhlet unit. A drop of
distilled water is dripped from a pipette onto a flat surface
of the cylindrical core sample (flat and homogeneous). The
photo recording of the droplet shape on the cylinder face is
performed 10 s after application (Fig. 1). Using ImageJ Java
software package, the diameter and length of the drop are de-
termined, and the wetting contact angle is calculated by the
following equation for the idealized rock surface:

α = arcsin
(
L

D

)
, (4)

where α is the wetting angle, L is the drop width, and D is
the diameter of the drop.

2.2.4 Adsorption method

The vapor adsorption method is convenient for the simul-
taneous study of a large number of crushed core samples
of rock. The sample of 20–30 g is crushed to pieces with a
3–5 mm mesh size and divided into two equal probes (Gu-
dok and Bogdanovich, 2007a). Samples are dried to constant
weight at 75 ◦C in the vacuum; the first probe is extracted
in a Soxhlet apparatus with the chloroform to remove the
soluble part of OM, while the second probe remains in the
same state. Thus, we observe simultaneous vapor adsorption
on two probes of the same origin: the first probe is “native” or
as-received state, whereas the mobile hydrocarbons and sol-
uble components are removed from the second probe during
extraction. For vapor adsorption, both probes are located into
desiccators containing salt solutions that maintain a precise
relative humidity at a constant temperature of 25.0 ◦C± 0.2.
Monitoring in changing the mass of samples during the ex-
periment is conducted 1–2 times a week until the weight of
the sample is stabilized; recalculation of the adsorbed vapor
is carried out according to the formula:

a =
(mad−md)

18 ·mc
· 103, (5)

wheremd is the weight of dry rock sample;mad is the weight
of the sample with adsorbed water at a given value of relative
humidity. Based on the obtained values, adsorption isotherms
are constructed for each sample. The wettability coefficient
of the rock surface is determined by the ratio:

WI=
aex− anex

aex
, (6)
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Figure 1. Scheme of the contact angle calculation.

where aex and anex are the adsorption values on extracted and
non-extracted surfaces, respectively.

2.2.5 Rock pretreatment

The goal of the core extraction is to remove the soluble part
of OM in the rock by solvent cleaning. In the current study,
core extraction was conducted for core plugs and core chips
using chloroform in the Soxhlet apparatus. The average sol-
vent extraction time was equal to 72 h (for core chips) and
150 h (for core plugs). The core saturation procedure con-
sisted of vacuuming the samples, capillary imbibition, and
injection of the fluid (kerosene and brine model) for a 72 h
period.

3 Results

3.1 Rock characterization

By standard gas porosity and permeability measurement, we
observed that the open porosity of target collection falls into
the 0.5 %–7.1 % range, and permeability varies from 0.01 to
0.7 mD. Petrographical characterization of thin sections and
XRD showed that according to the classification proposed by
Lazar et al. (2015), the target collection of ABG rock sam-
ples are composed of different types of siliceous mudstones,
which are enriched with OM. Samples are mostly homoge-
nous in mineral composition; therefore, lithotyping was per-
formed on the basis of specific peculiarities such as TOC,
texture, pyrite fraction, bioturbation, and presence of carbon-
ates. The main component of the rock is clay minerals rang-
ing in 40 %–58 % diapason with 51 % on average; the second
rock-forming mineral is quartz – 25 %–45 % with an aver-
age value of 31 %. Other components are carbonate minerals
(< 5 %) and pyrite (< 5 %). We have differentiated the sam-
ple collection into eight main lithotypes (Table 1). Rock-Eval
analysis has shown that the content of organic carbon (TOC)
is moderately high and varies between 1.4 % w.t.–11 % w.t.,
with an average of 5.75 % w.t. in organic-rich layers.

The dominant difference along the section is the texture
of the organic matter in the rock. We have identified three
primary morphologies of OM present in the investigated set:
dispersed, laminated, and in the form of inclusions. To illus-
trate the microtextural details of OM in the rock, we have
selected three thin sections and SEM images corresponding
to the same category of OM appearance (Fig. 2). Category A
is characterized by OM distributed by layers in the form of
frequent extended thin veins and lenses (Fig. 2a); their size
reaches a width of up to 0.05 mm, a length of up to 1–2 mm.
Type B corresponds to samples in which the OM is dis-
tributed unevenly in the form of inclusions of 0.05–0.1 mm in
size (Fig. 2b) and rarely in the form of single veins. Finally,
type C is a group of samples with a uniform finely dispersed
OM distributed over the rock (Fig. 2c). It is essential that
OM may be present in all distinct forms in one sample, but
we have observed that almost in all cases, one of the men-
tioned textures significantly dominates.

3.2 Wettability determination

In the framework of the current case study, we have applied
three laboratory techniques selected on the basis of the litera-
ture review and our previous experience (Bogdanovich et al.,
2017; Borisenko et al., 2017).

In this experiment, 20 samples of ABG rocks before
and after extraction were examined by vapor adsorption
isotherms. The wettability index was estimated according to
Eq. (1) and illustrated the predominantly hydrophilic surface
of the rock (Fig. 3a) with a WI ranging from 0.003 to 0.144.
Results of wettability estimation by vapor adsorption signifi-
cantly depend on the cleaning of the rock: duration, solvent,
and overall quality of OM extraction. Therefore, the solvent
cleaning removes only the soluble part of OM, which leads to
the similarity of the adsorption isotherms for cleaned probes,
i.e., result in low values of wettability index and cause uncer-
tainty in wettability estimation.

The wetting contact angle was estimated for the set of
30 core plugs (Fig. 3b). Measurements were conducted be-
fore and after the core solvent extraction. Results show that
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Table 1. Lithotypes of the target collection.

Code Lithotype

L1 argillaceous-siliceous mudstone with siltstone
L2 calcareous-argillaceous mudstone with bioturbation and organic detritus
L3 siliceous carbonaceous mudstone with single radiolarians
L4 microcrystalline limestone
L5 calcareous-siliceous carbonaceous mudstone
L6 siliceous carbonaceous mudstone with pyrite
L7 siliceous carbonaceous mudstone with lenticular structure
L8 crystalline dolomite with siderite

Figure 2. Primary shapes of OM in rock samples by results of thin section microscopy and SEM (arrows indicate the OM inclusions, C –
dispersed OM promotes brown color).

Figure 3. Results of wettability determination by (a) vapor adsorption, (b) contact angle method and (c) NMR.

the wettability angle of the core in the as-received state varies
in the range of 19–79◦, which indicates the hydrophilic rock
surface. The angle cut-offs of 0 and 90◦ were established
for idealized rock surface; therefore, new criteria were set
to describe the hydrophilicity of the rock surface (Fanchi,
2002). We implement the differentiation for strong water-
wet (SWW if 0< α < 30◦), moderate water-wet (MWW if

30◦ < α < 60◦), and weak water-wet or neutral-wet (NW if
60◦ < α) characterization of the surface.

In the framework of NMR analysis, the T2 relaxation
curve was derived for 25 measured core plugs. Due to high-
pressure manipulations, few samples (6 plugs) disintegrated
during solvent extraction and the following saturation. Thus,
NMR wettability was estimated for 19 core plugs in to-
tal (Fig. 3c). Wettability index (WI) estimated, according to
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Eq. (2), varied from 0.15 to 0.58, with an average of 0.33, in-
dicating the prevailing water-wet rock behavior. Comparable
to contact angle interpretation, we have subcategorized the
SWW (0–0.25), MWW (0.25–0.5), and WWW or neutral-
wet (NW> 0.5) groups.

4 Discussion

All utilized methods characterized the target core collection
as dominantly water-wet rock, varying from SWW to NW
for various samples. Published works on Bazhenov Forma-
tion noticed mixed or mosaic behavior of the rock wettabil-
ity (Bogdanovich et al., 2017). It occurs because of the com-
plicated lithological structure and geochemical properties of
the OM, mainly due to the high amount of kerogen. For high-
porous media, it can be related to the minerals that make up
the rock, for instance, quartz, clay, and carbonate minerals
(Song et al., 2018). For shale rock, the wettability depends
on both the rock matrix and OM properties, including litho-
logical characteristics (mineral composition, structure, and
texture), amount of kerogen, its maturity, and type. Target
shale samples are characterized with low-to-moderate matu-
rity OM with Tmax values from 429 to 442 ◦C with an average
of 437 ◦C, which corresponds to 0.5 %–0.85 % Ro.

Within the scope of the current communication, we re-
search the correlations between the experimental results and
OM content (TOC), rock type, and OM morphology. The
main rock-forming components of the investigated samples
are clay minerals, quartz, and OM. In our case, the amount of
clay minerals and quartz is quite stable from sample to sam-
ple (Sect. 3.1). Relative homogeneity in mineral composition
means that clays and quartz should not significantly influence
wettability. In most cases, OM is characterized as hydropho-
bic, which means that its variations may cause significant dif-
ferences in wettability coefficient (Iglauer, 2017). OM has
variable morphologies in different samples, which leads to
serious inconsistency between measurement techniques. For
example, the horizontal lenticular texture of the OM is the
reason for anisotropy of shales (Yan and Han, 2013; Sayers,
2013), which appears in many petrophysical properties (per-
meability, acoustic properties, etc.), and wettability is not an
exception.

Firstly, we have examined the influence of TOC and rock
lithotype on obtained wettability indices. Results of water
vapor adsorption on the target rock samples showed a ro-
bust water-wet surface. The cross-plots illustrate no clear
correlation between the adsorption wettability index and
TOC (Fig. 4a). It may be reasoned by a moderate amount
of OM (including insoluble kerogen), which does not al-
low the full removal of OM during solvent extraction. Nev-
ertheless, Fig. 4a demonstrates that sample lithotype is a
significant factor in the current discussion. For instance,
increasing wettability index with growing value for TOC
is clearly shown for L2 lithotype – calcareous-argillaceous

mudstone with bioturbation and organic detritus. Other litho-
types, namely L6, L1, and L3–L5, show similar (for a cer-
tain lithotype) behavior, but the number of measured points
is not enough to highlight and confirm the trend. In summary,
only microcrystalline limestone (L4) has relatively high WI,
which may be explained by the influence of its calcareous
composition. It is important to note that the most kerogen-
enriched lithotypes L6 and L3 show the opposite trend that
is reasoned by the presence of non-removed solid OM in the
rock (kerogen), which remains after solvent cleaning.

According to the published data, the contact angle for
shale rock may vary from 11 to 103◦ (Sheng, 2018; Sid-
diqui et al., 2018). For example, Lower Silurian Longmaxi
shale samples are characterized by an 11–39◦ contact an-
gle (strongly water-wet). The authors explain the reason be-
hind WW behavior by mineral composition and porosity. In
contrast, Duvemay shale samples have a much higher value
of contact angle: 65–103◦. The authors conclude that such
values might be conditioned by a high amount of OM and
the presence of the hydrophobic pores in OM. Our case en-
compasses these to extremes due to significant variations in
OM content and diversity of OM distribution. Results of con-
tact angle measurements (Fig. 4c and d) show that in the ma-
jority of cases, increasing TOC leads to a higher wettabil-
ity angle for the target collection. Based on the lithotypes of
the rock samples, we can differentiate the groups with simi-
lar behavior – distinct clusters for L1, L2, L5, and L6. After
extraction (Fig. 4d), we observe the visible effect of OM re-
moval on L1, L3, L5, and L6 samples, which initially con-
tained a moderate amount of OM. Hence, the general linear
trend after solvent extraction does not change significantly
and is characteristic mainly for L5 and L6 – both carbona-
ceous mudstone – the slope sharpens after the extraction and
therefore confirms the importance of mineral composition as
one of the wettability forming factors. L1–L3 clusters show
low sensitivity for TOC values with the values of contact an-
gle in the range of 10–80◦.

We attempted to highlight the clusters for NMR measure-
ments (Fig. 4b) by the same lithotyping classification. Simi-
lar to the contact angle results, L5 and L6 show a linear de-
pendence of TOC and WI. The distinct groups are formed
by L1, L2, and L4; L4 (limestone) again tends to have the
most hydrophobic character. The strongest hydrophilicity or
strong water-wet rocks include L2 and L7 – argillaceous and
siliceous mudstones.

In Fig. 4d, we can see that the increasing value of the
TOC content (> 3.5 % w.t.) results in a higher contact angle.
We suggest this happens due to the increasing role of TOC
content in wettability behavior with its increasing. At the
low TOC, wettability is primarily controlled by rock litho-
type and OM morphology (texture). Xuan Liu (Liu et al.,
2018) reported that TOC content is one of the most sig-
nificant factors in shale hydrophilic properties. They con-
cluded that if TOC is less than 1.5 % w.t., then the main con-
trolling factor is clay mineral content, and at higher TOC
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Figure 4. Crossplots showing correlations of TOC vs. (a) WI adsorption, (b) WI NMR, (c) contact angle in as-received state and (d) contact
angle for extracted rock with indication of the lithotype.

Figure 5. Crossplots showing correlations of TOC vs. (a) WI adsorption, (b) WI NMR, and vs. contact angle for rock in (c) as-received state
and (d) extracted state with indication of the OM type.

(> 1.5 % w.t.) OM is uniformly developed and distributed.
In our research, we have noted that wettability depends not
only on the amount of TOC but its morphology in the shales.

Secondly, in addition to the rock type and mineral com-
position, we have distinguished three distinct categories of
OM occurrence by means of optical and electron microscopy
(Fig. 2a–c). The samples where two categories prevail uni-
formly were marked as category D. To analyze the possible
impact of OM morphology on wettability results, we have
plotted the TOC vs. WI adsorption/WI NMR/Contact angle
correlations indicating the predominant type of OM occur-
rence for each measured point (Figs. 5 and 6). For adsorption
(Fig. 5a) and NMR results (Fig. 5b), we observe the poor
differentiation for all three categories; the most distinct ones
are samples, which belong to A cluster (layered distribution)
– with an inherently high value of TOC and low sensitivity
of the WI to the TOC value. The mixed occurrence of cat-
egories B (large inclusions) and C (dispersed distribution)
may be reasoned by the technique specifics. In the case of
water adsorption, we deal with the core matrix in the form
of the crushed core, where the influence of OM texture is
minimized. For NMR analysis, we utilize the standard core

plugs and provide an estimation of the wettability index as
an integral characteristic.

The influence of OM distribution form is demonstrated
on measured contact angles. For the rock in the as-received
state, we can distinguish the separate clusters for A–C cate-
gories with a slight overlapping of the OM forms in the zone
of high TOC values (Fig. 5c). After the solvent cleaning, a
certain amount of OM is removed, and it results in a more
homogeneous distribution of point (Fig. 5d). Primarily, the
OM is extracted out of the thick layers (A) and relatedly large
inclusions (B), which affect the previous correlation and re-
move the focus to rock matrix as a rock wettability forming
factor. The sensitivity of results to the core extraction may
also be caused by the physical principles of the technique,
which is based on the surface wettability measurement. De-
spite the routine procedure of solvent extraction, core plug
faces are most exposed to the solvent.

The results of evaluating the ABG rock wettability by
the combination of laboratory techniques are illustrated in
Fig. 6. The wettability indices obtained by the water adsorp-
tion method correspond to a strongly water-wet surface over
the entire section, which does not contradict previous studies
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Figure 6. Combination of results by different methods over the target section.

of similar rock types (Bogdanovich et al., 2017). Hence, the
adsorption isotherms and close-to-zero values of the wetta-
bility index confirm that the application of this technique is
limited due to the remaining kerogen in rock. Contact angle
and NMR wettability techniques exhibit the same water-wet
characteristic, but their results (wettability indices) describe
the rock surface in a broader range of wetting behavior. Due
to the complexity of the rock matrix, OM properties, and high
anisotropy of shales, labeling the rock as fully water-wet or
hydrophilic leads to high inaccuracy in rock characterization.
This classification is used to detail the wettability of the rock
surface by results of contact angle measurement and NMR.
In wettability determination, the contact angle may vary on
the different core planes with respect to the bedding of OM.
In our case, the contact angle was measured on the plane
parallel to the bedding. OM inclusion on that plane occu-
pies more area in comparison to the plane perpendicular to
bedding. As a result, rock wettability is biased toward hy-
drophobic behavior. We suggest that this effect is illustrated
for the rocks with lenticular OM and characterized with the
highest contact angle, whereas in contrast, according to the
NMR technique (where the result does not depend on the
sample orientation), these samples are characterized with the
lowest WI.

5 Conclusion

In this study, the experimental results of the Abalak-
Bazhenov rocks wettability characterization by a number of
techniques (contact angle, adsorption, and NMR) are pre-
sented. In summary, we can highlight the main findings of
the conducted research:

1. All methods provided an initial assessment of the shale
rock wettability. The results showed mainly a water-wet
and neutral wettability of the section. For target rock
samples, the surface wettability turned out to be signifi-
cantly sensitive to the rock lithology and OM morphol-
ogy in the rock.

2. The vapor adsorption technique involves core extraction
and depends on the quality of OM removal. Standard
protocols of solvent cleaning on the crushed core do not
allow removal of the kerogen and result in distorted data
on measured points for organic-rich rocks. Therefore,
the application of this technique for shales is limited,
given the current cleaning procedure and requires the
acidation-based kerogen isolation from the shale sam-
ple.

3. The calculation of the wetting angle enabled the detailed
characterization of the rock wettability before and af-
ter the extraction. We observed the near-linear corre-
lations between the wetting angle and the content of
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organic carbon (TOC), which is relevant for Abalak-
Bazhenov Formation rocks of certain lithotypes (L5
and L6 – calcareous-siliceous carbonaceous mudstone
and siliceous carbonaceous mudstone with pyrite). The
lithological description of thin sections and OM mor-
phological categories were applied to highlight the clus-
ters with similar behavior.

4. NMR obtained index provides the integral wettability
characteristic for the entire core plug. This technique
showed low sensitivity for clusters of rock lithotypes
and OM categories and mostly characterized the rock
as a medium to strong water-wet.

5. OM morphology mostly influences the results obtained
by the contact angle technique: the dominance of lentic-
ular OM in the sample may be a reason for hydropho-
bicity overestimation due to rock anisotropy. In the case
of inclusions and dispersed OM, good conformity was
observed for results obtained with different methods.
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