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Abstract—This work reports on the results of the studies of the material composition and physical properties
of the basement rocks of the West Siberian Plate. It has been shown that the rocks contain bitumens of
anthraxolite and kerite groups. We assume that the bitumens create the Late Paleozoic paleodeposit, trans-
formed under the conditions of apocatagenesis. Impregnation with highly transformed organic matter leads
to a significant decrease in electrical resistivity to values of 1–30 ohm m, which must be taken into consider-
ation when interpreting the low-resistivity zones on the basis of log data.
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INTRODUCTION

The need to determine the causes of low electrical
resistivity (ER) of rocks has arisen during the study of
the cores of metasedimentary rocks from several wells,
which had been drilled in one of the fields of the Krasn-
oleninsk arch in the central part of Western Siberia. The
wells were located 120 km northwest of Khanty-Man-
siysk, in the Oktyabr’sk and Khanty-Mansiysk raions of
the Khanty-Mansiysk Autonomous Okrug–Yugra.

When interpreting the geophysical well logging, the
low-resistivity intervals were defined as water-satu-
rated fractured or brecciated zones. However, this
interpretation was not confirmed by the studies of rock
material. The core is represented by massive and
poorly fractured metamorphic rocks, which are char-
acterized by low porosity and permeability. Obviously,
we should have expected that the ER would be con-
trolled by the rock composition. Thus, the purpose of
our study was to establish the cause of the low ER of
the rocks in the eastern part of the Krasnoleninsk arch.

The direct source of information on a structure of
oil-and-gas-bearing basins is the data on the core
material obtained by drilling. However, in many cases,
core samples are not taken or are taken fragmentarily.
Therefore, the data of geophysical studies of wells
become very important. Geophysical logging data are
used to correlate strata, to determine geological
boundaries, to assess water and oil saturation of rocks,
and to evaluate the prospects of certain horizons in
terms of oil production.

ER is one of the most important geophysical
parameters. In sedimentary rocks, it is used in combi-
nation with other techniques (gamma-ray logging,
neutron logging, spontaneous polarization, etc.) to
identify lithotypes, such as carbonatized sandstones,
clays, dense limestones, or dolomites. In addition, ER
reflects f luid saturation (with hydrocarbons or aque-
ous solutions) of intergranular reservoirs, in which the
pore volume is filled with f luid. The distinction on the
basis of a f luid type is made due to the significantly
higher ER (or low conductivity) of hydrocarbons
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(HCs) compared to mineralized stratal waters. In the
base case, the low resistivity zones are considered as
water-saturated strata; the high-resistivity intervals are
promising oil-saturated zones. However, in the late
1980s, the problem of the low-resistivity intergranular
reservoirs was revealed when, according to geophysi-
cal surveys of wells, the Jurassic oil-saturated reser-
voirs in Western Siberia were designated as unpromis-
ing and water saturated (Ezhova, 2006; Gusev, 2016;
Mel’nik, 2018).

It has been repeatedly shown based on the exam-
ples of sedimentary formations that resistance of rocks
depends on some factors. The most common and
important of them include:

—the amount, the pattern of distribution, and the
composition of clayey minerals;

—the specific features of diagenetic and catage-
netic transformations of rocks, the presence of low-
resistivity minerals;

—the character and degree of rock fracturing;
—the type of the f luid filling of pores and fractures;
—the size and configuration of pores;
—the structure and texture of rocks;
—the orientation of rock textures (most often, layer-

ing) in relation to a well or the direction of measurement;
—the mineralization of stratal waters.
Low-resistivity nonclay phases that lower ER are

titanium oxides, sulfides (pyrite, pyrrhotine, and chal-
copyrite), hydroxides of iron-bearing minerals, and
crustified chlorites.

However, the influence of these phases depends
significantly on the amount: for pyrite, the lower limit
is at 5–7% (according to different sources), below
which it does not have a significant impact on the ER.
The influence of the above factors was considered in
detail in (Ezhova, 2006; Gusev, 2016;  Mel’nik, 2018;
Mel’nik and Erofeev, 2014; Semenov et al., 2006) and
in the references in them.

Oil saturation is less common in the basement
rocks; therefore, the nature of the low-resistivity zones
in these rocks has been studied more poorly. In meta-
morphic and metamorphosed rocks, a pore reservoir
is usually absent and the resistivity methods generally
reflect the electrical properties of rocks themselves
and depend to a greater extent on the mineral compo-
sition and structural-textural features of the deposits.

A fractured reservoir, which usually occurs in the
basement rocks, has a porosity

of less than 1% and can be reflected in the ER data
in different ways; this depends not only on the type of
fluid saturation, but also on the properties and com-
position of dense and unfractured host rocks. In this
particular case, there is no an unambiguous solution to
the problem of the type of f luid in the fractured reser-
voirs.
MOSCOW UNIVE
In the base case, the low-resistivity zones in the
basement are considered as the intervals of tectonic
brecciation or the fractured reservoir zones filled with
mineralized water. Initially, we believed that the
occurrence of low-resistivity intervals in the studied
wells was related to the fracturing and water satura-
tion, whereas the share and features of the composi-
tion and distribution of clayey minerals (which are
usually uncommon in the basement rocks) play a
lesser role.

THE STUDY AREA
The study area is located in the central part of the

Krasnoleninsk arch of the West Siberian plate, which
has a complex and heterogeneous structure. Three
structural f loors are distinguished in the structure of
the West Siberian plate (Surkov and Zhero, 1981;
Western Siberia, 2000):

—the folded basement, which includes the Riph-
ean–Paleozoic sedimentary, metamorphic, and mag-
matic formations;

—the intermediate rift-related f loor, composed of
the Late Permian and Early Triassic basalts and rhyo-
lites, replaced up the section by the Medium-and
Upper Triassic terrigenous formations. The strati-
graphic extent of this complex varies in the West Sibe-
rian Plate;

—the plate cover, as represented by the Mesozoic–
Cenozoic, almost undislocated sedimentary forma-
tions.

The two lower structural f loors represent the pre-
Jurassic basement or the pre-Jurassic plate complex.
The lower f loor is the basement and the second (inter-
mediate) f loor is the transitional complex between the
folded basement and the undeformed formations of
the sedimentary cover.

In the northeastern part of the basement of the
Krasnoleninsk arch, the Late Cambrian metamorphic
formations occur (Shadrina, 2018). They are repre-
sented by quartzites and biotite–muscovite–quartz
shales (Fig. 1). The southern and western parts are
composed of poorly metamorphosed terrigenous-sed-
imentary mylonitized formations, represented by
metasandstones, metasiltstones, and, to a lesser
extent, sericite–hydromica shales.

According to our data, to the west, in the area of the
Em-Egovskaya uplift, there are the members of volca-
nics with the contrast composition that lie within these
terrigenous–sedimentary formations. To the south,
the terrigenous–volcanic formations were also
described in the South Yelizar Trough. All these terrig-
enous–sedimentary and terrigenous–volcanogenic
formations are dated the Devonian–Carboniferous on
the basis of a few fauna findings (Bochkarev and
Brekhuntsov, 2015; Chuvashov, 2009; Tugareva et al.,
2018). The above-mentioned sedimentary and meta-
morphic formations are intruded by several large gran-
RSITY GEOLOGY BULLETIN  Vol. 76  No. 4  2021
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Fig. 1. The geological map-scheme of the basement structure of the Krasnoleninsk arch according to (Ivanov et al., 2016;
Shadrina, 2018), with the author’s additions and modifications. The study area is shown as a square: (1) the Vendian (?) Lower
Paleozoic quartzites and mica shales; (2) the Lower-Middle Paleozoic metaterrigenous formations; (3) Devonian, Carboniferous
terrigenous, carbonate, and volcanogenic complexes; (4) the Upper Permian, Lower Triassic volcanogenic Rogozhnikovskaya
formation; (5) Lower-Middle Triassic volcanites of the Turin series; (6) bodies of the Paleozoic ultrabasites; (7) bodies of the
Paleozoic gabbro and dolerites; (8) bodies of the Late Devonian (?) diorites; (9) massifs of granites and granodiorites of the Lower
Permian complex; (10) faults; (11) settlements.
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ite-granodiorite massifs of the Early Permian age
(Fedorov et al., 2006; Ivanov et al., 2018), and small
intrusions, presumably of the Late Devonian age, on
the Em-Egovskaya uplift (Khotylev et al., 2021). From
the northwest and northeast, the Krasnoleninsk arch is
bounded by the Yuzhno-Bobrikovskii mega-trough, as
well as the Yelizarovskii trough and Rogozhnikovskii
swell, respectively, where the Triassic and Permian–Tri-
assic volcanic complexes occur (Bochkarev et al., 2013;
Shadrina and Kondakov, 2014).

MATERIALS AND METHODS

Our main purpose was to determine which of the
rock parameters control the ER. Therefore, to show
MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 76
the relationship between the ER of the rocks and their
composition and structural–textural features, we used
data on the mineral composition and filtration-volu-
metric properties of the rocks as well as the informa-
tion on the amount and the state of organic matter
(OM) revealed in the rocks.

To determine the mineral composition of rocks,
thin sections were studied and X-ray phase analysis
(63 samples) was performed. ER of several types was
measured on cylindrical samples including the resis-
tivity of the 100% water-saturated samples with miner-
alization of 17 g/L (109 samples), the resistivity at
residual water saturation (89 samples), and the resis-
tivity of the samples dried at 80°C for 14 days (29 sam-
ples). To estimate porosity and permeability, we used
  No. 4  2021
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the values of the coefficients of porosity (Kp, 114 sam-
ples) and permeability with a Klinkenberg correction
(Kper, 85 samples), as obtained by the gas-volumetric
method. The amount of organic matter was calculated
on the basis of the Rock-Eval pyrolysis data; the total
organic carbon content (TOC), which reflects the
amount of organic carbon (Сorg) in the rock in wt %
(37 samples) was used for correlations.

The most complete complex of the studies was car-
ried out on the samples from two wells (Wells A and
B). This complex included the X-ray phase analysis,
ER, pyrolysis, study of thin sections, and the determi-
nation of porosity and permeability. In addition, we
used data on the ER, mineral composition, and filtra-
tion-volumetric properties of a number of rock sam-
ples from wells located in the same area.

The mineral composition of the rocks was deter-
mined by the X-ray phase method on a DRON-3M
instrument at the Department of Oil and Gas Sedi-
mentology and Marine Geology, Moscow State Uni-
versity (analyst V.L. Kosorukov).

The porosity (Kp) and permeability (Kper) of the
samples were measured by the gas-volumetric method
on the AP-608 equipment under laboratory conditions
(confining pressure 500 PCI); nitrogen was used as a
working f luid.

The ER of the samples was measured according to
GOST25494-82 on the PetroOm equipment (Eco-
geosprom, Russia). The samples were clamped by a
core holder at the same pressure for all samples. When
measuring the ER of dry samples, no auxiliary spacers
were used between the sample and the electrodes. Fil-
ter paper pads moistened with mineralized water were
used when measuring fully or partially saturated sam-
ples (mineralization corresponded to mineralization
of sample saturation was 17 g/L).

To create of the residual water-saturation, we used
the method of a semipermeable membrane on a group
capillarimeter unit. This concept makes it possible to pre-
serve the samples, unlike the method of centrifugation.

The general scheme of work with samples had the
following stages:

(1) drilling, facing, washing, and drying (at 102°C
to constant weight);

(2) measuring porosity and permeability to gas;
(3) saturation of a sample with mineralized water

(mineralization 17 g/L);
(4) measuring the ER of a saturated sample;
(5) creation of the residual saturation of a sample

by the semipermeable membrane method;
(6) estimation of the coefficient of residual water

saturation by the weight method;
(7) measuring the ER on samples at residual satu-

ration;
(8) drying the samples within 14 days at 80°С;
(9) measuring the resistivity of dry samples.
MOSCOW UNIVE
The entire cycle of described measurements was
carried out in the laboratory of the Department of
Geology and Geochemistry of Fuel Minerals, Mos-
cow State University. Table 1 demonstrates the results
of the determination of the ER and filtration-volu-
metric properties for the most representative samples.

The characteristics of the organic matter in the stud-
ied rocks were obtained by Rock-Eval pyrolysis on the
Rock-Eval-6 instrument (Vincitechnology, France) and
HAWK workstation (Wildcattechnology, United
States) according to the standard temperature pro-
grams of bulk rock and reservoir (Kozlova et al., 2015;
Lafargue et al., 1994; Lopatin and Emets, 1987). The
total amount of organic carbon (TOC) was deter-
mined in rocks by the amount of thermally desorbed
hydrocarbons HC (S0, gaseous; S1, light oil; S2a, heavy
oil; S2b, asphaltenes and products of kerogen cracking
(Batalin and Vafina, 2013)) and CO and CO2, released
upon heating and combustion (S3 and S4). The tem-
perature ranges of the reservoir program were used to
separate light and heavy oil parts in HC. To separate
asphaltenes and kerogen cracking products, we carried
out the extraction with chloroform in the Soxhlet
apparatus and performed repeated pyrolysis for several
samples (Table 2). The elemental composition of
organic matter (CHN) was determined on an LECO
instrument (CHNS 260 elemental analyzer, LECO,
United States). The studies were carried out in the
Center of Hydrocarbon Recovery of Skolkovo, Insti-
tute of Science and Technology; the results of the
studies are given in Table 3.

Raman spectroscopy was carried out to clarify the
composition of organic matter on the transparent-pol-
ished thin section. Raman spectra were obtained using
an the XPloRA Raman spectrometer (HoribaScien-
tific, Japan) coupled with a confocal microscope
(Moscow State University, Department of Geology,
Laboratory of Local Methods for Study of Matter, ana-
lyst V.D. Scherbakov) under excitation radiation with a
wavelength of 532 nm and power of ~12 mW. Registra-
tion was performed in the 100–3900-cm–1 range at
parameters giving a spectral resolution of approxi-
mately 1 cm–1.

RESULTS AND DISCUSSION
We studied rocks of the pre-Jurassic complex

uncovered by Wells A and B in the central part of the
Kamennaya uplift. These rocks presumably belong to
the Devonian–Carboniferous terrigenous-sedimen-
tary formations. As mentioned above, we measured
the ER and filtration properties of these rocks, deter-
mined their mineral composition, and carried out
pyrolytic studies.

The lithological characteristics of the rocks. The
upper part (interval 2278.0–2289.5 m) of Well A is
composed of light brown, beige metasandstones, fine-
grained, foliated, with calcite and dolomite stringers
RSITY GEOLOGY BULLETIN  Vol. 76  No. 4  2021
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Table 1. The values of the ER and filtration-volumetric properties for the rocks of the Krasnoleninsk arch

ER100%, resistivity at 100% water saturation; ERrws, resistivity at residual water-saturation; Kp, coefficient of porosity, Kper, coefficient
of permeability.

Parameter Value Metasiltstones, well 
1A, 2B

Metasandstones, 
well 1A, 2B

Grano-
diorites

Sericite-quartz 
shales

Sericite-hydromica-
quartz shales

Number, n 14 7 29 11 19
ER100%,
Ohm m

avg. 25 302 282 397 263
min 0.2 67 55 202 76
max 60 849 967 862 560

ERrws, Ohm m avg. 34 842 4029 2121 3927
min 0.0005 100 111 352 377
max 85 1713 19000 3940 18675

Kp avg. 2.557 0.454 1.92 1.03 1.25
min 0.62 0.02 0.657 0.302 0.314
max 8.136 1.748 5.302 2.249 3.067

Kper, mD avg. 0.048 0.054 – 0.086 0.024
min 0.001 0.001 – 0.001 0.001
max 0.551 0.106 – 0.611 0.261
and pegmatite veinlets of black quartz. The metasand-
stones contain dark gray to black quartz-sericite car-
bohydrate shales up to 30-cm thick.

In the lower part (2385–2395 m), the metasand-
stones are represented only by single members up to
20-cm thick; dense dark gray thin-layered tectonized
metasiltstones predominate (Fig. 2, a, b). The rocks
are penetrated by numerous quartz veins, dislensing
with plicated textures; the incidence angle of foliation
varies from 50 to 90° (horizontal) to the core axis.

The basement rocks with the structural unconfor-
mity are overlain by the Jurassic coarse-clastic con-
glomerates with a sandy matrix and carbonate cement.
Below the contact, weathering processes are devel-
oped: bleaching, fracturing, disintegration of the base-
ment rocks, development of iron oxides, and the for-
mation of quartz caverns.

Metasandstones are fine- and fine-grained, poorly
rounded, basically quartz with mica-quartz fine-
grained cement. The texture is nonlayered, often brec-
cia, tectonized. Debris are represented by angular
quartz grains with wavy and blocky extinguishment
(0.1–0.3 mm, 15–20%), with single similar-sized pla-
gioclase fragments and microquartz fragments. The
clastic component is in a matrix; it is composed of thin
quartz fragments (0.08–0.02 mm, 30–40% of rock),
sericite and hydromica leaflets (0.04–0.08 mm, 10–
15%), and single leaflets of muscovite (up to 0.16
mm). The rock contains uneven, lenticular, poured,
and swollen veinlets of granulated quartz and fine-
crystalline calcite (0.1–1 mm, up to 5–8%) (Fig. 2, c, d).
Rhombic pyrite porphyroblasts of up to 1–1.2 mm
were observed. The organic matter is fine, dust-like or
in the form of small slices (no more than 0.1%).
MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 76
The metasiltstones are thin-banded lepido-grano-
blastic fine-microcrystalline sericite–quartz shales,
impregnated with black isotropic organic matter. The
texture of the rocks is lenticular, plicated, micro-
folded, and modified by isolated quartz phenocrysts,
which create a porphyroblast or even almost rare-
augen structure. The rocks are composed of sericite
leaflets of less than 0.005 mm (up to 70–75%) and gra-
noblastic quartz crystals (up to 15%), which form 0.5–
5 mm lens-like clusters (Fig. 2, a, b). The banded
structure of rocks is caused by the presence of lenses of
light quartz and strips enriched in black organic mat-
ter. These bands are up to 0.5-mm thick; they account
for up to 40% of the rock, but there are no visible dif-
ferences in their mineral composition (except for
organic matter).

Organic matter is represented by numerous lentic-
ular stringers and veinlets that are 0.01–0.05-mm
thick and 0.5–6 mm and more in length, which are
oriented along the foliation and transverse to the foli-
ation on ptygmatite veinlets; visually, it ranges from
1–2 to 10–12%.

The rocks uncovered by Well B in the entire studied
interval (2372–2412 m) are represented by mylonitized
fine-grained terrigenous formations: metasandstones,
meta siltstones, and metaclaystones. Metasiltstones
fine-grained, grano-lipido-blastic, which are indis-
tinctly banded to foliated, predominate.

The texture strongly depends on the degree of
mylonitization and varies from homogeneous, very
indistinctly banded to foliated and lenticular-banded.
Plication is very common, thin quartz veinlets
deformed into ptygmatite folds are sometimes
encountered. The rocks are folded, which is clearly
  No. 4  2021
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Table 2. Data from the pyrolytic study

ТОС — organic carbon, РС — pyrolized carbon, RC — residual carbon, СС — mineral carbon. Samples 1А–13А — from Well 1А,
samples 1В–14В — from Well 2В.
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13А 2278.06 Metasandstones 
fine-grained

0.11 0 0.08 – 0.1 90 80 0.01 0.09 0.7 1 1.11

1А 2280.07 Metasiltstones 1.17 0.57 0.16 – 0.33 258 48 0.16 0.17 8.69 2.46 3.63
14А 2280.27 Metasiltstones 1.79 0.88 0.05 415 0.4 250 12 0.23 0.17 7.53 2.77 4.56
15А 2285.63 Metasandstones 0.05 0.03 0.03 – 0.11 36 27 0.02 0.09 0.25 1.03 1.08
16А 2288.8 Metasandstones 0.03 0.02 0.05 – 0.21 10 24 0.01 0.2 0.32 2.24 2.27
17А 2289.01 Metasandstones 

coarse-grained
0.02 0.01 0.04 – 0.23 9 17 0 0.23 0.05 2.57 2.59

2А 2289.08 Metasandstones 0.03 0.01 0.07 – 0.04 50 175 0.02 0.02 0.93 0.24 0.26
18А 2294.7 Metasiltstones 0.05 0.02 0.04 – 0.06 67 67 0.01 0.05 0.33 0.58 0.63
19А 2297.23 Metasandstones 0.46 0.22 0.01 486 0.33 118 3 0.07 0.26 1.36 3.11 3.57
4А 2385.2 Metasiltstones 0.05 0 0.03 – 1.7 1 2 0.04 1.66 0.26 18.44 18.49
3А 2385.26 Metasiltstones 

carbonaceous
0 0.01 0.04 487 0.31 3 13 0 0.31 0.07 3.45 3.45

5А 2385.8 Metasandstones 
medium-grained

0 0.02 0.04 486 0.35 6 11 0.01 0.34 0.13 3.8 3.8

6А 2385.9 Metasiltstones 0.05 0 0.02 – 1.67 1 1 0.02 1.65 0.62 18.33 18.38
7А 2386.26 Metasiltstones 0.05 0 0.02 – 0.81 4 2 0.01 0.8 0.23 8.89 8.94
8А 2387.85 Metasiltstones 0 0 0.01 – 0.15 0 7 0.01 0.14 0.14 1.56 1.56
9А 2388.35 Metasiltstones 

carbonaceous
0.03 0 0.02 – 0.77 1 3 0.01 0.76 0.08 8.44 8.47

10А 2389.7 Metasandstones 0 0.01 0 494 0.4 2 0 0.01 0.39 0.2 4.34 4.34
11А 2390.79 Metasiltstones 0.02 0 0 – 0.4 2 0 0.01 0.39 0.14 4.33 4.35
12А 2391.56 Metasiltstones 0.01 0 0 – 0.35 0 0 0.02 0.33 0.08 3.67 3.68
1В 2369.37 Metasiltstones 

carbonaceous
0.03 0.02 0.18 – 0.15 13 120 0.01 0.14 3.46 1.57 1.61

2В 2372.73 Metasiltstones 0.04 0.02 0.06 – 0.6 5 10 0.01 0.59 0.13 6.58 6.62
3В 2372.75 Metasiltstones 0.31 0.16 0.25 – 0.88 28 28 0.05 0.83 5.68 9.38 9.69
4В 2373.11 Metasiltstones 

carbonaceous
0.18 0.09 0.06 – 0.5 22 12 0.02 0.48 0.51 5.42 5.6

5В 2374.4 Metasiltstones 
carbonaceous

1.09 0.54 0.07 454 4.71 18 1 0.14 4.57 0.05 51.32 52.41

6В 2374.73 Metasiltstones 
carbonaceous

0.82 0.41 0.04 – 2.89 20 1 0.1 2.79 0.06 31.41 32.23

7В 2376.04 Metasiltstones 
carbonaceous

1.59 0.78 0.13 – 1.73 103 8 0.2 1.53 0.12 17.78 19.37

8В 2376.48 Metasiltstones 
carbonaceous

0.23 0.11 0.03 – 0.75 19 4 0.03 0.72 0.02 8.11 8.34

9В 2376.55 Metasiltstones 0.05 0.02 0.02 – 0.11 27 18 0.01 0.1 0.02 1.13 1.18
10В 2377.63 Metasiltstones 0.24 0.12 0.01 – 0.33 42 3 0.03 0.3 0.02 3.45 3.69
1В 2408.08 Metasiltstones 

carbonaceous
0.31 0.15 0.1 – 1.76 13 6 0.04 1.72 0.15 19.26 19.57

12В 2408.73 Metasiltstones 0.22 0.11 0 – 1.73 10 0 0.04 1.69 0.24 18.89 19.11
13В 2409.72 Metasiltstones 0.18 0.09 0.02 446 1.51 10 1 0.02 1.49 0.17 16.64 16.83
14В 2409.93  Metasiltstones 

carbonaceous
0.33 0.16 0.06 447 2.52 11 2 0.04 2.48 0.2 27.72 28.05
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Table 3. The values of filtration-volumetric properties and ER of the studied rocks

Kp, coefficient of porosity; Kper, the coefficient of permeability; ER100%, resistance at 100% water-saturated samples; ERrws, resistance
of the samples at residual water-saturation; ERdry, the resistance of the dried samples.

Sample number Well Deph, m Kp Kper, mD ER100%, Ohm m ERrws, Ohm m ERdry, Ohm m

1A 1A 2280.07 8.136 0.067 59.8391 161.52 542033.3
2A 1A 2289.08 1.748 0.041 172.4877 611.5773 1696800
3A 1A 2385.26 0.357 0.008 0.91 9.8833 1.227823
4A 1A 2385.2 0.365 0.106 0.792 8.2402 10.605
5A 1A 2385.8 0.28 0 67.7004 100.8948 123.9607
6A 1A 2385.9 0.289 0.001 0.2915 2.2445 1.649667
7A 1A 2386.26 0.259 0 0.2083 2.5953 1.649667
8A 1A 2387.85 0.214 0.001 781.1484 2955.29 131973.3
9A 1A 2388.35 0.341 0.024 9.7357 12.3104 13.90433
10A 1A 2389.7 0.365 0 80.6672 235.8468 136.6867
11A 1A 2390.79 0.281 0.001 849.7288 1713.427 1508267
12A 1A 2391.56 0.367 0.064 106.1032 117.968 148.47
1B 2B 2369.37 3.141 0.005 46.1951 74.6576 471333.3
2B 2B 2372.73 6.357 0.015 31.7647 45.6978 1767500
3B 2B 2372.75 2.285 0.003 – 4.3074 8.8375
4B 2B 2373.11 3.364 0.015 – 12.0792 16.16673
5B 2B 2374.4 4.636 0.004 20.1 0.0004 0.542033
6B 2B 2374.73 0.62 0 45 0.1012 0.8484
7B 2B 2376.04 4.557 0.005 – 0.4356 1.178333
8B 2B 2376.48 3.031 0.001 – 6.3657 5.773833
9B 2B 2376.55 2.996 0.003 43.3048 68.3845 106050
10B 2B 2377.63 4.858 0.007 48.6233 85.0124 54203.33
11B 2B 2408.08 0.576 0.002 38 0.0005 7.871267
12B 2B 2408.73 0.678 0.002 – 0.4674 3.417167
13B 2B 2409.72 0.62 0.008 1.94 4.0874 5.255367
visible in the change in the angle of foliation to a core
axis from 90° (horizontal) to 40°.

The basement rocks with structural unconformity
are overlain by various clastic conglomerates and peb-
ble stones of Jurassic age. The weathering crust is
developed under the contact, which is manifested in
the rock bleaching and intense fracturing.

The basement rocks are homogeneous in composi-
tion; they are composed of an aggregate of granoblas-
tic quartz (crystals are 0.008–0.05 mm) and leaflets of
sericite and hydromica (0.008–0.04 mm) (Fig. 2, e, f).
The grayish green chlorite, which forms lepidoblastic
nests of no more than 0.1–0.15 mm, is detected. There
is few pyrite among accessory minerals; it forms
xenomorphic stringers along the foliation, which does
not exceed 0.5 mm in length. The share of quartz
ranges from 20–22 to 50–55%, that of mica is from
10–15 to 50%, chlorite is from 1–2 to 10–15%, and
pyrite is no more than 1–3%. These variations are
responsible for changes in the section from fine-
grained quartz metasandstones with sericite to meta-
MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 76
siltstones and, in some cases, to almost quartzless
sericite–hydromica shales (metaclaystones).

The rocks are unevenly saturated with black isotro-
pic organic matter; its share in thin sections is esti-
mated from 0.1 to 35–40% (more than half of the field
of view is not transparent). The organic-rich intervals
are characterized by the most intense development of
foliation and lenticular-banded textures; 50% of the
studied interval (13 m) consist of such carbonaceous,
organic-rich varieties.

In addition, we measured the physical properties
(ER, Kp, and Kper) of the following metasedimentary
and magmatic rocks of the basement from several wells
of the Krasnoleninsk arch (Table 1):

—sericite–quartz shales with muscovite and bio-
tite, chlorite and tourmaline, fine-thin-crystalline,
lepidogranoblastic, thin-banded (11 samples);

—granodiorites, medium-fine-crystalline, massive
(29 samples);
  No. 4  2021
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Fig. 2. Photos of thin sections of the studied rocks: (a, b) sandy siltstones with lenses of granoblastic quartz impregnated with
black organic matter, sample 4A, Well A; (c, d) fine-grained sericite–quartz sandstones with a ptigmatite veinlet of granoblastic
quartz and a large rhombic crystal of pyrite, sample 8A, Well A; (e, f) milonitized, lens-like banded sandy sericite–quartz silt-
stones, with stringers and veinlets of black organic matter, sample 5B, Well B; (a, c, d) without an analyzer; (b, d, f) with an ana-
lyzer.

1 mm 1 mm

1 mm1 mm

1 mm 1 mm
(a) (b)
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—shales, sericite–hydromica–quartz granolepidoblas-
tic, fine-crystalline, thin-banded, dense (19 samples).

These rocks do not contain organic matter; there-
fore, pyrolytic studies were not carried out on them.

The physical properties of the rocks. The resistivities
of water-saturated samples (100% saturation) of
metasandstones, sericite–quartz shales, and sericite–
hydromica–quartz shales of the Krasnoleninsk arch
are similar, ranging from 260 to 850 ohm·m. Granodi-
orites also have similar values, their ER100% is 280–967
ohm m. The ER100% of quartzites is slightly higher,
ranging from 977 to 7077 ohm m. The metasiltstones
are characterized by the lowest resistivity among all
the studied rocks, ranging from 25 to 60 ohm·m at
100% water saturation. However, metasiltstones and
metasandstones from Wells A and B have significantly
lower resistivity at the residual water saturation than
all other rocks (Table 1).

The rocks of the pre-Jurassic complex are charac-
terized by lower porosity and permeability in compar-
ison with the rocks of the sedimentary cover. In
metasedimentary rocks, the coefficient of porosity
ranges from 0.2 to 3–5 and averages 1–2%. The
porosities of metasiltstones are slightly higher; Kp is up
to 8.1%. Granodiorites are characterized by Kp values
that are similar to metasedimentary formations and
vary from 1.9 to 5.3%.

The permeability of the metamorphic rocks is
extremely low, the coefficient of permeability for all
studied samples does not exceed 0.62 mD; on average
it is 0.05–0.1%.

The composition of the organic matter. To assess the
composition of the organic matter, we analyzed a col-
lection of 34 samples from two wells (Table 2).

Different characteristics were obtained for sandy
and silty varieties for the samples from Well A. The
sandstones have the lowest TOC values, up to 0.4 wt %
(0.26 wt % on average), with a very small amount of
hydrocarbons (<0.1 mg HC/g rock) extracted from the
main mass. However, in the carbonatized varieties of sand-
stones, the level of S1 + S2 is up to 2.76 mg HC/g rock. The
significant residual amount of Corg (RC) in sandstones
indicates that the migrated HCs are preserved in them,
whereas S2 generally relates to heavy hydrocarbon
compounds that boil out at a high temperature.

There is much more organic carbon in the dark
gray metasiltstones, up to 1.67 wt %. This is mostly due
to nonpyrolyzable residual carbon, which is deter-
mined in the oxidation stage of pyrolysis (Fig. 3). It is
not possible to correctly determine the temperature of
S2 peak because of the low concentration of HC. In this
case, this temperature will determine the melting point of
the heavy oil fraction (presumably asphaltenes). How-
ever, we provided several values ranging from 486 to
494°C Tmax for comparison with the samples from the
second well in Table 2.
MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 76
Among the samples from Well B, only carbona-
ceous metasiltstones were studied by pyrolysis. The
TOC content here is much higher, varying from 0.11 to
4.71 wt % (1.44 wt % on average). Correspondingly,
the TOC content increases and the pyrolyzed hydrocar-
bons reach 2.37 mg HC/g rock (S1 + S2) (Table 2).

The pyrograms also illustrate that oils dominate
among HCs; the resinous-asphaltene components are
detected by the double peaks of S2a and S2b (Fig. 4)
(Batalin and Vafina, 2013). The main share of organic
carbon is nonpyrolysable carbon (the pyrogram shows
a large S4 peak at the oxidation stage). Tmax is 446–
454°C. The S1 and S2 peaks decreased after extraction
with chloroform; however, the maximum of the S2
peak remained at the same temperature. According to
a nearly four-fold change in the S2 peak, soluble resin-
ous-asphaltene components were in the sample as well
(Fig. 5)

The electrical resistivity of the rocks. Initially, we
made the most obvious hypothesis that ER will be
controlled by the porosity and permeability of rocks
due to saturation with conductive mineralized f luid.
In fact, for the studied rocks, there is a clear relation-
ship between resistivity and porosity; this is especially
clear for water-saturated rocks: the increase in poros-
ity from 0.2–0.3 to 10% leads to a decrease in ER from
103 to 10 ohm m (Fig. 6, a). The same plot demon-
strates that resistivity of some samples with high
porosity (5–10%) after drying increases by 3–5 orders
of magnitude, from 10–100 to 105–106 ohm m. Obvi-
ously, the low resistance of these samples is controlled
by water saturation. However, there are samples with
low values of resistance (1–10 ohm m) and porosity
(not more than 1%). The resisvity of these samples
does not change during saturation with f luid and pre-
sumably depends on other factors.

The permeability results were less expected. When
we initially interpreted the low-resistivity intervals as
“brecciation intervals” by the GIS, we expected the
rocks to be highly fractured and assumed their
increased permeability. However, the permeability of
the studied rocks does not exceed 0.6–0.8 mD and the
expected negative relationship with ER values was not
detected (Fig. 6, b).

Therefore, we suggested that the composition of
the mineral matrix has an effect on ER . To clarify the
relationship between the mineral composition of rocks
and resistivity, we analyzed data on the quartz content
(high-resistivity component), pyrite (low-resistivity
component) and the sum of clay minerals (hydromica,
chlorite, kaolinite, and mixed minerals of a montmo-
rillonite group, the low-resistivity component). These
components are rock forming and create the frame-
work of the rocks. According to the results of X-ray
diffraction analysis (XRD) and the study of thin sec-
tions of the rocks, we also encountered siderite, cal-
cite, dolomite, gypsum, feldspars, tourmaline, and
muscovite. However, these minerals are not men-
  No. 4  2021
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Fig. 3. The example of the pyrogram of the sample from Well A, depth 2388.35 m, sample 9A: (1) FID (flame ionization detec-
tor); (2) IR CO2; (3) IR CO; (4) the furnace temperature.
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Fig. 4. An example of a pyrogram of the sample from Well B, depth 2374.73 m, sample 6B: (1) FID (flame ionization detector);
(2) IR CO2; (3) IR CO; (4) the furnace temperature.
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tioned in further discussion, because they were found
only in individual samples in insignificant amounts.

The amount of clayey minerals in the studied rocks
actually has no effect on the ER of the rocks: no
dependence of resistivity values on the amount of clay
minerals was revealed (Fig. 6, c). Montmorillonites
are characterized by the greatest sorption capacity
MOSCOW UNIVE
among all clayey minerals, and therefore can signifi-
cantly increase conductivity of rocks. Minerals of a
hydromica group also increase conductivity of rocks
(Mel’nik, 2018), while in the studied rocks, montmo-
rillonites were not found at all, and the “hydromica”,
as determined by XRD, may be closer to sericites than
to complete hydromica, which is confirmed by their
optical characteristics in the thin sections.
RSITY GEOLOGY BULLETIN  Vol. 76  No. 4  2021
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Fig. 5. The pyrogram of sample 5B from Well B before and after extraction: (1) before extraction; (2) after extraction.
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As a result, this group of minerals does not contrib-
ute significantly to the increase in rock conductivity in
unweathered metasedimentary formations of the
basement.

No relationship was detected between ER and the
pyrite content. In the samples where the amount of
pyrite is more than 2–5%, the ER of all types remains
the same as in the samples with pyrite below the detec-
tion limit, of less than 0.5% (Fig. 6, d). We believe that
pyrite has no significant effect on conductivity
because it forms lenticular stringers isolated from one
another (this is clearly visible in the thin sections). The
effect would be noticeable only if the stringers were in
contact with each other and formed conductive vein-
lets and zones.

The quartz content has a poor positive relationship
with the ER of the rocks: when the quartz content
increased from 10 to 70–80%, resistivity increased by
an order of magnitude (Fig. 6, f). This correlates well
with the data of the studies of the thin sections: the
highest resistivity values are determined in quartz
sandstones and quartz siltstones with a low share of
the sericite–hydromica matrix and dramatic predom-
ination of the arkose component. The minimum val-
ues of resistivity were found in fine-grained siltstones
with a large share of sericite–hydromica matrix and in
metaclaystones.

The dependence of ER on the amount of organic
matter was much more interesting (Fig. 6, e). As can
be clearly seen, under a decrease of TOC from 0.1–0.2
to 5%, the ER of all types decreases by 3 orders of
magnitude or more. In spite of the fact that there is a
clear relationship between the filtration-volumetric
MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 76
properties and the rock resistivity (Fig. 6), the samples
with the lowest ER are not the most porous (Kp is up
to 0.7%) and have extremely low permeability values
(Kper < 0.01 mD), i.e., these low values of resistivity are
related specifically to the high content of organic mat-
ter and not to the filtration-volumetric properties, the
amount of pyrite, the abundance of clay minerals, or
other parameters.

This relationship is completely unexpected,
because saturation with organic matter usually leads to
an increase in resistivity, due to which oil- and water-
saturated intervals are distinguished (see the review at
the beginning of the paper). As an example, a clear pos-
itive dependence of ER on the amount of organic mat-
ter is known for the Bazhenov Formation (Skvortsov
et al., 2018).

The revealed relationship is also confirmed by the
data on the thin sections. Metasiltstones and fine-
grained metasandstones with shaley lenticular-banded
textures, filled with black untransparent organic mat-
ter, are most conductive (Fig. 2, a, b, and e, f). We
believe that the increased conductivity is caused by the
organic component of the rocks, which is represented
by extended lenses and stringers, which often merging
into single layers that provide conductivity throughout
the entire rock volume. In principle, pyrite could also
create such an effect, but its segregations are short and
scattered and do not merge into single conductive sys-
tems. Thus, it was established that ER in the studied
metasedimentary formations is regulated by porosity
(increase in porosity–decrease in resistivity) due to
saturation with aqueous conductive f luid, as well as by
  No. 4  2021



394

MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 76  No. 4  2021

KHOTYLEV et al.

Fig. 6. The dependence of different types of ER on filtration-volumetric properties of rocks, the total amount of organic carbon
(TOC), pyrite, quartz, and clayey minerals (wt %): (1) ER of rocks after drying; (2) ER of rocks at residual water-saturation;
(3) ER of rocks at 100% water saturation.
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the amount of organic matter (increase in the share of
organic matter leads to a decrease in resistivity).

Combining the results of lithologic and pyrolytic
studies allows us to state that the organic matter of the
studied rocks is represented by natural pyrobitumen
obtained during thermal reactions, which result in the
removal of lighter hydrocarbons and in leaving an
insoluble, carbon-rich residue. The pyrograms show
very high temperatures of the coke combustion at the
oxidation stage (S4 peak), which are similar for the
samples from both wells. According to the evaporation
temperature among hydrocarbons, it is possible to
extract oils and heavy parts of oil (preferably resins) in
the low-temperature zone, and asphaltenes in the
high-temperature zone (Fig. 3, 4). This was confirmed
by duplicating the analysis using the reservoir program
and separating the S2 peak into S2a and S2b.

The metasiltstone samples from Well A are charac-
terized by almost complete absence of the high-tem-
perature S2 peak (Fig. 2), which indicates a high degree
of the transformation of organic matter. The bitumen
can be diagnosed as “anthraxolite” affected by strong
thermal processing (Filippov, 2013; Melenevskii et al.,
2008].) This is confirmed by the fact that it could not
be dissolved in chloroform, as well as an atomic H/C
ratios equal to 0.48 (C, 3.95 wt %; H, 0.16 wt %; and
N, 0.07 wt %.) The increase in the level of thermal
transformation of organic matter is accompanied by
an increase in the temperature Tmax. However, in the
same well, in the upper part of the pre-Jurassic base-
ment, carbonatized sandstones are saturated with
hydrocarbons with a high hydrogen content. Appar-
ently, the rocks in the upper part are not as heavily
transformed. Bitumen from Well B contains a soluble
portion and an insoluble residue, and apparently was
not as affected by the thermal processing as the sam-
ples from Well A (Figs. 3, 4). The pyrolyzed part con-
tains both a hydrocarbon component and heteroat-
omic compounds of an oil series, which are repre-
sented by soluble asphaltenes.

This bitumen is more appropriately called albertite
(kerite) (Filippov, 2013) with a low content of the oil
fraction and partial solubility in chloroform. The H/C
atomic ratio is 0.95 (C, 4.4 wt %; H, 0.35 wt %, and N,
0.18 wt %).

Pyrolysis of heavy components of natural bitumen
(mainly asphaltenes) is always accompanied by the
formation of coke and the amount of bitumen in mg/g
of rock can be estimated by the amount of released
HC, CO, and CO2 (Table 2). The maximum amount
among the samples of the studied rocks (52 mg of bitu-
men/g of rock) was determined in well B.

Thus, according to the pyrolysis data, anthraxolite
and albertite (kerite) bitumens were revealed in both
wells, which indicates a sufficiently high transforma-
tion of organic matter. Bitumens are partially soluble
in organic solvents; however, their main part is repre-
sented by a black carbonaceous substance, that is,
MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 76
solid oil coke, which was affected by significant ther-
mal processing. The insoluble bitumen from the meta-
siltstones of Well A is represented by anthraxolites,
which were transformed to the apocatagenesis stage
and have almost no hydrogen. The organic matter
from the sediments uncovered in Well B was least
transformed. The degree of catagenesis of these bitu-
mens, as represented by kerites, most likely can be esti-
mated at the level of MK3–MK4.

A high degree of transformation of organic matter
was detected by optical methods as well. In crossed
nicols, organic matter is not black and isotropic, as it
should be in an unstructured state, but it is finely scaly
with extinguishing of individual scales. The disappear-
ance of the optical isotropy of substance is caused by
gradual ordering of a structure during heating, which
provides conductivity. The limiting case of further
transformation of organic matter will be graphite with
a tabular value of ER of 8 × 10–6 ohm m. However,
even transformation to the anthraxolite stage leads to a
significant decrease in ER values; for the Shunga
anthraxolite, it is 2.18 × 10–4 ohm m (Shungity…,
1975).

The organic matter is partially transformed into
graphite, which is confirmed by the Raman spectros-
copy data. We obtained reproducible spectra with
intense lines with the centers at 1347, 1584, and 2697
cm–1 in different grains (Fig. 7), which correspond to
graphite (Reich and Thomsen, 2004).

Oil cracking, which could lead to the formation of
such bitumens, occurs under the natural conditions,
when the temperature rises to at least 150°C, for exam-
ple, due to heating of an intrusive body (Melenevskii et
al., 2008). We assume that the decrease in the degree
of transformation of organic matter in the rocks of
Well A from bottom to top could be attributed to the
thermal impact of the Kamennyi large granite pluton,
which is located nearby (Melenevskii et al., 2008).

The studied rocks show alternation of relatively
coarse-grained metasandstones and fine-grained
metasiltstones, which are unevenly saturated with car-
bonaceous matter. The studied bitumens are the prod-
uct of the transformation of primary organic matter
contained in siltstones and finer-grained varieties that
were the oil source rocks. The attribution of organic
matter to the fine-grained metasiltstones and meta-
claystones indicates that organic matter in the rocks
was primary-sedimentary (rather than represented by
hydrocarbons, that migrated from outside). If hydro-
carbons saturated the reservoir, it would be more likely
concentrated in coarser-grained metasandstones.

Thus, we suggest that the studied object is a meta-
morphosed oil system consisting of layering oil-source
and oil-bearing rocks, with the highest concentration
of organic matter in the fine-grained metasedimentary
carbonaceous formations.

The presence of the pre-Jurassic weathering crust
indicates that by the time of the exposure of these
  No. 4  2021
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Fig. 7. The Raman shear spectrum for a sample of carbonaceous metasiltstone from well A.
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rocks (Triassic or Early Jurassic) the deposit had
already been formed and metamorphosed. We can
limit the formation of the deposit to the Carbonifer-
ous–Triassic time, assuming the Devonian–Carbon-
iferous age of the studied rocks by analogy with the
similar rocks of the basement of Em-Egovskaya uplift. If
the assumption that the organic matter was transformed
due to the contact impact of the massif is correct, this
indicates an Early Permian time of metamorphism,
because the Kamennyi massif was intruded in the Asse-
lian–Sakmarian time (Ivanov et al., 2018).

The development field of such carbonaceous for-
mations is rather large. According to our data, carbo-
naceous sericite–quartz shales with interlayers of
sandstones and less frequently carbonates are encoun-
tered in the basement of the Em-Egovskaya uplift, the
eastern slope of the Kamennaya unlift, the Vodora-
zdelnyi trough, and the Yelizarovskii trough.

CONCLUSIONS

1. The electrical resistivity in the studied metasedi-
mentary rocks of the Krasnoleninsk arch is controlled
by only two parameters. The first is rock porosity,
whose influence is related to the filling of pore space
with conducting f luids. A significant influence of per-
meability, as the main parameter of rock fracturing,
was not detected: there was almost no change in the
resistance level with the growth of Kper.

2. A distinct negative relationship between ER and
the total content of organic matter (TOC correlation)
was detected for the first time. This factor is compara-
ble with the influence of the porosity level: an increase
in the TOC content by 0.5% leads to a 1000-fold
decrease in resistivity.

3. Anthraxolites in the studied samples have a very
high degree of transformation (apocatagenesis) and
presumably correspond to the “disordered” graphite
structure, due to which such a high electric conductiv-
ity of the rocks occurs.
MOSCOW UNIVE
4. The patterns we obtained suggest that, in the
described case, the low-resistivity zones of the basement
rocks do not occur due to high porosity and water satura-
tion, but due to the presence of conductive highly trans-
formed bitumens. This means that when interpreting the
GIS data, it is incorrect to unambiguously determine the
low-resistivity intervals in the basement as the zones of
crushing or increased fracturing; both the rock composi-
tion and the probability of such bituminous impregna-
tion have to be taken into consideration.

5. The studied object is a metamorphosed oil sys-
tem in metasedimentary formations consisting of the
alternation of the oil-source and oil-bearing rocks.
The source of the hydrocarbons, now represented by
bitumens, was primary organic matter from claystones
and siltstones, which are now manifested as metaclay-
stones and metasiltstones. The transformation of
organic matter probably occurred as a result of contact
metamorphism at the boundary with the Kamennyi
intrusive massif.
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