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New data on depositional environment of Jurua Formation 
terminal sediments, Solimoes Basin, Brazil

M.V. Lebedev1, A.V. Khramtsova1*, A.P. Vilesov1, M.P.G. Souza2, А. Netto2 
1Tyumen Petroleum Research Center, Tyumen, Russian Federation

2Rosneft Brasil E&P Ltda, Rio de Janeiro, Brazil

Abstract. It has been for the first time established on the core taken from two wells that JR10 reservoir 
sediments (Upper Jurua, Formation Carboniferous) were deposited in the conditions of deltaic and alluvial 
coast with semiarid climate and in marine-terrigenous settings. JR10 reservoir differs in its lithological 
composition and structural architecture from the underlying layers of the Jurua formation and the overlying 
Carauari formation by the absence of carbonate and sulphate rocks and significant content of carbonaceous 
terrestrial plant fossils. The change of thickness from the south-east to north-west direction is associated 
with progradational nature of the deltaic coast evolving to the same direction.

Keywords: Solimoes Basin, Jurua Formation, core, terrigenous sediments, delta front, facies, reservoir, 
sequences
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introduction
The Solimoes Basin is located at the upper reaches 

of the Amazon River, it is classified as an intracratonic 
sedimentary basin; in the west it is bounded by 
the Iquitos arch, in the east it is separated from the 
Amazonas basin by the Purus arch (Fig. 1). In its 
central part the basin is divided by the Carauari arch 
into two sub-basins. The total area of the Solimoes 
Basin is 480 km2 (Caputo, 1990). The Jurua Formation 
(Carboniferous) overlies the marine sediments of the 
Jandiatuba Formation and is overlaid by the Carauari 
Formation (Eliras et al., 1994; 2008; Filho et al., 2007). 
It is subdivided into the upper (Upper Jurua) and the 
lower (Lower Jurua) subformations (Fig. 2). The lower 
subformation is mainly formed by clay-terrigenous 
sediments, the upper subformation is formed by a mixed 
complex of clay-terrigenous, sulphate-carbonate rocks 
and salts. According to the sedimentological analysis 
of the cores taken from the upper (terminal) part of the 
Jurua subformation, the authors interpreted a third-order 
sequence, JR10 terrigenous reservoir 10 to 50 m thick 
which is under- and overlaid mainly by carbonates and 
evaporites.

Factual material and research methods
Sedimentological analysis of the cross-section of 

the JR10 productive reservoir was performed based 
on the cores from two wells: the reservoir was fully 
intersected and cored by Well 1, in Well 2 the core 
was taken from the lower part. The total meterage of 
the studied core was 50.87 m with 99% core recovery. 
Well 1 was drilled in the extreme south-eastern part 
of the basin; Well 2 was drilled closer to the center of 
the Jurua sub-basin (well numbers are for reference 
only). The authors used the lithofacies analysis 
technique which includes a detailed sedimentological 
core description, building sedimentological sections in 
1:50 scale, selecting reference surfaces and sequences 
of different order, and building facies profiles and a 
lithofacies scheme.

When working with core material and interpreting 
the results of sedimentological analysis, methodical 
recommendations and works of well-known researchers 
in the field of facies analysis were used (Alekseev, 2002; 
Alekseev, Amon, 2017; Leeder, 1986; Einsele, 2000; 
Nichols, 2012; Reineсk, Singh, 1980; Gradzinsky et al., 
1980; Bhattacharya, 2006, etc.).

The conceptual lithofacies model of JR10 reservoir 
was built based on the results of core sedimentological 
analysis, the hydrocarbon pore volume, well classification 
(thickness vs. hydrocarbon pore volume cross-plot), and 
a logging complex (GR, RHOB, NPHI neutron porosity, 
and DT sonic logs).

*Corresponding author: Alena. V. Khramtsova
E-mail: avkhramtsova@tnnc.rosneft.ru

© 2019 The Authors. Published by Georesursy LLC 
This is an open access article under the CC BY 4.0 license 
(https://creativecommons.org/licenses/by/4.0/)
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Results
The authors divided the Upper Jurua section into 

three third-order sequences.
Sq1 Sequence is represented by whole terrigenous 

sediments of the transgressive system tract and the 
highstand systems tract (TST + HST). 

Sq2 Sequence includes the lowstand systems tract 
(LST) represented by coastal marine terrigenous 
sediments, the transgressive system tract (TST) composed 
mainly of marine carbonates, and the highstand systems 
tract (HST), formed mainly by evaporite facies (Moor, 
2001). The central part of the basin contains layers of 

Fig. 1. A layout map of the Paleozoic intracratonic basins of South America (Milani, Zalan, 1998, 1999). States: FG – French 
Guiana, SU – Suriname, GU – Guiana, VE – Venezuela, CO – Colombia, EQ – Ecuador, PE – Peru, BO – Bolivia, CH – Chile, 
AR – Argentina, PA – Paraguay, UR – Uruguay, BR – Brazil
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rock salt up to 40 m thick. The Upper Jurua evaporites 
were formed during a HST period in arid conditions and 
significant isolation of the basin.

Sq3 Sequence, which includes the studied target, 
JR10, within the studied territory is formed by the 
following (Fig. 3-5): 

- Black shelf claystones, clay siltstones of the 
transgressive system tract (TST), everywhere eroded 
and overlying the evaporite unit (HST Sq2).

- Terrigenous sediments (sandstones, siltstones, and 
claystones) of the marine, transitional, and continental 
genesis of the highstand system tract HST to which the 
JR10 reservoir is confined. The sediments were formed 
in a more wet, possibly semi-arid climate, as evidenced 
by numerous clusters of plant detritus and plant roots.

Above the Sq3, there are sandstones, siltstones with 
inclusions of anhydrites, and dolomites of the Carauari 
Formation (Fig. 4). Below is a detailed description of 
the facies forming the deposits in question.

The shelf (Shelf) and the transit zone (TZ) facies are 
interpreted in the lower part of JR10; they are represented 
by silty claystones and fine-grained, clayey, thin-bedded, 
bioturbated siltstones. There are layers of limey marls 
– dark gray, microcrystalline, thin-bedded, poorly 
bioturbated. The facies has been interpreted within the 

Fig. 2. The litho-stratigraphic structure of the sedimentary cover of the Solimoes Basin (Eliras et al., 2004)

transgressive system tract (TST). The sediment thickness 
is 2-3 m.

The upper shoreface facies (SF) is represented 
by light gray, very fine to fine-grained well-sorted 
sandstones, with flaser and shallow multidirectional 
cross-bedding, with rare benthos burrows. The 
sandstones are of arcosic composition with an admixture 
of volcanic lithoclasts. Accessory minerals include 
tourmaline and zircon.

Cements are mainly hematite, dolomite, and 
regenerated quartz.

Open porosity is 12.0%, permeability is 0.34 mD.
The sediments up to 2 m thick were interpreted in 

the upper part of JR10 (Fig. 4).
The prodelta slope facies (PD) is represented by silty, 

black, dark gray, brownish-gray claystones, dark gray 
siltstones, with a greenish tinge, brick-red (hematized), 
clayey with thin interlayers of sandstones. Claystones 
and siltstones are fine and micro-layered (Fig. 6A), with 
rare small plastic deformations, poorly bioturbated, with 
inclusions of pyrite. The rocks are characterized by a 
low content of carbonized plant detritus and sludge, 
Planolites burrows, and small Bivalvia shells.

The thickness of the prodelta slope facies varies from 
1.1 to 2.3 m.
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Fig. 3. Sedimentological section of the upper part of Upper Jurua in Well 1, Solimoes Basin (lower part of the section)



GEORESOURCES   www.geors.ru6

GEORESURSY = GEORESOURcES                         2019. V. 21. Is 3. Pp. 2-13

Fig. 4. Sedimentological section of the upper part of Upper Jurua in Well 1, Solimoes Basin (upper part of the section)
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Fig. 5. Sedimentological section of the upper part of Upper Jurua in Well 2, Solimoes Basin
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Fig. 6. Structural features of JR10 rocks: A – silty microlayered claystones of prodelta slope; B – fine-grained sandstones, 
with small multidirectional cross and cross-wave bedding, with rare Planolites burrows. Delta front facies; C – interbedded 
fine-grained sandstones and fine-grained clayey siltstones. Undulating deformational bedding disturbed by Planolites and 
Palaeophycus burrows. Delta front facies; D – small and large intraclasts of clayey siltstones in the sand matrix (top of the 
core) overlying fine-grained sandstones with thin horizontal bedding (bottom of the core). A contact between the delta front and 
distribution channel sediments.

The distal delta front facies (DDF) is represented 
by gray and brick-red very fine-grained and fine-grained 
sandstones with flaser and wavy-lenticular bedding, 
climbing ripples, less often with thin multi-directional 
cross-bedding (Fig. 6B), with thin interlayers (from 2 
to 15 mm) of dark gray fine-grained clayey siltstones 
(Fig. 6B).

A characteristic feature of delta sediments is an 
upward increase in grain size, the presence of Skolithos, 
Palaeophycus, Planolites, an abundance of plant detritus, 
and the stratigraphic position of sandstones above clay 
deposits of the prodelta slope.

The delta front sediments are also characterized 
by a variety of structures of the convolute bedding, 
gravitational displacement fractures, and intrusion 
structures along layer contacts.

The cement is predominantly clayey, with a small 
content of quartz regeneration. The accessory complex is 
represented by tourmaline and zircon which are resistant 
to chemical weathering.

The open porosity of sandstones is 11.8%, permeability 
is 0.023 mD.

The thickness of delta front sandy sediments varies 
from 1.3 to 4.9 m.

The facies of delta distribution channel (DC) is 
represented by gray very-fine to fine-grained sandstones 
with gently sloping cross bedding, interlayers with 
synclinal bedding and climbing ripples. Sand sediments 
of the distribution channel are eroded and overlie the 
delta front sediments. At the bottom of the channel 
deposits there are numerous claystone intraclasts of 
various shapes and sizes (Fig. 6D), carbonized fragments 
of plants. The abundance of plant detritus indicates 

a relatively wet climate and widespread terrestrial 
vegetation in the floodplain and delta.

Cement in sandstones is clayey, carbonate-clayey, 
with regenerated quartz, sideritic.

Open porosity is 9.1%, permeability is 0.016 mD.
The sediment thickness is about 5.0 m.
The fluvial channel facies (FC) is represented by 

gray, fine-grained, medium-fine-grained sandstones with 
poor and medium sorting, cross unidirectional bedding, 
less often with convolute bedding. Contact with the 
underlying layer is sharp, eroded.

The reservoir properties of rocks in the fluvial 
channel sandstones were studied on 18 cores from Well 
2: porosity varies from 9.4 to 12.3%, permeability – 
within 0.28-2.62 mD.

The thickness is up to 5.0 m.
The facies of tidal flat channel (TFC) is represented 

by gray sandstones with reddish hue, hematized, very-
fine to fine-grained, with fine multidirectional cross 
bedding, double laminae draped with clay material 
(Fig. 7A, 7B), Lockeia burrows, thin layers of silty-
clayey material, and carbonized plant detritus. There 
are numerous clay-silty intraclasts, up to 1.5*4.0 cm 
in size.

The reservoir properties of rocks were studied on 5 
cores from Well 2. The porosity varies from 7 to 12%, 
permeability is 0.94-2.3 mD.

The floodplain facies (FP) is represented by 
brown, hematized, micro-layered claystones, with thin 
lenses and gray coarse-grained siltstone laminae and 
deformational bedding (sliding and crushing structures). 
There are small shrinkage fractures, carbonized remains 
of root systems and plant detritus. In Well 2, claystones 
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Fig. 7. Structural features of JR10 rocks: A – fine-grained 
cross bedded sandstones. Tidal flat channel facies; B – cross 
bedded sandstones with double carbonaceous and clayey 
laminae. Tidal flat channel facies; C – interbedding of fine- 
to very fine-grained sandstones and fine-grained clayey 
siltstones. The bedding is lenticular-wavy, gently-wavy, dis-
turbed by Planolites and Skolithos burrows. Tidal flat facies.

with a lumpy structure are found and interpreted as 
paleosols.

The thickness of the floodplain facies is 0.4-1.0 m.
The tidal flat facies (TF) is represented by the 

interbedded claystones, gray very fine-grained 
sandstones and brick-red clayey siltstones. Depending 
on the predominance of rocks and their thickness, 
mixed, muddy, and sandy tidal flats are distinguished. 
Characteristic features of tidal flats are: multidirectional 

small cross/flaser/lenticular-wavy bedding (Fig. 7C), 
double laminae, syneresis fractures, mono-type 
composition of ichnofossils, organic remains represented 
by carbonized detritus of plants and single small bivalve 
shells.

Paragenesis with fluvial, delta, and lagoon 
macro-facies.

The sediment thickness is 0.4-2.8 m (Fig. 4, 5).
The lagoon/bay facies (L) is represented by 

claystones, siltstones, and silty sandstones; it is 
interpreted on the cores from two wells (Fig. 4, 5). 
Claystones are brick-red, hematized, micro-layered with 
rare burrows. Siltstones are brick-red (hematized), with 
indistinct intermittent thin bedding and micro-layered, 
with rare syneresis fractures healed with dolomitic-
sulfate cement, tight. Silty sandstones are reddish-gray, 
clayey, with flaser bedding, rare syneresis fractures, 
and tight.

The thickness of the lagoon units varies from 0.8 to 
2.3 m.

Figure 8 shows the interpretation of the relationships 
of the described facies:

1. The transgressive system tract (TST), intersected 
by Well 1 and 2, is represented by black marine 
claystones with rare interlayers of clayey limestones.

2. In Well 1, located on the periphery of the basin, 
the TST is overlaid by a normal sequence of delta-type 
coastal-marine sediments. Above them lies a series of 
alternating floodplain, marine, and coastal-marine facies.

3. In Well 2, located in the central part, the same TST is 
overlaid by alluvial deposits with erosion. Above them lies 
a series of alternating marine and coastal-marine facies.

Fig. 8. Comparison of cored sections of JR10
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Fig. 9. Conceptual model of JR10

Obviously, the established spatial relationships of the 
facies contradict the repeatedly tested concepts of facies 
zones in sedimentation basins (Reineck, Singh, 1980): 
subcontinental alluvial deposits cannot be replaced by 
a coastal-sea delta complex toward the land.

This contradiction can be resolved within the new 
concept which its authors called “high-resolution 
sequence stratigraphy”, and according to which 
sequences of different orders (up to order IV and 
more) with a similar structure can be distinguished 
in sedimentary basins (Zecchin, Catuneanu, 2013). 
Apparently, this concept can be considered as a special 
case of fractality of sedimentary basin models, which 
in turn is an element of a new non-linear approach to 
addressing the problems of geology of sedimentary 
formations (Alekseev, Amon, 2017).

To explain this contradiction within the above 
concept, the following hypothesis was proposed. A 
series of alluvial and coastal-marine sandstones in Well 
2 overlaying the shelf facies with erosion was interpreted 
as LST which is part of fourth-order sequence and 
pinching out toward the paleo land (in Well 1).

In this case, a stratigraphic unconformity – a fourth-
order sequence boundary should be assumed between 
the coastal-marine and continental deposits in Well 1. 
Therefore:

The coastal-marine delta complex making up the 
lower part of JR10 is the HST of the preceding fourth-
order sequence.

The complex of terrigenous facies of the coastal 
shallow waters, lagoons, and tidal flats that make up the 
upper part of JR10 consists of undivided TST + HST 
deposits of a younger fourth-order sequence.

The conceptual model of JR10 structure is shown 
in Fig. 9.

The current vision:
First, it is an Sq3 HST which forms the upper part 

of Upper Jurua 
Second, it is a series of progradational fourth-order 

sequences, each of which is formed by an LST including 
the alluvial sandstone facies and undivided TST + HST 
deposits of delta type.

Such a reservoir structure should have determined 
the distribution of zones with better reservoirs.

A lithofacies map of JR10 is shown in Figure 10. 
Based on core and logging data, five types of facies 
zones were conventionally identified according to the 
southeast-northwest progradation of the delta coast.

Facies zones of type I are found in the southeastern 
and central parts of the territory. The target is 
characterized by mottled facies composition, with a 
significant proportion of sandstones (more than 50%) 
of delta front and delta distribution channels, as well 
as river channels. Clay-silty sediments are represented 
by the deposits of prodelta slope and coastal alluvial-
delta plain. The sandstones of distribution channels 
and mouth bars are well sorted and are good reservoirs. 
The thickness of JR10 in the southeastern part of the 
territory is maximum – up to 40-50 m, in the central 
part it is about 25-30 m.

Facies zones of type II also have a linear distribution 
in the territory and border type I zones from the 
northwest. One of them, in the central part of the area, 
was confirmed by Well 2. The section is composed 
mainly of clay-silty deposits of the delta, the lower part 
of the delta front, delta bays, and tidal flat. The sandy 
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Fig. 10. Litho-facies map of JR10. 1 – isopach lines, m; 2 – wells: a – d – classes, e – no data; 3 – cored wells; facies zones: 
4 – delta front, prodelta, distribution channels, coastal plain (sandy sediments > 50%, clay-silty – 25-50%); 5 – delta front, 
prodelta, distribution channels (sandy sediments – 40-50%, silty and clayey – 50-60%); 6 – prodelta, delta front, marine (sandy 
sediments – 30-40%, clay-silty – 60-70%); 7 – marine, delta, distal part of the delta front (sandy sediments – 10-20%, clay-silty – 
80-90%); 8 – assumed fluvial channel.

facies in the section are subordinate to silty-clay facies: 
the share of sandy-silty rocks is from 40 to 50%. They are 
represented by sediments of the upper part of the delta 
front, distribution channels, and meandering channels. 
The thickness of JR10 in the southeast zone is about 
35 m, in the central part it varies from 25 to 35 m.

Facies zones of type III border type II zones from 
the northwest. The thickness of the target here varies 
from 15 to 35 m. The proportion of clay-silty sediments 
increases (60-70%), the proportion of sandy sediments 
decreases down to 30-40%. Sandstones are represented 
by the sediments of delta front and distribution channels. 
Clay-silty sediments are formed in the environments of 
the marine terrigenous shallow water, prodelta slope, 
tidal flats, and lagoons.

In the westernmost part of the basin, a facies zone of 
type IV is distinguished. The thickness of JR10 decreases 
here down to 10-15 m. The interval was accumulated 
under conditions of sedimentation “hunger”. The 
proportion of clay-silty sediments in the cross section 
increases here up to 80-90%. These are sediments of 
marine genesis, prodelta slope, and distal part of delta 
front (Fig. 10).

Since the JR10 sediment complex is progradational 
in nature, there is a repetition of identified facies zones 
from south-east to north-west. They become younger 
in the same direction in accordance with the adopted 
sequence-stratigraphic model.

Note that the model shown in Figure 10 is a concept 
which reflects the current state of knowledge. It is quite 

possible that new drilling data will help to identify 
additional zones with increased content of alluvial and 
coastal-marine sandstones associated with fourth-order 
sequences.

inter-basin correlation
Summing up the review of new data on the features 

of JR10 sedimentation and its cyclostratigraphic 
structure, we should dwell on the issue of regional 
correlation, which has arisen as a result of the studies 
performed.

The accumulation of prograding clayey-terrigenous 
complexes of the alluvial-delta coast forming JR10 is a 
result of certain regional climatic changes that caused 
an increase in river flow at the boundary of Jurua and 
Carauari.

It is known that on the Paleozoic supercontinent of 
Gondwana, which included the ancient South American 
platform, such changes were controlled by glaciers 
that occupied significant inland areas (Limarino et al., 
2014). 

For example, the formation of deltaic coasts, timed 
to the interglacial period at the beginning of the Early 
Permian, was identified in the Parana basin (Caputo, 
1984; Bernardes-de-Oliveira et аl., 2016; Mottin et al., 
2018). At the same time, in the Parnaiba basin located to 
the east of the Solimoes basin (Fig. 1), the activation of 
alluvial sedimentation with the formation of delta systems 
takes place during the Late Carboniferous (Barbosa et 
al., 2016). All these facts testify to the inconsistency 
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of regional comparisons and the correlation of events 
caused by seemingly single reasons. 

For reliable and reasonable tracking of sedimentation 
patterns in various South American Paleozoic basins, 
it is necessary to apply modern methods of zonal 
biostratigraphic correlation, a palynological analysis 
in particular. As already noted, various remains of 
terrestrial higher plants were found in the JR10 rocks 
during sedimentological analysis. A palynological 
study of JR10 rocks can significantly clarify the age of 
the upper part of the Jurua formation and improve the 
accuracy of both regional intra-basin reconstructions 
and inter-basin comparisons and correlation of the key 
events.

Summary
For the first time it was found, based on the core 

taken from two wells, that JR10 deposits (the Upper 
Jurua subformation) were formed in the conditions of 
delta and alluvial coast of the semiarid climatic zone and 
in marine terrigenous environments. The signs of tidal 
influence are identified by core in the sediments of the 
emerged part of the delta.

JR10 differs in its lithology and structure from the 
underlying Jurua sediments and the overlying Carauari 
sediments by the absence of carbonate rocks and 
evaporite layers and high content of carbonized remains 
of land plants (detritus, sludge, large fragments of leaves 
and stems).

The abundance of carbonized remains of higher 
plants is an evidence of semi-arid climate at the transition 
from the Jurua to the Carauari complex and the spread 
of terrestrial vegetation at the coast.

To establish the exact age of JR10, we recommend 
conducting detailed biostratigraphic (palynological) 
studies of this interval.

Based on the study of core and logging data, it was 
found that JR10 has a clinoform structure. The south-east 
to north-west change in its thickness is associated with 
the progradation nature of the delta coast developing in 
the same direction.

The sandstones of the delta front, distribution delta 
channels, and meandering tidal channels facies are 
characterized by best reservoir properties The deposits 
of fluvial channels in JR10 will most likely form 
lithological-structural traps.
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Comparison of the contribution of differently depth geological 
processes in the formation of a trace elements characteristic  

of caustobiolites

S.A. Punanova1*, M.V. Rodkin1,2
1Institute of Oil and Gas Problems of the Russian Academy of Sciences, Moscow, Russian Federation

2Institute of Earthquake Prediction Theory and Mathematical Geophysics, Moscow, Russian Federation

Abstract. The article analyzes the correlation dependences between the logarithms of the concentrations 
of trace elements (TE) in various geochemical environments (oil, coal, fuel and black shales, as well as in 
clays, organic matter (OM) of various types and biota) in comparison with the average chemical composition 
of the upper, middle and lower continental crust. At the same time, along with the TE content of oils of the 
main oil and gas basins  – the Volga-Ural and West Siberian ones, the data on the TE content in the so-called 
young oils were summarized; as such, data on the oil fields of the West Kamchatka oil and gas field and oil 
manifestations in the area of   the caldera of the Uzon volcano were used. Particular attention was also paid 
to the results of the analysis of the TE composition of the oils of the Romashkino group of fields, as it is 
possible that they are subject to the influence of deep-seated processes. The correlation coefficients between 
the studied parameters for the various studied oil- and gas-generating basins, including for the Romashkino 
group of fields, turned out to be close. For all oils, except for the young oils of Kamchatka and the caldera of 
the Uzon volcano, a closer connection of their TE composition with the TE composition of the lower crust 
was revealed. For young oils of the Uzon caldera in Kamchatka, this trend is absent, and a slightly closer 
relationship is revealed with the average composition of the upper but not lower crust, while for statistically 
more reliable data on the TE composition of the hydrothermal waters of the caldera of the Uzon volcano, a 
significantly closer relationship is observed with the average chemical composition of the middle and upper 
crust. Based on the identified correlations between the TE compositions of oil, caustobioliths and the crust 
of different levels, conclusions are made about the likely relationship between biogenic and deep processes 
in the formation of oil and gas fields. According to the authors, the obtained results support the crucially 
important role in the processes of naphthidogenesis of the upward flows of the low crustal fluids with the 
dominant source of hydrocarbons from the initial OM of sedimentary basins.

Keywords: trace elements, naphthides, hydrocarbons, earth crust, platform oil and gas bearing basin, 
correlation coefficients
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It is considered that the process of naftidogenesis is 
complex, due to the combined interaction of exogenous 
and endogenous factors. The influence of these processes 
should be reflected in the composition of microelements 
(MEs) of oils, which are an important source of 
information on the processes of oil and gas formation 
(Gottikh et al., 2008; Punanova, 2004, 2017; Rodkin et 
al., 2016; Rodkin, Punanova, 2018).

The development of oil and gas fields is a whole 
complex of necessary measures aimed at the extraction 

of hydrocarbon (HC) raw materials with maximum effect. 
At the same time, the knowledge of a huge number of 
scientific disciplines is used to build a structure model of 
the deposit, field, oil and gas territory. This includes model 
programming based on mathematical programs, as well 
as a broader interpretation of the concept of modeling – 
mathematical methods of data processing, monitoring 
in time and space of various properties of hydrocarbons 
and enclosing strata, the creation of genetic models of oil 
formation processes, modeling the accounting of deep 
processes for the possibility of replenishing hydrocarbon 
resources, the need for geochemical control over 
development. All these indicators should be taken into 
account when developing oil and gas fields (Muslimov, 
2018; Muslimov, Plotnikova, 2018; Rodkin, Punanova, 
2018; Punanova, Rodkin, 2018).
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The presented work became possible due to a 
significant increase in the volume of analytical data 
on the content of ME in various oils and in other 
caustobiolites and in rocks. Such progress was achieved 
in connection with the use of inductively coupled 
plasma mass spectrometry (IcP-MS), which made it 
possible to more accurately and quickly determine the 
concentrations of various MEs in samples (Ivanov et al., 
2005, 2013; Maslov et al., 2015; Fedorov et al., 2007; 
Fedorov et al., 2010). Typical concentrations of various 
MEs in oils and other caustobioliths (coals and shales), 
in the upper, middle, and lower continental crust and in 
living matter differ by several orders of magnitude. In 
this case, it is more justified to use a logarithmic rather 
than a linear scale to compare the concentrations of 
different MEs. We have shown (Rodkin et al., 2016) 
that the calculation of correlation coefficients for ME 
concentration values   on a logarithmic scale is very useful 
and informative, this approach is also used in this article.

Correlation between the composition of 
microelements of various natural reservoirs 
and the earth’s crust

We have analyzed the correlation between the 
logarithms of ME concentrations in caustobiolites 
(various oils, coals, oil and black shales), clay rocks, 
in the upper, middle and lower continental crust and in 
various types of living matter (biota). When calculating 
the data used: H.J. Bowen (1966) and V.V. Kowalski 
(1970) on living matter; M.Ya. Shpirt and S.A. Punanova 
(2012) on shale, coal and oil; A.P. Vinogradova 
(1956) on clay; S.A. Punanova (1974) on average ME 
contents in oils (average sample) and S.R. Taylor, S.M. 
McLennan (1988) and R.L. Rudnick, S. Gao (2003) on 
the continental crust. In contrast to the previous analysis 
(Rodkin et al., 2016), more detailed data were used in 
this work to differentiate the analysis by three levels of 
the earth’s crust and various types of biota. At the same 
time, along with the ME content of the oils of the main 
oil and gas bearing basins of Russia – the Volga-Ural 
and West Siberian, the contents of the ME in oils of 

the West Kamchatka oil and gas bearing basin and in 
oil concentrations in the caldera of the Uzon volcano 
(Kamchatka) (Beskrovny et al., 1971; Yakutseni, 2005; 
Kudryavtseva et al., 1993; Dobretsov et al., 2015). If 
in relation to oils the analysis of the ME concentration 
is carried out, then in the case of average compositions 
of caustobioliths and especially of different horizons 
of the continental crust and clays, this is not entirely 
correct. For example, the concentration of Fe in the 
composition of the cortex clearly should not be attributed 
to the ME region. Bearing this in mind, in the case of 
the composition of the earth’s crust, we will continue 
to speak not about the ME composition, but about their 
average chemical composition.

Table 1 presents data on the correlation between 
the ME composition of clays, coals, oil shales with 
the chemical composition of the continental crust. 
Calculations of the correlation coefficients (r) between 
the logarithms of the average ME contents show a closer 
relationship between the ME composition of clays, 
coals, oil shales (obviously upper crustal formations) 
and the ME composition of the upper continental crust 
(r = 0.84-0.90) compared to the ME composition lower 
continental crust (r = 0.79-0.83). The ME composition 
of black shales has a more significant relationship with 
the ME composition of the middle crust (r = 0.84). The 
formation and reformation of black shales takes place 
at great depths (rather than the formation of oil shales), 
over a longer period of geological time, and therefore 
the effect of deep penetrations with a set of so-called 
deep MEs is more likely.

In contrast, the ME content in oils is more closely 
correlated with the ME composition of the lower 
continental crust (r = 0.63) compared with the upper 
(r = 0.60) and middle (0.58) ones. Moreover, the 
correlations obtained for the average ME of the oil 
composition with the crust composition turn out to be 
significantly lower than the correlations for clays, coals, 
and shales, which indicates the greater complexity 
and possible polygenicity of the formation of its ME 
composition. High correlation dependencies are revealed 

Clays and 
caustobiolites

  
 

 

Continental crust  Biota  

upper
 

middle
 

lower
 plants  animals  

marine  terrestrial  marine  terrestrial  

Clays  *0,90/41 0,85/40 0,83/41 0,77/28 0,72/29 0,53/23 0,46/28 

Coals 0,84/41 0,76/40 0,78/41 0,78/28 0,71/29 0,48/23 0,50/28 

Black shales  0,82/41 0,84/40 0,80/41 0,78/28 0,75/29 0,57/23 0,56/28 

Combustible shales 0,84/35 0,76/34 0,79/35 0,76/28 0,74/29 0,54/23 0,55/28 

Oil (average)  0,60/37 0,58/36 0,63/37 0,61/26 0,58/29 0,59/24 0,54/28 

Table 1. The relationship of the ME composition of caustobiolites with the chemical composition of a number of geo-reservoirs. 
* The value of the correlation coefficient / the number of used values   of the logarithms of element concentration; the maximum 
values   in a row are marked in bold.



GEORESOURCES   www.geors.ru16

GEORESURSY = GEORESOURcES                       2019. V. 21. Is 3. Pp. 14-24

between ME compositions of caustobioliths and biota 
of various origin. The maximum figures (up to 0.78) 
are characteristic of the relationship between the ME 
composition of caustobiolites and the ME composition 
of marine plants. The correlation results definitely 
indicate that deep components play an important role 
in the genesis of hydrocarbons.

the microelement composition of oil and its 
polygenicity

According to (Punanova, 2004; Babaev, Punanova, 
2014; Punanova, 2017 and others), most of the ME of 
oil composition is inherited from the initial organic 
matter (OM) of sedimentary rocks, as evidenced by 
the dominant share of the so-called biogenic elements 
among ME oils a high correlation between the content of 
ME in oils and the average composition of living matter. 
Other MEs can be introduced into oil from host rocks 
and formation water. At the same time, some of the ME 
oils definitely indicate the presence of a deep source, at 
least at the level of the lower crust (Gottich et al., 2008).

However, the problem of the ME appearance in oils 
in connection with deep processes is very polemical. 
An analysis of the published material on the distribution 
in oils of elements characteristic of deep magmatic 
processes, namely As, Sb, Hg, La, and Eu (Nadirov 
et al., 1984), indicates that the concentration of these 
elements drops significantly in oils at great depths in 
the amplification of catagenetic processes. If there was 
an inflow from the depths, it would be more logical 
to observe higher concentrations of metals in deep oil 
samples, and not vice versa. Also the metal content of oils 
extracted directly from the foundation is controversial. 
The oils from the deposits in the basement and in the 
overlying Lower Oligocene in the Vietnamese White 
Tiger field are characterized by close values   of almost 
all the studied geochemical parameters. The closeness 
of these oils with respect to the genetic parameter, – 
V/ Ni < 1, is especially indicative. The prevalence of Ni 
over V characterizes these oils as weakly transformed 
(Serebrennikova et al., 2012; Shuster et al., 2018).

Analysis and generalization of the considered 
material makes it possible to assume the existence of 
several sources of ME in oils: inherited from living 
matter (V, Ni, Zn, Cu, U, Fe, Co, As, Mo, Ag, I, Br, 
B), borrowed from oil from surrounding rocks and 
formation water (Si, Al, Ti, K, Na, Ca, Mg, Ba, Sr, U) and 
introduced (As, Hg, Sb, Li, Al, B, lanthanides and REE) 
along the permeable zones from deep Lower crustal 
areas of the earth’s crust, i.e. polygenic their origin. In 
this case, the dominant source is the ME composition 
of the initial OM for oil and the supply of ME that 
enters the sediment together with the decomposition 
and transformation products of organisms. We note, 
however, that the assignment of elements identified in 

oils to a particular group of sources is very arbitrary. 
Some “biogenic” elements (V, As, Cu, Fe), under certain 
geological and geochemical conditions, enter the oil 
from the environment, while a number of elements (K, 
Na, Mg, ca) can be partially inherited from the initial 
OM. A certain fraction of “abiogenic” elements can also 
be associated with living matter and with the initial OM 
(Punanova, 2017).

confirmation of previous uniform geochemical 
profile of the ME of oils and living matter composition 
(Punanova, 2017) is confirmed by the correlation 
coefficients between the logarithms of the concentrations 
of the ME average composition of oils and biomass 
(Fig. 1). For the whole set of 25 ME, r = 0.56. When 
using data only on biogenic elements V, Ni, Fe, Co, Cr, 
Zn, As, Pb, Au, and Br, the correlation coefficient is 
much higher, r = 0.83 (Rodkin et al., 2016). Thus, ME 
oils are the same witnesses to the organic origin of oil, 
as are a number of relict hydrocarbon (Hc) structures 
of biogenic origin.

The distribution nature of average ME contents in 
formation waters (data from more than 1000 analyzes of 
formation water from oil fields located in various tectonic 
regions and covering a wide stratigraphic range are used) 
is similar to the “field” of the element concentrations 
distribution in organisms and oils (Gulyaeva, Punanova, 
1974; Punanova, 2007). To assess the tightness of the 
relationship, ME correlation coefficients of formation 
water composition in a number of oil fields and the ME of 
the main natural geochemical media and various types of 
rocks of the continental crust were calculated (Table 2). 
The closest relationship between the ME composition 
of groundwater is observed with the ME composition 
of living matter (r = 0.81).

The correlation coefficients of the oil composition 
with the composition of the upper and lower continental 
crust (from 0.64 to 0.66) are somewhat smaller in 

Fig. 1. The relationship between the average concentrations 
of ME in oils and in living organisms: the concentration 
values   for a number of elements coincide (Rodkin et al., 
2016)
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contribution of the lower crust dominates in terms of 
the diversity of introduced elements and changes in 
their concentration.

Oil features of the Romashkino group of fields
About 20 years ago in Tatarstan, a group of specialists 

from the Institute TatNIPIneft, Kazan State University, 
Institute of Organic and Physical chemistry named after 
A. E. Arbuzova under the leadership of Academician 
R.Kh. Muslimova and I.F. Glumov began the study 
of light migratory hydrocarbon fluids in the deposits 
located at the beginning of the last stage of development. 
According to many researchers (R.Kh. Muslimov, I.N. 
Plotnikova, V.A. Trofimov, R.S. Khisamov, etc.), the 
so-called “abnormal” wells (with anomalous parameters 
of productivity) are highlighted in relation to which, on 
the basis of geological and commercial signs, opinions 
were expressed about the possibility of their additional 
recharge by the inflows of deep hydrocarbons.

Various explanations have been proposed for 
replenishing the reserves of the Romashkino group of 
deposits (Muslimov, Plotnikova, 2018; and others.). The 
possible contribution of ME in anomalous zones from 
deep strata is reported in the works of G.P. Kayukova 
et al. (2009). These researchers compared the ME 
contents in oils and bitumen extracted from basement 
rocks and sedimentary deposits at the Romashkino 
field. The influence of the ME composition of both the 
initial OM from sedimentary oil source strata and from 
deep strata was revealed. It is assumed that the inflow 
from the basement influencing on the ME composition 
of the fluids can lead to the disruption of previously 

magnitude and close to each other (Punanova, Rodkin, 
2016). These data are consistent with conclusions based 
on illustrative material on the close relationship between 
the composition of ME reservoir water number of oil 
fields, biota, and oils.

close values   of the ME of the most important 
elements in the geochemical aspect in oils and black 
shales with respect to benthos and plankton, as well as 
in coals with respect to terrestrial vegetation, strongly 
support the assumptions about their biogenic nature 
(Fig. 2 a, b).

Indeed, although the magnitudes of these relations are 
not always identical, the changes in the values   in oils, 
shales, coals and the initial OM occurs symbatically, 
which indicates their genetic proximity (Shpirt, 
Punanova, 2012).

From the foregoing, the polygenic composition 
of the ME oils is quite obvious, determined both by 
the chemical composition of the initial biological 
substance and the composition of the deep horizons of 
the continental crust. Based on these data, a model was 
constructed for the contribution of the main studied 
natural reservoirs to the ME composition of oils (Fig. 3). 
In this case, the contribution of biota dominates in 
terms of the total concentration of nutrients, and the 

Fig. 3. A simplified model of the magnitude of the contribution-
influence (according to the correlation of the chemical 
composition) of the biota, lower and upper continental crust 
on the ME composition of oil

Correlation objects  Upper crust  Lower crust  Biota  Oil  Clay rocks  Coals 
Formation water  0,66/19*  0,64/19  0,81/23  0,65/16  0,58/17  0,46/17  

Table 2. Correlation between the logarithms of the average concentrations of ME in the formation water of oil fields with the 
composition of the ME of various geochemical environments (Punanova, Rodkin, 2016). * The value of the correlation coefficient / 
the number of used values   of the logarithms of element concentration; the maximum values   in a row are marked in bold.

Fig. 2. Relations of ME in oils, shales, benthos and plankton 
(a); coals and land vegetation (b) (Shpirt, Punanova, 2012)

a

b



GEORESOURCES   www.geors.ru18

GEORESURSY = GEORESOURcES                       2019. V. 21. Is 3. Pp. 14-24

established relationships between hydrocarbons and the 
ME composition of oil. According to the ME indicators, 
a relationship was found between the types of fluids and 
the zones of discontinuous disturbances, and a conclusion 
was drawn about the formation of regional oil-bearing 
strata of terrigenous Devonian due to the supply and 
mixing of hydrocarbons from different sources. In Fig. 4 
the ratio of the ME indicators of oils from different 
zones is reflected. The element concentrations in the oils 
of these two zones practically do not differ from each 
other. G.P. Kayukova et al. (2009) confirm the same, 
arguing that the differences are manifested only in the 
relationships between the ME composition of the oils 
and the physicochemical properties of the oils. Fields 
with anomalous wells are characterized by positive 
high correlation between the hydrocarbon composition, 
the ratio of resins and asphaltenes, density and sulfur, 

whereas for oils from ordinary wells, which are likely 
to bear the burden of secondary changes (including the 
influence of technogenic factors), the absence of such 
connections is manifested.

Based on Hc contents and ratios in naphthides, I.N. 
Plotnikova and G.T. Salakhidinova (2017) proposed a 
set of geochemical indicators that allows conducting 
geochemical monitoring of oils at the developed fields in 
order to study the process of re-formation of the reservoir 
during its development and possible replenishment with 
light hydrocarbons.

V.A. Bochkareva and S.B. Ostroukhova (2012) 
expressed in their work an interesting concept about 
the two-phase generation of hydrocarbons filling 
the deposits of the Romashkino group of fields. It is 
assumed that in abnormal wells flow rate increases and 
the composition of oils or gas condensates changes as 
a result of the young stage of oil generation and their 
recharge with newly formed oils. At the same time, this 
second stage of oil generation is associated not with a 
deep hydrocarbon inflow, but with a younger phase of 
fluid generation from OM of sedimentary strata.

The table 3 presents the results of evaluating the 
contribution of different floors of the continental crust to 
the ME formation of oil composition of the Romashkino 
group of fields based on calculations of correlation 
coefficients.

Based on the tabular data, it is possible to note in 
almost all the samples a slightly higher correlation 
between the ME of oil composition in the Romashkino 
group of fields and the chemical composition of 
the lower and middle continental crust than with 

Fields,  
age  

Continental crust  Biota  

upper  middle  lower  plants  animals  

marine  terrestrial marine  terrestrial 

Romashkino group of fields, according to analytical data (Ivanov et al., 2013) 

Abdrakhmanovo area, 
6 samp. 

*0,57/26 
±0,02 

0,56/26 
±0,03 

0,59/26 
±0,02 

0,39/23 
±0,18 

0,42/23 
±0,11 

0,51/23 
±0,16 

0,51/23 
±0,14 

Berezovsky area,  
5 samp. 

0,55/25/25 
±0,02 

0,57/25 
±0,03 

0,57/25 
±0,02 

0,48/22 
±0,17 

0,46/22 
±0,12 

0,65/22 
±0,16 

0,60/22 
±0,15 

Romashkino group of fields (satellites oil**), according to analytical data (Maslov et al., 2015)  

Pashian, 5 samp.  0,76/ 60 0,77 / 54 0,77 / 60 0,70 / 32 0,75 / 35 0,71 / 30 0,74 / 34 

Dankov.-Lebedyan., 2 samp. 0,74 / 59 0,76 / 53 0,75 / 59 0,76 /31 0,80 /34 0,79 /29 0,81 /33 

Kizelovskian, 1 samp. 0,73 / 59 0,77 / 53 0,75 / 59 0,76 /31 0,78 /34 0,78 /29 0,79 /33 

Bobrikov.-Radaevsk., 3 samp. 0,73 / 59 0,77 / 54 0,75 / 59 0,76 /32 0,80 /35 0,80 /30 0,81 /34 

Tulskian, 1 samp. 0,70 / 60 0,72 / 54 0,72 / 60 0,63 /32 0,72 /35 0,64 /30 0,72 /34 

Average difference*** 0 2,2±1,1 1,8±0,5 0 5,2±1,9 0 2,2±2,7 

Table 3. Correlation coefficients between the ME composition of oils of the Romashkino group of fields and the composition of 
the continental crust and biota. * The value of the correlation coefficient / the number of used values   of the logarithms of element 
concentration; the maximum values   in a row are marked in bold; ** Oils of the Chekansky, Tumutuksky and Tumutuk-Chekansky 
deposits-satellites of the Romashkino oil field; ***  % relative to the first value.

Fig. 4. Comparison of oils from “abnormal” and “normal” 
Romashkino wells with chloroform bitumen of rocks 
by ME concentrations (according to analytical data by 
G.P. Kayukova et al., 2009)
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the upper one. The high correlation of the ME 
composition of the studied oils with the composition 
of biota is also revealed. Moreover, for oils from 
Dankovo-Lebedyanian, Kizelovskian, Bobrikovian-
Radaevskian and Tulskian sediments, a high connection 
with biota of plant and animal origin probably 
indicates a mixed type of the initial organics in these 
deposits – sapropelic-humic.

Comparative analysis of oil microelements in 
various oil and gas basins and the earth’s crust

It is also of interest to compare the data obtained 
for the oils of the Romashkino group of fields with 
the results of a similar analysis for the oils of the West 
Siberian oil and gas field. Detailed definitions of the 
ME of the composition of 8 oil samples from the Shaim 
region are given in (Ivanov et al., 2005; Fedorov et al., 
2007; Fedorov et al., 2010), which allows some statistical 
analysis of them. The Table 4 presents the results of 
calculations for oil fields of Shaimsky and Sredneobsky 
districts, which are fairly uniform in oil composition.

We can see good agreement between the calculation 
results for individual oil samples. The value scatter of 
the correlation coefficient in all cases is close to 0.05 (no 

more than 0.1). From here, we take the value 0.1 as the 
upper estimate of the possible spread for oils of similar 
composition; in other words, as the maximum “method 
error”. Estimates of the correlation coefficient with 
the scatter estimate (Table 4) do not reveal significant 
differences for the upper and lower crust. However, 
when comparing data on individual samples in 5 cases, 
the connection with the lower crust appears to be 
higher, and in 3 cases there are no differences (Table 4, 
for reasons of uniformity, only estimates the average 
correlation values). From this it can be supposedly 
concluded that the statistical relationship between the 
ME composition of the oils of the Shaim and central Ob 
regions of Western Siberia is still slightly higher with the 
ME composition of the lower crust than with the upper 
one. Variations in the correlation coefficients of the ME 
composition of oils with the chemical composition of the 
lower continental crust are from 0.57 to 0.71, and for the 
upper – 0.48-0.60. The connection with the composition 
of biota is also noticeably weaker (0.49-0.61) than the 
connection with the lower crust.

For comparison, Table 5 shows the results of 
calculating the correlation coefficients between oils 
of different oil and gas bearing basins with average 

 Continental crust  Biota  Fields  Upper  Lower  
Shaim region   

Severo - Danilovskoe (well 6567)   *0,53/40  0,64/40  0,49/26 
Danilovskoe (well 2459)   0,60/40  0,71/40  0,61/26 
Dorozhnoe (well 1746)  0,53/40  0,66/40  0,51/26 
Ust-Teterevskoe (well 1856)   0,55/40  0,67/40  0,49/26 
Ubinskoe (well 1236)   0,56/40  0,68/40  0,59/26 
Lovinskoe (well 9556)   0,48/40  0,57/40  - 

Central Ob region  
Vostochno-Pridorozhnoe (well 402/2)   0,59/40  0,67/40  0,54/23 
Kustovoe (well 1182/26)  0,58/40  0,67/40  0,53/23 
Average  0,55 ±0,04  0,66 ±0,04  0,54 ±0,05 

Table 4. The relationship between the concentration of ME in the oils of the Shaim and Central Ob regions of Western Siberia 
with the chemical composition of the continental crust and biota. * The value of the correlation coefficient / the number of used 
values   of the logarithms of element concentration; the maximum values   in a row are marked in bold.

Oils of some oil and gas bearing basins  Earth crust  

Upper  Middle  Lower  

^Dnepr-Donets  *0,54 / 37 0,51 / 36 0,58 / 37 

^Timan-Pechora  0,57 / 36 0,55 / 35 0,62 / 36 

^Volga-Urals  0,59 / 37 0,60 / 36 0,63 / 37 

^Eastern-Siberian  0,57 / 37 0,54 / 36 0,60 / 37 

^Western-Siberian (Shaim region)  0,69 / 33 0,68 / 32 0,73 / 33 

^^Western-Siberian (Shaim region)  (0,60±0,03)/61 (0,58±0,03)/54  (0,62±0,02)/58 

Table 5. Correlation of the ME composition of the oils of some oil and gas bearing basins with the average composition of 
the upper, middle and lower continental crust. * The value of the correlation coefficient / the number of used values   of the 
logarithms of element concentration; the maximum values   in a row are marked in bold; according to data (Gottikh et al., 2008); 
^^ according to (Ivanov et al., 2005).
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Fig. 6. The ratio of vanadium and nickel in the oils of the 
Romashkino group of fields: a, b – according to the data 
(Maslov et al., 2015), c – according to the data (Ivanov et 
al., 2013)

а

b

c

composition of the upper, middle, and lower continental 
crust, which in most cases appear to be statistically 
significant (exceeding the value of a possible random 
spread of 0.1). In all cases, correlation values are 
maximal   of the ME composition of oil with the average 
composition of the lower continental crust. Let us 
note that for the oils of the Shaim region (Tables 4, 5), 
according to different data from different authors, a 
slightly closer relationship between the ME composition 
of oil and the composition of the lower crust was also 
obtained in all cases.

So, the results of our analysis did not reveal 
fundamental differences in the nature of the statistical 
relationships between the ME composition of 
Romashkino oils and oils of other oil and gas products, 
as well as a noticeable difference between the ME 
composition of the anomalous and conventional wells 
of the Romashkino field (we note, however, that in the 
second case the comparison results are not completely 
convincing in connection with a small number – only 
12 available values   of element concentrations). At the 
same time, as well as for other oil and gas bearing 
basins, a relatively closer relationship between the ME 
composition of oils and the chemical composition of the 
lower continental crust was revealed.

It is important to note that the change in various 
concentration samples of presumably biogenic (V, cr, 
co, Ni, cu, Zn) and deep (Li, Be, La, Sm, Eu) elements 
(Fig. 5) was uncorrelated. This inconsistency is also not 
unique to the Romashkino field. We obtained similar 
conclusions when comparing various genetic groups of 
MEs for oils from the fields of the Khanty-Mansiysk 
region (Shuster, Punanova, 2016; Rodkin, Punanova, 
2018). The uncorrelated content of biogenic and deep-
seated elements in oils convincingly indicates their 
independent formation from various sources.

In contrast, when comparing distribution of element 
contents in one putative genetic type of biogenic 
elements (biogenic in this example), namely V and Ni 
(Fig. 6 a, b, c), a rather close relationship is observed 
between the concentrations of these elements in oils of 

different age in oil and gas complexes of the Romashkino 
group of fields.

The formation of the Romashkino group of fields
Let us note that the possibility of deposit replenishment 

is consistent both with data on replenishment of the field’s 
reserves and with indications of insufficient hydrocarbon 
potential of the supposedly oil source formations known 
here. In view of such insufficiency and, rejecting 
replenishment of the deposit at the expense of deep 
sources, academician E.M. Galimov and A.I. Kamaleeva 
(2015) suggested the migration of hydrocarbons from 
the area of   the Pre-Ural trough to a distance of several 
hundred kilometers, followed by the final concentration 
of migrating oil in the Romashkino field. Based on the 
analysis of oil composition, they concluded that “the 
probable source of oil from Romashkino and other fields 
of Tatarstan is the Upper Devonian domanicoids.

Accepting this conclusion, it can be assumed that the 
source of hydrocarbons are rocks of this type (not only 

Fig. 5. The distribution model of various genetic types of 
MEs in oils of different ages from the Romashkino group of 
fields (according to analytical data (Maslov et al., 2015)); 
biogenic – ∑ (V, Cr, Co, Ni, Cu, Zn), deep – ∑ (Li, Be, La, 
Sm, Eu)
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Fig. 7. Comparison of the Li content in the soils of Ta-
tarstan with deep abnormalities and oil content (Trofimov 
et al., 2007). 1 – Li content in soils; conditional projections 
on the geochemical profile: 2 – deep anomalies; oil fields: 
I – Cheremukhovsky; II – Novo-Sheshminsky; III– Summer; 
IV – Ashalchinsky.

Domanic, but also sub-Domanic deposits), drawn into 
the area of   deep crust overthrust. Such an interpretation 
corresponds to the model of hydrocarbon generation 
and their removal to the surface by an upward fluid flow 
according to the nonequilibrium flow reactor scheme 
(Rodkin, Rukavishnikova, 2015; Rodkin et al., 2018; 
Rodkin, Punanova, 2018; Punanova, Rodkin, 2018). 
The influence of deep fluids on the oil composition 
of the Romashkino field, which leads to a significant 
catagenic transformation that is not characteristic of 
true domanic fluids, is also evidenced by some works of 
Kazan researchers. Thus, I.N. Plotnikova et al. (2017), 
on the basis of detailed studies of the geochemical 
characteristics of Semilukskian bitumen and the Eifelian-
Frasnian oil of the terrigenous complex, it was concluded 
that in the Semilukskian horizon, along with syngenetic 
scattered OM, there are mobile bitumen identical to the 
oils of the underlying terrigenous deposits of Pashian 
and Timanian horizons. In this regard, it is proposed to 
consider bitumen in the Domanic strata as migratory. The 
deposits of Domanic facies serve as “an accumulation 
or accumulation-generation system, the oil deposits of 
which were partially formed due to oil systems generated 
in other sources” (Plotnikova et al., 2017). In addition, 
the works (Petrenko, Galai, 2012) show transfer of 
both hydrocarbons and ME from the lower layers of the 
subsoil: there is a qualitative and quantitative transfer 
of almost all MEs in the vapor-gas medium from zones 
with high thermobaric bedding conditions to less rigid 
zones, which is associated with large-scale gas flows 
from the bowels.

Thus, we believe that the main source of hydrocarbon 
oils is buried OM; but for massive oil production, it 
is necessary to study the sedimentary strata with an 
upward flow of fluids bearing an ME mark about the 
characteristic depths of formation of this fluid flow. This 
assumption, in our opinion, allows us to more naturally 
explain the formation of the Romashkino field, rather 
than within the framework of long-distance hydrocarbon 
migration with a small pressure gradient, through a series 
of fault zones and with the final concentrated collection 
of migrated hydrocarbons into the Romashkino field. 
In the framework of naftidogenesis according to the 
flow-through nonequilibrium reactor scheme, the 
upward fluid flow carries an ME mark on the depth of 
its formation. In typical deep crustal zones of a thrust, 
massive dehydration reactions of thrusts drawn into a 
thrust occur at the level of the lower crust. It is this that 
presumably determines the closer correlation between 
the ME of the composition of typical oils and the average 
chemical composition of the lower continental crust. At 
the same time, the presence of a thrust zone also explains 
the high concentration of hydrocarbons in the fields; in 
this scheme, the OM dispersed over the area and depth 
is concentrated along the thrust line.

The proposed source model of the Romashkino field 
is supported by the interpretation of the seismic section 
of this field as a zone of deep thrust (Trofimov, 2014). 
Perhaps the same is also indicated by the results of soil 
studies conducted over the oil fields of the Volga-Ural 
oil and gas field (Trofimov et al., 2007). The results 
of processing a large analyze array (6272 element 
determination) indicate the possible migration of some 
metal compounds from the deep zones of the earth’s 
crust. The influence of oil and gas and deep tectonic 
anomalies observed in the earth’s crust and associated 
with tectonic processes on the change in the ME of the 
soil composition is revealed. Over tectonic anomalies 
an increased content of such elements as Li, B, Al, As 
was recorded, and over oil accumulations – V, Ni, cu, 
Mo, Ag. Figure 7 shows the distribution of Li in soils, 
an element characteristic of magmatic emanations. It can 
be seen that the abnormal concentrations of Li in soils 
tend to be consistent with tectonic anomalies, which 
are possibly the migration routes of lithium and other 
elements. Above the oil deposits, on average, slightly 
elevated Li concentrations were also found. However, 
the latter are not so pronounced.

A close interpretation of the replenishment of the 
Romashkino field was proposed in the works of V.P. 
Gavrilova (2007).

A slightly different picture is revealed by the analysis 
of ME composition of the young oils of Kamchatka and 
hydrothermal waters of the caldera of the Uzon volcano 
(according to analytical data by Beskrovnyi et al., 1971; 
Kudryavtseva et al., 1993; Yakutseni, 2005; Dobretsova 
et al., 2015). Despite the wide variation in the values   of 
the correlation coefficients for different trials, a number 
of general trends are detected quite definitely (Table 6).

As for the other types of oils discussed above, a 
rather high correlation is observed between the ME 
composition of Kamchatka oils and the average ME 
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composition of oils (0.57) and biota (0.48) and low (at 
a level of 30 % and lower) with other caustobiolites 
(combustible and black shales, coals) and clays. 
However, unlike all previously studied oils, the analysis 
of these data indicates a closer relationship between the 
ME composition of the oil and the composition of the 
upper crust, not lower crust. This tendency is especially 
clearly and systematically seen from statistically more 
reliable data on the composition of hydrothermal waters 
(Table 7). It is natural to associate such a difference with 
the fact that, under the intense thermal regime of the 
volcanic regions of Kamchatka, dehydration occurs at 
shallower depths, at the level of the upper and middle, 
rather than the lower continental crust; accordingly, the 
upward flow of young mobilized waters formed in this 
case carries a less deep ME tag.

Conclusion
The nature of the correlation relationships of the ME 

composition of various oils and other caustobioliths 
with the average chemical composition of OM and 
the lower, middle, and upper continental crust is 

analyzed. The nature of the relationship for the various 
naphthydogenesis basins studied, including the 
Romashkino field group, turned out to be close. For all 
oils, except for the young oils of the West Kamchatka 
oil and gas bearing basin and oil occurrences in the 
caldera of the Uzon volcano, a closer relationship with 
the composition of the lower crust was revealed. For 
young oils of the caldera, this trend is absent, and for 
statistically more reliable data on the ME composition 
of the hydrothermal waters of the caldera of the Uzon 
volcano, there is a significantly closer relationship with 
the average chemical composition of the middle and 
upper crust.

The more significant contribution of the lower 
and middle crust (compared with the upper) to the 
ME of the oil composition of the Romashkino field 
is consistent with the assumption of its modern 
replenishment from deep horizons. The oils of the 
Romashkino field are more complex and variable in 
the composition of ME than the oils of the deposits 
of many other oil and gas bearing basins. Moreover, 
the complexity in terms of the ME composition for 
abnormal wells is maximum.

The results of the obtained analysis testify in favor of a 
model for the implementation of massive naftidogenesis 
according to the flow-through nonequilibrium chemical 
reactor scheme; in this case, the ME composition of the 
oils is largely determined by the depths of the upward 
flow of deep waters mobilized during dehydration. 
In a typical continental thermal regime, this level 
corresponds to the depths of the lower crust. For the 
active thermal regime of regions of modern volcanism, 
such as Kamchatka, this level is shifted to the middle 
and upper crust.

Work on modeling the influence of exogenous and 
endogenous processes on the trace element component 
of the naphthides of the Romashkino group of fields is 
still unfolding. However, the presented materials, in our 
opinion, provide significant information for assessing the 
possibility of the presence or absence of an additional 
source of hydrocarbons here.

Naphthides Biota  Upper 
crust 

Lower 
crust 

Clay  Combust.
shales 

Black 
shales 

Coals Averag. 
oil  

Izmennaya, well 10 0,50 0,49 0,38 0,09 0,08 0,03 0,26 0,47 

Limanskaya, well 1 0,56 0,63 0,56 0,41 0,39 0,24 0,46 0,56 

Bogachevskaya, natural show  0,42 0,62 0,55 0,36 0,33 0,16 0,38 0,52 

Bogachevskaya, well 37 0,27 0,28 0,26 0,13 0,13 0,08 0,12 0,52 

Dvuhlagernaya, well 50 0,56 0,44 0,41 0,39 0,36 0,31 0,41 0,62 

Uzon Caldera  0,57 0,50 0,46 0,30 0,29 0,27 0,34 0,75 

Average value and dispersion 0,48±0,12 0,49±0,13 0,44 ±0,11 0,28±0,14 0,26±0,13 0,18±0,11 0,33±0,12 0,57±0,10 

Table 6. Correlation of the ME composition of Kamchatka naphthides with the composition of typical geochemical reservoirs as 
the main potential sources of ME in oils (coefficients were calculated not less than 12 ME)

Sources and basins  Earth crust  

Upper  Middle  Lower  

Well 1 0,38/43* 0,41/41 0,30/43 

Termophilny sourc.  0,51/43 0,54/41 0,45/43 

Paryaschy sapozhok sourc. 0,52/43 0,54/41 0,47/43 

PR NP  0,53/43 0,57/41 0,47/43 

Yascheritsa sourc. 0,50/42 0,52/40 0,45/42 

OTP lake  0,55/43 0,58/41 0,50/43 

Bannoe lake  0,59/43 0,61/41 0,55/43 

Vos’myerka Lake  0,54/43 0,55/41 0,49/43 

Table 7. Correlation of the ME composition of the 
hydrothermal waters of Kamchatka with the chemical 
composition of the upper, middle and lower continental 
crust. * Values   of the correlation coefficient and the number 
of elements used in the calculation are given through a dash.
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Transformation of deep fluid flow in the process  
of oil and gas field formation of north Western Siberia

O.Yu. Batalin*, N.G. Vafina
Oil and Gas Reseach Institute of the Russian Academy of Sciences, Moscow, Russian Federation

Abstract. Since the discovery of giant hydrocarbon fields in the north of Western Siberia, no unified 
concept regarding the mechanism and stages of their formation has been developed. This paper on the 
example of the Urengoy field demonstrates that the formation of hydrocarbon accumulations from Jurassic 
to Cenomanian is related to hydrocarbon fluids flowing upwards from the deep depth and their subsequent 
transformation. In the sedimentation process, the gases of the secondary kerogen destruction form an 
upward fluid flow, which dissolves oil components from source rocks and carry them to shallower depths. 
The formation waters of the north Western Siberia are methane-saturated; so, due to changes in its solubility 
during the Neogene uplift, methane comes out into a free phase. The calculations were performed on the 
upward flow phase separation and oil and gas content changes in reservoirs with depth. The addition of 
50 mole % of methane released from the water to the Neocomian reservoirs gives a good agreement on the 
c1-c4 components and the c5+ content in the formation gas. The calculations were based on the proposition 
that methane captures light fractions from oil rims, thus increasing oil density. At shallow depths, the 
hydrocarbons are biodegraded, which leads to formation of almost pure methane accumulations in the 
Cenomanian reservoirs. The main mechanism of the upward flow transformations, controlling the oil and gas 
accumulation, is phase transitions. The additional factors, like methane dissolution in water and its transition 
into a free phase, microbial converting of hydrocarbons assure consistency between the calculated formation 
fluid properties and the actual data in the entire sedimentary section. 

Keywords: deep fluids, phase transitions, condensation mechanism, primary migration, hydrocarbon 
field formation, methane dissolution, Western Siberia, Urengoy field
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introduction
For the last 50 years, the formation of oil and gas 

fields of the north Western Siberia aroused a heightened 
interest. The primary focus was on determining a 
source to charge the giant Cenomanian gas reservoirs 
(Prasolov, 1990; Nemchenko et al., 1999; Littke et 
al., 1999; Milkov, 2010; Fjellanger et al., 2010). The 
formation mechanism of hydrocarbon accumulations 
was not considered for the entire sedimentary section 
from Jurassic to Cenomanian. In work (Batalin et al., 
2017), the oil and gas field formation was explained 
by a condensation mechanism, consisting in the phase 
separation of the fluid flow, coming from very deep zones. 
The basic assumption is that in the main gas generation 
phase a large volume of gases creates an abnormally 
high pore pressure, which leads to microfracturing and 

possibility of primary migration through the fracture 
network. The generated gases dissolve the dispersed 
petroleum hydrocarbons of source rocks. As a result, 
an upward hydrocarbon flow transports oil components 
to shallower zones, where a pressure drop leads to 
condensation of a liquid with properties corresponding 
to real oil. First, fields with a small oil rim are formed. 
Then, after the condensation of new oil portions, its size 
grows. At some moment, the oil is pushed out of a trap 
and begins an independent migration, guided by the 
regional seal geometry. The condensation mechanism 
is proposed to be the main method for the formation of 
hydrocarbon accumulations, which leads to the formation 
of hydrocarbon accumulations. The model predicts 
a change in the physicochemical characteristics of 
reservoir fluids over a large depth interval of sedimentary 
section. The calculations performed on the example of 
the multi layered Urengoy field showed a good match in 
fractional composition of oil and condensate in density 
and molecular weight, which confirmed the condensation 
mechanism of the field formation.

*Corresponding author: Oleg Yu. Batalin
E-mail: oleg_batalin@mail.ru

© 2019 The Authors. Published by Georesursy LLC 
This is an open access article under the CC BY 4.0 license 
(https://creativecommons.org/licenses/by/4.0/)



Transformation of deep fluid flow…                                                                                                                                                         O.Yu. Batalin, N.G. Vafina

GEORESOURCES   www.geors.ru26

At the same time, there was a discrepancy in the 
calculated content of gas components (C1-c4) in reservoir 
fluids. The reason is presumably related to the fact that 
some important processes in the formation of oil and gas 
accumulations was not taken into account. Therefore, the 
work is targeted to identify all key factors controlling 
transformations of the hydrocarbon upward flow and 
formation of the accumulations in the north Western 
Siberia in the interval from Jurassic to Cenomanian; and 
to determine the way of their accounting in the processes 
under consideration. 

Upflow Phase Differentiation
The main source for the fields in the north of Western 

Siberia is hydrocarbons, which migrated upwards from 
deep zones. Representatives of all petroleum geology 
schools agree with this statement (Prasolov, 1990; 
Fjellanger et al., 2010; Dmitrievsky, 2008; Dmitrievsky 
et al., 2008; Punanova, 2018). Hydrocarbons generated 
from the organic matter of the Pokur source rocks, at 
1.1-1.8 km, are of the secondary importance. In the 
Urengoy region, the gas flow formed by the secondary 
destruction occurs at a depth of 5-6 km (Batalin et al., 
2017). When moving upward, it captures petroleum 
hydrocarbons from the source rocks. As isotopic studies 
show the source rocks in the north Western Siberia are 
referred to the Tyumen Formation and, in a less degree, 
to the Bazhenov Formation (Liu et al., 2016). The 
dissolution of petroleum hydrocarbons by gas and their 
further transportation by the upward flow are confirmed 
by the research on bitumen distribution in the Bazhenov 
Formation (3783-3844 m) in the Tyumen ultra-deep 
well (SG-6) (Sirotenko et al., 2002), which noted that 
the oil components were carried over by gas from tight 
to permeable zones, from the formation base towards 
its top.

Under high pressures, the hydrocarbon fluids are in 
a single-phase state in the form of gases saturated with 
heavy components. When moving upward, the pressure 
decreases and the condensation takes place. On the 
migration path, the heaviest components in the form of 
microdrops are the first separated into a liquid phase. 
So, at a depth of 6.0-6.3 km, a carbonaceous-bitumen 
mass is observed in an intergranular space and epibitum 
in the fractures (content of chloroform bitumen Bchl is 
0.004 %); at a depth of 5.6-6.0 km bitumen is noted in 
the intergranular space; and at a depth of 4.7-5.3 km the 
intergranular space contains the oil-resinous migrated 
bitumen (Bchl from 0.02 to 0.08 %) (Frick et al., 2009). 
The content of migrated bitumen increases when depth 
decreases. At the same time, as SG-7 (En-Yakhinskaya 
ultra-deep well) core showed, at a depth of 5.6-6.2 km 
the asphaltene and resin fraction in the bitumen is 
55-60 %, at a depth of 3.8-5.2 km their fraction drops to 
30-35 % (Frick, 2009). As is known, during the kerogen 

destruction, substances with decreasing molecular 
weight are successively obtained. Here the opposite 
situation is observed. Therefore, these bitumens with 
a large amount of asphaltenes and resins at the great 
depth were formed during the migration process by 
condensation from the fluid flow, due to the asphaltene 
and resin sorption on the rock surface, and due to fact 
that the asphalt-resin aggregates simply got stuck in the 
pore throats due to their size.

At some moment, so much fluid condenses from 
the flow that the accumulation can be formed. The 
deepest oil reservoirs were discovered in the Jurassic. 
However, most of oil condenses from a dramatic 
pressure drop when thick cap rocks break through. In 
the north of Western Siberia, the Upper Jurassic-Lower 
Cretaceous regional seal is at a depth of 3-4 km. After 
its breakthrough, a hydrocarbon flow filled the vertically 
adjacent reservoirs (BU14-BU8). After that, within theses 
reservoirs, a gravitational segregation took place. Gas 
occupied the upper part of the traps and the liquid formed 
oil rims. After that, gas of the gas caps migrated through 
the seal into the overlying traps (Batalin et al., 2008). 
As the depth decreases, the upward flow composition 
gradually became lighter due to condensation of the 
heaviest c5+ fraction. 

Based on these assumptions, we calculated the change 
in hydrocarbon composition of the accumulations. To 
simplify the task, we combined the adjacent Urengoy 
formations with the same-depth gas-oil contact. Thus, 
we get the “combined” reservoirs G0 ... G8 (Table 1). The 
phase transformations were calculated using the Peng-
Robinson equation of state; as the initial composition, 
the G8 actual gas condensate composition (depth 3650 m) 
was taken. The calculation results compared to actual 
data (Gritsenko, 1983) are shown in Table 1 and in Fig. 1.

The Table shows that as the depth decreases, the 
methane content increases, and the C2-c5+ fractions 
decreases. In reality, however, the methane content is 
higher (in comparison with calculated, which requires 
explanation.

Additional factors of flow transformations 
The increased methane content can be explained 

by the additional input from other sources. So, in work 
(Littke et al., 1999) the increase of methane content in 
the Cenomanian reservoirs is explained by its release 
from formation water. The formation waters of the north 
Western Siberia are extremely saturated with methane; 
therefore, during the Neogene uplift due to a change in 
solubility, it was released into a free phase. In order to 
prove this assumption, for each component from C1, ... 
c4 the volume of methane, which should be added into 
the system to match the computed and actual data, was 
calculated. The results are shown in Fig. 2a. The Figure 
shows that at a given depth for all C1, ... C4 considered 
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Table 1. Gas composition of Urengoy reservoirs G0 … G8

Combined 
reservoir Reservoir Depth, m 

C1 (mol.%) C2 (mol.%) C3 (mol.%) C4 (mol.%) C5+ (mol.%) 
Сalcu-
lation 

Actual 
data 

Сalcu-
lation 

Actual 
data 

Сalcu-
lation 

Actual 
data 

Сalcu-
lation 

Сalcu-
lation 

Сalcul
ation 

Сalcu-
lation 

G0 PK 21 1800 83,30 93,76 8,52 3,5 3,50 0,18 1,44 0,28 2,25 1,34 
G1 AU 9-10 2100 82,64 - 8,54 - 3,56 - 1,49 - 2,79 - 
G2 BU 1-2 2300 82,22 89 8,55 5,15 3,59 2,33 1,51 1,08 3,16 1,44 
G3 BU 5-6 2450 81,84 88,24 8,56 5,53 3,61 2,56 1,53 1,08 3,49 2,2 

G4 
BU 80,  
BU 8,  
BU 9 2620 81,49 87,26 8,56 5,30 3,64 2,23 1,55 0,95  3,80 3,48 

G5 
BU 10,  
BU 10

0, 
BU 11 2750 81,37 86,24 8,57 5,32 3,64 2,58 1,55 1,15 3,90 3,87 

G6 BU 12 2850 81,24 86,2 8,57 5,74 3,65 2,33 1,56 0,99 4,02 2,81 

G7 
BU 13,  
BU 14 3000 80,97 81,61 8,57 6,86 3,66 3,19 1,57 1,33 4,26 6,19 

G8 
Ach 3-4, 
Ach 5 3650 78,35 78,35 8,60 8,60 3,80 3,80 1,68 1,68 6,66 6,66 

Fig. 1. The density (under standard conditions) of oil and gas condensate for deposits located at different depths. Red symbols – 
oil, blue – condensate; triangles – actual data (averaged), circles – calculated results.
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components, almost the same amount of methane is 
added (about 40-60 % for 2300-2850 m), which proves 
the correctness of the initial assumption. The obtained 
additional methane volumes were averaged over all 
components, then the result was replaced by a linear 
correlation in the depth range of 2300-2850 m and by 
the average value at 3000 m (when averaging, the C2, C3, 
c4 components were weighted by one, C1 was weighted 
by three). The results of calculations are presented in 
Fig. 2b. The added methane volume averaged this way 
is 43-58 % in the interval 2300-2850 m and 10 % at 
the depth of 3000 m. The added volumes decrease with 
depth (Fig. 2b).

The calculated additional volumes of methane 
correlate with the oil density variation with depth in 
the oil rims. The added to the system methane dissolves 
light fractions of oil (reservoirs G4-G7), so the oil density 
increases. At a depth of 3000 m, the amount of added 
methane is small (Fig. 2b), so the difference between the 

calculated and actual oil density is small (Fig. 1). At a 
depth of 2620-2850 m, the more methane was delivered 
additionally, accordingly the oil density difference 
increases. The relationship between the loss of light 
oil fractions and increase in oil density is illustrated 
in Fig. 3. As a result, the boiling point of the BU14 oil 
(belongs to the G7 reservoir group) is 70°C, its density 
is 0.8370 g/cm3. The BU11 oil (G5 reservoir group) has 
no light fractions (its boiling begins at a temperature of 
138°C) and, respectfully, the oil density increases up to 
0.858 g/cm3. Fig. 4 shows the calculated content of C1-
c4 components in gas accumulations at different depths, 
accounting for the additional methane. 

When calculating the C5+ components in gas, it was 
assumed that the additional methane first lowers the C5+ 
content in the mixture. Further, if there is an oil rim in the 
reservoir, the C5+ oil components from the rim dissolve 
in the methane arrived and, as a result, in the oil-rim 
reservoirs (G4-G7 reservoir, depth 2620-3000 m), the C5+ 
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Fig. 3. Oil distillation curves for BU14 (belongs to G7 ) and BU11 (belongs to G5 )
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Fig. 2. The calculated volumes of additional methane came into the system from an external source. The calculations are based 
on the content of C1, ... C4 in the gas reservoirs (a). Average values and smooth lines (b).
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fraction in gas remains unchanged – the same as before 
the additional methane delivery. At shallow section, the 
c5+ fraction in the gas decreases since there are no oil 
rims here. The calculated C5+ content is shown in Fig. 5.

From Fig. 4 and 5 it can be concluded that the 
calculation results closely corresponds to the actual data 
in the interval 2300-3000 m.

In the work (Littke et al., 1999) it was assumed that 
methane-saturated waters came to the north Western 
Siberia from the Middle Ob region. However, based 
on geological and geochemical data such assumption 
was disputed (Murris, 2001). The existence of upward 
hydrocarbon flow over a long period of time gives 
reason to predicate that formation waters were methane 
saturated before the Neogene uplift due to good methane 
solubility in water. 

At a depth of 1800 m, the C2, C3, and C4 share is 
much lower than the calculated value (Fig. 4). Here, a 
small volume of C2+ components is associated with the 

intensive microbial hydrocarbon conversion to methane, 
typical for the Western Siberia fields at a depth down 
to 1800 m (Milkov, 2010), which ultimately leads to 
the formation of almost pure methane fields in the 
Cenomanian rocks. 

conclusion
The main mechanism of the hydrocarbon upflow 

transformation is related to the phase transformations. 
Besides that, other factors also should be taken into 
account. It was shown that methane, escaped from 
water, was added the Neocomian accumulations: 
in the depth interval of 2300-2850 m – in a volume 
about 50 mol %, in the interval of 3000 – 10 mol %. 
Methane washes out the light oil fractions (in reservoirs 
with an oil rim), by that increasing oil density. The 
bacterial transformation of hydrocarbons leads to the 
formation of almost pure methane accumulations in 
the cenomanian. 
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Fig. 4. Content of C1, ... C4 in the gas reservoirs at different depths. Symbols – actual data: C1 (a), C2 (b), C3 (c), C4 (d). The 
curves are the results of calculation.
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Fig. 5. The content of C5+ in reservoirs at different depths. Circles are actual data, curve is the calculated results.
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It was shown that considering the additional factors, 
such as methane escape from water during the Neogene 
uplift, microbial conversion of hydrocarbons at a depth 
of less than 1800 m provides a good fit of the calculated 
physical-chemical properties of reservoir fluids and 
actual data through the entire sedimentary section.
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Geochemical features of bitumen shows in the Lower-Middle 
Devonian deposits of the Northern-Western part of Kotelny Island 

(Novosibirsk Island Archipelago)
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1Institute of Oil and Gas Problems of the Siberian Branch of the Russian Academy of Sciences, Yakutsk, Russian Federation
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3Saint Petersburg State University, St. Petersburg, Russian Federation

Abstract. The work presents the results of organic matter (OM) study of rocks, the composition, chemical 
structure of chloroform bitumen (cBH), their fractions and the nature of the hydrocarbon biomarkers distribution 
in samples taken from outcrops. The obtained results confirmed the existing idea of   the domanicoid nature of 
OM and the high oil and gas potential of the studied deposits. According to our data, the aquagenic type of 
OM is indicated by a high content of corg, a high yield of cBH, a high content of oils in the composition of 
synbitumoids, and the predominance of relatively low molecular weight n-alkanes with a maximum at nС15-18. A 
sufficient maturity of bitumen can be judged by CPI coefficients close to unity and low absorption coefficients 
of oxygen-containing groups and bonds in the CBH, thus deposits entered the main oil generation zone and 
generated liquid hydrocarbons that could migrate and form pools. According to the data of chromato Mass 
Spectrometry, it is shown that a feature of the composition of cBH from the Lower Devonian sediments is 
the presence of high concentrations of dibenzothiophenes, in contrast to the Middle Devonian, which may be 
associated with the formation of the initial OM in an environment with higher hydrogen sulfide contamination 
of sediments. It has been suggested that naphthides generated by aquagenic OM of the Lower Devonian deposits 
can be enriched with dibenzothiophenes. The studied bitumen shows are mainly syngenetic in nature and have 
been influenced by hypergenic oxidation (judging by the nature of the IR spectra of resinous components) and 
contact metamorphism. According to the characteristics of the distribution of saturated hydrocarbons, it was 
shown that, in the Middle Devonian, bitumen occurrences along with chemical oxidation were affected to a 
different degree of bacterial oxidation processes, in contrast to the Lower Devonian bitumen shows. The results 
can be used to assess the generation potential of oil source strata and to forecast the prospects of oil and gas 
potential in the shelf of the eastern sector of the Russian part of the Arctic.

Keywords: Kotelny Island, Lower and Middle Devonian, organic matter, bitumen shows, hydrocarbon 
biomarkers

Recommended citation: Zueva I.N., Chalaya O.N., Glyaznetsova Yu.S., Lifshits S.Kh., Prokopiev A.V., 
Ershova V.B., Vasiliev D.A., Khudoley A.K. (2019). Geochemical features of bitumen shows in the Lower-
Middle Devonian deposits of the Northern-Western part of Kotelny Island (Novosibirsk Island Archipelago). 
Georesursy = Georesources, 21(3), pp. 31-38. DOI: https://doi.org/10.18599/grs.2019.3.31-38

ORIGINAL ReseARch ARtIcLe 

DOI: https://doi.org/10.18599/grs.2019.3.31-38 

Introduction
Among the oil and gas-bearing Palaeozoic basins of the 

Arctic zone of the Russian Arctic Sector, the territory of 
the Novosibirsk Islands is interest. In the section of Lower-
Middle Devonian sediments of the Kotelny bitumen 
shows of various nature from syngenetic dispersed 
differences of organic matter (OM) to secondary local of 
bitumen. According to a number of researchers sediments 

of the Lower Middle Devonian of the Middle Paleozoic 
potentially oil and gas-bearing complex are related to the 
oil produced strata (Gramberg, 1976; Evdokimov et al., 
2008; Ivanov, clubov, 1979; Kosko, 1988; Polyakova et 
al., 2016; Safronov, 2002). The pespective of this complex 
of sediments along with syngenetic bitumens and high 
content of OM is confirmed by good collector properties 
of rocks (Gramberg, 1976).

At the same time, the analysis of publications on 
geochemistry of OM of rocks and bitumens of the 
Devonian sediments of the Kotelny island showed that 
the studies had been carried out mainly at the level of 
determination of organic carbon content (corg), yield of 
chloroform bitumoid (cHB) and group composition. 

*Corresponding author: Iraida N. Zueva
E-mail: inzu@ipng.ysn.ru

© 2019 The Authors. Published by Georesursy LLc 
This is an open access article under the cc BY 4.0 license 
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From a point of view of an assessment of oil source 
properties of rocks these data are not sufficiently detail.

In order to clear up oil source properties of the rocks 
and characteristics of nature of bitumen shows, there were 
studied the content of OM, the composition and chemical 
structure of cHB and the distribution of hydrocarbon 
biomarkers in samples from the outcrops of the 
Pshenicinskaya, Bysakh-Karginskaya, Shlyupochnaya 
suites of the Lower Devonian and Sokolovskaya suite 
of the Middle Devonian. The samples selected in the 
north-western part of the Kotelny island.

Material and methods
Analytical studies are made according to the 

generally accepted scheme of bituminous research 
(Guide to the analysis of bitumen..., 1966). The content 
of organic carbon in the rocks (corg) was determined by 
burning method, the yield of CHB – by hot extraction 
with chloroform. After precipitation of asphaltenes 
with excess petroleum ether, CHB were separated out 
by column chromatography (on ASK silica gel) resins 
and hydrocarbons (oil fractions). The structural-group 
composition of cHB and their fractions was determined 
by IR-Fourier spectroscopy. IR spectra were recorded 
on Nicolet Protégé 460 spectrometer in the region 
4000-600 cm-1 in the cell with KBr windows, the 
thickness of the absorbing layer was 33x10-6 m. The 
interpretation of the IR spectra was made according 
L. Bellamy (1963). The chromato-mass-spectrometric 
studies of saturated hydrocarbon fractions of the oil 
fractions were performed on the system including the 
gas chromatograph Agilent 6890 with interface and 

high-performance mass-selective detector Agilent 
5973N. The chromatograph is equipped with a quartz 
capillary column 25 m long, 0.25 mm diameter, 
impregnated phase HP-5MS. carrier gas – helium, 
flow rate 1 ml/min. evaporator Temperature 320°C; 
programming temperature rise – from 100 to 300°C at 
a speed of 4°C/min followed by isotherm for 30 min. 
Ionizing voltage source 70 eV, source temperature 
220°C. The mass chromatograms of hydrocarbons (oil 
fractions) were obtained from total ion current (TIc) 
and characteristic fragment ions. Identification of 
individual hydrocarbons was carried out by computer 
search in the library of the National Institute of Standards 
NIST-05 according to literature data and reconstruction 
of structures by the nature of ion fragmentation in 
electronic impact.

In general, there were analyzed 19 samples of rocks 
from deposits of the Lower-Middle Devonian, the 
contents of the corg (19), the yield of cHB (19), group 
composition CHB (11) were defined. IR spectra of CHB 
were recorded for 11 samples as for 9-oil fractions, 8 – 
benzol and 8 – alcohol-benzol resins and the individual 
composition of saturated hydrocarbon oil fractions was 
determined for 11 samples. 

Figures 1a and 1b show the geological scheme of 
the studied area, the stratigraphic section of the Lower-
Middle Devonian sediments and the location of the 
samples. A detailed description of the stratigraphic 
section, the conditions of sedimentation and the nature 
of the bitumen of the studied area are discussed in detail 
in the works (Explanatory note..., 1985; 2016). The 
formation of the Lower-Middle Devonian sediments 

Fig. 1. a – The geological scheme of the studied area, the Polar Station, the Kotelny island (by (Tectonics, geodynamics and 
metallogeny…, 2001). b – The stratigraphic section of the Lower-Middle Devonian sediments and samples location.
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Table. 1. Characteristic organic matter and chloroform bitumoids of rocks, the Devonian deposits, the Kotelny island, the Polar 
station. Signs: D1

psh
 – the Pshenicinskaya suite, D1

bs – the Bysakh-Karginskaya suite, D1
sh – the Shlyupochnaya suite, D2

sk – the 
Sokolovskaya suite; * βхб, % – bituminous coefficient = (CHB/Corg)*100 %; ** – values didn’t include at the calculation of mean 
significance of Сorg.

Age, Number Lithology Сorg, % CHB, % βхб, %* Group compositon CHB, % 
suite sample  on rock on rock  oils  resins asphaltenes 
D2 

sk 14-АП-35 bituminous lime sandstone 2,06 0,239 11,6 70,3 27,2 2,6 
D2 

sk 14-АП-47 calcite with bitumen inclusions 0,35 0,063 18,1 43,5 43,5 13,0 
D2 

sk 9-v14-19 limestone  1,25 0,135 10,8 63,5 30,2 6,3 
D2 

sk 9-v14-11 limestone 1,25 0,119 9,5 59,9 37,4 2,6 
D2 

sk 9- v14-3 limestone 0,08 0,009 11,2 43,4 46,0 10,5 
D2

sk  Mean   1,00 0,113 12,2 56,1 36,8 7,0 
D1

sh 14-АП-37 limestone 0,55 0,032 5,8 16,3 73,8 9,8 
D1

sh 14-АП-40 organogenic limestone  5,40 0,195 3,6 62,5 28,5 9,1 
D1

sh 14-АП-41 calcite with bitumen inclusions 14,01** not detect         
D1

sh 14-АП-44а organogenic limestone 2,28 not detect         
D1

sh 14-ДВ-8 organogenic limestone 1,07 0,029 2,7 47,2 46,5 6,4 
D1

sh 14_ДВ-13 calcite with bitumen inclusions 36,82** not detect     
D1

sh 10-v14-1 organogenic limestone 0,82 0,017 2,1 49,4 48,3 2,2 
D1

sh 15-v14-6 organogenic limestone 0,82 0,015 1,8 51,2 46,3 2,4 
D1

sh 15-v14-11 limestone 0,23 not detect        
D1

sh   Average    1,60 0,058 2,7 45,3 48,7 6,9 

D1
bs 14-АП-31 

bitumen inclusions in carvernous 
dolomite 32,73 not detect     

D1
bs 14-АП-45 

bitumen inclusions in carvernous 
dolomite 65,68 not detect     

D1
psh 14-ДВ-11 organogenic limestone 9,53 0,118 1,24 52,7 41,6 5,8 

D1
psh 5-v14-12 limestone 0,10 not detect 0,00       

D1
psh 6-v14-6 limestone 0,10 not detect 0,00       

Table 2. Characteristic saturated hydrocarbons of chloroform bitumoids of rocks, the Devonian deposits, the Kotelny island, 
the Polar station. Signs: Pr – pristan (iC19 ), Ph – phytan (iC20 ), CPI = ∑n-alkanes with even number of carbon atoms of 
molecule / ∑н-алканов с чётным number of carbon atoms of molecule. 

Age, Number ∑b.b.-nС20 Maximum Isoprenoids CPI  Pr/Ph Pr/nС17 Ph/nС18 Pr+Ph 
suite sample ∑nС21 e.b. n-alkanes n-alkanes        nС17+nС18 

D2
sk 14-АП-35 0,20 нС25,24 0,15 1,02 0,49 2,39 3,58 3,08 

D2
sk 14-АП-47 0,71 нС18,19,20 0,12 0,99 0,58 0,34 0,49 0,64 

D2
sk 9-V14-19 0,52 нС19,20 0,17 0,95 0,68 0,83 0,78 0,80 

D2
sk 9-V14-11 0,52 

нС25,26 и 
нС15 0,19 0,97 0,13 1,61 1,65 1,63 

D2
sk 9-V14-3 0,78 нС16,17 0,31 0,94 1,26 1,26 1,18 1,22 

D1
sh 14-АП-37 1,03 нС17,18 0,08 1,03 1,23 0,36 0,29 0,33 

D1
sh 14-АП-40 1,63 нС16,17 0,05 0,94 1,49 0,20 0,13 0,16 

D1
sh 14-ДВ-8 1,01 нС17 0,09 0,97 0,51 0,19 0,33 0,26 

D1
sh 10-V14-1 0,52 

нС16,17 и 
Сн26 0,20 0,94 1,16 0,81 0,98 0,89 

D1
sh 15-V14-6 0,67 нС17  0,29 0,98 1,32 0,86 0,95 0,90 

D1
psh 14-ДВ-11 0,67 нС17 0,10 1,00 1,15 0,50 0,46 0,65 

occurred in the conditions of shallow-water marine 
facies with high sulphur-hydrogen contamination in a 
reducing environment favorable for the accumulation 
and preservation of the initial aquatic OM (Explanatory 
note..., 1985). In the studied section a variety of bitumen 
accumulations as syngenetic as epigenetic nature, 
local accumulation of bitumen, horizons saturated by 
anthraxolites with a thickness of up to 8-10 meters 

(Ivanov, Clubov, 1979). The presence of anthraxolites 
and vein bitumens is an evidence that the processes of 
generation and migration of hydrocarbons were in these 
deposits (Safronov, 2002).

Research result
The results of the studies are given in Tables 1 and 

2 and in Figures 2-4.
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From the Bysakh-Karginskaya suite two sample 
(14-DV-31 and 14-DV-45) with inclusions of bitumen 
in cavernous dolomites had been analyzed (Fig. 1b, 
Table 1). They characterized by the very high content 
corg of 30.9 and 65.7  % and the absence of cHB. Most 
likely, they relate to local thermally highly transformed 
bitumen differences of anthraxolite type (Ivanov et al., 
1979). Data on the presence of solid bitumen in the 
dolomite caverns are given in the paper (Explanatory 
note..., 1985), where the corg content also reaches high 
values of 26.4 and 61.5 %, but they have a high yield of 
cHB – 0.120 and 0.269 %.

The Shlyupochnaya suite. The studied samples are 
organogenic limestones, limestones with interlayers 
of argillites, as well as limestones with inclusions of 
solid bitumen with a characteristic gloss over faults 
in calcite veins. Samples differ significantly in the 
content of corg and yield of cHB (Table 1, Fig. 1B). 
The maximum content Corg from 14.0 to 36.8 % is 
detected in limestone samples with inclusions of solid 
bitumens, the chloroform-soluble bitumoids are absent 
(Table 1). These features are typical for thermally highly 
transformed bitumen differences of the anthraxolite 
class. The data about the filling out the pores in the 
limestones of the Shlyupochnay and the Sokolovskaya 
suites of solid bitumens type anthraxolites in the north-
west coast of the Kotelny island are given in several 
papers (Ivanov et al., 1979; clubov, 1983; Kosko et 
al., 1975).

In carbonate rocks corg is much lower than in samples 
with inclusions of bitumen. In organogenic limestones 
corg is almost an order higher compared to limestones. 
The group composition of cHB is represented by 
hydrocarbons and resinous components with a low 
content of asphaltenes (Table 1). Hydrocarbon 

Fig. 2. IR spectra of chloroform bitumoids of rocks, the 
Lower-Middle Devonian deposits, the Kotelny island, the 
Polar station 

Fig. 3. Change of relative absorption coefficients in the IR spectra of chloroform bitumoids: К1
1600 – aromatic rings, К1

1270 – esters 
and К1

1700-1720 – carbonil groups in samples from outcrops of the Lower-Middle Devonian deposits, the Kotelny island, the Polar 
station 

Pshenicinskaya suite. In the suite the three samples 
were studied. Two of them have a low content corg to 0.1 
% and CHB was absent by hot extraction. The absence of 
cBH may be due to the effect of contact metamorphism 
on the bitumen of local character. 

The third sample (14-DV-11) presented by organogenic 
limestone with a high content of corg and an increased 
yield of CHB was analyzed in detail (Table 1). Due by 
the low value of the bitumoid coefficient of 1.24  %, we 
can assume the syngenetic character of the bitumoid. 
According to the group component composition it 
reveals a similarity with samples from the above-lying 
the Shlyupochnaya suite and is characterized by a high 
content of asphalt-resinous components (Table 1, Fig. 1b).

In the chemical structure of the cBH of the 
Pshencinskaya suite as well as the Shlyupochnayay 
suite aromatic cycles dominate as can see from the IR 
spectra in the region of 600-900 and 1600 cm-1 and the 
significant values of carbonyl (1700-1730 cm-1) and 
hydroxyl (3300 cm-1) groups (Fig. 2, 3).
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Fig. 4. Chromatomass-fragmentograms (m/z57) saturated 
hydrocarbons of organic matter of rocks: 1 – the Sokolovsskaya 
suite (the Middle Devonian); 2 – the Shlyupochnaya and 3 – 
the Pshenicinskaya suites (the Lower Devonian). Signs: nС15-
nС30 – n-alkanes, Pr – pristan, Ph – phytan.

compounds dominate in the chemical structure of cHB 
(Fig. 2, 3). 

The absorption of carbonyl groups (D1730-1700) 
relatively to the absorption of methyl and methylene 
groups (D1460) is below (0.19-0.47), which can considered 
as an indicator of the thermal maturity of the OM, which 
reached main oil generation phase. 

The sample 14-AP-37 differs from above considered 
by very low hydrocarbons content (16.5 %) and high 
asphaltene – resinous components (83.5 %) as high 
absorption coefficients of oxygen-containing groups 
and bonds (Table 1, Fig. 1b). However, according to 
the character of the IR spectra of alcohol-benzene resins 
(for all the studied samples) it may be proposed that the 
samples were undergone to very strong oxidation in 
hypergenic zone, that relates to the sample 14-AP-37 to 
a greater extent. In the IR spectrum of alcohol-benzene 
resins of it the absorption of carbonyl groups is twice 
higher the absorption of methylene and methyl groups 
D1700 > 2.

The cHB of the Shlyupochnayay suite also differ 
in hydrocarbon composition – the content of aromatic 
carbon in hydrocarbons fraction varies in a wide range 
from 17 % to 44 %. According to the IR-Fourier 
spectrometry data in the composition of hydrocarbons 
fractions and unfractionated cHB the presence of a wide 
spectrum of aromatic hydrocarbons was found as in the 
sample of the Pshenicinskaya suite. This indicates the 
nontypical character of the IR spectra for naphthides 
with a large number of absorption bands in the region 
of 600-1000 cm-1, due to deformation vibrations of 
unsubstituted hydrogen atoms in aromatic cycles – 708, 
750, 762, 780, 808, 831, 848, 868 cm-1 and valence 
oscillations c=c bonds 1575, 1588, 1604 cm-1 (Fig. 3).

Among the studied samples of the Shlyupochnaya 
suite two samples sharply differ in geochemical 
parameters (Table. 1). Sample 14-AP-37 with the low 
yield of cHB, low hydrocarbons content (16 %) and 
dominance of asphalt-resin components, as well as high 
values of absorption of oxygen-containing groups and 
bonds can consider as syngenetic or syngenetic residual 
bitumoid. While in the other (14-AP-40) – there are all 
the signs to relate it to paraautochthonous bitumoids 
β=3,6 %, which have already lost connection with the 
source rock, but have not left the generating strata. It is 
close to malta by hydrocarbons content (62 %), low – 
resins, low relative absorption coefficients of carbonyl 
and ether groups and bonds (Table 1; Fig. 2, 3). 

The composition of saturated hydrocarbons of 
the Shlyupochnaya suite characterizes the high 
content of relatively low molecular weight n-alkanes 
(∑b.b-nC20/∑nC21-e.b.=1.01 – 1.63), with maximum 
nc15-18 inherent marine OM (Table. 2, Fig. 4). Among 
the saturated hydrocarbons of the Pshenicinskay suite 
n-alkanes make up 56 %, a high content of relatively 

low-molecular homologues with a maximum of nC17. 
In both suites alkane hydrocarbons are characterized 
by a low ratio of isoprenoids/n-alkanes. The values of 
the CPI coefficient are close to unit that indicates the 
thermal maturity of OM. 12-, 13-methylalkanes were 
not found in the composition of alkane hydrocarbons, 
which differs them from the Vend-cambrian oils of the 
Siberian platform. Genesis of the laterst is related with 
aqua genic OM which formed in the reducing medium 
in the absence of sulphur hydrogen contamination and 
mainly carbonate composition of the source sediments 
(Kashirtsev et al., 2015). 

A specific feature of the hydrocarbons fractions of CHB 
of rocks in the Shlyupochnaya suite as the Pshenicinskaya 
is high content of dibenzothiophenes submitted 
by dibenzothiophenes, methyldibenzothiophenes, 
dimethyldibenzothiophenes, dimethylnaphthalenes. It 
shows the appearance of a number of intense peaks of 
these compounds in the chromatograms for total ion 
current. A complex character of the chromatograms 
complicates the identification of polycyclic hydrocarbon 
series hopanes and steranes carrying valuable genetic 



Geochemical features of bitumen…                                                                                                                    I.N. Zueva, O.N. Chalaya, Ju.S. Glyaznetsova et al.

GEORESOURCES   www.geors.ru36

information. In the IR spectra of hydrocarbons fractions 
intensive absorption bands of aromatic hydrocarbons 
“close” the absorption of alkanes with the number of 
methylene groups of more than 4 and causes a shift of 
the band maximum of 720 cm-1 in range 728-732 cm-1. 
Most likely the high concentration of dibenzothiophenes 
are due to the peculiarities of accumulation of initial 
OM in these suites in the environment of high sulphur 
hydrogen contamination of sediments in the north-west 
of the Kotelny island. Sulphur aromatic compounds 
of a number of benzothiophenes are porpose have 
no analogues in the alive matter of the biological 
predecessors. Their formation occurs in the process 
of diagenetic transformations of aqua OM in marine 
sediments with sulphur hydrogen contamination 
(Dakhnova, 2000; Kontorovich et al., 2004; Parfenova, 
2017). The presence of dibenzothiophenes differs these 
samples from the Lower Devonian bitumen of the 
Indigiro-Zyryansky anticlise (Zueva et al., 2016).

Sokolovskaya suite. The samples differ in lithological 
composition of the enclosing rocks, the character of 
bitumen saturation, the content and composition of cHB 
(Table. 1, Fig. 1B). The content of corg characterized 
from low – 0.08 % to high values of 2.06 %, the 
difference in the yield of cHB is almost two orders. 
In the group composition of cHB hydrocarbons and 
resins dominate. The character of the distribution of 
saturated hydrocarbons with a maximum of n-alkanes 
in the relatively low molecular weight region of nc16,17,19 
indicates the aqua genic nature OM of studied bitumoids. 
OM characterizes high thermal maturity and reached 
main stage of oil generation, that can conclude by the 
coefficient CPI, close to unit.

comparison the two samples shows (Table 1) 
different the nature of bitumen saturation: in one – to a 
type of the pore of the collector (14-AP-35) in another 
– a vein bitumen saturation in calcite (14-AP-47). They 
are contrast in composition that well correspond variable 
picture of bitumen saturation in the suite (Note..., 1985; 
2016). In the composition of the sample 14-AP-35 
hydrocarbons dominate 70.3 %, which allows to consider 
it as oil saturation. In the sample 14-AP-47 hydrocarbons 
content is only 43.5 % and therefor it is close to malta. 
Differences in the chemical structure of cHB by the IR 
spectra also show the proximity of one – (14-AP-35) 
to the lower content of oxygen-containing groups and 
bonds to oils, and the other (14-AP-47) – to malta. 
According to the values of the bitumoid coefficient 
(Table 1) both bitumens can most likely be relate to 
paraautochthonous. Data on presence in the suite of 
epibitumoids with high β ratios >100 % are given in the 
works (Explanatory note..., 1985; 2016).

In the sample 14-AP-35 from the oil saturation rock 
a significant predominance of methane-naphthenic 
structures MN/NA=1,83 was defined, which differed 

it from the studied samples from the lower-lying the 
Shlyupochnaya and the Pshenicinskaya suites. The 
content of n-alkanes from the amount of identified 
hydrocarbons is 40.7 %. The maximum distribution of 
n-alkanes shifted to the high molecular weight region 
on nc24.25, which may was due not only to the nature 
of the initial OM (Table 2, Fig. 4). It is known that 
the predominance of relatively high molecular weight 
n-alkanes, and pristan and phytan over a number of 
eluting n-alkanes c17 and c18 may be due to the influence 
of biodegradation processes on the change in an initial 
composition of cHB. In result a decrease of content 
of relatively low molecular weight hydrocarbons 
had been occurred which were the most accessible 
for microorganisms. According by the values of the 
coefficients of pristan/nС17, phytane/nС18 and the shift 
of the maximum in a relatively high molecular weight 
region, bitumoid from limestone (sample 9-V-14-11) was 
attacted by biodegradation processes to a lesser extent.

In the sample 14-AP-47, related to malta, the 
content of alcohol-benzene resins is above almost twice 
and asphaltenes – five times as compared with to oil 
saturation sample. In the chemical structure of cHB 
content aromatic structures is of almost two times more. 
The high content of oxygen-containing groups and bonds 
in the chemical structure of resins and cHB is due to 
the processes of chemical oxidation in the hypergenesis 
zone. The maximum of n-alkanes is located in the region 
of nc18-nc20 (Table 2). The ratio pristane and phytne 
with a number eluated n-alkanes less than unit, which is 
characteristic for naphthides unchanged by the processes 
of biodegradation.

Thus in the Sokolovskaya suite against the background 
of syngenetic bitumen saturation, there were detected 
bitumen the formation of the composition of which 
was influenced to varying degrees by the processes of 
chemical and bacterial oxidation, which significantly 
changed the initial compositon of naphthides.

According to the data of chromatomass-spectrometry 
in hydrocarbons fraction of cHB of the Sokolovskaya 
suite dibenzothiophene either not detected or their 
content is negligible for individual samples unlike 
from the Shlyupochnaya and the Pshenicinskaya 
suites. Probably it dues to differences in sedimentation 
and diagenesis conditions with less sulphur hydrogen 
contamination of waters and sediments in the Middle 
Devonian than in the Lower Devonian.

conclusions
Thus, the obtained results confirmed the existing point 

of view on the Lower and Middle Devonian deposits of 
the Kotelny island as containing potentially oil source 
strata with a high content of aqua genic OM (Gramberg, 
1976; Evdokimov et al., 2008; Ivanov, Klubov, 1979; 
Kosko, 1988; Polyakova et al., 2016; Safronov, 2002). 
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According to our data, this is indicated the high content 
corg, a large yield of chloroform bitumoids, a high 
content of hydrocarbons in the composition of cHB, 
the predominance of relatively low molecular weight 
n-alkanes with maximum at nC15-18. The sufficient 
maturity of the bitumoids can be proved by the values 
of CPI coefficients close to unite and the low values of 
the absorption coefficients of oxygen-containing groups 
and bonds in the cHB, i.e. the deposits entered at main 
oil generate zone and generated liquid hydrocarbons that 
could migrate and form oil accumulations.

The studied bitumoids are mainly syngenetic and 
have been undergone significant changes in the zones 
of catagenesis and hypergenesis. The data on IR spectra 
of the resinous components showed that all the studied 
samples had been underwent to strong hypergenic 
oxidation. According to the feature of the distribution 
of saturated hydrocarbons, it was found that in the 
Sokolovskaya suite of the Middle Devon, the bitumen 
along with chemical oxidation were affected to diffrent 
degree by the processes of bacterial oxidation in contrast 
to the Lower Devonian bitumen. 

According to the data of chromatomass-spectrometry 
it is shown that the feature of the composition of 
bitumen from the Lower Devonian deposits is the 
presence of high concentrations of dibenzothiophenes 
compared with the samples of the Middle Devonian. 
These differences may be related to the conditions 
of sedimentation and diagenesis of OM, which in the 
Lower Devonian were characterized by higher sulphur 
hydrogen contamination of sediments. This leads to the 
conclusion that naphthides generated aqua genic OM of 
the Lower Devonian marine sediments may be enriched 
with dibenzothiophene.

In the process of evolution shelf of the Laptev and 
East Siberian seas the Middle Paleozoic rocks reached 
the apocatagenesis zone and already realized their 
potential to a large extent (Gramberg, 1976; Polyakova et 
al., 2016; Safronov, 2002). May assume that in favorable 
geological conditions at the vertical migration initially 
generating Devonian oils could accumulate pools in 
the overlying strata. The obtained results can be used 
to estimate the generation potential of oil source strata 
and prospects the oil and gas bearing of the shelf of the 
Eastern sector of the Russian Arctic.
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Physical and chemical properties, geochemistry of condensates 
from the deposits of the middle Jurassic Maloyamalskoe field 

(West Siberia) and adamantanes in them
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Abstract. According to geochemical hydrocarbon indicators (the concentration ratios for the composition 
of the c4-c9 hydrocarbons, n-alkanes and acyclic isoprenanes, С10-С13 adamantanes, steranes, terpanes and 
aromatic compounds) and carbon isotope composition, the condensates of the Maloyamalskoe deposit 
correspond to the terrestrial genotype. The hydrocarbon maturity indices (the sterane and terpane isomer 
ratios, maturity indices calculated from aromatic composition) indicate that hydrocarbon fluids formation in 
sediments occurs under conditions of the oil generation window. The adamantane and its alkyl-substituted 
derivatives identified in the studied condensates.
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The obtained geochemical data on adamantanes and 
their distribution in condensates from the MY field, 
and their genetic classification are included into highly 
topical comprehensive studies which aim to establish the 
factors controlling natural synthesis of diamandoids and 
their abundance in the petroleum systems.

Adamantane and its derivatives, in themselves, 
are bridged tricyclic hydrocarbons (Hcs). Owing to 
the unique properties imparted by their diamond-like 
structure, these hydrocarbons have found wide industrial 
application. Diamantoid hydrocarbons are currently 
produced mainly by chemical synthesis. Despite 
their high density, adamantanes are concentrated in 
distillate fractions, which, given their high thermal 
stability, makes them important components of jet 
fuels. The kerosene fractions of oils and condensates 
are therefore seen as a natural source of low-molecular-
weight compounds of this series. Petroleum fluids rich 
in adamantine hydrocarbons are associated with the 
shallow occurring cenomanian sediments with low 
reservoir temperatures in the northern West Siberia 

(fields: Russkoe, Pangodinskoe, Van-Yeganskoe, 
North-Komsomolskoe) (Kashirtsev et al., 2013). Oils 
and condensates are generally biodegraded in these 
deposits. Results of the experimental studies (Baklanova 
et al., 2017), have shown that during rectification, the 
biodegraded West Siberian cenomanian naphthenic 
oils enriched with adamantanes can yield kerosene 
fractions with low freezing point (70°c) and density of 
0.905-0.912 g/cm3 that meet the GOST (Russian State 
Standards) requirements for jet fuels.

experimental
The research was conducted on 5 samples of stabilized 

condensates from Middle Jurassic beds (Yu2-3, Yu4 and 
Yu6; wells # 3005 and 3010 at the Maloyamalskoe field). 
The sampling depth ranges from 2,264 to 2,366 m, 
formation temperatures are between 69 and 80°c. 

Discovered in 1975, the Maloyamalskoe (MY) gas 
condensate field is situated in the southern part of the 
South Yamal oil-and-gas-bearing region within the Yamal 
petroliferous province (Brekhuntsov, Bityukov, 2005). 
Stratification of the Middle Jurassic deposits section and 
structural map for the top of Yu2 bed are shown in Fig. 1 
and 2. As many as eight exploration wells were drilled 
on the MY field periphery. The Mesozoic-Cenozoic 
sedimentary cover thickness varies between 2,600 and 
2,840 m. Paleozoic bedrocks exposed by four wells are 
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composed of green and dark grey to greenish shales. 
There are three hydrocarbon pools identified within the 
field: one gas accumulation (PK1 bed of cenomanian 
stage (K2)) and two gas-condensate accumulations in 
the Yu2-3 and Yu 4 beds (Bathonian stage, J2).

A hydrocarbon pool within the Yu2-3 beds comprising 
a bigger half of the total gas reserves is ranked the largest. 
Evidences of gas presence derived from the well test 
results are also reported from the Yu6 bed (J2) (Bajocian 
stage) composed of fine-grained, dense, strongly 
cemented sandstones with rare mudstone interlayers in 
its lower portion. The physical parameters of the Yu2-3 
and Yu4 beds are as follows: its lithology is represented 
by light gray fine-grained sandstones with interlayers 
of dark gray, dense silty-clayey rocks (Fig. 1); effective 
gas-saturated thickness is about 22 m; concentrations of 
stable condensate vary from 156.33 to 162.27 g/m3. The 
formation pressure is from 23.21 to 24.92 MPa, which is 
equal to hydrostatic pressure. The gas-condensate pools 
are anticlinal (Yu2-3 beds) and massive (Yu4) and are sized 

Fig. 1. Subsurface structure of Jurassic deposits in 
Maloyamalskaya well – 3010. Legend: 1 – sandstone; 2 – 
siltstone; 3 – clayey siltstone; 4 – mudstone.

Fig. 2. Structural map for the top of producing reservoir of 
Yu2 bed from the Maloyamalskoe field. Legend: 1 – isolines 
for the top of Yu2 bed; 2 – unified contour line delineating 
hydrocarbon deposit within the Yu2-3 and Yu4 beds; 3 – wells 
that penetrated Middle Jurassic deposits.

10-14 by 32-34 km (extent) and 120-150 m (height) 
(Brekhuntsov, Bityukov, 2005). The gas-water contact 
(GWc) is reported at elevation of -2,361 m a.s.l. (Fig. 2).

The physical and chemical properties (density, 
viscosity, fractional composition) of condensates were 
determined by State standard (GOSTs) techniques.

The distributions of low boiling Hcs and adamantanes 
were analyzed using chromatograms for total ion 
current (TIc) of unfractionated condensates obtained 
by the “Hewlett Packard 5890” gas chromatography-
mass spectrometry Gc-MS system with the highly 
efficient mass-selective detector Agilent MSD 5972, and 
chemStation computer system for data registration and 
processing. Liquid sample (1 µl) introduction in the Gc 
system was carried out in the split mode with a 10 µl 
SGE syringe. The samples were split into individual 
components using a DB1 capillary quartz column (length: 
60 m, inner diameter: 0.254 mm, stationary phase: 
100 % dimethylpolysiloxane, thickness: 0.25 µm). The 
carrier gas (helium) flow rate was 1 ml/min; injector 
temperature: 290ºc. Individual Hcs were identified 
based on retention times, by comparing the obtained 
mass-fragmentograms with the spectra available from the 
NIST-05 library and published data (Petrov, 1984; Bagrii, 
1989; Gordadze, 2008; Giruts et al., 2014, etc.). Relative 
abundances of С4-С9 hydrocarbons were derived from a 
relationships between the area of a respective peak on the 
TIc chromatogram and sum of areas of the peaks for the 
identified compounds. Relative contents of adamantanes 
are equal to ratios between the areas of mass spectral 
peaks on the m/z 136, 135, 149, 163 mass chromatograms 
and total areas of peaks registered by the Gc-MS system 
during the unfractionated sample analysis. 
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The composition of aromatic hydrocarbons (benzene 
and naphthalene series) of unfractionated condensates 
was analyzed using the Gc-MS method on a quadrupole 
“Shimadzy” GSMS-QP5050 system with automatic 
registration of data in the database and improved 
interpretation of GSMS. The chromatograph is furnished 
with Gc capillary column DB-5MS (length: 30 m; 
0.32 mm in diameter). The analysis was performed in the 
programmed-temperature mode (80-290°c, 2°С/min), 
with final temperature being maintained constant during 
25 minutes. The carrier gas is helium. The ionizing 
voltage is 70 eV, the MS source temperature is 250°c. 
Both ScAN and SIM modes (Shimadzu software) 
were used in the data collection and processing. The 
compounds were identified by comparing the obtained 
mass spectra with those available from the NIST and 
WILEY libraries. 

High-molecular-weight cyclic Hc biomarkers of the 
paraffin–naphthene fractions and aromatic compounds 
of the naphthenoaromatic fraction were studied by 
Gc (Maestro 7820 AGc System gas chromatograph 
(Agilent Technologies); normal and isoprenoid alkanes) 
and by Gc-MS (the system including a Hewlett 
Packard 5890 gas chromatograph with an Agilent 
MSD 5972 high-performance mass-selective detector 
and a chemStation HPG 1034 computer system for 
data acquisition and processing; steranes, terpanes, 
arenes). The hydrocarbon fractions were isolated from 
the gasoline-free condensates by methods of liquid 
adsorption chromatography.

Relative contents of each type compounds was 
determined from a relationship between its total intensity 
and total area (sum of all the peaks) for all of the 
identified compounds.

In addition to the indicators of the С4-С9 hydrocarbons 
distribution, the geochemical fingerprinting involved 
the carbon isotope composition data (δ13С, determined 
using DELTA V Advantage mass spectrometer, with the 
analysis results normalized to the VPDB international 
reference standard for carbon isotope).

Physical and chemical characteristics of 
samples, distribution of hydrocarbons and 
geochemical classification of condensates

The studied condensates have low densities (in the 
range from 722.4 to 778.0 kg/m3, averaging 744.4 kg/m3) 
and kinematic viscosity of about 1 mm2/s (at 20°c), with 
the initial boiling points being explicably low (averaging 
53°c within the range from 41°c to 81°c). These 
consist by more than 70 % vol. of gasoline fractions 
(i.b.p. < 200°c). 

The condensates are dominantly represented by 
hydrocarbons (>99 % wt. per condensate), with very 
low amounts of resinous-asphalt components. The 
concentrations of methane-naphthenic hydrocarbons 

show a 3-fold increase vs. aromatic Hcs. However, 
despite the prevalence of methane-naphthenic Hcs, 
condensates contain a good part of aromatics (> 15 %) 
(both per gasoline and condensate fractions).

The studied samples are characterized by heavy 
carbon isotope composition (varying from δ13С of 
-27.4 ‰ to -25.6 ‰), which suggests their predominantly 
terrestrial (i.e. resulting from land sediment transport to 
the aquatic environment) genotype (Tissot, Welte, 1981; 
Kontorovich et al., 1986; Peters et al., 2005, etc.).

Gc-MS chromatograms of unfractionated condensates 
showed a shift of n-alkanes concentration peaks towards 
the low-molecular-weight region (n-c6), which is usual 
for this type of hydrocarbon fluids, whereas abundance 
of n-c11 (undecane) proved the highest only in one 
condensate from the Yu4 bed (Fig. 3). However, group 
composition of С4-С9 hydrocarbons identified in the 
samples and their genetic markers attest to their single 
genetic type. Given that the presence of light alkanes 
appears slightly less than that of cyclanes, the alkanes/
cyclanes ratio varies from 0.76 to 0.98, respectively. As is 
the case with calculated the overall amount of condensate 
per group composition, elevated concentrations of 
light arenes (> 14 % per sum of identified С4-С9 
Hcs) (Table 1) are observed in the studied samples, 
thereby distinguishing them from typical West Siberian 
petroleum fluids (Goncharov, 1987; Rudkevich, 1988; 
Fursenko, 2014). 

In all of the studied Maloyamalskoe condensates, 
methylcyclohexane is  reported in maximum 
concentrations (Fig. 3). This signature is illustrated by 
the c7 Hcs distribution trigonogram (Fig. 4a), where the 
studied samples are grouped in the region characteristic 
of petroleum fluids of the terrestrial genotype (Odden 
et al., 1998; Huang et al., 2014). Proceeding from 
the trigonogram, the genetic classification correlates 
with genetic indicators by composition of light 
hydrocarbons (∑cyclopentanes/∑cyclohexanes; 
ethylbenzene/∑xylenes; n-heptane/methylcyclohexane) 
(Table 1) (Goncharov, 1987; Peters et al., 2005; 
Fursenko, 2014, etc.). The source of the studied 
condensates is inferred to be single, which is confirmed 
by the dimethyl-substituted pentanes distribution and the 
toluene/n-heptane parameter (Fig. 4b) (Halpern, 1995).

С14-С35 n-alkanes and С13-С25 acyclic isoprenanes 
were identified by GC-MS method in the composition of 
methane-naphthenic fraction of the studied condensates 
characterized by high values of Pr/Ph ratio (> 3) and 
odd/even index (CPI) (>> 1) (Table 2). The n-С27/ n-С17 
ratio varies from 0.06 to 0.10. Such low values are 
dictated by low concentrations of high-molecular-weight 
n-alkanes, which is associated with redistribution of 
hydrocarbons by their molecular weight provoked by the 
processes of hydrocarbon phase separation (retrograde 
condensation) inherent in the formation of gas-condensate 
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and fungi, and hence hydrocarbon biodegradation by 
microorganisms (Arefiev et al., 1978; Zabrodina et al., 
1978; Philippi, 1977; Peters et al., 2005, etc.). 

The Gc-MS method enabled detection of polycyclic 
biomarkers (steranes and terpanes) in the saturated 
fractions of condensates. The steranes are dominated 
by ethylcholestane (С29), with the cholestane group 
(С27) being second in abundance, and, accordingly, 
С29/ С27 > 1. The diasteranes/regular steranes ratio 
being > 0.5 (Table 2), which was probably caused by a 
significant oxidation of the organic matter, i.e. the source 

pools (Starobinets, 1974; chakhmakhchev, 1983; 
Reference Book of oil and gas geochemistry…, 1998). 
Note that the studied condensates are not subjected to 
biodegradation confirmed by the observed: molecular 
weight distributions of n-alkanes typical of unmodified 
petroleum fluids; predominance of the identified 
n-alkanes over acyclic isoprenes (pristane/n-С17 – 
0.55-0.73; phytane/n- c18  – 0.17-0.24; n-alkanes/
acyclic isoprenanes: 5.6-7.8) (Table 2). Besides, in-situ 
temperatures in the studied condensate reservoirs have 
prompted the environments unfavorable for bacteria 

Table 1. Geochemical characteristics of the studied condensates inferred from the composition of С4-С9 hydrocarbons. *genetic 
typing is according to (Fursenko, 2014)

Bed 
% per sum of identified С4-С9 HCs genetic indicators 

∑ n-alkanes ∑ isoalkanes ∑ alkanes ∑ CHs ∑ CPs ∑ cyclanes ∑ aromatic 
HC 

alkanes / 
cyclanes 

n-С7/ 
mCH 

∑ CPs/ 
∑ CHs 

ethylbenzene/ 
∑ xylenes 

Yu2-3 20,87 16,87 37,74 30,65 16,00 46,65 15,62 0,81 0,22 0,52 0,18 

Yu2-3+ Yu4 23,92 18,49 42,42 33,06 10,35 43,41 14,17 0,98 0,23 0,31 0,16 

Yu4 17,71 17,95 35,66 32,48 14,43 46,91 17,43 0,76 0,20 0,44 0,18 

Yu6 19,54 16,07 35,61 36,68 10,02 46,70 17,69 0,76 0,26 0,27 0,15 

Yu4 20,81 15,79 36,60 33,87 6,65 40,52 22,87 0,90 0,25 0,20 0,16 

*aquatic genotype >2 >1,2 >0,9 >0,3 

*terrestrial genotype 0,75 - 
1,50 

0,3 - 
0,8 <0,7 <0,2 

Fig. 3. TIC chromatograms for the studied condensates. Legend: CH – cyclohexane(s); CP-cyclopentane(s); m – methyl-
substituted HCs; e – ethyl-substituted HCs; methylCH – methylcyclohexane; nС4-nС25 – С4-С25 n-alcanes
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of condensates. The С29 steranes isomer ratios (maturity 
coefficients: ββ(20S+20R)/αα20R 20S and αα/αα 20R) 
of the studied condensates are found to be very close 
(2.62-4.38 and 0.75-1.09, respectively), enucleate the 
extent of steranes isomerization typical of the oil window 
(Petrov, 1984). 

С19-С31 tricyclanes (cheilantanes) (41.33-59.18 % 
per sum of terpanes) predominate among the tri-, 
tetra- and pentacyclic tarpanes, while their abundance 
is approximately equal to hopanes and homohopanes 
(34.28-52.63 % per sum of terpanes), and tetracyclanes 
and moretanes are present in minor amounts. The 
elevated concentrations of tricyclanes comparable to 
the abundance of hopanes and homohopanes probably 
resulted from (by analogy with the n- and isoalkanes) 
the Hc molecular weight redistribution during the 
formation of gas-condensate pools (Starobinets, 1974; 
chakhmakhchev, 1983; Reference Book of oil and gas 

geochemistry…, 1998). Analysis of the composition 
of identified hopanes and moretanes revealed that С30 
hydrocarbons concentrations are higher vs. С29 Hc, while 
С27 and С31-С35 hopanes and moretanes are significantly 
fewer in number. Low С35/ С34 ratios (< 1) suggest the 
formation of gas-prone source rocks in suboxodation 
environments, which is consistent with the Pr/Ph and 
disteranes/regular steranes ratios (Tissot, Welte, 1981; 
Petrov, 1984; Peters et al., 2005, etc.). Tricyclanes 
(cheilantanes) are dominated by low-molecular-weight 
(С19-С20) homologues, whereas concentrations of С21-С31 
Hcs have shown multifold decrease. Accordingly, the 
tricyclane index values are high (ITc >> 1). As such, its 
high values, according to (Kontorovich et al., 1999), 
can be seen as evidence of terrestrial genotype of 
the studied condensates. The Ts/ Tm indicator value 
(0.37-0.82) and the ratio between the S and R isomers 
of С31-С33 homohopanes (S > R) suggest the formation 

Table 2. Main geochemical indicators of the hydrocarbon biomarker composition of the saturated fraction of condensates. 
ITC is the tricyclane index (=2*Σ tricyclanesC19-20 /Σ tricyclanesC23-26) (according to (Kontorovich et al., 1999)). CPI is ((n-
C25+n-C27+n-C29+n-C31+n-C33)/(n-C26+n-C28+n-C30+n-C32+n-C34)+(n-C25+n-C27+n-C29+n-C31+n-C33)/(n-C24+n-C26+n-C28+n-
C30+н-C32))/2 (according to (Bray, Evans, 1961))

Bed 

 
n- Alkanes and acyclic isoprenanes Steranes Hopanes and 

tricyclanes 

pristane/ 
phytane 

pristane / 
n-C17 

phytane 
/ n-C18 

n-алканы/ 
acyclic 

isoprenanes 

n-C27/ 
n-C17 

CPI C29/ 
C27 

dia-/ 
regular 

C29 
Ts/ 
Tm 

C35/ 
C34 

ITC ββ(20S+20R)
/ αα20R 

20S/ 
20R 

Yu4 3,31 0,73 0,23 5,68 0,08 1,26 1,10 0,66 3,54 0,82 0,63 0,58 4,67 
Yu 2-3 + 

Yu 4 
3,06 0,70 0,24 5,61 0,08 1,26 1,55 1,64 4,38 1,09 0,77 0,15 9,33 

Yu 6 3,12 0,55 0,18 7,81 0,10 1,34 1,23 0,51 2,62 0,75 0,82 0,48 4,18 

Yu 4 3,53 0,62 0,19 6,26 0,07 1,29 2,04 1,71 3,65 1,05 0,59 0,23 11,83 

Yu 2-3 3,81 0,62 0,17 5,90 0,06 1,34 2,30 1,67 2,57 0,98 0,37 0,08 14,07 

Fig. 4. Geochemical characteristics of the studied condensates inferred from the composition of С7 hydrocarbons. (2,2-, 2,3-, 
2,4-, 3,3-dimС5 – dimethylpentanes; ∑ dimCPs – sum of dimethylcyclopentanes; mCH – methylcyclohexane; P3 = 2,2dimС5 + 
2,3dimС5 + 2,4dimС5 + 3,3dimС5)
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of condensates in the conditions of oil window (Petrov, 
1984; Peters et al., 2005, etc.). 

According to Gc-MS analysis of unfractionated 
samples, among the aromatic hydrocarbons identified 
in the MY condensates the abundance of monoarenes 
(89.8-95.2 % rel.) is higher vs. biaromatic Hcs 
(4.4-9.1 % rel.). Inasmuch as triaromatic compounds are 
present in minor amounts (0.05-0.16 % rel.), they were 
therefore investigated separately, within the aromatic 
fraction of condensates.

The composition of low-molecular-weight benzenes 
is dominated by toluene and dimethylbenzenes 
(xylenes). Among c7-c19 monoarenes, the maximum 
concentration accounts for n-alkylbenzenes (n-AB; 
52.2-69.3 % rel.), which is followed in descending 
order by n-alkyltoluene (n-At; 18.3-34.0 % rel.), 
trimethylbenzenes (0-9.3 % rel.), tetramethylbenzenes 
(0-2.6 % rel.) and tetralines (naphthalene-substituted 
benzenes) (< 0.01 % rel.). The concentrations of long-
chain n-AB and n-AT c11+ (0.8-1.1 and 0.9-2.3 % 
rel. respectively) are by an order of magnitude lower 
compared to low-molecular-weight alkylbenzenes and 
alkyltoluenes (С7-С10) (52.2-69.3 and 18.4-34.0 % rel., 
respectively). The predominance of low-molecular over 
high-molecular monoarenes, as is the case with other 
hydrocarbons (e.g. n-alkanes), was most likely caused 
by their selective accumulation in the gas condensate 
mixtures, as the deposit formation proceeded.

Biarenes in the studied condensates are represented 
mainly by unsubstituted naphthalene (0.92-1.86 % rel.), 
as well as by mono- (1.64-3.29 % resp.), di- (1.30-2.82 % 
rel.), tri- (0.45-1.34 % rel.) and tetramethyl-substituted 
(0.06-0.15 % rel.) naphthalenes. Besides, the isolation 
of cadalene (0.01 % rel. or less) and fluorenes (0.03-0.08 
% rel.) in the studied samples was successful.

The analysis of the individual composition of 
alkylnaphthalenes showed that all the condensates 
dominates unsubstituted naphthalene, as well as 2- 
and 1-methylnaphthalene. The established elevated 
concentrations of 1,2,5- and 1,2,7-ТМN complexed by 
the presence of cadalene, suggest the terrestrial source of 
the investigated samples, and hence its accumulation in 
low reducing conditions (Armstroff et al., 2006; Perumal 
et al., 2008). The high values of naphthalene maturity 
indices (1.7-2.1; DNR2 ([2,6-(β,β-)+2,7-(β,β-) dmn]/1,5-
(α,α-)dmn): 1.7-1.8; TNR6 ([1,3,7-(α,β,β-)+1,3,6-
(α,β,β-)tmn]/[1,2,5-(α,β,α-)+1,2,4-(α,β,α -)tmn): 1.5-
2.0)) attest to high maturation of the analyzed samples 
(Radke et al., 1986; Peters et al., 2005). 

The composition of aromatic fractions of the 
condensates was investigated by the cMS method, 
involving phenanthrenes (91.80-93.97 % rel.), 
dibenzothiophenes (< 6 % rel.), mono- (< 1 % rel.) 
and triaromatic (< 1 % rel.) steroids. Such low 
concentrations of dibenzothiophenes suggest that 

the source OM accumulated in the suboxidation 
conditions (Kontorovich et al., 2004; Peters et al., 
2005, etc.), which is consistent with the respective 
parameters (Pr/Ph, diasteranes/regular steranes, С35/С34 
homohopanes) of the saturated fraction composition. 
Maturity indicators calculated from the composition 
of the identified arenes and dibenzothiophenes (DBT) 
(Table 3). Dibenzothiophene index (DBTI ≈ 1), as 
well as the phenantrane index (PI – 0,39-0,47), the 
ratios between triaromatic steroids (TASI: 0.28-0.60), 
the phenanthrenes ratios (1-methylP/P – 0.40-0.53; 
3-methylP/P – 0.35-0.42; 9-methylP/P – 0.54-0.62, etc.) 
are largely associated with characteristics of the OM 
in the oil window (Radke et al., 1986; Kontorovich et 
al., 2004; Peters et al., 2005, etc.), which is comparable 
with the maturity indicators of steranes, terpanes and 
naphthalenes.

Distribution of adamantane and its derivatives
The GcMS analysis of unfractionated condensates 

allowed to identify adamantane and its mono-, di- and 
trimethylsubstituted derivatives in their composition 
(Fig. 5). Unlike biodegraded oils from the Van-
Yeganskoe, Russkoe and North-Komsomolskoe field 
(Kashirtsev et al., 2013), the investigated condensates 
showed no tetramethylsubstituted adamantanes, whereas 
among the ethylsubstituted adamantanes (with the 
exception of condensates from the Yu6 bed), only 1- 
and 2-ethyladamantanes are observed (Fig. 4). Besides, 
diamandoid hydrocarbons which yielded no individual 
peaks on total ion current (TIc) mass-chromatograms 
(Fig. 5), showed up only on fragment ion scans (m/z 
135, 136, 149, 163).

Accordingly, the abundance of adamantane Hcs 
identified in the composition of the studied samples 
is low, not exceeding 0.1 % rel. (Table 4), which is an 
order of magnitude less, than in the South Tambeyskoye 
biodegraded condensates (Shevchenko et al., 2016). 
The dominance of disubstituted derivatives is slightly 
downplayed, as compared to monosubstituted, while the 
trisubstituted adamantanes are progressively decreasing. 

Table 3. Geochemical indicators inferred from the aromatic 
fraction of condensates. Legend: MAS is monoaromatic 
steroids; TAS is triaromatic steroids; P is phenanthrenes; 
DBT is dibenzothiophenes; DBTI is dibenzothiophene index 
((2- + 3-methylDBT)/∑DBTes); PI is phenanthrene index 
(2-methylP/P); TASI is (TAS C20 + TAS C21)/∑TASs

Bed TAS/ MAS P/ DBT DBTI PI TASI 

Yu4 0,53 17,51 1,00 0,41 0,37 

Yu 2-3 + Yu 4 1,46 16,34 1,19 0,47 0,60 

Yu 6 2,28 16,85 1,01 0,44 0,28 

Yu 4 0,79 16,54 0,98 0,42 0,43 

Yu 2-3  1,34 18,51 0,91 0,39 0,51 
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Fig. 5. Mass-chromatograms (TIC, m/z 135, 136, 149, 163) of 
diamandoid hydrocarbons identified in the Maloyamalskoe 
condensates (10-15 – n-alkane peakes from С11 to С15)

Table 4. Distribution of adamantane and its alkyl-derivatives identified in the studied condensates

Bed Yu2-3  Yu2-3 + Yu4 Yu4 Yu6 Yu4 
Content, % on condensate 

adamantane (m/z 136) 0,004 0,003 0,005 0,002 0,005 
monosubstituted (m/z 135) 0,033 0,021 0,040 0,014 0,045 
disubstituted (m/z 149) 0,037 0,022 0,044 0,017 0,048 
trisubstituted (m/z 163) 0,012 0,008 0,016 0,006 0,019 

Sum   0,086 0,054 0,105 0,039 0,117 
Relations between identified adamantanes (A) 

C10 : C11 : C12 : C13 5:26:55:14 5:28:53:14 5:27:53:15 5:36:44:15 4:28:51:17 
C11/ C13 1,86 1,92 1,85 2,33 1,73 
C12/ C13 3,81 3,61 3,57 2,80 3,13 
A/ (1-methylA + 2- methylA), % 17 19 17 15 14 
1- methylA/ (1- methylA + 2- methylA), % 71 72 72 68 74 
1- ethylA/ (1- ethylA + 2- ethylA), % 31 30 28 n/def. 31 
1,3- dimethylA/ (1,3-+1,2-+1,4- dimethylA), % 37 37 37 35 35 
1,3,5- trimethylA / (1,3,5- + 1,3,6- + 1,3,4- trimethylA), % 26 29 26 17 21 
1,4- dimethylA (cis)/ 1,4- dimethylA (trans), % 1.10 1.15 1.20 1.12 1.16 
1,3,4- trimethylA (cis)/ 1,3,4- trimethylA (trans), % 12.56 1.06 13.47 0.95 13.38 

The abundance of unsubstituted adamantane is not more 
than 0.005 % rel. The adamantanes ratios derived from 
the studied samples differ slightly (Table 4), indicating 
a single source of the Maloyamalskoe condensates. By 
their molecular weight, the relative abundances follow 
in descending order: С12 adamantanes, then С11 and С13, 
with the adamantane proper (c10), as was noted above, 
culminating in lowest concentrations in the studied 
condensates. The ratios of adamantanes with different 
molecular weight in the Maloyamalskoe samples show 
striking similarity to these parameters in the Sredne-
Vilyuyskoe condensates of the terrestrial genotype 
(Ivanova, 2010). It was shown previously (Schulz et 
al., 2001; Gordadze, 2008; Ivanov, 2010, etc.), that 
the relationships among methyl-substited adamantanes 
differ significantly from equilibrium relations and 
tend to decrease with the increasing molecular weight. 
The studied condensates are no exception, which are 
characterized by: 1-methylA/(1-methylA + 2-methylA) > 
1,3-dimethyl/(1,3-+1,2-+1,4-dimetyl) > 1,3,5-trimethyl/
(1,3,5- + 1,3,6- + 1,3,4-trimethyl) (Table 4), as well as 
by the predominance of cis-isomers of dimethyl and 
trimethyl adamantanes over the trans-isomers.

conclusions
Analysis of the distribution of major groups of 

the identified hydrocarbons along with the respective 
genetic parameters (composition of С4-С9 hydrocarbons; 
Pr/ Ph; CPI; С29/С27 steranes; the ratios of tricyclic 
terpane (Itc); С35/ С34 homohopanes; low concentrations 
of dibenzothiophenes) complemented by the heavy 
carbon isotope composition, allow to infer that the 
investigated condensates from the Maloyamalskoe field 
were generated at the expense of lipid components of 
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the predominantly terrestrial organic matter accumulated 
in the suboxidation environments. The sterane/terpane 
isomer ratios, Ts/ Tm ratios, as well as the maturity 
indicators of arenes and dibenzothiophenes derived 
from their composition suggest that these petroleum 
fluids composition formed in the conditions of the 
oil window. The source of some condensates being 
common is also corroborated by the relations between 
the identified diamandoid hydrocarbons. The observed 
significant abundancies of diamandoid hydrocarbons 
in the Maloyamalskoe condensates have prompted 
an inference about potential discovery of petroleum 
fluids selectively enriched with adamantane and its 
derivatives in the shallow occurring reservoirs within the 
overlying cretaceous deposits featured by low formation 
temperature (< 70°c) and intense biodegradation.

Funding
The work was supported by the Project No. 14 of the 

Small Innovative Enterprise of the Siberian Branch of the 
Russian Academy of Sciences for 2018-2020 and Project 
No. IX.131.2.1 of the Basic Scientific Research Program 
of the State Academies of Sciences for 2013-2020.

References
Arefiev O.A. Zabrodina M.N., Norenkova I.K., Karpenko M.N., 

Makushina V.M., Petrov A.A. (1978). Biological degradation of oils. Izv. 
AN SSSR. Ser. geol., 9, pp. 134-139. (In Russ.)

Armstroff A., Wilkes H., Schwarzbauer J., Littke R., Horsfield B. (2006). 
Aromatic hydrocarbon biomarkers in terrestrial organic matter of Devonian 
to Permian age. Palaeogeography, Palaeoclimatology, Palaeoecology, 240, 
pp. 253-274. https://doi.org/10.1016/j.palaeo.2006.03.052

Bagrii E.I. (1989). Adamantany: Poluchenie, svoistva, primenenie 
[Adamantanes: Preparation, properties, application]. Moscow: Nauka 
Publ., 264 p. (In Russ.)

Baklanova O.N, Knyazheva O.A., Lavrenov A.V., Vasilevich A.V., 
Buluchevskii E.A., Arbuzov A.B, Kashirtsev V.A., Fursenko E.A. 
(2017). Possibility evaluation of direct production of a high-density jet 
fuels component by rectification of naphthenic oil of the Russian field. 
Neftepererabotka i neftekhimiya, 2, pp. 8-13. (In Russ.)

Bray E.E., Evans E.D. (1961). Distribution of n-paraffins as clue to 
recognision of source beds. Geochimica et Cosmochimica Acta, 22(12), 
pp. 2-15. https://doi.org/10.1016/0016-7037(61)90069-2

Brekhuntsov A.M., Bityukov V.N. (2005). Maloyamal field. Otkrytye 
gorizonty [Open Horizons], v. 1 (1962-1980), Tyumen, pp. 259-263.  
(In Russ.)

chakhmakhchev V.A. (1983). Geokhimiya protsessa migratsii 
uglevodorodnykh system [Geochemistry of hydrocarbon systems migration 
process]. Moscow: Nedra Publ., 231 p. (In Russ.)

Fursenko E.A. (2014). Geokhimiya nizkomolekulyarnykh uglevodorodov 
neftei i kondensatov Nadym-Tazovskogo mezhdurech’ya i severnykh raionov 
Shirotnogo Priob’ya (Zapadnaya Sibir’) [Geochemistry of low-molecular-
weight hydrocarbons of oils and condensates of the Nadym-Tazovsky 
interfluve and the northern regions of the Latitudinal Ob region (Western 
Siberia)]. Novosibirsk: INGG SO RAN, 146 p. (In Russ.)

Giruts M.V., Stroeva A.R., Gadzhiev G.A., Stokolos O.A., Koshelev 
V.N., Gordadze G.N. (2014). Adamantanes c11-c13 in biodegraded and 
non-biodegraded condensates. Neftekhimiya = Petroleum Chemistry, 54(1), 
pp. 12-16. (In Russ.) https://doi.org/10.1134/S0965544114010046

Goncharov I.V. (1987). Geokhimiya neftei Zapadnoi Sibiri [Geochemistry 
of oils in Western Siberia]. Moscow: Nedra Publ., 181 p. (In Russ.)

Gordadze G.N. (2008). Geokhimiya uglevodorodov karkasnogo stroeniya 
(obzor) [Geochemistry of hydrocarbons of frame structure (review)]. 
Neftekhimiya = Petroleum Chemistry, 48(4), pp. 243-255. (In Russ.) https://
doi.org/10.1134/S0965544108040014

Halpern H.I. (1995). Development and applications of light-
hydrocarbon-based star diagrams. AAPG Bulletin, 79, pp. 801-815.  
https://doi.org/10.1306/8D2B1BB0-171E-11D7-8645000102c1865D

Huang S., Wang Z., Lv Z., Gong D., Yu C., Wu W. (2014). Geochemical 
identification of marine and terrigenous condensates. A case study from the 
Sichuan Basin, SW china. Organic Geochemistry, 74, pp. 44-58. https://doi.
org/10.1016/j.orggeochem.2014.04.001

Ivanova I.K. (2010). Adamantanes in continental condensates of the 
Vilyui syneclise (Yakutia). Neftegazovoe delo, 2, p. 54. (In Russ.)

Kashirtsev V.A., Nesterov I.I., Melenevskii V.N., Fursenko E.A., Kazakov 
M.O., Lavrenov A.V. (2013). Biomarkers and adamantanes in crude oils 
from cenomanian deposits of northern West Siberia. Geologiya i geofizika = 
Russian Geology and Geophysics, 54(8), pp. 1227-1235. (In Russ.) https://
doi.org/10.1016/j.rgg.2013.07.012

Kontorovich A.E., Bakhturov S.F., Basharin A.K., Belyaev S.Yu., 
Burshtein L.M., Kontorovich A.A., Krinin V.A., Larichev A.I., Li Godu, 
Melenevskii V.N., Timoshina I.D., Fradkin G.S., Khomenko A.V. (1999). 
Heterochronous centers of naphthide formation and accumulation in the 
north-asian craton. Geologiya i geofizika = Russian Geology and Geophysics, 
40(11), pp. 1676-1693. (In Russ.)

Kontorovich A.E., Melenevskii V.N., Ivanova E.N., Fomin A.N. (2004). 
Phenanthrenes, aromatic steranes and dibenzothiophenes in the Jurassic 
sediments of the West Siberian oil and gas basin and their importance 
for organic geochemistry. Geologiya i geofizika = Russian Geology and 
Geophysics, 45(7), pp. 873-883. (In Russ.)

Kontorovich A.E., Verkhovskaya N.A., Timoshina I.D., Fomichev 
A.S. (1986). The carbon isotope composition of dispersed organic matter 
and bitumoids and some controversial issues in the theory of oil formation. 
Geologiya i geofizika = Russian Geology and Geophysics, 5, pp. 3-12. 
(In Russ.)

Odden W., Patience R.L., van Graas G.W. (1998). Application of light 
hydrocarbons (c4-c13) to oil/source rock correlations of source rocks and 
test fluids from offshore Mid-Norway. Organic Geochemistry, 28(12), pp. 
823-847. https://doi.org/10.1016/S0146-6380(98)00039-4

Perumal Sivan, Gour c. Datta, Ram R. Singh (2008). Aromatic biomarkers 
as indicators of source, depositional environment, maturity and secondary 
migration in the oils of cambay Basin, India. Organic Geochemistry, 39, pp. 
1620-1630. https://doi.org/10.1016/j.orggeochem.2008.06.009

Peters K.E., Walters С.C., Moldowan J.M. (2005). The biomarker guide. 
2nd ed. New York: cambridge University Press, V. 2, 1155 p. https://doi.
org/10.1017/cBO9780511524868 

Petrov A.A. (1984). Uglevodorody nefti [Oil Hydrocarbons]. Moscow: 
Nauka Publ., 263 p. (In Russ.)

Philippi G.T. (1977). On the depth, time and mechanism of original the 
heavy to mediumgravity naphtenic crudeoils. Geochim. et Cosmochim. Acta, 
41(1), pp. 33-52. https://doi.org/10.1016/0016-7037(77)90185-5

Radke M., Welte D.H., Willsch H. (1986). Maturity parameters based 
on aromatic hydrocarbons: Influens of the organic matter type. Organic 
Geochemistry, 10, pp. 51-63. https://doi.org/10.1016/0146-6380(86)90008-2

Reference Book of oil and gas geochemistry (1998). Ed. S.G. Neruchev. 
St. Petersburg: Nedra Publ., 576 p. (In Russ.)

Rudkevich M.Ya., Ozeranskaya L.S., chistyakova N.F. (1988). 
Neftegazonosnye kompleksy Zapadno-Sibirskogo basseina [Oil and gas 
complexes of the West Siberian basin]. Moscow: Nedra Publ., 304 p. (In Russ.)

Schulz L.K., Wilhelms A., Rein E., Steen A.S. (2001). Application of 
diamondoids to distinguish source rock facies. Organic Geochemistry, 32, 
pp. 365-375. https://doi.org/10.1016/S0146-6380(01)00003-1

Shevchenko N.P., Fursenko E.A., Kashirtsev V.A., Kartashov E.V. 
(2016). Geochemistry of condensates naphtha of the Yamal Peninsula. 
Materialy XII mezhdunarodnoi nauchnoi konferentsii «Nedropol’zovanie. 
Gornoe delo. Napravleniya i tekhnologii poiska, razvedki i razrabotki 
mestorozhdenii poleznykh iskopaemykh. Ekonomika. Geoekologiya» [Proc. 
XII Int. Sci. conf.: Subsoil Use. Mining. Directions and technologies of 
prospecting, exploration and development of mineral deposits. Economy. 
Geoecology]. (In Russ.)

Starobinets I.S. (1974). Geologo-geokhimicheskie osobennosti 
gazokondensatov [Geological and geochemical features of gas condensates]. 
Leningrad: Nedra Publ., 152 p. (In Russ.)

Tisso B., Velte D. (1981). Obrazovanie i rasprostranenie nefti [Formation 
and distribution of oil]. Moscow: Mir, 502 p. (In Russ.)

Zabrodina M.N., Arefiev O.A., Makushina V.M., Petrov A.A. 
(1978). chemical types of oils and transformation of oils in nature. 
Neftekhimiya = Petroleum Chemistry, 18(2), pp. 280-290. (In Russ.) https://
doi.org/10.1016/0031-6458(78)90039-4



www.geors.ru GEORESURSY 47

GEORESURSY = GEORESOURcES                       2019. V. 21. Is 3. Pp. 39-47

About the Authors
Elena A. Fursenko – PhD (Geology and Mineralogy), 

Senior Researcher, Trofimuk Institute of Petroleum 
Geology and Geophysics of the Siberian Branch of the 
Russian Academy of Sciences

3 Ak. Koptyug ave., Novosibirsk, 630090, Russian 
Federation

Tel: +7(383)330-26-76
E-mail: FursenkoEA@ipgg.sbras.ru

Galina S. Pevneva – PhD (Chemistry), Senior 
Researcher, Institute of Petroleum chemistry of the 
Siberian Branch of the Russian Academy of Sciences

4 Akademichesky ave., Tomsk, 634055, Russian 
Federation

Valery A. Kazanenkov – PhD (Geology and 
Mineralogy), Leading Researcher, Head of the 
Laboratory of Geology of Oil and Gas of the Western 
Siberia, Trofimuk Institute of Petroleum Geology and 
Geophysics of the Siberian Branch of the Russian 
Academy of Sciences

3 Ak. Koptyug ave., Novosibirsk, 630090, Russian 
Federation

Natalya G. Voronetskaya – Leading Engineer, 
Institute of Petroleum chemistry of the Siberian Branch 
of the Russian Academy of Sciences

4 Akademichesky ave., Tomsk, 634055, Russian 
Federation

Anatoly K. Golovko – DSc (Chemistry), Professor, 
Head of the Laboratory of Hydrocarbons and 
Macromolecular compounds of Oil, Institute of 
Petroleum chemistry of the Siberian Branch of 
the Russian Academy of Sciences; Director of the 
Branch, Trofimuk Institute of Petroleum Geology and 
Geophysics of the Siberian Branch of the Russian 
Academy of Sciences

4 Akademichesky ave., Tomsk, 634055, Russian 
Federation

Vladimir A. Kashirtsev – DSc (Geology and 
Mineralogy), corresponding Member of the Russian 
Academy of Sciences, chief Researcher, Trofimuk 
Institute of Petroleum Geology and Geophysics of the 
Siberian Branch of the Russian Academy of Sciences

3 Ak. Koptyug ave., Novosibirsk, 630090, Russian 
Federation

Manuscript received 17 September 2018; 
Accepted 28 February 2019; Published 1 September 2019



GEORESOURCES   www.geors.ru48

GEORESURSY = GEORESOURcES                       2019. V. 21. Is 3. Pp. 48-54

Study of the thermal influence on the displacement  
of high-viscous oil by reservoir water from the Bashkirian core  

of Akanskoe field 

R.K. Khayrtdinov1, A.I. Sattarov1, O.S. Sotnikov2, M.M. Remeev2, I.A. Islamov2, 
I.I. Mannanov3*, I.E. Beloshapka3, D.I. Ganiev3

1Kara Altyn CJSC, Almetyevsk, Russian Federation
2Institute TatNIPIneft Tatneft PJSC, Bugulma, Russian Federation

3Almetyevsk State Oil Institute, Almetyevsk, Russian Federation

The article discusses the results of physical laboratory modeling of nonisothermal oil displacement by 
formation water on model composite core samples of the Akanskoe field, performed on a VINCI CFS-700 
filtration unit.

In the work, the influence of the permeability of composite core samples on the results of nonisothermal 
oil displacement by formation water was studied. An analysis of the performed experiments shows that 
the influence of the temperature regime on the displacement coefficient manifests itself to varying degrees 
on samples of different permeabilities. The change in the displacement coefficient at various temperature 
conditions occurs most strongly in low-permeability rock samples, in high-permeability rocks the changes 
are less significant. Use for displacing produced water with a temperature below the initial formation water 
(within 2-5ºС) provokes a greater decrease in the displacement coefficient than the use of slightly heated 
water (within 7ºС).

The presence of highly differentiated rock samples by permeability revealed when drilling productive 
formations significantly complicates the processes of oil displacement.  The local highly permeable sections 
available in the context of productive formations can act as intensifying the process of displacing the zone 
with the right choice of temperature and exposure technology.

Keywords: core, heterogeneity, laboratory experiment, formation conditions, simulation of thermal 
influence, displacement coefficient
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Analysis of the causes of low current oil recoveries 
and search for new technological solutions to optimize 
field development operations are issues of current 
importance. Waterflood development of the Bashkirian 
reservoirs of the Akanskoe field was found to have poor 
efficiency. This is attributed to the presence of fractures 
of various origins; in particular, the presence of larger 
vertical and subvertical fractures of tectonic origin amid 
small fractures of different genesis (Muslimov, 2015).

Optimization of Akanskoe field development strategy 
is a complex task, which requires integration of various 
formation stimulation mechanisms.

Laboratory-scale experimental modeling of 
subsurface processes provides the theoretical foundations 
for finding new solutions to optimize field development. 
One of the priority areas is heat treatment of productive 
formations.

Results of simulations of formation treatment 
under nonisothermal conditions provide the basis 
for development and improvement of new integrated 
formation treatment technologies. 

In the present research, experimental and simulation 
data have been used to assess waterflood performance 
in the Bashkirian reservoirs of the Akanskoe high-
viscosity oil field at various temperatures. Studies of oil 
displacement processes began from joint research efforts 
of Almetyevsk State Oil Institute, Institute TatNIPIneft 
Tatneft PJSC and Kara Altyn CJSC (Khayrtdinov, 2018).

This research effort facilitated selection of a set of 
12 samples from Well No. 2060 of the Akanskoe field. 
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E-mail: ildarmannanov@mail.ru
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Preparation of core samples for further research involved 
hot solvent cleaning and drying in a desiccator at 105°С.

Gas permeability, connected porosity, and irreducible 
water saturation were determined for each core sample 
(Table 1), followed by vacuuming of the samples 
and saturation with kerosene until constant mass was 
reached.

Figure 1 presents variability of reservoir properties 
based on laboratory core testing data.

characteristic changes in porosity and irreducible 
water saturation, as well as permeability variations of 
rocks along the wellbore cause challenges associated 
with reservoir management and bringing into 
development multiple pay zones within productive 
reservoir section.

Based on variability of reservoir properties along the 
wellbore, irreducible water saturation increase from 8.96 
to 43.89 % results in significant changes in permeability 
(more than 33 times, Fig. 2).

Considering the location of the samples relative 
to each other and rock characteristics, core material 
was grouped into composite core models, including 3 
samples with similar reservoir properties.

The resultant core samples were further used in 
coreflood experiments. Table 2 characterizes the 
properties of composite core samples.

Table 3 provides the characteristics of Bashkirian-
stage crude oil and formation brine of the Akanskoe 
field used in coreflood experiments.

Simulation of in-situ conditions in composite core 
samples during the experiment involved: applying 
confining pressure (to simulate overburden load) of 
30 mPa, creation of pore pressure (to simulate reservoir 
pressure) of 11.5 mPa, simulation of reservoir temperature 
of 19°C. Composite core samples were flooded at a rate 
of 0.5 ml/min until complete displacement of kerosene, 
indicated by steady-state flow conditions at constant 
pressure drop.

Fig. 1. Vertical variations in porosity of core samples recovered from Well No. 2060 based on laboratory analysis data

Table 1. Results of porosity and permeability measurements of core samples from Well No. 2060 of the Akanskoe field

Coring intervals, m Core 
recovery, m  

Sampling 
point, m 

Connected 
porosity, % 

Irreducible water 
content, % 

Effective 
porosity, % 

Gas permeability, 
10-3µm2

 from to 
1335.6 1342 6.4 3.00 26.11 12.48 22.85 1491 
1335.6 1342 6.4 3.10 24.64 13.12 21.41 1896 
1335.6 1342 6.4 3.35 24.78 12.89 21.59 673 
1335.6 1342 6.4 5.30 23.58 10.30 21.15 2203 
1335.6 1342 6.4 6.00 22.67 8.96 20.64 2405 
1335.6 1342 6.4 6.30 21.59 9.11 19.62 1894 
1342 1346 3.5 1.80 14.92 43.89 8.37 73 
1342 1346 3.5 3.00 19.26 41.05 11.35 236 
1346 1351 5.0 1.05 18.96 11.87 16.71 381 
1346 1351 5.0 1.90 11.91 21.15 9.39 71 
1346 1351 5.0 1.40 19.10 12.77 16.66 220 
1346 1351 5.0 1.60 12.79 19.33 10.32 96 
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Table 3. Properties of Bashkirian crude oil and formation 
brine of the Akanskoe field

Parameter Crude oil Formation 
brine 

Dynamic viscosity, mPa·s 231 172 1.73 
Density, kg/m3 20.926 0.924 1.172 
Measurement temperature, °C 19 23 19 

Table 2. Properties of composite Bashkirian core samples of the Akanskoe field

Composite 
sample  

Dimensions (Ø × 
length, mm) 

Gas 
permeability,  µm2 

Connected 
porosity, % 

Pore 
volume,  ml 

Initial oil 
saturation, % 

1 30 × 120 0.263 19.1 16.11 78.08 
2 30 × 120 1.117 25.2 21.36 87.18 
3 30 × 120 2.146 22.6 19.16 90.53 

Fig. 3. Temperature effects on viscosity of crude oil from the 
Akanskoe field in the targeted temperature range

Fig. 2. Vertical variations in permeability and irreducible water content in core samples from Well No. 2060 based on laboratory 
analysis data

composite core samples were soaked in oil under 
reservoir temperature and pressure conditions for 2 
days to reproduce surface properties of rock samples 
with cyclic top-down and bottom-up injection of new 
batch of oil.

To study water displacement of oil from variable 
permeabil i ty composite core samples under 
nonisothermal conditions, a series of experiments with 
consistent changes in the temperature of displacing 
agent was carried out. Temperature conditions simulated 
reservoir temperature decrease by 4°С and 2°С, reservoir 
temperature of 23°С and reservoir temperature growth 
up to 30°С. Fig. 3 presents oil viscosity behavior within 
the targeted temperature range.

The experiment entailed estimation of required 
displacement rates for each sample, recording pressure 
changes at the faces of composite core samples while 
injection of the required displacement volumes, 
monitoring displaced fluids volumes, measurements of 

residual oil saturation and displacement efficiencies.
Table 4 provides experimental conditions and 

estimated parameters. Pressure drop behavior in each 
temperature range is demonstrated in Fig. 4-6.

Reservoir cooldown simulations provided for 
injection of at least ten pore volumes of formation brine 
at a temperature of 19°C and measurement of displaced 
fluids volumes. Further experiments implied stepwise 
increase of temperature up to 21°C, 23°C and 30°C 
during injection of approximately six pore volumes of 
displacement fluid while monitoring and measuring the 
amount of fluid displaced. Once the desired volume of oil 
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Table 4. Results of the non-isothermal flooding on the Bashkirian stage of the Akanskoe field 

Number of 
composite 

sample 
Input and estimated parameters 

Initial parameters and experimental data 
for various temperature conditions 
19 21 23 30 

Composite 
sample №1 
Кpr=0.263 

μm2 

Displacement fluid injection rate, ml/min 0,765 
Displacement fluid volume, ml 122,0 64,2 77,04 64,2 
Water saturation, Sw, fraction 0,444 0,559 0,621 0,753 
Oil saturation, So, fraction 0,556 0,441 0,379 0,247 
Displacement efficiency, fraction 0,287 0,435 0,514 0,684 

Composite 
sample №2 
Кpr=1.117 

μm2 

Displacement fluid injection rate, ml/min 1,017 
Displacement fluid volume, ml 155 83,7 93 93 
Water saturation, Sw, fraction 0,396 0,470 0,469 0,613 
Oil saturation, So, fraction 0,604 0,530 0,531 0,387 
Displacement efficiency, fraction 0,307 0,392 0,462 0,556 

Composite 
sample №3 
Кpr=2.146 

μm2 

Displacement fluid injection rate, ml/min 0,912 
Displacement fluid volume, ml 131,4 78,8 74,5 83,2 
Water saturation, Sw, fraction 0,415 0,430 0,460 0,468 
Oil saturation, So, fraction 0,585 0,570 0,540 0,532 
Displacement efficiency, fraction 0,354 0,37 0,404 0,412 

Fig. 4. Pressure drop across composite core sample with initial gas permeability of 0.263 µm2 during nonisothermal water-oil 
displacement at various temperatures

Fig. 5. Pressure drop across composite core sample with initial gas permeability of 1.117 µm2 during nonisothermal water-oil 
displacement at various temperatures
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Fig. 7. Effects of initial permeability and saturation on 
residual oil saturation during nonisothermal displacement

Fig. 8. Initial gas permeability effects on displacement 
efficiency during nonisothermal displacement

Fig. 6. Pressure drop across composite core sample with initial gas permeability of 2.146 µm2 during nonisothermal water-oil 
displacement at various temperatures

had been pumped through the core sample, displacement 
continued. Following injection of 6 pore volumes of 
formation brine across the composite core sample 
at specified temperature, steady-state displacement 
conditions were reported, and by the end of this stage, 
no oil trace was noticed in the displaced fluid. 

Fig. 7 demonstrates the results obtained in 
experimental studies on the influence of initial gas 
permeability and original oil saturation on residual oil 
saturation trends during nonisothermal displacement and 
final oil saturations after displacement. 

Experimental data suggest that initial gas permeability 
of core samples affects residual oil saturation during 
nonisothermal displacement. Furthermore, this effect is 
the most pronounced in the low permeability range. 

The difference in residual oil saturations after 
nonisothermal displacement of oil from composite 
core sample with initial gas permeability of 0.263 μm2 

reaches 0.309, varying from 0.247 (displacement with 
formation brine at 19°C) to 0.556 (displacement with 
formation brine at 30°C.) 

For permeabilities above 2.146 μm2, the difference in 
residual oil saturations after nonisothermal displacement 
at 19°C to 30°C does not exceed 0.053. 

Fig. 8 confirms dependence of displacement 
efficiency on gas permeability. For composite core 
samples with initial gas permeability below 0.263 µm2, 
displacement efficiencies range from 0.287 at brine 
temperature of 19°С to 0.684 at 30°С.

One of the factors contributing to increase of oil 
recovery in fractured formations during injection of 
heat carriers is water-imbibition oil displacement. 
Temperature increase enhances capillary imbibition 
processes due to viscosity reduction, improved water-
wettability of the rock and permeability growth resulting 
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Fig. 9. Comparison of displacement efficiency changes in composite core samples with changes in oil viscosity compared to in-
situ conditions during nonisothermal displacement

from desorption of surface-active components and 
rupture of oil films (Ametov, 1985).

For the composite core sample with gas permeability 
exceeding 2.000 μm2, fluid flow during nonisothermal 
displacement is associated with mobilization of large 
flow channels with relatively low flow coefficients. As 
seen in Figs. 7 and 8, temperature growth from 19°С 
to 30°С within gas permeability range in the order of 
2.150 μm2 leads to 0.058 (or 16.3 %) increase in final 
displacement efficiency (from 0.354 to 0.412), which 
is significantly lower compared to oil viscosity changes 
observed in the similar temperature range (relative 
viscosity change exceeded 95.6 %).

Increase in temperature of heat carrier and composite 
core sample does not facilitate involvement of small 
pores in the displacement process due to predominant 
fluid flow through large channels.

Temperature increase does not lead to substantial 
improvements in oil displacement efficiency.

In composite core samples with gas permeability of 
0.250 μm2, the pore space is relatively homogeneous, 
thus ensuring a uniform displacement of oil and 
improved reservoir sweep efficiency. Displacement 
efficiency increases from 0.287 to 0.684, i.e. by 138.3 %, 
which far exceeds the relative oil viscosity change 
(95.6 %).

If reference temperature is assumed equal to 23°C 
(initial reservoir temperature of 23°C), then temperature 
reduction by 4°C in a composite core sample with gas 
permeability of 0.263 μm2 leads to 44.2% decrease in 
the displacement efficiency compared with the reference 
value (Fig. 9). For the composite core sample with gas 
permeability of 2.146 μm2, displacement efficiency 
decreases by 12.4 % under similar conditions.

Temperature rise of 7°C leads to increase in the 
displacement efficiencies by 33.1% and 2 % for 
composite samples with permeability of 0.263 μm2 and 
2.146 μm2, respectively.

For adequate assessment of the impact of 
nonisothermal fluid flow in composite core samples 
with various permeabilities on displacement efficiency, 
comparative analysis of displacement efficiency with 
viscosity behavior was performed.

Integrated assessment of the extent of changes in 
viscosity and displacement efficiency enables, primarily, 
evaluation of displacement mechanism and the influence 
of rheological characteristics of oil on displacement 
process in heterogeneous environment. The analysis 
shows that oil temperature increase from 23°C (in-situ 
conditions) to 30°C results in 41.9 % decrease of oil 
viscosity, while increment in displacement efficiency 
under similar conditions is much smaller; particularly, 
2% for the composite core sample with high permeability 
(k = 2.146 μm2) and 33.1% for the composite core 
sample with low permeability (k = 0.263 μm2).

The following conclusions can be drawn from the 
present study. 

Different displacement efficiency growth trends in 
composite core samples with gas permeability above 
2.0 μm2 and below 0.5 μm2 are attributed to structural 
differences in the pore space.

Relative oil viscosity changes with temperature are 
generally consistent with changes in final nonisothermal 
displacement efficiency, however, for samples with 
different permeabilities, the rates of displacement 
efficiency changes differ significantly. On the whole, 
reduction of injected water temperature (compared 
to reference temperature) by 4°C diminishes the 
efficiency of the displacement process. Particularly, oil 
displacement efficiencies for composite core samples 
with permeability of 0.263 μm2 and 2.146 μm2 decrease 
by 44.2 % and 12.4 %, respectively. Displacement 
efficiency improves generally with increase of injected 
water temperature by 7°C (compared to reference 
temperature). Particularly, oil displacement efficiencies 
for composite core samples with permeability 0.263 μm2 
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and 2.146 μm2 increase by 33.1 % and 2 %, respectively, 
while the absolute value of oil viscosity change is 
41.9 %.

 Tentative identification of zones with simulated 
permeability along the wellbore and interference of 
processes (due to absence of natural barriers between 
high- and low permeability zones) suggest that high 
permeability reservoir intervals contribute more to 
enhancing the displacement efficiency. Moreover, 
rapid advance of temperature front to the region of low 
flow resistances at the initial stage requires accurate 
monitoring of the displacement process to prevent 
propagation of thermal front outside the target zone.
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Optimization of reserve production from water oil zones of D3ps 
horizon of Shkapovsky oil field by means of horizontal wells 
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An analysis was made of the development of sections of the D3ps formation of the Devonian terrigenous 
sequence of the Shkapovsky field, with a share of contact zones of more than 78 %, which showed that the 
exploitation of deposits by vertical and deviated wells is unprofitable. Studies show that the development 
of reserves at the facility occurs along highly permeable interlayers located in the plantar. The construction 
of sectoral geological and hydrodynamic models showed a detailed distribution of residual oil reserves by 
area and section in areas with low production values.

When analyzing the parameters of the operation of wells with horizontal completion, it was found that 
the selection of mobile oil reserves localized in a volume limited by the plane of the initial oil-water contact 
and the surface formed by the rise of the oil-water contact when pulling the water cone to the wells with 
horizontal completion is comparable with the period of reaching a water cut of 95 %. The volumetric method 
was used to calculate the moving oil reserves in the area of   water cone formation. It is recommended to drill 
wells with horizontal completion as an effective method of additional production of residual oil reserves in 
fields with similar geological and physical conditions.
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A review of the literature related to the analysis of 
oil fields development in Russia (Baymukhametov et al., 
2005; Mukhametshin, 2017, 2018; Mukhametshin et al., 
2018) shows that most of the oil deposits concentrated 
in terrigenous reservoirs are at a late stage. Terrigenous 
Devonian sediments confined to the South Tatar Arch 
are among them. A striking representative of this group 
of objects is the Shkapovsky oil field. The objects of 
development of the Devonian strata are characterized 
by high values   of the oil recovery factor (ORF) – more 
than 0.5, and high water cut – more than 97.5 %. 
Analysis of oil reserves by section and area, allocation 
and localization of residual oil reserves at a late stage 
of development will allow replicating this experience 
in other large and unique oil fields. The priority task of 
research in this area is the justification of technological 
solutions to increase the degree of development of 

mobile oil reserves in the current economic conditions.
Eight development facilities have been identified at 

the Shkapovsky field. The main objects of the Devonian 
terrigenous strata are D3ps and D2vor-ard layer. They 
account for 97.5 % (reservoir D3ps – 61.7 %, reservoir 
D2vor-ard – 35.8 %) of the initial recoverable oil 
reserves of the field.

The D3ps layer is characterized by high reservoir 
properties: porosity – 20 %, permeability – up to 0.4 μm2. 
The reservoir is saturated with low viscosity oil, with 
high gas content and saturation pressure of oil with 
gas. The design value of the recovery factor is 0.554. 
The geological structure of objects, the facies features 
of development, the physicochemical properties of the 
fluids saturating them are described in sufficient detail 
in the scientific literature (Baymukhametov et al., 2005; 
Lozin, 1971; Andreev et al., 1996; Lozin et al., 2017). 
The selection from the initial recoverable reserves 
for Devonian terrigenous objects is more than 95 % 
with the current water cut of more than 97.7 %, which 
indicates a high degree of oil reserves development. 
Under the conditions of the Shkapovsky field, the main 
reason for the decrease in the current profitability of the 
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development is the high current oil-water factor. The 
selection of a large volume of water requires the cost of 
transportation, preparation and injection of associated 
produced water.

The aim of the study is to search for technological 
solutions that will ensure the achievement of the 
approved oil recovery factor, taking into account the 
main conditions – the selection of residual oil reserves 
and the profitability of oil production.

It is necessary to solve a number of problems to 
achieve the goal of justification of measures to gain 
project ORF subject to profitability:

- analysis of technological indicators of oil reserves 
in water-oil zones and areas of the terrigenous sequence 
of the Devonian sediments, geological and field analysis 
for the localization of concentration areas of residual 
oil reserves;

- review of the technologies used and the justification 
of the method of increasing the degree of development 
of the water-oil zones;

- evaluation of the effective introduction of technology 
based on the parameters of the wells, calculation of 
technical and economic indicators of developing deposits 
using the proposed technology.

Methods for solving the tasks are defined in 
accordance with the field of research. Hydrodynamic, 
field and geophysical studies were carried out using 
standard equipment. The objects of research were 
production and injection wells of the Shkapovsky oil 
field.

The indicators of oil reserves in the field indicate the 
high technological efficiency of the field development 
system. Development has been ongoing since 1955. 
The first well to start operating the D3ps facility is well 

No. 3ShKA with an initial production rate of anhydrous 
oil of 52.7 tons/day. Subsequently, the D3ps reservoir 
was drilled along a 400 × 400 m grid, 730 wells were in 
oil operation and 216 wells were in production. Since 
1956, artificial flooding was implemented at the facility. 
The experience of more than 60 years of development 
has proven the high efficiency of the waterflooding 
system. The increase in fluid withdrawals, the gradual 
phased intensification of technological parameters, 
combined with the strengthening of the water flooding 
system, allowed from 1955 to 1970 maintaining annual 
oil production at more than 5 million tons. During this 
period, 118.1 million tons were selected, which is more 
than 75 % of the current accumulated production in the 
field.

The dynamics of oil production can be considered 
classical, in which all four stages of development are 
clearly distinguished. For deposits of such sizes and 
reserves, maintaining a high level of oil production for 
a long time was correct, reasonable and indicates the 
effectiveness of development technology. The strongest 
evidence of the validity of the conclusion about the 
effectiveness of implemented development system is 
high oil recovery; the current ORF for the D3ps object 
is 0.536 (Baymukhametov et al., 2005; Lozin, 1971; 
Andreev et al., 1996; Lozin et al., 2017; Borisov et al., 
1964; Chekushin et al., 2015). Fundamental decisions 
were made such as the drilling of water-oil zones and 
their separation from the main deposits by rows of 
injection wells.

In the process of strengthening the waterflooding 
system with rows of injection wells, seven blocks 
were allocated for the D3ps object (Fig. 1). The blocks 
were characterized by different sizes of oil-saturated 

Fig. 1. D3ps reservoir block diagram
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Fig. 2. The injectivity profile in the D3ps formation

thicknesses, the presence of water-oil zones, pure oil 
zones (ChNZ). High values   of current recovery factor 
(0.603-0.646) were achieved for blocks in the central part 
of the D3ps reservoir, which is due to overflow between 
blocks. Their formation by cutting rows of injection 
wells was completed only in 1978, i.e. 23 years after 
the start of development.

To solve the problem of localization of residual oil 
reserves concentration zones, the analysis of geological 
and field information was carried out, mapping was 
completed, and the development of oil reserves from 
geographically isolated areas of the reservoir was 
assessed (Fig. 1). When selecting the sites, the stages of 
drilling, formation of a system for maintaining reservoir 
pressure, the current state of development, and also 
the features of the geological structure were taken into 
account. However, such a division did not allow the 
correct localization of pure oil zones due to possible oil 
flows between the blocks during the formation of the 
facility development system.

For this reason, a transition was made to larger cells 
for analysis – for water-oil zone and pure oil zone. Pure 
oil zones are localized in the central part of the object 
and are characterized by the highest geological and 
physical characteristics. The total oil-saturated area is 
183,297 thousand m2, while the share of pure oil zones 
is 22 % of the area, and the share of pure oil zone is 

78 %. The well grid is most densely drilled in pure 
oil zones – 11.3 ha/well, while specific oil production 
reached 162 thousand tons/well. The density of the grid 
of wells in pure oil zone is 24.5 ha/well, the specific oil 
production is 120.0 thousand tons/well. The cumulative 
oil production of the object as of 01.01.2017 is 99924 
thousand tons, of which 50619 thousand tons (50.6 %) 
at the water-oil zones. 

The evaluation of production coverage along the 
section is carried out. An oil saturated reservoir of the 
D3ps facility was identified in 1,076 wells, of which 
725 were in production. The degree of opening of 
oil-saturated thickness by perforation is not high; the 
average for the facility is 0.6 units, which is associated 
with significant water-oil zones.

To control the production in the wells of the facility, 
62 studies were carried out to determine the inflow 
profile and 769 studies to determine the injectivity 
profile. coverage of the mining fund by research 
amounted to 10 %, and injection – 87.4 %.

For producing and injection wells, the results of 
field geophysical studies were analyzed, for example, 
the coefficient of operating layers, defined as the ratio 
of operating layers to the perforation interval, averaged 
84 % (Fig. 2). The leading production of the middle and 
lower parts of the reservoir has been identified, which 
is associated with higher reservoir properties. Studies 
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conducted to determine the residual oil saturation and 
inflow intervals indicate the development of reserves 
in highly permeable interlayers located in the bottom.

Fundamental decisions on the rational additional 
development of deposits of a large oil field by 
horizontal sidetrack wells are presented in (Lozin et al., 
2017; Chekushin et al., 2015; Rogachev et al., 2018; 
Khakimzyanov et al., 2011; Bin Liu et al., 2013 ; Chen 
Huabin et al., 2016; Hector Ngozi Akangbou et al., 
2017; Márton L. Szanyi et al., 2018; Moudi Al-Ajmi 
et al., 2017).

To solve the problems posed, we constructed sectoral 
geological and hydrodynamic models that allow us to 
detail the distribution of oil reserves over the area with 
low production values   and to evaluate localization by 
section taking into account the accumulated volume of 
geological and field information (Fig. 3).

According to the results of the calculations, a 
number of advantages were identified from the use of 
horizontal sidetrack wells with respect to the previously 
implemented development system with the drilling of 
directional wells:

- the productivity of horizontal sidetrack wells is 
5 times higher compared to the directional wells; in 
conditions of active inflow of bottom water, a multiple 
decrease in depression is possible in order to prevent 
cone formation and watering of wells; 

- drainage of a 3 times larger area entails a multiple 
large cumulative production over the forecast period;

- installation in the upper parts, relatively low 
permeability zone allows effectively developing non-

draining reserves during the development of the object 
by horizontal sidetrack wells. 

Together, these factors lead to an increase in 
cumulative well production at comparable drilling costs, 
which increases the cost-effectiveness of drilling and 
operating wells with horizontal completion.

The statement about the localization of oil in the 
bedside zone and upper low-permeability interlayers 
was confirmed by the results of the drilling of pilot 
conventionally horizontal sidetracks for the horizontal 
sidetrack wells (Fig. 4).

The technical implementation of the conventionally 
horizontal sidetracks installation in the corridor, limited 
by a thickness of up to 3 m, became possible with the 
help of modern navigation equipment.

In total for the period 2012-2018 three horizontal 
sidetrack wells were drilled into the water-oil zones 
of the D3ps layer. All wells are characterized by 
significant initial oil production rates (28-82.6 t/day). 
The performance indicators of the wells are presented 
in table 1.

The current oil production rate per well is on 
average 8.2 tons/day, with a water cut of 98.3 %. The 
main factor in the reduction of oil production during 
operation for all horizontal sidetrack wells is the increase 
in water cut. Monitoring the profitability of exploited 
drilled open-cast mining shows a positive value, which 
confirms the initial calculations of the effectiveness of 
the enterprise’s investment in drilling open-cut deposits 
in the Shkapovsky field.

Fig. 3. The calculation results of localization of pure oil zones 
in the reservoir D3ps (01/01/2013)

Fig. 4. The estimation results of oil saturation from the section 
of the D3ps formation in the pilot conventionally horizontal 
sidetrack well No. 1611l1

Table 1. Performance indicators of new horizontal wells

Number
of well 

Year
of input 

Oil production rate, t/day Water production 
rate, t/day  Water cut, %  Cumulative production, 

thous. t 
Initial  Current      of oil  of water  

1611G 2014 82,6 7,5 441 540 78,4 98,6 15,7 641,5 

1530G 2015 28,5 7,4 889 472 96,3 98,0 10,6 681,9 

1514G 2015 36,8 9,8 551 613 92,3 98,4 14,7 550,9 
The average 
for one well  49,3 8,2 627,0 541,7 89,0 98,3 13,7 624,8 

Initial Current Initial Current
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Fig. 6. Distribution of oil saturation as a result of the formation of a water cone for conventionally horizontal sidetracks and 
horizontal sidetrack wells

Table 2. The calculation results of mobile oil reserves in the volume of cone formation of well No. 1611G of the Shkapovsky field

Number
of well  

Size of the 
cone base, m  

Geometric volume
 of the water cone  

thous. m3 

Porosity  
un. fr. 

Кнн,  
un. fr. 

Кпер, 
un. fr. 

Density
of oil, t/m3 

 

Geological 
reserves, thous. t 

Moving oil 
reserves  
thous. t 

1611G 
20 7,7 

0,20 0,88 0,901 0,863 
1,1 0,7 

40 15,5 2,1 1,4 
60 23,2 3,2 2,2 

Fig. 5. Scheme of raising the surface of the oil and gas complex 
in the drainage zone of the horizontal sidetrack wells

It is obvious that a depression funnel is formed in 
the first days of operation in the drainage zone of the 
horizontal sidetrack wells drilled in the oil-water zone 
of the formation (Fig. 5). 

The time to reach the maximum water cut is 
determined by the period necessary for the selection of 
oil reserves localized in a volume limited by the plane 
of the initial oil-water contact and the surface formed 
by the rise of the oil-water contact during the formation 
of the water cone. The volumetric method was used 
to calculate the moving oil reserves taken during the 
distribution of a water cone with a base of 20, 40, 60 m. 
The geometric volume of the water cone was calculated, 
and mobile oil reserves in the volume of the cone were 
obtained. The table 2 shows the calculation results for 
horizontal sidetrack well No. 1611G of the Shkapovsky 
field 300 m long drilled in the roof of the oil-saturated 
part of the reservoir with a thickness of 3 m.

It can be assumed that when the water cone is raised, 
the water cut of the well production from conventionally 
horizontal sidetracks will be more than 95 %. This is 
confirmed by field data for horizontal sidetrack well 

No. 1611G. The accumulated oil withdrawal when 
reaching a water cut of 95 % amounted to 2.2 thousand 
tons. Thus, we can assume that the size of the cone base 
is 60 m. 

The calculations performed on sectoral hydrodynamic 
models of Devonian formations made it possible to 
evaluate the effectiveness of horizontal sidetrack 
wells and conventionally horizontal sidetracks on the 
Devonian waterfields of the Shkapovsky field. 

Figure 6 shows the distribution of oil saturation in 
the near-wellbore area as a result of the formation of a 
water cone with an oil-saturated capacity of 12 m for a 
horizontal and vertical method of well completion when 
oil production reaches 10 thousand tons.

Thus, it can be concluded that drilling in the 
geological conditions of the Devonian sediments 
of the Shkapovsky field reduces the rate of cone 
formation, which positively affects the accumulated 
well production.

As calculations performed on sectoral geological 
and technological models have shown, the value of 
the predicted cumulative oil production should be 
50 thousand tons. Thus, the expected indicators of 
cumulative oil production are at the minimum level 
to ensure profitability under current macroeconomic 
conditions.

To compare the effect of drilling horizontal sidetrack 
wells at the Shkapovsky field, we analyzed the operation 
of analogous wells drilled under similar geological 
conditions at the Troitsky, Belebeyevsky and Znamensky 
fields at the D3ps and D2vor-ard strata. The performance 
indicators of oil production at the considered wells are 
presented in Fig. 7. 
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The dynamics of the wells of the Shkapovsky field 
and analogous wells are identical and are characterized 
by high starting oil production rates of 87 and 101 
tons/  day, respectively, as well as a further sharp 
decrease due to the pulling of bottom water. The rate 
of decline in oil production in the first year is 77 and 
84 %, respectively.

Evaluation of the technological effectiveness of 
the proposed solutions was performed on the D3ps 
development site of the Shkapovsky field as a whole 
using a hydrodynamic model. The calculations show 
significant unprofitable values   of profitability in the full 
implementation of the drilling project well stock of the 
Devonian objects of the Shkapovsky field for residual 
oil reserves.

The development option for the D3ps layer with 
drilling of 12 horizontal sidetrack well and production 
of 50 thousand tons per well, compared with the option 
to implement 21 directional wells and production of 20 
thousand tons per well, ensures that the maximum oil 
recovery factor of 0.55 days is achieved at the objects 
and an increase in accumulated net present value by 871 
million rubles for the design period of development. 

As a prospect, it is proposed to introduce a method 
of additional production of residual oil reserves at the 
development sites of the Devonian terrigenous strata of 
deposits associated with the South Tatar Arch, such as 
Serafimovsky, Tuimazinsky, and Abdulovsky. According 
to preliminary estimates, the volume of implementation 
of the method in deposits with underlying water is more 
than 100 wells.

Summarizing the results of the study allowed us to 
make the following conclusions:

1. Analysis of oil reserves in the D3ps formation by 
area and section based on the data of geological field 
analysis revealed faster production in the middle and 
lower parts of the formation, which is associated with 
higher reservoir properties, and the localization of pure 
oil contact in the upper part of the formation.

2. The construction of sectoral geological and 
hydrodynamic models showed a detailed distribution 

of residual oil reserves by area and section in areas 
with low production values. Well drilling confirmed the 
initial findings.

3. It was revealed that the selection of mobile oil 
reserves localized in a volume limited by the plane of the 
initial water-oil contact and the surface formed by raising 
the water-oil contact when the water cone is pulled up 
to the horizontal sidetrack wells is comparable with the 
period of reaching the water cut of 95 %. The volumetric 
method was used to calculate the moving oil reserves in 
the area of   water cone formation.

4. The performance indicators of the horizontal 
sidetrack wells of the Shkapovsky field are comparable 
to the horizontal sidetrack wells drilled at the objects of 
the analogous deposits, and are characterized by high 
(up to 82 t/day) starting oil production rates. A negative 
factor is a sharp decrease in oil production due to pulling 
the bottom water. The rate of decline in oil production 
in the first year is more than 70 %. 

5. The calculations of the development options for 
the D3ps formation show that the maximum oil recovery 
factor is achieved by drilling 21 horizontal sidetrack 
wells and specific oil production of 50 thousand tons 
against 12 directional wells with specific oil production 
of 20 thousand tons. The use of horizontal sidetrack 
wells increases the accumulated net present value by 
871 million rubles for the design period of development. 

6. It has been proposed at fields similar in geological 
and field characteristics that drilling of the horizontal 
sidetrack wells as an effective method of additional 
production of contact oil reserves. 

An important task is the scientific substantiation of 
the rational pace of additional development of water-
oil zones by means of horizontal sidetrack wells by 
optimizing the technological modes of operating these 
wells and their placement, allowing to ensure the 
profitability of the extraction of pure oil zones.
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Aquathermolysis of heavy oil in the presence  
of bimetallic catalyst that form in-situ from the mixture  

of oil-soluble iron and cobalt precursors 
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Abstract. The design of highly efficient catalysts of cracking reactions for intensification of thermal 
enhanced oil recovery technologies is a relevant task. Moreover, the cost-effective industrial synthesis of 
such catalysts is very important. In this paper, we discuss the efficiency of bimetallic catalyst, which forms 
in-situ from the mixture of oil-soluble iron and cobalt precursors, on the processes of upgrading heavy oil 
in the reservoir of Tatarstan Republic (Russia). A simulation of aquathermolysis was carried out in a high-
pressure reactor – autoclave at 150-250оС. The treatment time varied from 6 to 24 hours and the share of 
catalyst and hydrogen donor was 2 % wt. each. The phase composition of the active form of binary catalyst 
was estimated from the result of X-ray diffraction measurement. It is characterized by the presence of 
individual (Fe3O4 and Fe2O3) and mixed oxides with ideal stoichiometry – СоFe2O4. The formation of cobalt 
sulfide (CoS2) was observed, which indicates the destruction of C-S bonds in high-molecular components 
of oil. According to the results of SARA-analysis and rheology behavior, the catalyst intensifies destructive 
processes of resinous compounds (their content reduces more than 45 %). This provides an increase in the 
content of saturated hydrocarbons by 16 % and redistribution of aromatic fragments in hydrocarbons with 
hybrid structure. Thus, the reduction of dynamic viscosity by 32 % was succeeded.   

Keywords: heavy oil, bimetallic catalysts, oil soluble precursors, steam injection, in-situ upgrading, 
active form
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introduction 
Every year the development of unconventional 

resources such as extra-heavy oil and natural bitumen is 
more attractive. The rising global demand on oil will be 
supplied mostly because of such resources. One of the 
well-known heavy oil and bitumen recovery methods is a 
steam-stimulating technique (Weissman, Kessler, 1996). 
However, it was proven that the viscosity of heavy oil 
after the thermal treatment has a tendency to regress, 
resulting in decreasing its mobility. This occurs due to 
generation of free radicals that polymerizes to larger 
molecules without hydrogen source and the presence of 
heteroatoms (S, N and O) (Zhang et al., 2012; Desouky 
et al., 2013; Panariti et al., 2000).

Therefore, many scientists develop catalysts for 
cracking, hydrogenolysis and hydrolysis processes in 
order to intensify heavy oil and natural bitumen recovery 
technologies (Kondoh et al., 2016; Kadiev et all, 2015; 
Kayukova et al., 2017; Altunina, Kuvshinov, 2007). 

The impossibility of injecting dispersed powdered 
catalysts to the reservoir formations due to the risk of 
their adsorption on the walls of injecting wells forced 
scientists to develop nanocatalysts and oil-soluble 
precursors for in-situ heavy oil upgrading. The active 
form of such catalysts starts after the decomposition of 
oil-soluble precursors in reservoir conditions, which are 
mainly the oxides and sulfides of corresponding metals 
(Ivanova et al., 2017; Maity et al., 2010; Panariti et al., 
2000; Randhawa et al., 1997). 

In literature, the efficiency of catalysts as a precursor 
based on only one metal such as cobalt, iron, etc. have 
been studied (Wang et al., 2010; Feoktistov et al., 2018; 
Vakhin et al., 2017;). However, each metal in its active 
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form effects only certain fraction (Salih et al., 2018; 
Chen et al., 2010). 

Some scientists revealed the reduction of resin 
content after catalytic aquathermolysis at 180оС in the 
presence of oil-soluble cobalt precursor. The experiments 
on oil-saturated sandstone revealed the intensification 
of C-C bond destruction at 200оС mainly in asphaltene 
molecules with the use of catalyst based on iron tallate. 
It provided viscosity reduction of oil by 25 % that is a 
high indicator of transformation in the given conditions 
(Sitnov et al., 2017). However, the cost of catalyst 
precursor based on cobalt is 8 times more than iron-based 
catalyst precursor. 

In order to diversify the catalytic influence on 
heavy oil, some researchers propose to use bi- and tri-
metallic catalyst precursors (Shuwa et al., 2016; Yusuf 
et al., 2016; Yusuf et al., 2016; Sitnov et al., 2018). 
S.M. Shuwa et al. obtained a new submicro-dispersed 
trimetallic catalyst based on Ni-Co-Mo and carried out 
investigations on its application in the aquathermolysis 
of Oman heavy oil in the presence of sandstone layer as a 
porous medium. The results of experiments revealed the 
higher degree of oil extraction (15 %) in the presence of 
catalyst rather than non-catalytic processes. Significant 
improvements were observed in the quality of produced 
oil such as viscosity reduction up to 25 % and essential 
reduction of sulfur content (26 %).

Other authors (Yusuf et al., 2016) applied bimetallic 
oil-soluble Ni-Mo oleate and hydrogen donor – glycerin 
as an aquathermolysis catalyst. The experiments 
were carried out in the high-pressure reactor, in 
nitrogen environment under various temperature 
ranges (200-304), treatment time (24-72 hours), and 
the concentrations of glycerin (0-10 % mass), catalyst 
(0-1 % mass) and water (0-42 % mass). The maximum 
viscosity reduction – 69 % (1490-490 cP at 70°С) 
was observed at temperature of 277°С and 30-hour 

treatment time. The increase in saturated bonds of alkyl 
groups and decrease in unsaturated bonds of transalkene 
groups of hydrocarbons indicating hydrogenation 
activity of catalyst and glycerin were evaluated from 
the results of IR-spectroscopy before and after the 
catalytic aquathermolysis. Besides, gas chromatography 
approved the increase in components with lower boiling 
temperature and decrease in asphaltene content after 
catalytic aquathermolysis. 

Sitnov S.A. et al. revealed the high efficiency of 
bimetallic catalysts based on the mixture of iron, copper 
and nickel precursors in terms of improving group 
composition of heavy oil and its viscosity. Hence, it 
is rational to use optimum combination of mainly two 
transition metals for improving catalytic effect due to 
synergism, as well as decreasing the cost of catalysts.

In this study, we carried out physical stimulation 
of aquathermolysis processes in reservoir conditions. 
The aim of this study was upgrading of heavy oil from 
Ashal’cha field in the presence of bimetallic catalyst that 
forms in reservoir conditions from the mixture of iron 
and cobalt precursors. 

2. experimental 
The laboratory stimulation of thermal treatment 

processes was carried out in high-pressure reactor 
with introduction of bimetallic catalyst (Fig. 1). The 
process was performed in various time intervals from 6 
to 24 hours at temperature ranges of 150 to 250°С and 
constant pressure of 3 MPa. The mixture of iron and 
cobalt tallates with the mass ratio of 1:1 was used as a 
catalyst precursor. The last was introduced by dissolving 
in hydrogen donor with the concentration of 2 % wt. to 
the oil sample. 

After completing the process, all the products of 
aquathermolysis initially were separated from water by 
setting for 16 hours and then centrifuging in laboratory 

Fig. 1. Scheme of experimental setup for aquathermolysis stimulation (Sitnov et al., 2018)
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Table 1. The group composition of initial oil and experimental products with a duration of 6 hours depending on the treatment 
temperature

Objects 
Group composition (SARA), % mass.  
Saturates Aromatics Resins Asphaltenes 

Initial oil 29,35 29,4 35,61 5,64 
Products of catalytic aquathermolysis of Ashal’cha oil 
Experiment at 150оС 29,39 29,15 35,80 5,66 
Experiment at 200оС 27,92 32,94 34,50 4,64 
Experiment at 250оС 32,24 37,73 24,76 5,27 

Fig. 2. The relation of dynamic viscosity of initial oil and experimental products from the treatment temperature during 6 hours.
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centrifuge Eppendorf 5804R at 5000 rpm during 2 hours.
The criteria for evaluating the efficiency of catalyst 

were the results of viscosity measurements in rotational 
viscosimeter FUNGILAB Alpha L and determining 
group composition of experimental products by SARA-
analysis method. 

The catalyst particles were investigated in X-ray 
diffractometer Shimadzu XRD-7000S (Japan) with 
the use of nickel monochromator of 0.008 nm step and 
exposure in the point – 3s, and D2 Phaser Bruker on 
CuKα- with the wavelength of λ = 1.54060 nm. 

3. Results and discussions
The results of group compositions for initial oil 

and experimental products depending on the treatment 
temperature are provided in Table 1. The duration of 
experiment was 6 hours. 

According to the results of SARA-analysis, the 
absence of fraction redistribution can be attributed 
to the low temperature impact (150оС). It means that 
the given temperature was not enough to initiate the 
process of catalyst activation. However, the asphaltene 
reduction was achieved at 200оС, the temperature was 
still not enough to carry out the entire process of catalytic 
aquathermolysis. The most effective catalytic behavior 
was observed at 250оС, where significant reduction in 

the content of resins and increasing the share of aromatic 
hydrocarbons occurred. This was obtained due to the 
destruction of C-S-C bonds, the decomposition and 
hydrogenation of aromatic rings. The results of viscous 
characteristics of initial oil and products of catalytic 
aquathermolysis at various temperature are presented in 
the Fig. 2. The viscosity was reduced by more than 22 % 
as a result of destruction of high-molecular components 
in the presence of catalyst. 

Despite the improvement in group composition of 
oil, the viscosity was still high. This can be explained 
by using oil sample that was initially (previously) 
thermally treated during production by means of SAGD 
technology. The next stage of experiment was carried out 
at increasing thermal influence time in the presence of 
catalyst. The results of group composition are presented 
in Table 2. 

The main destructive processes took place in the 
molecules of resins, the content of which reduces 
almost 2 times due to intensification of cracking 
and hydrogenolysis reactions by the catalyst. The 
redistribution of fractions occurs toward increasing the 
light content of transformed hydrocarbons, particularly 
saturates – up to 19.5 % and aromatics more than 45 %. 
The increasing influence time proportionally decreases 
the viscosity (Fig. 3). 
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magnetite (Fe3O4) and hematite (Fe2O3) are formed 
under hydrothermal factors. It is important to notice the 
presence of cobalt sulfide (Co9S8) in the composition 
of active catalyst. It forms due to detachment of C-S 
bonds in high-molecular components and catalyzes 
the cracking reaction of heavy oil along iron oxides 
(Kayukova et al., 2017).

Fig. 3. The relation of dynamic viscosity of initial oil and its experimental products from the duration of experiment
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Fig. 4. The results of X-ray analysis of obtained particles after thermo-baric influences on mechanical mixture of iron and 
cobalt tallates

Table 2. The group composition of initial oil and experimental products depending on the aquathermolysis duration (at 250 оС). 

Objects Group composition (SARA), % mass. 
Saturates Aromatics Resins Asphaltenes 

Initial oil 29,35 29,4 35,61 5,64 
Products of catalytic aquathermolysis of Ashalcha oil 
Experiment at 6h  32,24 37,73 24,76 5,27 
Experiment at 12h 33,11 37,52 23,97 5,40 
Experiment at 24h 35,08 40,33 19,42 5,17 

The active form of catalyst particles were isolated 
after aquathermolysis process at 250оС and 12 hours. To 
reveal the composition of the given particles they were 
further investigated in XRD. The results are presented 
in Fig. 4. 

The investigated sample is characterized by various 
composition. However, individual iron oxides such as 
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The presence of Co8FeS8 compound in the composition 
of catalyst was observed. Its formation is possible due 
to substituting Fe ion in FeS2 by Co ion (Zhao et al., 
2018). However, the FeS2 was not identified in the 
composition of active catalyst. This lead to the increase 
of desulfurization degree, oil mobility and improved 
its quality that was justified by the results of carried 
investigations.

Thus, application of in-situ catalyst, the active form 
of which is a mixture of individual oxides and mixed 
iron and cobalt sulfides, along with hydrogen donor 
reduces the content of resins and asphaltenes. In its 
turn, it leads to irreversible viscosity reduction (32 %) 
of produced oil. 

conclusion
In this paper, we have carried out a physical 

stimulation of catalytic aquathermolysis of Ashal’cha 
heavy oil sample in the presence of hydrogen donor 
and oil soluble iron and cobalt tallates under various 
temperature and treatment time.

We have found that the most effective thermo-catalytic 
condition for conversion of investigated oil sample is 
250оС and 24 hours. The significant content of high-
molecular components, particularly resins (up to 45 %) 
and viscosity (up to 32 %) are reduced under the given 
optimum condition because of destructive processes. 

We have found a way to isolate the active form of 
catalyst from the oil sample after the thermal treatment 
and further investigate its composition.

This work has led us to reveal the various useful 
composition of active catalyst, particularly magnetite 
(Fe3O4), hematite (Fe2O3) and cobalt sulfide (Co9S8) 
along with individual iron oxides. These are the main 
components that intensify destructive processes in high-
molecular components of heavy oil. 
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Similarity parameters clarified in the conditions of gas wells 
operation with water phase of various mineralization 

O.V. Nikolaev, S.A. Shulepin*, S.A. Borodin, K.N. Guzhov, I.V. Stonozhenko, S.A. Khokhlov 
Gazprom VNIIGAZ, Razvilka, Moscow region, Russian Federation 

Abstract. Determining the effect of the fluid properties extracted from the reservoirs together with the 
produced gas on the pressure loss in wellbores is an urgent task for many fields and underground gas storages. 
The similarity parameters clarification of gas-liquid flows in pipes and creation of new modeling methods based 
on them make it possible to increase the degree of validity of the assigned technological modes at all stages of 
operation of field facilities containing a liquid phase in the products. Previous experimental studies have made it 
possible to establish an unambiguous dependence of pressure losses in the well on the amount of fluid represented 
by condensation water. However, the question of the effect of fluid properties on pressure losses in the path 
of formation mixture movement from the bottom to the installation of integrated gas treatment remains open.

The article describes experimental studies of gas-liquid flows with liquids of high density, allowing us to 
make appropriate changes to the calculation formulas. Based on the methods of similarity and dimensions, 
corrections to the parameters included in the calculated relationships are concretized, conclusions of new 
formulas are given that take into account the influence of the liquid phase density on pressure losses in well 
bores. The structure of a new similarity parameter, the clarified Buzinov parameter, is substantiated, which 
allows us to most accurately calculate the stable operating modes of gas wells in fields and underground 
gas storage with an aqueous phase of various salinity. Relations for quantitative estimates of the effect of 
reducing pressure losses in gas-liquid flows due to wetting of the inner surface of elevator pipes are presented 
for the first time.

Keywords: similarity parameters, Buzinov’s parameter, highly mineralized liquid, final stage of gas field’s 
development, underground gas storage, calculation method of gas-liquid flow, experimental units research
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Introduction
In addition to condensation water, gas well production 

may contain reservoir water of high salinity and, 
accordingly, density, which is already taking place in 
some underground gas storages (UGS) and fields. The 
question arises, how will fluids of such density influence 
pressure loss in wells? In the future, the solution of 
such a problem will become relevant for fields in 
Eastern Siberia upon their transition to the final stage of 
development, where the proportion of produced water 
with a salinity of up to 350 g/cm3 is high.

The clarification of similarity parameters for gas-
liquid flows (GLF) under the conditions of operation of 
gas wells with an aqueous phase of various salinity will 
significantly expand the understanding of the physics of 
a multiphase mixture motion.

When substantiating the parameters of the operating 
modes of such wells, it becomes necessary to use modeling 
methods. As the analysis of published materials shows 
(Duns, Ros, 1963; Mamaev et al., 1978; Odishariya et 
al., 1998; Nikolaev et al., 2013; Buzinov et al., 2014; 
Shulepin, 2017), the existing hydrodynamic models 
of GLF turn out to be not applicable for calculating 
the operation of gas fields, since they were developed 
for conditions of high consumption water content 
(βl > 10-3), while in gas wells this value is extremely 
small (βl > 10-3). In addition, studies of GLF with a liquid 
denser than water have not yet been conducted. 

Analysis of experimental studies
Earlier in the works (Nikolaev, 2012; Nikolaev et 

al., 2013; Buzinov et al., 2014), based on the analysis 
of experimental studies of ascending vertical GLF 
conducted by Gazprom VNIIGAZ in 2005-2012, 
the concept was introduced of a value of pressure Δi 
additional losses, which is the contribution of the liquid 
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phase to the total pressure loss during the movement of 
water-gas mixtures in pipes. The physical meaning of Δi 
is illustrated in Figure 1, which shows the characteristic 
of a gas-liquid flow in dimensionless coordinates 
i = i(Fr*). Here i are the dimensionless pressure loss due 
to friction, Fr* is the reduced Froude parameter:

l

, (1)

l

g ,  (2)

where ρg is the gas density, kg/m3; ρl – liquid density, 
kg/ m3; u is the average gas velocity over the cross section 
of the pipe, m/s; d is the inner diameter of the pipe, m; ΔL 
is the length of the pipe section, m; ΔP – pressure loss in 
the pipe section, Pa; g – gravitational acceleration, m/s2. 

Figure 1 also shows the dependence i = i(Fr*) for a 
single-phase gas, which, up to a constant factor (1/ρlg) 
corresponds to the Darcy-Weisbach formula: 

g .  (3)

An analysis of the experimental results made it 
possible to obtain an empirical formula:

l

 

,  (4)

where k1 is the empirical dimensional coefficient.
As follows from Figure 1, the friction pressure loss 

i for a gas-liquid mixture is the sum of:
g   (5)

The value of the total pressure loss I, taking into 
account the weight of the gas column in dimensionless 
units, is determined by the expression:

l

g

 
. (6)

With the increase in the bank of experimental data and 
the involvement of additional published data from other 
authors, dependence (4) was subsequently clarified; the 
empirical formula for additional pressure losses in a 
vertical water-gas flow has acquired the form (7):

 

,  (7)

which differs from expression (4) in terms of the degree 
of the pipe diameter.

The coordinate of the inflection pint along the x axis 
(Fr*) in Figure 1 (green curve) is taken equal to the 
value Fr0

*, in parallel, the concept of the right branch of 
the “elevator characteristic” curve is introduced, where 
a stable mode of operation of the well is observed, and 
the left branch of the curve corresponding to unstable 
mode. 

In addition, the analysis of experiments with sodium 
formate obtained by the authors of this article and the 
analysis of experimental data (Lutoshkin, 1956; Hewitt 
et al., 1974; Korotaev, 1996) made it possible to establish 
that the influence of the density of the liquid phase can 
be taken into account by the factor ρl

2/3, which leads to 
a modified formula (8) for determining pressure losses, 
taking into account the density of the liquid phase: 

l

 
.  (8)

The coefficient k3 has a complex dimension; 
its numerical value and dimension depend on the 
dimensions of the fluid velocity w, the fluid density ρl and 
the inner diameter of the pipe d. It somewhat depends on 
the viscosity and surface tension of the liquid. 

In the experiments of Shulepin S.A., conducted 
in 2014 (Shulepin et al., 2016; Shulepin, 2017), 
the surface tension of liquids varied in the range 
σ = (45÷66)·10-3 Pa·m, and the dynamic viscosity 
coefficient in the range μ = (0,9÷1,2)·10-3 Pa·s. However, 
the limited amount of experimental material did not 
allow a reliable assessment of the influence of these 
parameters on Δi; therefore, the data of Lutoshkin G.S. 
(1956) were used for analysis with liquids whose surface 
tension varied in the range σ = (26÷70)·10-3 Pa·m, 
and the coefficient of dynamic viscosity in the range 
μ = (1,0÷15,5)·10-3 Pa·s. 

An analysis of the data (Shulepin et al., 2016; Shulepin, 
2017) allows us to conclude that the dependences of 
pressure losses on the flow characteristics of liquids 
using aqueous solutions as a liquid phase in general obey 
the same patterns that are characteristic of fresh water 
flows namely, with an increase in the liquid flow rate βl, 
the pressure loss in the pipe increases (Buzinov et al., 
2010; Borodin et al., 2010; Buzinov et al., 2011). At the 
same time, it was found that at the same flow rates of 
liquids of different densities (in the range from 1000 to 
1220 kg/m3), pressure losses increase with increasing 
density of the liquid phase (Fig. 2).

Based on this, it can be argued that in the studied 
area of   operating modes of watered gas fields and 
underground gas storages, with an increase in the 
amount of liquid in the product, the pressure loss in the 
elevator pipes increases at any value of the water density. 
Simultaneously with the increase in the density of the 
liquid phase, the pressure loss increases. 

Fig. 1. Illustration of the two components of pressure 
loss in a vertical GLF. The lower component (dotted line) 
corresponds to the Darcy-Weisbach relationship.
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Fig. 3. Dependence of additional pressure losses in a vertical 
GLF on the right branch (Fr*=1.5) on the modified Buzinov 
parameter. The legend indicates the density of liquids in 
(kg/ m3) with which experiments were conducted. 
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Presentation of clarified similarity parameters
Further analysis using the methods of dimensional 

theory allowed us to obtain a formula for determining 
the quantity Δi:

 

l l

 

,  (9)

in which dimensionless parameters appear:
- Froude parameter in liquid

l
 

,  (10)

where w is the average velocity of the liquid phase 
reduced to the pipe section, m/s;

- Eötvös parameter, which characterizes the ratio of 
the forces of weight and surface tension at the interface 
between the liquid and gas phases:

l
 
;  (11)

- Dimensionless simplexes:

;                ;               .l
l   (12)

where the symbols with the subscript “0” denote the 
density, surface tension and viscosity of distilled water 
under standard conditions:

ρ0 = 1000 kg/m3, σ0 = 72·10-3 Pa·m, μ0 = 10-3 Pa·s.
The main dimensionless part of the complex (9) was 

proposed to be called the “modified Buzinov parameter” 
(earlier the concept of the “Buzinov parameter” Bu was 
first introduced in (Nikolaev, 2012)) and to introduce the 
following notation for it:

l

 
.  (13)

For GLF with condensation water as the liquid phase, 
i.e. for the conditions of the Cenomanian wells, from 
(9) we can write:

  (14)

where k is a dimensionless constant.
The properties of a liquid other than condensation 

water can be taken into account in accordance with (9) 
by introducing a dimensionless coefficient:

l

 

.  (15)

Then the Buzinov parameter for a liquid of any 
composition can be expressed by the relation:

l

 

,  (16)

and additional pressure loss – by the ratio:
  (17)

Figure 3 shows the experimental dependence 
∆i = ∆i(Bu*), constructed according to the data 
of Hewitt J., Korotaev Yu.P., Lutoshkin G.S., 
Shulepin S.A., Nikolaev O.V. for liquids of different 
densities (ρl = 839÷1220 kg/  m3), different surface 
tension (σ = 0,026÷0,070 Pa·m), different viscosity 
(μ = 0,0009÷0,015 Pa·s) and pipes of different diameters 
(d = 0,038÷0,153 m); pressures range from 0.1 to 
3.2 MPa. Processing the experimental data gives for 
the dimensionless coefficient k in relation (14) the 
value k = 1.881. Obviously, for the conditions of the 
Cenomanian wells, KBu=1 and Bu*=Bu0

*.
The structure of the new parameter of additional 

pressure losses in the form of (9) and (17) can obviously 
be further clarified as new experimental data obtained. 
However, it should be noted that, taking into account 
the currently available research results, formula (17) 
most accurately reflects the effect of fluid properties on 
pressure losses in a stable vertical hydraulic fracturing 
in gas well operating conditions.

Figure 4 shows the dependence of the dimensionless 
pressure loss i on the parameter Bu* (at Fr* = 1.5) in the 
range of small values   of the parameter Bu*. It can be seen 
from the figure (raspberry solid line) that at sufficiently 
low liquid flow rates there is a deviation from regularity 
(17), which is associated with the well-known effect of 

Fig. 2. Dependence of pressure losses in GLF on the gas 
velocity at the same flow rate of the liquid phase of 93 l/h 
for solutions of different densities of 1000, 1100, 1220 kg/m3 
(Shulepin et al., 2016)
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reducing the hydraulic resistance of the pipe with a slight 
wetting of the pipe surface with liquid. 

Obviously, this effect can take place only with a 
sufficiently small amount of liquid in the flow, since 
large amounts of liquid lead to an increase in resistance. 
In Figure 4, a deviation from dependence (17) takes 
place when:

 ,  (18)
and a decrease in the hydraulic resistance of the pipe 
due to the wetting of its surface - when:

 .  (19)
The dependence Δi(Bu*) in the range (18) has the 

form:
  (20)

Using these ratios, it is possible to determine the 
liquid flow rates at which the pipe resistance decreases 
compared to a single-phase gas flow. These flow rates 
depend on the diameter of the pipe and the properties 
of the liquid, which is quite logical. It should be noted 
that quantitative estimates of the effect of reducing 
pressure losses in the flow due to wall wetting, reflected 
by formulas (18)-(20), were carried out for the first time.

Table 1 presents the values of water flow for pipes of 
different diameters, below which there is a decrease in 
hydraulic resistance. As follows from the structure of the 
parameter Bu*, it does not depend on the gas flow rate; 
therefore, restrictions of the type (18) and (19) can be 
expressed only in the absolute expression of the liquid 
flow rate, but not in the relative values of the water-gas 
factor. 

Therefore, in a stable vertical GLF in the region of 
relatively high gas velocities (at Fr* > 1, depending on 
the liquid content and pipe diameter) and relatively 
high liquid flow rates (at Bu* > 0,001), pressure losses 

represent the sum of two independent terms, one of 
which is proportional to the given Froude parameter (Fr*) 
and does not depend on the fluid flow rate, and the other 
is proportional to the modified Buzinov parameter (Bu*) 
and does not depend on the gas flow rate: 

. (21)

For the values of the modified Buzinov parameter 
Bu* < 0,001, another formula is used that takes into 
account the decrease in pressure loss due to the effect 
of wetting the walls: 

 .  (22)

It should be noted that according to experiments, the 
right branches of the characteristics of a single-phase 
gas and gas-liquid flow (at Fr*>Fr*

0) are almost parallel. 
This means that the derivatives ∂i/∂Fr* are equal in both 
cases, and the corresponding sections of the graphs for 
single-phase and for GLF are at the same angle to the 
abscissa, the tangent of which is proportional to λ/2. 

Let us note that the expression for the dimensional 
value of pressure loss in a gas-liquid flow has the form:

total l g  , (23)
where ∆Ptotal is the pressure loss in the pipe section taking 
into account the weight of the gas column, Pa.

Conclusions
As a result of the analysis of experimental data, it 

was possible to show:
- The modified Buzinov parameter (Bu*) is 

a dimensionless parameter characteristic of the 
hydrodynamics of vertical GLFs on the right branch 
of the “elevator characteristic” and reflecting their 
similarity; 

- The use of the Bu* value instead of the Froude 
parameter for liquids (Frl) allows us to substantially 
clarify the concepts of the physics of a gas-liquid mixture 
motion in pipes, including the aqueous phase of various 
salinity. 
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Study of corrosion stability of a cement stone in magnesia 
aggressive environment

F.A. Agzamov*, A.N. Makhmutov, E.F. Tokunova 
Ufa State Petroleum Technological University, Ufa, Russian Federation

Abstract. One of the main tasks in the construction of oil and gas wells is to ensure the high quality of well 
casing. It is especially difficult to get it in wells, in sections of which there are salt-bearing strata. From the 
salts, the most dangerous are magnesia salts, which can lead to the destruction of the stone based on portland 
cement within a few months. The report presents the results of experimental studies on the corrosion of cement 
stone in aggressive magnesia media.The quantitative indicators reflecting the degree of damage to the stone are 
taken as the thickness of the damaged layer and the coefficient of stone resistance, characterized by the ratio of 
the ultimate strength of stone samples for compression or bending stored in an aggressive environment to the 
strength of control samples at the same time of hardening. In the course of the research, the corrosion resistance 
of the cement stone to the magnesian corrosive environment was assessed, after 8 weeks in a medium with a 
constant concentration of Mgcl2. In addition, the effect of MgCl2 concentration on the cement stone corrosion 
mechanism was investigated. The use of the palygorskit additive and the reduction of water cement ratio to 
reduce the porosity of the cement stone and reduce the rate of corrosion damage are proposed. The kinetics and 
the main factors affecting the corrosion process are considered, and the x-ray structural analysis of corrosion 
products and unaffected cement stone is carried out.

Keywords: magnesia corrosion, portland cement stone, corrosion stability, bischofite, depth of leaching, 
palygorskite

Recommended citation: Agzamov F.A., Makhmutov A.N., Tokunova E.F. (2019). Study of corrosion 
stability of a cement stone in magnesia aggressive environment. Georesursy = Georesources, 21(3), pp. 73-78. 
DOI: https://doi.org/10.18599/grs.2019.3.73-78
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The expansion of the drilling zone led to the 
development of a significant number of deposits, in 
the context of which there are formations represented 
by solid magnesian salts or solutions of these salts 
that reduce the integrity of the well casing (Agzamov, 
Izmukhambetov, 2005; Tolkachev et al., 2010; Kravets 
et al., 1979 ) The thickness of magnesian saline deposits 
varies from several to a thousand meters (Technology 
of subsalt wells drilling..., 1989; Zhuravlev, 1972). 
The amount and composition of salts in the reservoirs 
in each individual region varies widely. Usually, saline 
deposits are represented by bischofite (MgCl2·6H2O), 
carnallite (KCl·MgCl2·6H2O), kieserite (MgSO4·H2O), 
and epsomite (MgSO4·7H2O). The temperature of salt 
formations in some regions reaches 160°C, which 
enhances the aggressiveness of salts (Mukhin et al., 1976).

In salt deposits, brine strata with abnormally high 
pressures, consisting of saturated saline and containing 
chlorides, calcium, magnesium, sodium and potassium 

sulfates and other salts, are often found. As a rule, the 
presence of magnesia salts in the section creates serious 
complications when casing of wells, manifested in an 
increase in the diameter of the well, the formation of gaps 
between the cement sheath and the wall of the well, the 
plastic flow of salts, the thickening of the cement slurry, 
the increase in pressure on the cement casing head, the 
destruction of the cement stone, and cross-flow and 
an increase in water cut, collapsing of intermediate or 
production strings, premature corrosion of casing strings, 
etc. (Mukhin et al., 1976; Ahmadeev, Danyushevskii, 
1981; Danyushevskii et al., 1987).

For casing of the intervals represented by magnesium-
containing salts, magnesia cements are used, which 
are mixed with aqueous solutions of magnesia salts 
(Tolkachev et al., 2010; Trupak, 1956), the effectiveness 
of which is confirmed by practice. At the same time, 
aqueous solutions of magnesia salts and magnesia 
cements have a low pH (less than 7), and therefore 
casing strings require additional protection under these 
conditions (Tolkachev et al., 2013).

If there are separate layers and layers in the section 
of the well containing dissolved magnesium salts, there 
is no practice in applying the technology of individual 
cementing of these zones, and cementing is usually 
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carried out over the entire open hole interval with 
portland cement, which is the weakest link in the well 
support and can be destroyed from due to magnesia 
corrosion.

Therefore, despite the danger of magnesia corrosion 
in relation to portland cement, even at low concentrations 
of Mg2+ cation, a sufficiently large number of wells under 
these conditions are cemented by this material.

The main aggressive component in the corrosion of 
cement stone in contact with magnesium salts or their 
aqueous solutions is magnesium cation. As a result of 
chemical reactions of components of an aggressive 
environment with cement hydration products, and 
primarily with calcium hydroxide located in the pore 
fluid, reaction products are formed that are either 
removed from the cement stone as a result of diffusion, 
or precipitate remain in its pores. The accumulation 
and crystallization of poorly soluble reaction products, 
creating internal stresses, can lead to damage to the 
structure of cement stone.

In the works of builders who have achieved the 
greatest success in the study of corrosion of concrete and 
cement, the processes of corrosion of portland cement 
are classified into several types (Kind, 1955; Moskvin et 
al., 1980; Babushkin, Ratinova, 1968; Rakhimbaev et al., 
2012; Rakhimbaev, Tolypina, 2015; Rakhimbaev, 2012).

Corrosion of the first type is associated with the 
gradual hydrolysis of cement hydration products 
and the leaching of calcium hydroxide. A decrease 
in calcium hydroxide violates the stability of cement 
stone hardening products, leading to their subsequent 
hydrolysis and dissolution. In borehole conditions this 
type of corrosion is characteristic of injection wells.

corrosion of the second type is different in that in 
the surface layers of cement stone which are in contact 
with the aggressive environment, there is an intensive 
destruction of the structural elements of hydrated cement 
stone. In this case, the process of destruction of the 
surface layers can be complete while maintaining intact 
stone in the adjacent layers. This type is characteristic of 
the interaction of cement stone with acidic environments. 
In borehole conditions, this is observed when dissolved 
hydrogen sulfide or carbon dioxide acts on the well 
casing (Kind, 1955; Babushkin, Ratinova, 1968; 
Agzamov et al., 2011).

The third type of corrosion is characterized by the 
fact that crystalline products accumulate in the pores 
and capillaries of the cement stone, which are the result 
of chemical reactions of an aggressive environment 
with the components of the cement stone. The growth 
and accumulation of corrosion products can lead to 
the development of tensile stresses on the pore walls 
and destroy the structural elements of the stone. One 
of the signs of this type of corrosion is the destruction 
of stone with an increase in volume, which is preceded 

by an accelerated, in comparison with control samples, 
increase in strength. In borehole conditions, this type 
of corrosion can be observed when sulfate condition 
or gaseous hydrogen sulfide acts on a cement stone 
(Babushkin, Ratinova, 1968; Agzamov et al., 2011).

The destruction of cement stone caused by MgSO4, 
according to (Kind, 1955), at low salt concentrations in 
water is caused by sulfate corrosion, which is dangerous 
only for portland cement. At high concentrations of 
MgSO4, magnesia-gypsum corrosion is observed, which 
is also dangerous for other types of cements. This means 
that with an increase in the Mg+2 cation in the solution, 
it is magnesia corrosion that prevails, the mechanism 
of which differs from the types of corrosion described 
above.

There are several opinions regarding the corrosion 
mechanism of portland cement in magnesia environments.

Upon contact of the cement stone with an aggressive 
magnesia, chemical reactions occur between the 
dissolved salt and calcium hydroxide located in the pores 
of the cement stone and near its surface according to 
the equation: Ca(OH)2 + Mgcl2 → Mg(OH)2↓ + CaCl2.

Calcium chloride, being a readily soluble product, 
dissociates into ions, and the Ca2+ cation is carried into 
the environment. chlorine ion remains in the pores of 
the cement stone and can diffuse further into the cement 
stone.

We believe that, depending on the concentration 
of the aggressive substance, the composition of the 
hardening products of cement stone, its structural 
characteristics during magnesia corrosion, the meeting 
of flows of aggressive ions with calcium hydroxide and 
their subsequent neutralization can occur in different 
places. It can be outside the cement stone, either inside 
the stone near its surface or at a considerable distance 
from its surface.

Accordingly, a different mechanism of magnesia 
corrosion can be observed.

A decrease in calcium hydroxide in the pores 
of the cement stone upsets the balance between the 
hardening products and dissolved Ca(OH)2, leading to 
the dissolution and hydrolysis of the hardening products 
and leaching of new portions of calcium hydroxide. In 
this case, leaching corrosion is observed, leading to the 
destruction of cement stone due to leaching of calcium 
hydroxide from it. The corrosion rate will depend on the 
diffusion rate of calcium cations from the cement stone, 
i.e. on the porosity of the formed leached layer, which, in 
turn, depends on the initial porosity of the cement stone.

If cement stone hardening products are easily soluble, 
for example, highly basic calcium hydrosilicates, 
then their hydrolysis occurs quickly, and the zone of 
penetration of aggressive ions narrows. In this case, the 
corrosion of cement stone can take place according to 
the acid mechanism, i.e., the destruction of the stone 
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proceeds in layers, and the destruction can reach full 
development while maintaining the cement stone in 
nearby intact layers without almost changing the structure 
and composition (Moskvin et al., 1980; Kravtsov et al., 
1987). The corrosion rate in this case is determined by 
the diffusion of aggressive fluids, i.e. the process has 
diffusion control. The higher the concentration of the 
magnesia salt solution, the more dense the structure of 
the membrane formed on the surface of the stone, and 
the slowing effect depends on its density, strength and 
permeability.

Another mechanism of damage is associated with 
the formation of magnesium hydroxide in the pores 
of cement stone by replacing the calcium cation with 
magnesium cation. According to (Trupak, 1956), this 
reaction is accompanied by an increase in the volume 
of corrosion products, leading to volumetric destruction 
of the stone. The possibility of volumetric destruction 
of portland cement stone upon contact with a magnesia 
environment was also indicated in the works of 
V. Daniushevsky (Akhmadeev, Danyushevskii, 1981; 
Danyushevskii et al., 1987). He noted that osmotic 
pressure, due to the presence of a semi permeable shell 
in the surface layers of cement stone, and leading to 
the development of high pressures inside the stone, 
contributing to its destruction, is a reinforcing factor 
of magnesia corrosion. In his opinion, magnesium 
hydroxide (solubility 18.2 mg/l) can accumulate at 
the border of a cement stone or inside a stone near the 
surface, forming a semi-permeable septum, leading to 
osmotic effects.

According to data (Kind, 1955), cement stone 
corrosion proceeds more slowly in Mgcl2 solutions than 
in MgSO4 solutions having a similar concentration of 
Mg2+ ions. This is due to the effect of the clogging of the 
pores of the cement stone with magnesium hydroxide 
deposited on the surface of the cement stone and in 
pores adjacent to the surface. With a high porosity of the 
cement stone, the effect of the formation of a mud layer 
decreases, and the active corrosion of the stone under 
the influence of MgCl2 begins to appear when the salt 
content in the solution is about 2 %, which corresponds 
to about 5000 mg /l of MgCl2 ions (Kind, 1955).

If the flow of calcium hydroxide is insufficient due 
to the low rate of hydrolysis of the hardening products 
and the low concentration of calcium hydroxide, for 
example, in slag cement, and the amount of aggressive 
ions is large, then there is a possibility of deeper 
penetration of magnesium cations into the stone and the 
formation of poorly soluble precipitate of magnesium 
hydroxide at a larger thickness inside cement stone.

Thus, when exposed to aggressive environments 
containing magnesium cations, several types of 
corrosion can be observed. In particular, it can be 
corrosion of the first type associated with the leaching 

of calcium hydroxide from cement stone, corrosion of 
the second type (acid), as well as corrosion of the third 
type, accompanied by the accumulation of corrosion 
products in the pores of the cement stone.

During the experimental studies, an aqueous solution 
of Mgcl2 (bischofite) with a concentration of 10 %, 
updated weekly, was used as an aggressive condition. 
To exclude the influence of changes in the concentration 
of aggressive condition, the ratio of the volume of 
aggressive liquid and the volume of cement stone was 
10:1. The tested cement samples were prepared from 
portland cement slurries with a water-cement ratio (W/C) 
of 0.4, 0.5, 0.6, which hardened both in water and in air. 
Weekly, 3 samples were taken from the solution, which 
were tested for flexural and compression strength. The 
depth of corrosion was determined at the fracture of the 
samples, and the phase composition of the hardening 
and corrosion products was determined in various layers 
of cement stone.

The applicability of this method to assess the effect 
of the aggressiveness of magnesium salts on cement 
stone is due to the fact that during the reaction of the 
sample with the environment, hydrolysis and leaching 
of cement hardening products occur, thereby increasing 
the pore space and decreasing the strength of the stone. 
The depth of corrosion is equal to the penetration depth 
of magnesium ions and was measured as the boundary 
of the resulting white products.

The effect of W/c on the tensile strength of cement 
stone installed in an aggressive environment, when 
compressed, is shown in Fig. 1, from which it can be 
seen that with a decrease in the initial water content of 
the solution, the strength of the portland cement stone 
increases with time.

At the same time, the effect of hardening conditions 
and the composition of cement stone on the change in 
the strength of the stone was clearly manifested only 
due to the change in W/c. This is due to the fact that 
in the cement stone in the first weeks of hardening, 
hydration processes actively continue, which compete 
with destructive corrosion processes. Since the structural 
processes associated with hydration and hardening of 

Fig. 1. The effect of W/C on the strength of cement stone in 
MgCl2 environment
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changed phase composition is distinguished (Table 1). 
Quantitative analysis of the results of x-ray phase 
analysis (XRD) was carried out in the Topas Diffrac 
licensed program for the number of minerals of the 
initial cement (C3S – three-calcium silicate; C2S – two-
calcium silicate; C4AF – four-calcium aluminoferrite; 
c3A – three-calcium aluminate), cement hardening 
products (Ca(OH)2 – portlandite; C3S3H – xonotlite; 
c5S6H5 – tobermorite; C3S3H – rosenhanite) and 
corrosion products (Mg(OH)2- bristite; MgO – periclase, 
aluminum, silicon and iron oxides).

The table shows that in the central non-corroded part 
of the samples there are unhydrated cement minerals 
and their hydration products. The presence of corrosion 
products is not observed.

In the middle (corroded) layer, the amount of clinker 
minerals decreased with a simultaneous increase in 
hydration products. In particular, the amount of minerals 
that make up the original cement decreased from 76.7 % 
to 27.2 %. An increase in the proportion of hardening 
products may indicate an increase in cement hydration 
processes with a decrease in pH. This effect was also 
noted in other works where it was proposed to obtain 
hardening of cement stone when mixing it, for example, 
with water with dissolved carbon dioxide or dissolved 
hydrogen sulfide. This is due to the fact that calcium 
hydroxide released during hydration of clinker minerals 
is more quickly neutralized by an acidic medium and, as 
a result, causes accelerated hydration of cement minerals 
to maintain the necessary concentration of calcium 
hydroxide in the slurry (Agzamov et al., 2011).

The amount of portlandite (calcium hydroxide) in 
these layers differs slightly. In the non-corroded layer 
this is due to the onset of equilibrium between the solid 
phase and the pore liquid, and in the corroded layer it is 
associated with the hydrolysis of the hardening products 
due to the constant binding of calcium hydroxide from 
the pore liquid due to the reaction with magnesium 
chloride.

In the surface layer of cement stone, calcium 
hydroxide (oxide) completely went into the slurry 
and bound with aggressive ions, due to which only 
insoluble or poorly soluble compounds remained in 
this layer which play a significant role in inhibiting 
the corrosion process. These include aluminum and 
magnesium hydroxide, silicon oxide and a small amount 
of carbonates. Aluminum hydroxide, which has a larger 
size than aluminum oxide, reducing pore size acts as 
an additional agent that reduces the permeability of the 
cement stone layer near the border with the aggressive 
environment. Magnesium hydroxide in this case acts 
as a semipermeable membrane and a binding agent for 
silicon oxide.

Analysis of the results allows us to clarify the idea 
of   the mechanism of corrosion of cement stone in a 

portland cement during this period proceed faster than 
corrosion processes, it is not possible to single out the 
role of the latter during this period. This is quite obvious 
and does not contradict the basic provisions of hydration 
and hardening of cements (Danyushevskii et al., 1987; 
Agzamov et al., 2011; Kravtsov et al., 1987).

The decrease in W/c always reduces the porosity of 
the cement stone and increases its corrosion resistance, 
which confirms the assumption of diffuse control of the 
process.

At the fracture of the samples (Fig. 2), zones of 
different color are clearly visible. The depth of the 
corroded zone increases with time, and with increasing 
W/C the depth of the corrosion zone increases (Fig. 3, 4).

At the fracture of the samples (Fig. 2, 3), layer-by-
layer destruction of the stone, characteristic of the second 
type of corrosion is visible. At the same time, a white 
loose layer about 1 mm thick formed on the surface of 
the cement stone, the composition of which according to 
x-ray phase analysis showed the predominance of brucite 
Mg(OH)2, which is a reaction product of MgCl2 and ca 
(OH)2. The middle zone of the sample (uncorroded) 
corresponds to the phase composition of the control 
sample of cement stone. Between these layers inside 
the stone, a damaged (corroded) layer with a partially 

Fig. 4. The effect of W/C on the depth of corrosion of cement 
stone in MgCl2 environment

Fig. 2. Cement stone sample 
after 14 days in the magnesium 
chloride environment. 1 – 
non-corroded part; 2 – part 
of corrosion; 3 – precipitate of 
magnesium hydroxide on the 
surface of the sample.

Fig. 3. Samples of cement stone after being within 28 days in 
an aggressive environment. a – W/C = 0.6; b – W/C = 0.5; 
c – W/C = 0.4.

а                                 b                                          c
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A layer of brucite Mg(OH)2 with a thickness of less than 
1 mm was formed on the surface of the cement stone.

The results of determining the tensile strength of 
portland cement stone and the depth of corrosion of 
the samples are presented on the Fig. 6 and 7. With the 
same porosity, the corrosion rate of the stone obtained 
from cement with added palygorskite is 17 % lower 
compared to control samples. We believe that this is due 
to a slowdown in the diffusion of aggressive ions into 
the stone due to the clogging of its pores with swollen, 
salt-resistant clay. 

A study of the behavior of cement stone in 
environments with the presence of magnesium chloride 
concentrations showed that a concentration of 10 % is 
most interesting for considering corrosion processes, 
since the corrosion occurs on the boundary line between 
cement stone and cement slurry, and in this case we can 
observe the second type of corrosion.

When the concentration of the aggressive 
environment is more than 10%, in the experiment 
with 20 %, the corrosion front moves towards the 
stone and the corrosion passes to the third type and, in 
addition, MgCl2 begins to crystallize on the surface of 
the samples (Fig. 8).

magnesia environment. The great importance of the 
content of brucite in the surface sediment (Table 1) 
indicates a second type of corrosion, during which 
exchange reactions occur between the components of 
the cement stone and slurry, and the resulting reaction 
products are deposited on the cement surface and in the 
pores (Moskvin et al., 1980; Rakhimbaev et al., 2012; 
Rakhimbaev, 2012). Corrosion in this case can come 
with an inhibition due to the partial compaction of 
cement stone with corrosion products.

At the same time, no signs of volumetric destruction 
due to the accumulation of corrosion products inside the 
cement stone were noted, which may indicate a reaction 
between calcium hydroxide and magnesium chloride at 
the surface of the cement stone. This may be evidenced 
by a small amount of corrosion products in the middle 
(damaged) layer.

The experiments confirmed that the factors 
determining the kinetics of the corrosion process are 
the diffusion rate, the porosity of the stone and the 
compaction of the cement stone with reaction products.

To reduce the porosity of the stone, an addition of 
salt-resistant clay – palygorskite in an amount of 3 % was 
used. In this case, the W/C of the slurry was kept equal to 
0.5. The experiments showed (Fig. 5) that the corrosion 
is layer-by-layer, but the boundaries of the layers are 
less noticeable, and the corrosion process slows down. 

Table 1. The results of quantitative x-ray phase analysis

Zone Formula Component name % 

N
ot

 c
or

ro
de

d 
 

C3S monoclinic (NISHI) 47,21 
C2S (total α, β, γ) dicalcium silicate 14,59 
C4AF tetracalcium alumino ferrite 12,67 
C3A cubic tricalcium aluminate 2,22 
Сa(OH)2 рortlandite 2,18 
C3S3H ksonolite  7,66 
C5S6H5 тobermorite 7,4 
MgCO3 мagnesite 6,02 

C
or

ro
de

d 
 

С3S monoclinic (NISHI) 7,17 
C2S (total α, β, γ) dicalcium silicate 11,46 
C4AF tetracalcium alumino ferrite 7,32 
С3А cubic tricalcium aluminate 1,2 
C12A7 мayenite 2,69 
Сa(OH)2 рortlandite 2,01 
С5S6H5 тobermorite 19,54 
C3S3H rosenhahnite 17,75 
C6S3H gamma Dellaite 12,65 
(Mg,Fe)2Al4Si5O18 cordierite 9,49 
С2AS gehlenite 4,57 
SiО2 quartz 0,44 
MgCO3 magnesite 3,05 
CaCO3 vaterite 1,1 

Pr
ec

ip
ita

te
 

 

С3S monoclinic (NISHI) 1,24 
C3A cubic tricalcium aluminate 0,29 
C4AF tetracalcium alumino ferrite 0,84 
C3ACs3H31 ettringite 1,71 
Mg(OH)2 brucite 54,70 
SiО2 silica LeBail 29,01 
Al(OH)3 nordstrandite 8,63 
СaCO3 calcite 3,58 
MgO periclase 0,19 

Fig. 5. Corrosion of portland cement stone with the addition 
of palygorskite

Fig. 6. The effect of the addition of palygorskite on the 
strength of portland cement stone in MgCl2 environment

Fig. 7. The effect of palygorskite additives on the depth of 
corrosion of portland cement stone in MgCl2 environment
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At concentrations of aggressive medium less than 
10 %, the corrosion front extends beyond the cement 
stone, and corrosion occurs only due to the leaching of 
Ca(OH)2.

conclusion
This scientific work shows the relationship of the 

kinetics of corrosion damage to Portland cement stone 
with its structural properties, which makes it possible to 
control the corrosion rate by reducing the water-cement 
ratio of the cement slurry.

The possibility of reducing the rate of corrosion 
of cement stone in a magnesia environment with the 
addition of palygorskite which acts as a pore colmatant, 
is shown.

Theoretically substantiated and experimentally 
shown a change in the mechanism of damage to cement 
stone in magnesia environment depending on the 
concentration of Mg cation.

corrosion damage to the cement stone has a layered 
character, from an intact sample to a corroded layer 
which differ in phase composition, and the kinetics of 
damage is characterized by a slowdown in the corrosion 
rate.

It was shown in this article that on the open surface 
of the stone from Portland cement at high concentrations 
of Mgcl2 crystallization occurs with the formation of a 
layer that reduces the corrosion rate.
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Fig. 8. Crystal formation of magnesium chloride on the 
stone surface
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introduction
The main rock-forming component of bentonite 

clays is montmorillonite (> 60-70 %), which is part of 
the smectite group. Quartz, feldspars, calcite, rarely 
pyrite, and organic matter, as well as other clay minerals 
(kaolinite, illite, mixed-layer clay minerals, and less 
often chlorite and vermiculite) are found as impurities. 
Smectites are hydrated aluminosilicates consisting of 
two tetrahedral and one octahedral network located 
between them, forming a 2:1 layer. Due to isomorphic 
substitutions in the composition of octahedral and 
tetrahedral networks, a negative charge of the layer takes 
form, which is compensated for by interlayer cations and 
accounts for the high sorption properties of bentonite 
clays (Drits, Kossovskaya, 1990). Montmorillonite is 
characterized by predominant charge localization in the 
composition of octahedral networks, which leads to high 
sorption of cations and organic components.

According to the nature of the exchange cations in 
the interlayer complex of montmorillonite, bentonite 
clays are subdivided into alkaline (sodium) and alkaline-
earth (calcium, magnesium) types. Alkaline bentonites 

have higher technological properties compared with 
alkaline-earth ones, due to the fact that alkali metal ions, 
primarily sodium, have a higher potential for hydration 
(Osipov, Sokolov, 2013). As a result, the swelling of 
Na-montmorillonites is much higher than that of ca-
montmorillonites. The properties of bentonites are also 
affected by charge localization. High sorption indices 
and high swelling are associated with the absence of 
charges in the tetrahedral network. On the contrary, the 
appearance of a small change in the tetrahedral charge 
leads to a decrease in sorption capacity and swelling. 
The sorption indicator is affected to the same degree 
by the mean quantity of the layer charge – a decrease 
in the sorption capacity results from an increase, or an 
excessive decrease in the value of the layer charge.

Such features of the montmorillonite structure 
determine its specific properties, especially its binding 
properties, high thermal resistance, and high sorption 
capacity. This makes bentonite clay a very important and 
widely used industrial material. In terms of consumption, 
the most important industrial applications of bentonite 
clay in Russia, as well as in other countries, are the 
following:

 – Disposal of radioactive waste, as a sorbent and 
waterproofing material for engineering safety barriers; 

- In metallurgy, as a binder for iron ore concentrates 
pelletization;
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- In drilling mud production: oil and gas drilling, 
horizontal directional drilling, and tunneling; and 
civil engineering. Bentonite is used in drilling fluids 
to lubricate and cool the boring tools, and to remove 
cuttings;

- In metal casting, as a binder agent in sand-clay 
molds in iron and steel foundries; and

- In civil engineering, in “slurry wall” technology, 
and as additives to cement mortars. 

In total, there are more than 200 applications for 
bentonite clays and materials based on them, including in 
agriculture, in the rubber, polymer, and paper industries, 
in medicine, etc. A relatively new and very promising 
direction, for Russia, is the use of bentonites for the 
disposal of radioactive waste as a waterproofing and 
sorption material (Krupskaya et al., 2018).

2. Reserves and production
2.1. General information
Estimates of world reserves of bentonite exceed 

10 Gt, approximately 45 % of which is located in china, 
15 % in the United States and 7 % in Turkey (Industrial 
Minerals, 2012). In the list of countries with the largest 
reserves of bentonite, it is also necessary to include 
Greece, Russia, India, and the cIS countries. It should be 

noted that most deposits worldwide are of the alkaline-
earth type. The largest deposits of alkaline bentonite 
are located in the United States (Wyoming), Turkey 
(Resadiye), and Azerbaijan (Dash-Salahlinskoe) (British 
Geological Snurvey, 2015; United States Geological 
Survey, 2017). 

Over the past 10 years, the annual production of 
bentonite clay has been on the rise. According to the U.S. 
Geological Service (United States Geological Survey, 
2017), from 2008 to 2017, bentonite clay production 
increased from 12 to 19 Mt. About 30 % of the total 
production happens in the United States. This is followed 
by china in second place (23 %).

2.2. Russia
Measured and indicated reserves of bentonite clay 

(Russian A+B+c1 categories) amount to 189 Mt while 
inferred resources (Russian c2 category) are 146 Mt. 
In this article only measured and indicated reserves 
(Russian A+B+c1 categories) will be considered, 
unless otherwise specified. Total production for 
2017 amounted to more than 700 thousand tons. 
According to the classification of state balance of 
mineral reserves for 2018, bentonite clay deposits are 
included in the “Bentonite clays” group, as well as 

Fig. 1. Overview map of bentonite clay deposits in Russia. 1 – Biklyanskoe, Berezovskoe, Verhne-Nurlatskoe, Tarn-Varskoe 
(Republic of Tatarstan); 2 – Zyryanskoe (Kurgan Region); 3 – 10th Khutor (Republic of Khakassia); 4 – Izhberdinskoe, 
Saraybashskoe, Sarinskoe, Uchastok V’yuzhny-2 (Orenburg Region); 5 – Lyublinskoe (Omsk Region); 6 – Tarasovskoe, Yuzhno-
Tarasovskoe (Rostov Region); 7 – Aktivnoe, Zheltoe (Orenburg Region); 8 – Sobolevskoe (Orenburg Region); 9 – Haranorskoe 
(Trans-Baikal Territory); 10 – Kamalinskoe (Krasnoyarsk Region); 11 – Nalchinskoe, Kheu, Gerpegezhskoe (Republic 
of Kabardino-Balkaria); 12 – Chernomorskoe (Krasnodar Territory); 13 – Bad’inskoe (Republic of Komi); 14 – Kalinovo-
Dashkovskoe (Moscow Region); 15 – Nikolskoe, Maydan-Bentonitovoe (Voronezh Region); 16 – Kudrinskoe, Kurcovskoe 
(Republic of Crimea); 17 – Uchastok Samarinsky (Belgorod Region); 18 – Urgalskoe (Khabarovsk Territory); 19 – Zerkalnoe 
(Primorsky Territory); 20 – Tikhmenevskoe (Sakhalin Region); 21 – Vasil’evskoe, Chernoholunickoe (Kirov Region).
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Table 1. Estimated reserves of the bentonite deposits in the “Bentonite Clay” category. * (Sabitov, Belyaev, 2018).

Deposits Geographical 
position Type, Genesis Age 

Measured and 
indicated  

reserves, mln tons 
Geotectonic position 

Currently exploited 

Biklyanskoe, 
Berezovskoe 

Republic of 
Tatarstan 

Alkaline-earth, 
sedimentary N2 37.9 Volga-Ural anteclise 

Zyryanskoe Kurgan Region Alkaline-earth, 
sedimentary N1 14 Trans-Ural upload 

10th Khutor Republic of 
Khakassia 

Alkaline-earth, 
volcanogenic-sedimentary С1-2sr 3 Altay and Sayans 

orogenic belt 

Unexploited 

Lyublinskoe Omsk Region Alkaline-earth, 
sedimentary N1 20.3 Ishimo-Irtyshskaya 

monoclise 

Verhne-Nurlatskoe, 
Tarn-Varskoe 

Republic of 
Tatarstan 

Alkaline-earth, 
sedimentary N2 

6.7 
 Volga-Ural anteclise 

Nalchinskoe, Kheu Republic of 
Kabardino-Balkaria 

Alkaline, alkaline-earth, 
volcanogenic-sedimentary P1 6.6 Pre-Caucasian foredeep 

Uchastok  
V'yuzhny-2 Orenburg Region Alkaline-earth, 

sedimentary K2 6.4 Pre-Uralian foredeep 

Yuzhno-
Tarasovskoe Rostov Region Alkaline-earth, 

sedimentary P 2 3.1 Voronezh anteclise 

Karatigeyskoe, 
Solnechnoe 

Republic of 
Khakassia 

Alkaline-earth, 
volcanogenic-sedimentary С1-2sr 3 Altay and Sayans 

orogenic belt 

Kudrinskoe, 
Kurcovskoe Republic of Crimea Alkaline, alkaline-earth, 

volcanogenic-sedimentary K2 0.4 Gorno-Crimean fold-
and-thrust belt * 

Urgalskoe Khabarovsk 
Territory 

Alkaline-earth, 
volcanogenic-sedimentary K1 0.3 Sikhote-Alin orogenic 

belt 

Zerkalnoe Primorsky Territory Alkaline-earth, 
volcanogenic-sedimentary P2 0.1 Sikhote-Alin orogenic 

belt 

Vasil'evskoe, 
Chernoholunickoe Kirov Region Alkaline-earth, 

sedimentary J2 
- 

С2 – 4.8 
Volga-Ural anteclise 

Uchastok 
Samarinsky Belgorod Region Alkaline-earth, 

sedimentary P 2 
- 

С2 - 4 
Voronezh anteclise 

Tikhmenevskoe Sakhalin Region Alkaline, volcanogenic-
sedimentary N1 

- 
С2 – 0.7 

Central Sakhalin 
depression 

partially in “clays for Drilling Fluids” and “Molding 
Materials” groups. 

A significant part of Russian deposits (Fig. 1) belongs 
to the “Bentonite clays” group, which includes 22 
deposits, with estimated reserves of 101 Mt (Table 1, 
State balance of mineral reserves of the Russian 
Federation: Bentonite clays, 2018).

The main reserves are located in the regions of 
Tatarstan (43.8 %), Omsk (20 %) and Kurgan (13.8 %). 
At the beginning of 2018, production was ongoing only in 
four deposits: the 10th Khutor (Republic of Khakassia), 
with estimated resources of 3 Mt; Biklyanskoe and 
Berezovskoe (Republic of Tatarstan), with 37.9 Mt; 
and Zyryanskoe (Kurgan Region), with 14 Mt. It is also 

worth noting the Yuzhno-Tarasovskoe deposit (Rostov 
Region); with estimated reserves of 3.1 Mt and Uchastok 
V’yuzhny-2 (Orenburg Region), with 6.4 Mt, which are 
not currently exploited but belong to the list of important 
Russian deposits.

In the distributed reserves of mineral resources, the 
Kheu deposit (Republic of Kabardino-Balkaria), as 
well as the deposits of Solnechnoe and Karatigeyskoe 
(Republic of Khakassia) with total reserves of 4.7 Mt, are 
ready for development and exploitation. The remaining 
reserves are spread amongst 14 deposits which make up 
59.4 Mt. Prospection is under way at the Tikhmenevskoe 
deposit (Sakhalin Region), with inferred reserves of 
702,000 tons. 
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and also chernomorskoe (Krasnodar Territory), with 
reserves of 5.9 Mt. Mining operations are carried out 
only at the Izhberdinskoe and Saraybashskoe deposits. 
In total, of the group “clays for Drilling Fluids” 
125,000 tons of raw materials was mined in 2017. 

The group “Molding Materials” includes 6 clay 
deposits of predominantly montmorillonite composition 
suitable for the manufacture of sand-clay molds, with 
total estimated reserves of 26.2 Mt (State balance of 
mineral reserves of the Russian Federation: Molding 
materials, 2018). These include: Kalinovo-Dashkovskoe 
(Moscow Region), with 1.9 Mt; Nikolskoe and 
Maydan-Bentonitovoe (Voronezh Region), with 1 Mt; 
Gerpegezhskoe (Republic of Kabardino-Balkaria), 
with 8.1 Mt; and Kamalinskoe (Krasnoyarsk Region), 
with 15.2 Mt (Table 3). Despite the fact that the 
Gerpegezhskoe and Kalinovo-Dashkovskoe deposits are 
considered to be developed, as of 2017, real exploration 
was conducted only at the deposits in the Voronezh 
region (36 kt).

Table 2. Estimated reserves of the bentonite deposits in the “Clays for Drilling Fluids” category

Deposits Geographical position Type, Genesis Age 
Measured and 

indicated reserves, 
mln tons 

Geotectonic position 

Currently exploited 

Izhberdinskoe, 
Saraybashskoe 

Orenburg Region Alkaline-earth, 
sedimentary 

K2 7 Pre-Uralian foredeep 

Unexploited 

Aktivnoe, Zheltoe, 
Sarinskoe, Sobolevskoe 

Orenburg Region Alkaline-earth, 
sedimentary 

N2 33.1 Pre-Uralian foredeep 

Haranorskoe Trans-Baikal 
Territory 

Alkaline-earth, 
volcanogenic-sedimentary 

К 8.4 Mongolo-Okhotsk 
orogenic belt 

Chernomorskoe Krasnodar Territory No information N2 5.9 Pre-Caucasian foredeep 

Tarasovskoe Rostov Region Alkaline-earth, 
sedimentary 

P 2 5.1 Voronezh anteclise 

Bad'inskoe Republic of Komi Alkaline-earth, 
sedimentary 

C1 2.4 Pre-Uralian foredeep 

Deposits Geographical 
position Type, Genesis Age 

Measured and 
indicated reserves, 

mln tons 

Geotectonic 
position 

Currently exploited 

Nikolskoe, Maydan-
Bentonitovoe 

Voronezh Reg Alkaline-earth, sedimentary P 1 1 Voronezh 
anteclise 

Unexploited 

Kamalinskoe Krasnoyarsk 
Region 

Alkaline-earth, 
volcanogenic-sedimentary 

C1 15.2 Altay and Sayans 
orogenic belt 

Gerpegezhskoe Republic of 
Kabardino-Balkaria 

Alkaline, Alkaline-earth P 1 8.1 Pre-Caucasian 
foredeep 

Kalinovo-Dashkovskoe Moscow Region Alkaline-earth, sedimentary С1 1.9 Moscow syneclise 

Table 3. Estimated reserves of the bentonite deposits in the “Molding Materials” category

Total production in the “Bentonite clays” group in 
2017 amounted to 574,000 tons of bentonite clay. Most 
of that was mined in the Khakassia Republic at the 10th 
Khutor deposit (82 %), in the Tatarstan Republic at the 
Biklyanskoe and Berezovskoe deposits (14.2 %), as 
well as in the Kurgan region at the Zyryanskoe deposit 
(3.8 %). 

The group referred to as “clays for Drilling Fluids” 
(State balance of mineral reserves of the Russian 
Federation: Clays for drilling fluids, 2018) includes 
10 clay deposits of montmorillonite composition, 
which also belongs to the bentonite and bentonite-
like clays group. Estimated reserves at these deposits 
are in the range of 61.9 Mt (Table 2). These include: 
Izhberdinskoe, Saraybashskoe, Aktivnoe, Zheltoe, 
Sarinskoe and Sobolevskoe (Orenburg Region), with 
reserves of 40.1 Mt; Haranorskoe (Trans-Baikal 
Territory), with reserves of 8.4 Mt; Bad’inskoe 
(Republic of Komi), with reserves of 2.4 Mt; 
Tarasovskoe (Rostov Region), with reserves of 5.1 Mt; 



www.geors.ru GEORESURSY 83

GEORESURSY = GEORESOURcES                       2019. V. 21. Is 3. Pp. 79-90

Table 4. Averaged mineral composition and cation exchange capacity (CEC) of developed Russian deposits. * Sabitov et al., 
2008; ** analysis results of the IGEM RAS laboratory; *** Goryushkin, 2006

Deposit Smectite 
content, % 

CEC, mg-eq/100 gr 

MB adsorption  Cu (trien) adsorption 

Biklyanskoe, Berezovskoe (Republic of Tatarstan)* 60-70 36-38 - 

Zyryanskoe (Kurgan Region)**  60-75 27 78 

10th Khutor (Republic of Khakassia)** 60-75 37 80 

Izhberdinskoe, Saraybashskoe (Orenburg Region)** 45-60 35-45 - 

Nikolskoe (Voronezh Region) *** 42-65 55 - 

Over a nine-year period (Sabitov et al., 2010), the 
increase in estimated reserves amounted to 45 Mt. Due 
to an increase in production at the 10th Khutor and the 
Maydan-Bentonitovoe deposit, and the commissioning 
of the Berezovskoe and Saraybashskoe deposits, 
production was increased by 150,000 tons. Meanwhile 
mining activities at the Kalinovo-Dashkovskoe and 
Nikolskoe deposits have been interrupted. 

Based on their mineral composition, the deposits 
currently being developed consist of alkaline-earth 
montmorillonite up to 60-75 %. The exception to 
this is the deposits in the Orenburg (Izhberdinskoe, 
Saraybashskoe) and Voronezh (Nikolskoe) regions, with 
an average content of montmorillonite of about 50-60 % 
and 42-65 % (Table 4), respectively.

To improve the quality of the raw material, bentonite 
and bentonite-like clays from most of the deposits 
exploited in Russia are activated by soda ash. Due to its 
high heat resistance capacity and strength characteristics, 
the main material source for mining and processing 
plant and foundries is bentonite from the 10th Khutor 
deposit. Bentonites from the Zyryanskoe, Biklyanskoe, 
and Berezovskoe deposits are used for the same purpose; 
however, their use is, for the most part, associated with 
vertical and horizontal directional drilling, as well as 
civil engineering. Bentonites from the Izhberdinskoe 
and Saraybashskoe deposits can also be used for the 
preparation of drilling fluids for various purposes. The 
products from the Nikolskoe and Maydan-Bentonitovoe 
deposits are mainly used for the manufacture of 
low-grade drilling fluids, in agriculture, and in small 
quantities in foundries.

It is worth noting that at present the two most common 
methods for analyzing the cation exchange capacity 
are: by adsorption of methylene blue (MG), which is 
part of GOST 21283-93 (Bentonite clay for fine and 
building ceramics), and by adsorption of the cu (trien) 
complex, which at the moment is an accepted technique 
in the scientific community as the most appropriate for 
studying the properties of bentonites and, especially, 
alkaline earth differences (Lorenz, 1999). In view of 
the higher adsorption capacity of the copper complex, 
it easily displaces calcium and magnesium cations from 

the surface of the clay particles, which makes it possible 
to glean accurate information on the value of cEc. In 
turn, the cation exchange capacity is determined not 
only by the smectite content, but also by the features of 
its structure, as indicated above.

ciS countries
The reserves at the main deposits of bentonite clay 

in the cIS countries (excluding the Russian Federation) 
amount to 740 Mt. Slightly more than a third of these 
(270 Mt) occurs in the Republic of Azerbaijan – the most 
important source of high-quality industrial material with 
the Dash-Salahlinskoe, Aploidskoe, and Khizin group of 
alkaline hydrothermal bentonite deposits (Nasedkin et 
al., 2001; Nasedkin, Shirinzade, 2008; Belousov, 2013). 

The next important cIS country is the Republic 
of Armenia, with the Sarigyuhskoe deposit with total 
reserves of 57 Mt. Only 24 of those have been put on the 
state balance of mineral reserves. It lies within the same 
geological structure as the Dash-Salahlinskoe deposit 
and is located near the border with Azerbaijan (British 
Geological Survey, 2015; United States Geological 
Survey, 2014; Nasedkin et al., 2001). 

The deposits of the Republic of Kazakhstan 
have become a relatively new source of high-quality 
bentonite imported into Russia. They are the Taganskoe, 
Dinozavrovoe, Kelesskoe, and Andreevskoe deposits. 
The bentonites are of the alkaline and alkaline-earth 
type with red and pink colors, sometimes with a gel-
like structure. Their origin at the moment is rather 
unclear: the occurrence of several bentonite formation 
processes with dominance of the hydrothermal process 
is assumed (Sapargaliev, Kravchenko, 2007). Total 
reserves are estimated at about 55 Mt. But as a result of 
constant geological exploration work in the Republic of 
Kazakhstan, reserves increase every year (Nasedkin et 
al., 2001; British Geological Survey, 2015; United States 
Geological Survey, 2017).

Georgian bentonite, well known as “Askan-gel,” 
named after the Askanskoe deposit and because of its 
gel-like structure, is not currently supplied to Russia in 
significant quantities. Total reserves in Georgia, together 
with the Gumbrijskoe, Askanskoe, and Kumistavskoe 
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deposits, amount to 12 Mt (Nasedkin et al., 2001; British 
Geological Survey, 2015; United States Geological 
Survey, 2017).

Ukraine is a former member of the cIS, and it was 
an important supplier of bentonite clay to Russia during 
the second half of the 20th and the beginning of the 
21st century. The raw material base in Ukraine consists 
of deposits of bentonite clays of various qualities. For 
example, the Dashukovskoe (cherkasskoe) deposit 
belongs to the category of high-quality alkaline-earth 
bentonite clays previously supplied to mining and 
processing plants in Russia. There are five main deposits 
of bentonite clay in Ukraine, some of which are not 
currently exploited, with total reserves of about 50 Mt: 
Dashukovskoe (cherkasskoe), Gorbskoe, Grigorievskoe, 
Berezhanskoe, and Pyzhevskoe (Nasedkin et al., 
2001; British Geological Survey, 2015; United States 
Geological Survey, 2017).

To round up the list of the cIS countries with 
industrial reserves of bentonite clay, it is worth noting 
Turkmenistan with reserves of 14 Mt (Oglaglinskoe 
dep.), Uzbekistan with reserves of 10 Mt (Azkamar 
and Novbahor dep.), and Kyrgyzstan with reserves of 
0.6 Mt (Beshkent dep.) (Nasedkin et al., 2001; British 
Geological Survey, 2015; United States Geological 
Survey, 2017).

It should be noted that the deposits described above 
are related to the major sources of industrial bentonites. 
The total reserves in the cIS countries are much larger.

3 Geological position
3.1 Genesis 
The classification of bentonite clays by origin is a 

debatable issue. For example, M. Wilson (2013) divides 
bentonits into the following groups: weathered rocks, 
pedogenesis, sedimentary, diagenesis, and hydrothermal 
transformation of parent rocks. D. christidis and W. Huf 
(christidis, Huf, 2009) classify bentonits into diagenetic, 
hydrothermal, and sedimentary types. In these contexts, a 
sedimentary type assumes the formation of smectite-rich 
sediments in salt lakes and sabkha environments without 
the processes of volcanic ash alteration. 

Russia has its own classification of bentonites based 
on their origin (Kirsanov,1972; Nasedkin et al., 2001). 
Deposits of bentonite clay are divided into the following 
groups: 

- sedimentary (redeposited clay); 
- hydrothermal (hydrothermal transformation of 

volcanic and sedimentary rocks); 
- eluvial (weathering crust);
- volcanogenic-sedimentary (devitrification of 

volcanic ash in slightly alkaline waters); 
In this case, we consider the sedimentary type 

mostly as redeposited clays with the presence of clay 
of diagenetic genesis. 

The main bentonite types present in Russia are 
sedimentary and volcanogenic-sedimentary in type. The 
eluvial type is represented by a series of medium-quality 
alkaline-earth deposits that are not currently developed.

3.1.1 Sedimentary type
This type encompasses most of the Russian bentonite 

clay deposits. The formation of redeposited, sedimentary 
bentonite clays is of complex origin. The main process 
involved here is redeposition and washing away of the 
original detrital and colloidal-dispersion material from 
eroded continental areas to basins of sedimentation. 
Since the compositions of the parent rocks are diverse, 
the resulting deposits of bentonite clay inherit this 
diversity of component compositions and the structural 
features of the minerals they contained. Moreover, in 
addition to the mechanical processes of redeposition and 
rewashing, the formation of sedimentary deposits can be 
accompanied by diagenetic and chemogenic processes. 
Also, the composition and quality of bentonite is affected 
by the hydrochemical environment of the sedimentation 
reservoir (Kirsanov, 1972).

Sedimentary deposits are usually characterized by 
a simple geological structure, a high thickness of the 
layers, and large reserves. Sedimentary deposits are 
distinctly subdivided into three subtypes: marine, lagoon, 
and continental. The quality of a bentonite clay depends 
both on the amount of impurities (quartz, feldspars, 
illite, etc.) and the conditions of its formation. Deposits 
of the marine subtype are of higher quality compared 
to continental ones.

The main issue is the reasons for the deterioration of 
the quality of the clay after its redeposition, as well as 
the lack of alkaline (sodium) varieties. It is assumed that 
during the transportation of the clay minerals by water, 
the structure of montmorillonite and the composition 
of the absorbed complex is transformed to a degree 
(Kirsanov, 1972).

Sedimentary bentonites are commonly of dark 
colors – gray-green, brown, dark-gray and almost black. 
On the mineralogical side, these bentonites mostly 
consist of alkaline-earth (ca-Mg) montmorillonite. 
chemically, they are characterized by a high content 
of Al2O3 (20 %) and Fe2O3 (4,5 % or more), and often 
silicon oxide (up to 60-70 %), due to their high content 
of quartz.

The largest Russian deposits of bentonite clay 
belong to this type and are located in the Republic 
of Tatarstan, the Kurgan region, Omsk region, and 
Orenburg region (Table 1). The deposits of alkaline-
earth bentonite of sedimentary origin, the raw 
materials of which are successfully used in various 
industries, include the Zyryanskoe, Izhberdinskoe, and 
Saraybashskoe deposits.
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3.1.2 Hydrothermal type
Hydrothermal deposits are associated with faults and 

fissured volcanogenic and magmatic rocks. Bentonite 
bodies shear from host rock with rod-shaped, or 
have dike-like or plastiform shapes and usually of a 
greater thickness. These bentonites are formed due 
to hydrothermal transformation in particular basalt 
porphyres and tuffs, as well as ashes. Hot thermal waters 
from the depts penetrate into the porous material of a 
bedrock (ash, tuff, etc.), which leads to the destruction 
of these tuffs and ashes, with the formation of smectite 
clays.

The quality of the resulting bentonites and their 
content of mineral impurities also depend on the 
composition of the mother rock, thermal water, its 
temperature and alkalinity. A favorable temperature 
of hydrothermal water for the conversion of tuffs into 
montmorillonite ranges from 50-200 °c, with a high 
alkalinity (pH 9-10).

A distinctive feature of bentonites of hydrothermal 
genesis is the presence of gradual transitions: bentonite 
↔ montmorillotized rock ↔ parent rock (Nasedkin, 
Shirinzade, 2008; Wilson, 2013). Also, a diagnostic 
sign is the presence of nearby magmatic rocks (basalts, 
andesites, etc.), as well as the presence of minerals such 
as agate, chalcedony, cristobalite, pyrite, chalcopyrite, 
galena, sphalerite, magnesite, pyrolusite, and zeolite. 
Sometimes they contain relicts of parent rocks. The 
content of montmorillonite, usually of the alkaline type, 
ranges from 60 to 80 %. The increased content of trace 
elements (F, Sc, cr, Mn, cu, Zn, Ga, Rb, cs, Pb, Th, etc.) 
adsorbed by clay minerals from hot waters or preserved 
as relicts from the parent rocks is another characteristic. 
Often, bentonites of this genesis display upridging of 
beds and extend along tectonic cracks (Kirsanov, 1972).

Bentonites of the hydrothermal variety form deposits 
of large and extra-large reserves with a gray-greenish, 
bluish, yellowish, or cream color and become lighter 
when dried. 

There are no hydrothermal bentonite deposits 
in Russia. The main reserves are located in the cIS 
countries, the USA, Europe, India, and Iran. Examples 
of such deposits are: Dash-Salahlinskoe (Azerbaijan), 
Sarigyuhskoe (Armenia), Askanskoe (Georgia), Milos 
Island (Greece), Ponzo Island (Italy), Hattari (Japan), 
Hector (USA).

3.1.3 eluvial type (residual)
The process of formation of eluvial-type bentonites 

is rather complicated, since it is associated with 
weathering crusts and depends mainly on three factors: the 
composition of the original parent rocks, the climate, and 
tectonics. The tectonics of the region determines the relief, 
the depth of the weathering profile, and the possibility 
of formation of weathering crusts. For the formation 

and sustainable preservation of montmorillonite, a 
humid-temperate and warm-humid climate is favorable. 
Time also plays a significant role – the duration of the 
weathering process (Kirsanov, 1972).

This type includes deposits of bentonites formed by 
deep weathering of the bedrock (igneous, metamorphic, 
pyroclastic, or sedimentary), with physicochemical 
changes. Based on the composition of the parent rocks 
that serve as the starting material for their formation, 
eluvial bentonites are subdivided into three subtypes: 
intrusive rocks (ultrabasic, rich in iron and magnesium 
compounds), effusive rocks (acidic, rarely basic rocks), 
and sedimentary rocks (marls, calcareous clays). Deposits 
formed on sedimentary rocks have little industrial value 
due to their small size and high lithological variability.

The shape of these bentonite bodies varies – lenticular, 
plastiform, and pocket-like. The thickness of the strata 
is usually measured by the first meters; the area of   
propagation can reach tens of square kilometers. 
Impurities are presented with kaolinite, illite, mixed-
layer minerals, chlorite, and palygorskite. Eluvial 
deposits often appear together with deposits of mineral 
paints, zeolites, nickel, iron and manganese ores. The 
eluvial type is represented by a series of medium-quality 
alkaline-earth deposits of bentonite, which currently 
are of no particular industrial use in Russia (Kirsanov, 
Sabitov, 1980).

Examples of deposits are: Ust’-Maninskoe (Khanty-
Mansiysk Autonomous Okrug), Vorontsovskoe 
(Sverdlovsk Region), Razgonskoe (Irkutsk Region), 
Aspidnoe (Georgia), Verkhne-Ubaganskoe (Northern 
Kazakhstan), Kostyukovichskoe (Republic of Belarus), 
and deposits in India, Iran and Vietnam.

3.1.4 volcanogenic-sedimentary type
The volcanogenic-sedimentary type is of high 

quality and has a complicated geological structure. The 
montmorillonite content ranges from 50 to 80 % (both 
alkaline and alkaline-earth types).

They form through the underwater transformation 
of volcanic ash. The quality and purity of the resulting 
bentonites are determined by the composition of the 
initial material (ashes) and the character of the water 
basin in which the deposition and transformation of the 
material occurred (Belousov, Nasedkin, 2015).

After volcanic eruptions, volcanic ash is deposited 
in water basins and the process of destruction of their 
crystal lattice begins, with the formation of silicon and 
aluminum hydroxides, a gel-like mass, and its subsequent 
crystallization into montmorillonite. Volcanic centers 
(sources of ash) can be located hundreds of kilometers 
away from the future bentonite deposit (Wilson, 2013; 
Belousov, 2013; Belousov, Nasedkin, 2015).

The type of water reservoir where the ashes were 
deposited influences the cation-exchange composition 
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of the clay. Alkaline-earth-type bentonites form in 
fresh waters (with a predominance of ca and Mg in the 
structure), while alkaline bentonites with a predominance 
of sodium cations in the interlayer space form in seawater 
enriched with sodium salts.

Volcanogenic-sedimentary bentonites often have a 
light color. One of the obvious diagnostic features is 
the presence of relicts of porous volcanic glass (Fig. 2) 
which failed to decompose into montmorillonite and the 
opal-cristobalite phase. The chemical composition of 
volcanogenic-sedimentary bentonites is characterized 
by an increased SiO2 content (on average 65 %), with an 
Al2O3 content of 12-17 % and an elevated content of trace 
elements (cr, V, Rb, Sr, Zr, Ba, etc.). Often, bentonites 
of this genesis interlay with sandstones, tuff-sandstone, 
limestone, as well as with hard or brown coals. The 
layers are uniform, aged, lenticular, or sheet-like, with 
a thickness of up to 10 m.

In Russia, this genetic type is represented by a group 
of deposits in the Republic of Khakassia (10th Khutor, 
Karakukskoe, Izykhskoe, etc.) and the Sakhalin Island 
(Tikhmenevskoe, Vakhrushevskoe, Makarovskoe). 
According to the geotectonic position and composition 
of the rocks, it can be assumed that the Gerpegezhskoe 
and Nalchinskoe (Republic of Kabardino-Balkaria) 
deposits (Machabeli, 1980), as well as the Urgalskoe 
(Khabarovsk Territory) and Kamalinskoe (Krasnoyarsk 
Territory) deposits, also belong to this category. 
Wyoming (USA), one of the most famous bentonite 
deposits, also belongs to this category.

3.2. tectonic and stratigraphic position
Structurally, Russian deposits of bentonite clays can 

be divided into three groups:
1. Deposits associated with plates and platforms: 

West Siberian plate, East European platform;
2. Deposits associated with orogenic belts: Altay 

and Sayans, Sikhote-Alin, Mongolo-Okhotsk, central 
Sakhalin depression and Gorno-crimean fold-and-
thrust belt;

3. Deposits associated with foredeeps: Pre-Uralian 
and Pre-caucasian foredeep.

Considering their stratigraphic confinement, it is 

worth noting that all Russian bentonite deposits mainly 
belong to the Lower carboniferous, Paleogene, or 
Neogene systems (Table 1) and to a lesser degree to the 
cretaceous.

Sedimentary deposits are associated with ancient 
plates, platforms, as well as foredeeps in the era of 
stabilization of tectonic movements. Volcanogenic-
sedimentary deposits are associated with orogenic 
belts and foredeeps (marginal-continental orogens and 
adjacent marginal parts of platforms on the sea shelf 
and lakes of volcanic regions) during active volcanism. 
Usually, deposits of the volcanogenic-sedimentary type 
are of Neogene-Paleogene age, and less often of the 
cretaceous and carboniferous. Eluvial deposits form 
in conditions of platform development in the marginal 
parts of cratons and marginal-continental orogens, in a 
period of stabilization of tectonic movements (Distanov 
et al., 2000) and have a small distribution in Russia. 
Hydrothermal deposits are confined to marginal-
continental orogens with zones of deep faults, on the 
edges of continental blocks in the era of activation of 
hydrothermal processes in zones of active volcanism.

4. Formation of volcanogenic-sedimentary 
bentonite-bearing provinces

As we have mentioned above, only two genetic 
types of bentonites are found in Russia: volcanogenic-
sedimentary and sedimentary. A.A. Sabitov (Sabitov 
et al., 2010) identified 8 bentonite provinces including 
both genetic types. This article considers the structural 
features and formation of only volcanogenic-sedimentary 
bentonite provinces, as most promising sources of high-
quality raw material.

Volcanogenic-sedimentary bentonite-bearing 
provinces are a series of bentonite deposits close in 
age and genesis, occurring in the same geological 
structure and, as a rule, associated with the zones of 
development of coal basins (Machabeli, 1980; Belousov, 
2016; Belousov et al., 2017). The relationship between 
bentonite clays and coal deposits is rooted in the fact 
that coal sedimentation conditions are favorable to the 
formation of bentonites from volcanic material: coastal 
shallow basins, bays, lakes or swamps with standing 
fresh or saltwater.

The largest and most well-studied volcanogenic-
sedimentary bentonite-bearing provinces of Russia are 
located in the Republic of Khakassia and in the Sakhalin 
region.

The deposits in the Republic of Khakassia are 
localized, with the occurrence of the continental 
tuff-sand-clay argillaceous coal-bearing formation 
of the carboniferous age and are located within 
the chernogorskiy and Izykhskiy coal areas of the 
Minusinskiy basin, confined to the Altai-Sayanfolded 
zone (Fig. 3). This bentonite-bearing province includes the 

Fig. 2. Devitrification of acidic volcanic glass (Tikhmenevs-
koe deposit, Sakhalin Region)
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Fig. 3. Geological map of the Chernogorsky basin (Strunin, Glukhov, 2002, with edition). 1-3 – Paleogene system, Paleocene-
Eocene, siltstones, mudstones, sandstones, coal: 1 – Izykhskiy suite; 2 – Narilkovskaya suite; 4-7 – Carboniferous system, Lower-
Upper sections (3 – Beloyarskaya suite, sandstones, siltstones, mudstones, coal, 4 – Sarskaya, Chernogorskaya, Poberezhnaya 
suite, siltstones, sandstones, mudstones, limestone, bentonite clay, coal, 5 – Serpukhov stage, sandstones, conglomerates, 
siltstones, coal, 6 – Visean stage, sandstones, conglomerates, siltstones, coal, 7 – Tournaisian stage, tuff sandstones, limestone, 
conglomerates); 8-10 – Devonian system (8 – Upper section, mudstones, sandstones, marls, 9 – Middle section, sandstones, 
limestone, siltstones, marls, 10 – Lower section, sandstones, siltstones, gravelites, basalts); 11 – Ordovician system, Middle-
Upper sections (Bolshesyrskaya suite, tuffs, trachyandesites, trachybasalts); 12 – Riphean, Upper section (limestone, dolomites, 
silicites); 13 – Vendian (Martyukhinskaya suite, limestone, dolomites, silicites); 14 – Middle Cambrian-Late Ordovician 
intrusions (granites, granodiorites, syenites, gabbrodiorites, gabbro, monocytes); 15 – overthrusts; 16 – faults; 17 – geological 
boundaries (a – reliable; b – of different facies); 18 – borders of the Yuzhno-Minusinsk coal basin; 19 – bentonite-bearing and 
potentially promising areas; 20 – 10th Khutor deposit.

following deposits and sites: 10th Khutor, Karatigeyskoe, 
Solnechnoe, Karasukskoe, Izykhskoe, and Podsinenskoe. 
At the moment, active work is underway in the region to 
expand the raw material base, which is likely to lead to 
the development of new deposits in the coming years. 
The volcanogenic-sedimentary formation is composed 
of tuffs, tuffites, conglomerates, sandstones, siltstones, 
mudstones, limestones, carbonaceous rocks with layers, 
and interbeds of coal and bentonites.

The highest quality and most studied deposit of 
bentonite is the 10th Khutor, located 8 km southwest of 
the city of chernogorsk, Ust-Abakan region. Most of 
the deposit has been abandoned. The remaining reserves 

amount to 3 Mt (State balance of mineral reserves 
of the Russian Federation: Bentonite clays, 2018). 
Five layers can be distinguished by their lithological 
composition of sediments: underlying, lower productive, 
interproductive, upper productive, and overlapping. The 
bedding of the rocks within the deposit is monoclinic 
with a north-east strike and fall to the southeast at 
an angle of 6-8 degrees. Based on the fall, the layers 
were traced at 100-125 m and a depth of up to 25 m. 
No tectonic disturbances were found within the field. 
Quaternary sediments have insignificant (up to 1 m) 
thickness and are represented by loam, sandy loam, 
and sand. According to their mineral composition, the 
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bentonites of the 10th Khutor deposit consist of 60-75 % 
alkaline earth montmorillonite and are characterized by 
high sorption and heat-resistant properties. Impurities 
are represented by quartz, microcline, albite, calcite, and 
fragments of coal. Gypsum and pyrite may be present in 
an insignificant amount (less than 1 %), depending on 
the formation (Krupskaya et al., 2016; Belousov et al., 
2017; Krupskaya et al., 2018).

It is worth noting that the entire Yuzhno-Minusinsk 
Depression is a promising region for bentonite 
exploration. The coal-bearing formation is bentonite-
bearing and includes a series of smaller deposits and 
occurrences of bentonite clays (Belousov et al., 2017).

Another important region is the Sakhalin region, 
within which bentonites are genetically and spatially 
associated with the Miocene tuff-sedimentary coal-
bearing strata of the Upper Danube and Lower Danube 
Formations present in the southern part of the island. On 
the east coast they are found in the area of   Makarov town, 
Tikhmenevo, Vakhrushevo, and Vzmorie villages; on 
the west coast – in the Uglegorsk, Gornozavodsk towns, 
and on the Tonin-Anivsky peninsula. The region’s total 
prognostic resources amount to 37 Mt (Merenkov, 2002). 
Tikhmenevskoe, Vakhrushevskoe, and Makarovskoe are 
the most interesting deposits. They are located in the 
Poronaysky district along the east coast of the island. 
Estimated resources amount to 4.6 Mt (Sabitov et al., 
2007). The geological structure and mineral composition 
will be considered on the example of the Tikhmenevskoe 
deposit, as the most studied in the region.

The Tikhmenevskoe deposit of bentonite clays is 
located 1.5 km west of the village Tikhmenevo in the 
Poronaysky district. The West coal mine is located in its 
northern part. In the area among the tufa-sedimentary 
coal-bearing sediments of the Upper Danube formation 
(Fig. 4), six sub-meridional bentonite layers with an 
eastward dip at angles of 30 to 80° have been identified. 
The layers are confined both to the roof and to the bottom 
of the coal seams. The thickness of the layers varies from 
0.5 to 10 m. The length of the layers can reach 1.5 km 
(Sabitov et al., 2007; Belousov, Nasedkin, 2015).

According to their mineral composition, clays consist 
of 60-95 % of Na- and ca-Mg-montmorillonite. Quartz, 
cristobalite, feldspars, amorphous silica, fragments of 
coal, and volcanic glass are present as impurities. The 
inferred resources of bentonites in the area of   the village 
Tikhmenevo amount to 862,000 tons; and estimated 
resources – to 3.4 Mt (Sabitov et al., 2007)

conclusion
Having studied the mineral resource base of bentonite 

clay deposits in Russia and the cIS countries, their 
geological and tectonic position, and their formation 
features, the following conclusion can be drawn.

The estimated reserves of bentonite clays in Russia 

amount to 335 Mt. The most important, currently 
exploited deposits are (measured and indicated 
resources): 10th Khutor in the Republic of Khakassia, 
with reserves of 3 Mt; Biklyanskoe and Berezovskoe in 
the Republic of Tatarstan, with total reserves of 37.8 Mt; 
Zyryanskoe in the Kurgan region, with reserves of 14 Mt; 
Izhberdinskoe and Saraybashskoe in the Orenburg 
region, with total reserves of 7 Mt; and Nikolskoe and 
Maydan-Bentonitovoe in the Voronezh region, with 
total reserves of 1 Mt. The Kheu deposit (Republic of 
Kabardino-Balkaria), as well as the Solnechnoe and 
Karatigeyskoe (Republic of Khakassia), with estimated 
reserves of 5.4 Mt, are ready for development.

Production volumes in Russia in 2017 amounted 
to more than 735,000 tons of bentonite products, a 
150,000-ton increase compared to 2008. In the coming 
years, the production of bentonite clay might increase 
with the commissioning of deposits in the Republics of 
Kabardino-Balkaria (Kheu) and Khakassia (Solnechnoe 
and Karatigeyskoe).

The reserves of the main bentonite deposits located in 
the cIS countries (excluding Russia) amount to 740 Mt 
of raw materials. About a third of that is located in the 
Republic of Azerbaijan with the Dash-Salahlinskoe and 
Aploidskoe deposits, as well as the Khizyn group of 
high-quality alkaline hydrothermal bentonite deposits. 
Important suppliers of bentonite clay to Russia are also 
the Republics of Armenia and Kazakhstan.

In terms of genetic classification, sedimentary and 
volcanogenic-sedimentary bentonites are the only 
types found in Russia, with a small amount of eluvial 
bentonites. The majority of bentonite deposits in the 
Russian Federation belongs to the sedimentary type 
(Biklyanskoe, Berezovskoe, Zyryanskoe, Izhberdinskoe, 
Saraybashskoe, Nikolskoe, Maydan-Bentonitovoe, 
etc.). Volcanogenic-sedimentary-type bentonites are 
characterized by the high quality of the raw materials and 
the complex geological structure of the deposits. These 
types include the 10th Khutor deposit in the Republic of 
Khakassia, a group of deposits on the island of Sakhalin 
(Table 1), and deposits in the Republic of crimea.

Deposits of volcanogenic-sedimentary genesis are 
often spatially and genetically related to coal basins 
and form bentonite-bearing provinces. The connection 
between bentonite clays and coal deposits is explained 
by the fact that the conditions of sedimentation of 
fossil coals are favorable for the formation of bentonite 
deposits. The presence of acid volcanism in the region 
and the widespread development of coal basins are 
potentially favorable conditions for the formation of 
volcanogenic-sedimentary bentonite-bearing provinces. 
In Russia, examples of such provinces are the Republic 
of Khakassia and Sakhalin Island.

Based on their geological and tectonic position and 
the characteristics of their mineral composition, we 
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Fig. 4. Bentonites of the Sakhalin Island: a – location of promising sites (Sabitov et al., 2007); b – geological diagram of the 
structure of the southwestern part of the island (Strelnikov, 2016, with additions and revision). 1-4 – Middle-Lower Miocene 
(1 – Maruyamskaya suite, sands, sandstones, silts, loose clays, brown coals, 2 – Curassiyskaya suite, siliceous siltstones, 
diatomites, sandstones, tuffites, marl nodules, 3 – Verkhneduyskaya and Sertunayskaya suites, ore-bearing, sandy-clay coal-
bearing formation, 4 – Chekhovsky sedimentary-volcanogenic complex, tuff-aleurolites, tuffs, basaltic lava, andesibasalt); 5-6 – 
Paleogene system (5 – Kolchanskaya and Sizimanskaya suites, trachyriolites, trachytes, rhyodacites and andesites and their tuffs, 
andesibasalts, basalts, trachybasalts, 6 – Sinegorskaya suite, siltstones, mudstones, sandstones, carbonate nodules); 7 – Lower 
Cretaceous system (siltstones, mudstones, sandstones, tuffs); 8 – Early Neogene,Chekhovsky complex (diorites, granodiorites, 
quartz diorites, diorite-porphyries); 9 – faults; 10 – geological boundaries; 11 – prospective sites (1 – Tikhmenevskoe, 2 – 
Vakhrushevskoe, 3 – Makarovskoe); 12 – the areola of the development of bentonite deposits within the Sakhalin Island.

can assume that the bentonite deposits in the Republic 
of Kabardino-Balkaria, in Khabarovsk, and in the 
Primorsky and Krasnoyarsk Territories also belong 
to the volcanogenic-sedimentary bentonite-bearing 
provinces. These regions could be promising for deposits 
exploration and could serve as sources for expanding 
the mineral resources base of high-quality alkaline 
bentonites in Russia.
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Typomorphic minerals oxidation zone of gold-copper porphyry 
ore of the Malmyzh deposit (Svoboda)

V.G. Kryukov, N.A. Lavrik*, N.M. Litvinova, V.F. Stepanova
Institute of Mining of the Far Eastern Branch of the Russian Academy of Sciences, Khabarovsk, Russian Federation

Abstract. The Malmyzh gold-copper porphyry deposit located in the central part of the Khabarovsk region 
has a rather developed oxidation zone. The object was identified during the exploration and evaluation work 
in the 70s, but received a negative assessment in terms of prospects for ore gold. LLC “Amur-Minerals” 
began to geological study of Malmyzh zone in 2005. Exploration work continues at the present time. The 
mineral composition of primary ore deposits is well studied. While the common minerals like a limonite and 
goethite are marked for the oxidation zone the most of minerals that may have a typomorphic meaning in 
solving genetic and other issues are beyond the purview of researchers. The study relevance of the mineral 
composition of the oxidation zone are due to the fact that its share and intensively oxidized ores account for 
up to 7 % of gold and copper.

The authors carried out a mineralogical and technological composition research of the oxidation zone 
of one of the sites of the Malmyzh deposit using small technological samples. The main part of samples is 
kaolinized and limonitized diorite porphyrites. In the oxidized ores, there are: limonite, goethite, magnetite, 
pyrite, less often – arsenopyrite, galena, sphalerite, chalcopyrite, and developed on copper and iron sulfides, 
covelline, bornite, azurite and malachite. Visible grains (0.2-0.7 mm) were established using mineralogical 
analysis including instrumental. They are: native gold, platinum, platinum zirconium intermetallic, copper, 
aluminum, zinc; diamonds are typomorphic minerals of both practical and theoretical importance. Blast tube 
consisting magmatic-hydrothermal breccias was opened in the northwestern part of site.

Thus, the association of the listed minerals is unique and allows to restore the conditions of formation 
of the oxidation zone and the genesis of primary ores.

Keywords: Malmyzh deposit, Svoboda site, porphyry ore, oxidation zone, mineralogical analysis, gold, 
platinum, diamonds
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introduction
The object of the study is Svoboda site oxidation 

zone (to a depth of 42 m) of the Malmyzh gold-
porphyry copper field. The field is located in the central 
part of the Khabarovsk Territory, 12-15 km from the 
federal highway. It belongs to the category of unique 
reserves with relatively moderate copper contents (Cu – 
0.27-0.39 % and Au – 0.12-0.24 g/t) (Chitalin et al., 
2013; www.emxroyalty.com) dispersed in a very large 
volume. Large-volume deposits of non-ferrous metals, 
including porphyry objects, are the most attractive for 
the mining industry (Krivtsov et al., 1986; Evstrakhin, 
1988; Vlasov, 1990; Puchkov, 2010; Chitalin, 2013). At 
the moment, the Central site is the most studied at the 

Malmyzh field. The presence of other noble metals was 
also established in the ores of the field – platinum (up 
to 0.18 g/t) and palladium (up to 0.20 g/t), silver up to 
1 g/t (Ivanov et al., 2013).

The group of gold-platinum-bearing complex 
porphyry deposits includes copper-porphyry and 
copper-molybdenum-porphyry, as well as the actual 
gold-porphyry ore objects. They are detected in 
various geodynamic settings, but most of all they are 
characteristic of island-arc and marginal-continental 
formations. Such ore objects were formed during the 
formation of bodies of basalt-andesite volcanic and 
gabbro-diorite-plagiogranite plutonic formation of 
sodium series in areas of active riftogenesis and tectono-
magmatic activation of individual blocks of the earth’s 
crust (Korobeinikov, Grabezhev, 2003).

In the Amur region, porphyry-type occurrences 
are known with a fairly wide range of leading 
useful components: gold ore, gold sulfide, gold-
tungsten, gold-tungsten-tin, gold-copper-molybdenum, 
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copper-molybdenum, copper-molybdenum-tin 
(Kryukov, 2013).

The purpose of the research is to determine the 
mineral composition of the oxidation zone of the 
Svoboda site of the Malmyzh field to solve technological 
and genetic tasks.

The mineral composition of the primary ores of the 
field in the Central site has been fairly well studied 
(Bukhanova, 2012; Chitalin et al., 2013; Ivanov et 
al.,2013; Bukhanova, 2016). Common minerals are noted 
in the oxidation zone – limonite, goethite. A significant 
number of minerals that can play a typomorphic role in 
solving genetic and other issues have remained outside 
the scope of researchers. Therefore, the authors focus 
on the composition of the oxidation zone. In this regard, 
it is of interest to analyze the sequence of exploration 
and thematic work, the results of which are data on 
the mineral composition of the Malmyzh field of gold-
copper porphyry ores.

Studies of the mineral composition of the 
Malmyzh field

The object was identified during prospecting 
and exploration in the 70s. Vast fields of secondary 
quartzites and quartz-sericite metasomatites developed 
over terrigenous and Late Cretaceous intrusive 
rocks of moderate acid and medium composition 
were mapped on the area. 7 extended linear quartz 
stockworks are allocated. Ore mineralization in veins 
is represented by pyrite, chalcopyrite, arsenopyrite, 
magnetite; gold content in veins reached 4.2-5.0 g/t. 
According to the results of prospecting work carried 
out without drilling, Malmyzh area received a negative 
assessment for ore gold; at the same time, it was 
assumed that secondary sulfide enrichment associated 
with gold copper mineralization could be detected at 
a depth of the zone.

A modern study of the mineralization of the Malmyzh 
gold-copper porphyry system is associated with the work 
of the Russian-American-Canadian company (Chitalin 
et al., 2013). From 2006 to 2013, the following areas 
were outlined: Central, Western, Ploskiy, Northern, 
Stockwork, Sharga, Eastern, Dolina, ABV, Zet, Svoboda, 
Sudba, Ravnina. With the industrial parameters of the 
estimated copper and gold reserves in the Malmyzh ore 
field, 4 large areas (Central, Ploskiy, Valley, Freedom) 
have been identified, the exploration of which so far 
corresponds to the prospecting and partially estimated 
stages (Shashorin et al., 2018). Researchers of the Far 
Eastern institutes of the Russian Academy of Sciences 
(Ivanov et al., 2013; Bukhanova, 2016) were engaged 
in studies of the mineral composition of primary 
ores, mainly of the Central site. According to the 
results of these works, the composition of the ores is 
established. Primary ore mineralization is represented 

by nests, impregnations and veins of magnetite, 
pyrite, chalcopyrite. Bornite, sphalerite, pyrrhotite, 
galena, and very rarely molybdenite are observed in a 
subordinate amount. Native gold is present in the form 
of very fine precipitates in chalcopyrite, magnetite, 
and pyrite. The size of gold inclusions is usually not 
more than 3-5 microns. Under surface conditions, 
primary sulfides are almost completely oxidized and 
leached with the formation of cellular structures. The 
Institute of Volcanology and Seismology of the FEB 
RAS, Petropavlovsk-Kamchatsky, conducted a detailed 
study of the ores and the host metasomatites of the 
Central field site. There are 4 stages of the formation of 
ore-metasomatic formations (Bukhanova, 2016). The 
first, alkaline stage is characterized by silicification, 
biotitization and potassium feldsparization of rocks. It is 
characterized by mineral associations: biotite-magnetite 
± apatite, quartz-chlorite-pyrite, quartz-potassium 
feldspar-chalcopyrite ± epidote, quartz-chalcopyrite-
bornite. The acid stage is characterized by chloritization, 
sericitization and silicification of rocks with the 
formation of quartz-chlorite-chalcopyrite (+ sphalerite, 
galena, maybe molybdenite), quartz-chlorite (magnetite 
or hematite may be present), sericite-quartz-pyrite 
communities. In the ultra-acid stage, secondary 
quartzites with pyrite and argillizites were formed, in 
which sericite ± chalcosine-kaolinite association with 
sulfosalts, chalcopyrite, tellurides and selenides was 
observed. In the late alkaline stage, carbonation and 
zeolitization of rocks containing relict or redeposited 
sulfides that do not have industrial interest occurs.

Pyrite, chalcopyrite, bornite, chalcosine, galena, 
molybdenite, faded ores, sulfides and sulfosalts of 
tellurium, selenium and silver, gold and electrum are 
described in detail. Mostly finely dispersed forms of 
gold are noted in pyrites and chalcopyrites of the central 
section of the deposit. It should be emphasized the 
presence in the ores of rare-earth minerals represented 
by monazite, xenotime, apatite, allanite (orthite), 
hattonite, inchisite, davidite. Studies of the Far Eastern 
Geological Institute are highly technological in all 
processes. As a result of the study of ore mineralization 
and metasomatites of the Malmyzh gold-copper ore field 
(Ivanov et al., 2013), researchers distinguished biotitized 
quartz diorite porphyrites, epipods of the composition 
actinolite-chlorite-plagioclase-quartz – calcite and fully 
manifested metasomatites with carbonate-chlorite-
epidote associations, chlorite-sericite-carbonate-quartz, 
carbonate-sericite-quartz-potassium feldspar. Ore 
mineralization is localized in “propylites” and sericite-
potassium feldspar metasomatites. Ores are of medium 
and sour type, poor arsenic and tellurium-selenium 
subtypes. Pyrite and chalcopyrite are dominant, in 
some areas the role of bornite and arsenopyrite becomes 
noticeable, sulfides of lead, zinc and silver play a 
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secondary role. Magnetite, pyrite, chalcopyrite, bornite, 
galena, arsenopyrite, sphalerite are described in detail. 
The association of greenokite with palladium minerals, 
finely divided gold in the magnetite-chalcopyrite-
bornite association is fixed. The “typomorphic” value 
of tennantite, pyrargyrite, and also the minerals of 
selenium and tellurium is noted. It is necessary to further 
study phases containing chromium, molybdenum, tin, 
bismuth, as well as phases with phosphorus, rare earths, 
zircon, uranium, and thorium. The presence of gold in 
the ultrafine and finely disseminated native, telluride 
mineral forms in the composition of various associations 
of minerals, thin silver-containing and cuprous gold in 
the form of phases Au-Ag-(Cu) and Au-Cu. Researchers 
note that, in addition to submicron particles of natural 
gold holding alloys detected under a microscope, gold 
should be expected in a sulfide and silicate matrix and 
“invisible” as nanoscale particles and clusters. Native 
gold is present in the form of very fine precipitates in 
chalcopyrite, magnetite, and pyrite. The size of gold 
inclusions is usually not more than 3-5 microns.

copper-porphyry and gold-copper porphyry deposits, 
in addition to the main noble metals – gold and silver – 
may contain platinum mineral groups, mainly platinum 
and palladium, and very rarely other platinoids. Although 
their contents in known porphyry deposits are usually 
small (Tarkian et al., 1991; Korobeinikov, Grabezhev, 
2003; He Xiaohu et al., 2014; John, Taylor, 2016). At the 
end of 2017, the Institute of Mining of the Far Eastern 
Branch of the Russian Academy of Sciences (FEB RAS) 
together with the Far East Geological Institute of the 
FEB RAS and LLC “Amur-Minerals” began work on a 
draft Program of the Presidium of the Russian Academy 
of Sciences related to the study of porphyry copper ores 
of the Malmyzh field.

Research Methods of the institute of Mining 
of the FeB RAS

Laboratory studies of the mineralogical and 
technological properties were performed on core 
material of oxidized ore from the AMM-052 well of 
the Liberty section of the Malmyzh field. The sample is 
composed of a core taken in the range of 30.0-42.0 m 
(sample weight 13.6 kg). The core material was crushed 
to 1 mm, weighed samples for analytical studies, and the 
sample was further subjected to gravitational enrichment 
without the use of magnetic separation.

After enrichment, concentrates were obtained 
with a total weight of 16.16 g. The concentrates were 
separated by Sochnev’s laboratory magnet into magnetic, 
electromagnetic and non-magnetic fractions. Next, a 
shortened mineralogical analysis for precious metals 
was carried out with the determination of the weight 
content of visually determined grains of a valuable 
component. A detailed study of grains isolated by 

mineralogical analysis was performed using a scanning 
electron microscope.

Sample preparation was carried out using modern 
Fritsch equipment (Pulverisette jaw crusher 1, 
Pulverisette 13 disc mill, ultrasonic bath for cleaning 
screens Laborette 17, vibrating screen Analyte 3). Visual 
determination of the composition of the concentrate 
was carried out using a Stemi 2000C stereo microscope 
(Germany, Carl Zeiss). Electron microscope their 
composition was studied using a JEOL scanning electron 
microscope (Japan) equipped with a JCM-6000 PLUS 
energy dispersive analyzer. The accelerating voltage is 
15 kV, the probing current is 7.475 nA, and the increase 
is from 20 to 2000.

Research results
According to Amur Minerals, the characterized 

ore body of the Svoboda site is intensely limonized 
and clayed diorite porphyrites. Ores are oxidized, 
disintegrated to sandy loam and loam, fired diorite 
porphyrites. The most characteristic ore minerals are 
limonite (jarosite, goethite, hematite), tenorite (?), 
magnetite. The estimated copper content in the sample 
(weighted average by weight) –0.09 %, gold – 0.52 g/t. 
A study of the prepared schlich samples by the authors 
revealed their basic composition:

- The magnetic fraction of the test material is 
represented mainly by magnetite with a touch of ocher 
limonite.

- The limonite (including ocherous), goethite, 
jarosite, hematite, amphiboles predominates in the 
electromagnetic fraction, pyrolusite is present. The 
earthy differences of limonite and jarosite is difficult to 
distinguish by eye, only in one of the grains of limonite 
on the cleaved surface is a sheaf drusen of jarosite 
marked.

- The non-magnetic fraction is most diverse in 
mineral composition. Pyrite predominates in the form 
of cubic crystals and bubble formations, as well as 
in intergrowths with chalcopyrite, with inclusions of 
covellite and bornite developed along it. covellite is in 
earthy differences of blue-black and indigo. Digenite, 
chalcosine, cuprite and tenorite, molybdenite are noted. 
In some cases, crusts and single grains of an alloy (?) 
Fe-Mo-W are allocated. Often, these minerals represent a 
complex finely accreted bubbly or kidney-like aggregate 
with the development of earthy crusts, less often – 
polymineral microdruzes (up to 250 microns). In some 
cases, an impurity of silver of up to 6-7 % was noted 
in the composition of chalcopyrite and covellin, and 
in pyrite an admixture of Co was up to 2 %. In small 
amounts, sphalerite, galena, arsenopyrite are identified. 
Short-celled arsenopyrite crystals are characterized by 
the presence of a constant magnesium impurity; rutile 
ingrowths (up to 5 μm) are also noted.
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Fig. 1. Gold grains (electrum) with dimensions up to 200 microns of complex shape and structure from oxidized ores of the 
Liberty section of the Malmyzh gold-copper-porphyry field: a) Pb-containing electrum; b) lamellar grain; c) openwork grain.

Barite in intergrowth with quartz is noted slightly 
in the sample. Azurite and malachite form blooms on 
copper minerals. Four grains of native copper were found 
(from 0.1 to 0.5 mm in size), three of which were of an 
unusual golden yellow color and one pale yellow with 
a matte kidney surface. Accessory zircon occurs in the 
form of transparent, almost colorless, short-prismatic 
(2 : 1) crystals up to 0.2 mm in size. Seven gold marks 
were distinguished: one grain – 0.7 × 0.2 mm, the rest 
within 0.2 × 0.1 mm, weighing about 0.2 mg.

Lamellar grains, with an uneven rough surface, 
hooked edges, light yellow. During electron microscopic 
examination, all selected gold grains show a slightly 
smoothed bizarre elongated shape, often openwork 
(Fig. 1). The size of the studied grains is from 170 to 700 
micrometers. Gold has a complex structure: it consists 
of individual crystals of cubic and prismatic appearance, 
plate packets and irregular grains, the value of which 

varies from 2-5 microns to 20-70 microns (Fig. 1). 
The composition of gold is quite stable – with a silver 
content of up to 17-26 % by weight – electrum. 

In the cases in the total mass of the electrum, the 
presence of elongated crystals of argentite Ag2S (20-50 
microns) was noted; lead up to 6 % and galena was 
present in some cases. Depths between grains were made 
by ferruginous aluminosilicates (similar in composition 
to garnet almandine) and sodium (in composition close 
to albite), clay minerals, in some cases pyroxenes, 
amphiboles, and mica. The inclusions of distorted 
pentagonal or hexagonal graphite plates (25 μm) with a 
large fraction of nitrogen impurity, with outgrowths of 
sylvin and halite cubes (0.5 μm) were singly detected 
in gold grains. Two grains (0.06 mg) of platinum are 
with a slightly elongated flattened shape, similar to 
smoothed crystals (Fig. 2 a), 0.2 × 0.15 mm in size, 
light gray in color, with a dull fossil surface. However, 
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Fig. 2. Platinum minerals from the oxidized ores of the Svoboda site (Malmyzh field): a) a flattened platinum crystal with an 
admixture of iron; b) a crystal of iron-platinum zirconium intermetallic compound.

their structure is complex – formed by the intergrowth of 
small grains, crystals and plates. The surface is uneven: 
in notches and indentations containing non-metallic 
minerals. An admixture of iron in the composition of 
platinum is up to 5 %. In one case, in a nest up to 10 μm 
in size, pyrrhotite grains (up to 1 μm) and a splicing 
(5 μm) of prismatic (2 : 1) grains with pointed tips of 
ZrO2 baddeleyite crystals of 2-3 μm in size were noted. 
Ingrown graphite plates up to 20 microns in size are 
singly noted. One grain (0.1 mm) is similar to platinum, 
but light, white with a metallic sheen. An electron-
microscopic analysis of it showed a platinum zirconium 
composition, which varies somewhat in the grain of iron-
platinum zirconium intermetallide, but in general it can 
be defined as FePt2.5Zr6.5 (Fig. 2 b). Cubic habit crystal 
shape is distorted flattened cuboctahedron. All faces are 
smoothed. The crystal structure is mosaic, formed by 
intergrown grains or crystals up to 10 microns in size. 
The surface is uneven pitted, grooved. In the initial study 
of the schlich fraction, 10 transparent crystals with a 
greenish-yellowish color, as in the epidote, were found 
to be 0.2-0.4 mm in size. Crystals are without visible 
inclusions, with a diamond sheen – 6 cubic octahedra, 
2 elongated broken crystals and 2 fragments (the energy 
dispersive spectrum showed carbon, i.e. diamonds). 
The total crystal weight is 0.67 mg. The surface of 
diamond crystals can be fairly even and smooth in 
isometric crystals or uneven, containing recesses from 
the intergrowths of other minerals (Fig. 3 a, b), chipped 
conchoidal. crystal faces are clear, clean or slightly 
knocked down. Some crystals contain vague nest-shaped 
inclusions (or disturbances). On the energy dispersive 
spectrum, it is noticeable that there are some other 

inclusions, but their contents are too small. Only one 
flattened cuboctahedral crystal, up to 200 microns in 
size, is covered with a crust of complex composition with 
Ba, Mo, Fe, K, Cl, Si, Al, Na, Zr. One diamond grain, 
close to the octahedral form, up to 25 μm in size, was 
found in a thin aggregate (600 μm) of sulfides using an 
electron microscope. Among the aggregate components 
of minerals, Cu9S5 digenite, pyrrhotite, bornite, covellite, 
pyrite, and molybdenite in the form of crusts on copper 
minerals were identified. Clay minerals are present. The 
surface of the diamond crystalline is uneven – it has the 
finest deposit of tenardite Na2SO4 (?) and one oval gold 
grain up to 2 microns in size. An admixture of N, Al is 
also noted in diamond (Fig. 3 c). The metal-like grain 
(0.15 × 0.25 mm) is grayish-blue in color, soft, malleable, 
identified on a scanning electron microscope as native 
aluminum. Individual fragments of grain are tablets (15-
20 microns) of a tetragonal shape with truncated tips. The 
grain of aluminum is heterogeneous in composition: in 
some areas there is an admixture of silicon forming an 
Al6Si type silicide; diffuse impregnation (1-2 microns) 
of native tungsten, singly with an admixture of Se. The 
recesses are filled with clay minerals.

Native Zinc is an irregularly shaped lamellar grain. 
The grain size is 300 × 250 microns. The grain surface is 
uneven pitted. On the surface of zinc, an earthy coating 
of zincite ZnO is noted, in the recesses – albite. Native 
copper – isometric and elongated kidney-shaped grains 
up to 400 microns in size, consisting of individual cubic, 
densely fused crystals. In some cases, copper is covered 
with an earthy crust of cuprite Cu2O and tenorite CuO. 
Quartz, clay minerals with impurities of Mg, Ca, Na, 
and K are noted in the depressions.
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The discussion of the results
The results of previous work on the mineral 

composition of ores of the Malmyzh gold-copper 
porphyry field indicate a very uneven distribution of 
space distribution of various associations. This explains 
some discrepancy in the results of studies of primary 
ores of the Far Eastern Geological Institute and the 
Institute of Volcanology and Seismology, especially 
regarding the composition of ore-bearing metasomatites. 
The oxidation zone of the field, in contrast to primary 
mineralization, is characterized by a fairly laterally 
mineralized composition of mineralization with vertical 
variations in the mineral communities. Therefore, private 
samples in the oxidation zone are more likely to reflect 
the average situation with a set of secondary minerals.

Mineralogical studies at the Institute of Mining of 
the Far Eastern Branch of the Russian Academy of 
Sciences of the oxidation zone small samples of the 
Malmyzh gold-copper porphyry field revealed, first of 
all, free gold grains with an admixture of silver, platinum 
(palladium was not detected), platinum-zirconium 
intermetallic compound and diamonds. The association 

is quite specific, despite the possible “infection” with 
synthetic diamonds crumbling from drill bits, as it 
seems for various complexes in the south of the Far 
East (Pakhomova et al. 2015). It should be emphasized 
that the association of gold-platinum-diamonds with 
zircon is known in placers in the Urals (Godovikov, 
1983). According to the latest geological data from 
EMX Royalty Corporation (www.emxroyalty.com), 
an explosion tube with a diameter of about 800 m was 
discovered in the northwestern part of the Svoboda 
site of the Malmyzh gold-copper porphyry field, which 
coincides with a circular magnetic anomaly identified by 
the results of recent Earth magnetic studies. The pipe is 
predominantly composed of magmatogen-hydrothermal 
breccias and can be traced to a depth of 650-850 m. The 
company has developed a special deep drilling program 
for the study of breccias explosion and determine their 
ore potential. The authors tried to note all the features 
of the discovered diamonds. In particular, the fact of the 
presence of small crystals of diamonds (up to 20 μm) 
and diamond with a dimension of 200 μm, covered with 
a crust of complex composition, may be of interest. Our 

Fig. 3. Diamond crystals from oxidized ores of the Malmyzh field, the Svoboda site: a) an isometric crystal up to 0.4 mm; b) 
an elongated flattened crystal with imprints from the growths of other minerals; c) octahedral crystal (20 μm) with a crust of 
tenarditis.
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goal is to provide specialists with additional information 
for their own research. The problem with diamonds at the 
Malmyzh field requires further study. The dimension and 
composition of noble metals (gold, platinum, silver) of 
the oxidation zone differ from the similar characteristics 
of primary ores. Their grains have larger sizes – up to 
0.4-0.7 mm, and a simpler composition of impurity 
elements. The refinement and enlargement of crystals 
is a characteristic feature of hypergenic processes. 
Accordingly, these properties must be taken into account 
when studying the technology of ores from the oxidation 
zone. The mineral composition of the oxidation zone of 
the Svoboda site in the field depends on the composition 
of the initial ore and to some extent inherits individual 
minerals from primary ores. Garnet, albite, zircon, 
baddeleyite, graphite are not among these minerals, as 
well as relicts of primary sulfides and sulfosalts with 
high contents of magnesium, nickel and other metals 
and metalloids. The complex, including native elements, 
owes its origin to deep sources in connection with the 
functioning of large faults.

conclusion
The Malmyzh gold-porphyry copper field belongs to 

the category of unique reserves. It is characterized by a 
rather powerful oxidation zone, which can be traced to 
a depth of several tens of meters. Its significant volume 
determines the need to study the mineral composition 
to solve technological and genetic issues. The results 
of studies conducted at the Institute of Mining of the 
FEB RAS show that free ores of gold are present in 
the ores of the oxidation zone of the Malmyzh gold-
copper porphyry field (Svoboda site) and platinum 
fineness up to 0.2-0.7 mm. Native forms of some 
other elements are also noted (platinum-zirconium 
intermetallic compound, aluminum, zinc, copper). In 
addition, 10 crystals and diamond fragments (sizes 
from 20 μm to 0.4 mm) were revealed, the origin of 
which is ambiguous and requires further investigation 
of minerals in both oxidized and primary ores of 
this object. The “accompaniment” of native metals 
is of particular interest. Garnet, albite, baddeleyite, 
graphite, pyroxenes and amphiboles are found in gold 
crystals and platinum. More complete composition of 
associated silicates, phosphates and other minerals in 
the primary ores of the Malmyzh field was noted in 
the works of previous researchers. Such an association 
represents part of the mineral complex of carbon 
metasomatites, characteristic of both the noble metal 
proper and the complex, with gold and platinum, 
fields of the Far East. The specifics of the mineral 
composition of the oxidation zone, which consists 
in the association of native metals, semimetals and 
non-metals, sulfides, sulfosalts, halides, oxides and 
hydroxides, silicates, phosphates, carbonates, reflects 

the complex conditions of hypergenesis on the area, 
their duration and evolutionary completeness. There 
is no classical zonation of the oxidation zone inherent 
in arid environments. Nevertheless, elements of the 
complete leaching and sulfide enrichment sub-zones 
are recorded.
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Prospects of the Malo-Chipiketsky quartz-bearing zone for quartz 
raw materials of high quality
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Abstract. The article discusses the prospects of the Malo-chipiketsky zone in the southern part of the 
Patomsky quartz-bearing region of the Baikal province, as a potentially probable new raw material base for 
granular and transparent quartz in the east of the country. The assessment of the area prospects was carried 
out according to the algorithm developed by FSUE TsNIIgeolerud for studying quartz objects, which includes 
a set of the most effective methods for assessing quartz raw materials, quartz concentrates and products 
from them. The research results showed high efficiency of the algorithm. The studies made it possible at the 
stage of prospecting to expressly, with a high degree of probability, sort out objects according to the quality 
of raw materials, identify ore-formation types of quartz and outline possible directions for the use of raw 
materials. The results were used in the selection and contouring of promising sections of quartz veins to 
assess the predicted resources of the selected ore-formation types of quartz.
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typomorphic quartz showings, ore-formation types 
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introduction
In the world practice, natural quartz raw materials 

remain the main strategic source for obtaining high-purity 
quartz products (concentrates, micro- and nanopowders) 
for high-tech industries. All quartz products of varying 
degrees of chemical purity are the basic components 
of semiconductor, optical, lighting, and other critical 
industries (Aksenov et al., 2012; Bur’yan et al., 2007).

The mineral resource base of quartz raw materials 
in Russia includes deposits of piezoelectric quartz, rock 
crystal, granular, transparent and opaque (milky white) 
vein quartz and quartzite. The need for piezoelectric 
quartz and rock crystal is currently virtually absent due 
to the replacement of natural raw materials with artificial 
analogues. The main sources for obtaining high purity 
quartz concentrates are granular and transparent vein 
quartz with the leading role of granular quartz (Aksenov 
et al., 2015). The main reserves and production of 
granular quartz are concentrated in the Ufaleisky quartz-
bearing region of the Ural province.

This article discusses the prospects of the Malo-
chipiketsky zone in the southern part of the Patom quartz-

bearing region of the Baikal province, as a potential 
object of granular and transparent vein quartz, expanding 
the mineral resource base of quartz raw materials in 
Russia. The work carried out by the employees of the 
former All-Russian Research Institute for the Synthesis 
of Mineral Raw Materials under the direction of A.G. 
Malyshev (1985-94) in the basin of the upper reaches 
of the river B.Patom and watersheds of adjacent basins. 
The prospectivity of the area is proved; a predictive 
assessment of the territory for quartz raw materials is 
given. But the insignificant extent of the geological 
and technological study required more comprehensive 
geological and geological and technological studies of 
quartz raw materials and its enrichment.

In 2017, under the state contract with the Federal 
Agency for Subsoil Use (Rosnedra), prospecting was 
completed in the southern part of the Patomsky quartz-
bearing region, during which data were obtained that 
indicate the prospects for identifying new industrial 
facilities within the Malo-chipiketsky quartz-bearing 
zone.

Research methods
The studies were conducted according to the 

previously developed by FSUE TsNIIgeolerudud 
algorithm for studying quartz objects, which includes a 
set of the most effective methods for assessing quartz 
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raw materials, quartz concentrates and products from 
them (Aksenov et al., 2015). The algorithm includes 
three blocks: I – geological study of quartz objects and 
natural quartz raw materials, II – development of an 
optimal technological scheme for enrichment of raw 
materials, obtaining and evaluating the quality of deeply 
enriched quartz concentrates, III – a set of methods 
for producing finished products (glass) in laboratory 
conditions, the closest to industrial, and methods for 
assessing its quality.

The first two blocks allow the quality of raw materials 
to be determined at the stage of prospecting, to predict 
possible directions for its use, to adjust enrichment 
schemes for obtaining high pure quartz concentrates, 
and to discard refractory raw materials. Positive results 
are the basis for the final stage (block III) of research 
with the receipt of finished products.

According to the algorithm, the first stage of research 
included field work and analytical studies of ordinary 
samples by the methods of mineralogical analysis, 
atomic emission and mass spectrometry with inductively 
coupled plasma, determination of light transmission 
coefficient, electron paramagnetic resonance, scanning 
electron microscopy and X-ray diffraction analysis. 
Field methods included a visual study of quartz veins, 
their parameters, the nature of the veins contacts with 
the host rocks, the presence and types of penetrating 
impurity mineral components and the degree of their 
development, the visual purity of the quartz itself, 
granulometry, as well as the study of the vein-containing 
complex. At the second stage, a technological assessment 
of the enrichment of quartz raw materials was carried 
out on laboratory technological samples in the 
Analytical and Technological Certification and Testing 
center of the central Research Institute of Geology 
of Industrial Minerals (cNIIgeolnerud) and on small 
technological samples on the experimental industrial 
line of Kyshtymsky GOK OJSc. The quality of the 
obtained concentrates was evaluated in accordance with 
the applicable specifications and standards of Russian 
and foreign manufacturers.

Results
The Baikal quartz-bearing province has great 

prospects for the resource base of granular and 
transparent quartz. The most promising is the Patomsky 
quartz-bearing region (Malyshev, 1987), which is 
located in the inner part of the arcuate Baikal-Patomsky 
fold-thrust belt north of the upper river B. Patom. 
From the north and east, the region is surrounded by 
an arc-shaped zone of uplifts, from the north-west and 
southeast it is limited by faults of the north-east direction. 
The Little chipiketsky quartz-bearing zone is located 
in the southern part of the Patomsky quartz-bearing 
region and represents a suture shear zone with a set of 

corresponding structures (thrusts, domes, shears made 
by blastomilonites, blastocataclazites).

As a result of prospecting on the area of the Malo-
chipiketsky quartziferous zone, in addition to the 
previously identified quartz occurrences, more than 200 
veins and their collapses were discovered. Quartz veins 
are concentrated in two tectonic blocks – the western 
Khaverginsky and the eastern chipiketsky, separated by 
the Bugarikhtinsky fault of submeridional strike. Based 
on the morphostructural analysis carried out according to 
the well-known technique (Volchanskaya, 1990), a series 
of dome-ring structures of different rank and shape was 
identified on the area (Bydtaeva et al., 2018). Quartz 
veins are confined to these structures, to the annular and 
arc faults bounding them, to linear shear-overthrusts and 
vortical overthrusts.

Housing-bearing rocks belong to the Khaverginsky 
and Bugarikhtinsky formations of the Ballaganakh 
subseries of the Middle Riphean.

The Khaverginsky housing complex is highly 
diverse: shales with various petrographic-petrochemical 
and geochemical features predominate, interbedded 
with quartzites, quartzite-gneisses. The main mineral 
association of schists – biotite-muscovite – indicates the 
transformation of the host rocks under the conditions 
of the chlorite-muscovite subfation of the green shale 
facies to the epidote-amphibolite with the appearance 
of paragenesis: garnet+muscovite+biotite+quartz. 
Dynamometamorphic rocks are widely represented, 
which are characterized by structural heterogeneity, 
banded-lenticular and spotted appearance, the presence 
of metasomatic transformations, microporphyroblastic 
isolations. Brecciated rocks, as well as milonites, 
phillonites, blastomilonites, are noted. As a result 
of intensively manifested superimposed tectonic 
deformations, the Malo-chipiketsky zone acquired 
a complex integumentary-folded structure with wide 
development of thrust structures. In this case, the rocks 
of the Khaverginsky Formation were pushed onto the 
Bugarikhtinsky Formation.

For metamorphic-hydrothermal deposits, which 
include deposits of quartz raw materials, the initial 
primary sedimentary rocks are considered as sources of 
matter and ore-forming fluids.

For the Khaverginsky complex, the compositions of 
mica schists fall into the fields of pelitic and aleuropelitic 
mudstones, pyrophyllitic, less often weakly carbonate 
and weakly ferruginous siallites. The initial compositions 
of chlorite and amphibole-containing schists are assigned 
to graywack siltstones, carbonate and ferruginous 
siltstones. It is known that pelitic sediments contain pore 
solutions with a high content of silica in an increased 
amount. Metamorphic transformations of the source 
rocks, mainly of the pelitic composition, lead to the 
release of preserved pore solutions containing silica, 
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followed by its deposition in the areas of shales. The 
presence of extended thrusts within the Khaverginsky 
formation created favorable conditions for the screening 
of solutions, and the presence of carbonaceous shales in 
the composition of the formation apparently facilitated 
the deposition of a number of chemical elements from 
quartz-forming solutions, thereby ensuring the purity 
of quartz.

The Bugarikhtinsky complex is characterized by 
a predominance of plagiogneiss and quartzite with a 
subordinate role of shale. These are high siliceous rocks 
with reduced alkali content. The ubiquitous presence 
of pomegranate in the mineral association indicates 
an increased degree of metamorphism of the rocks 
of this complex. The initial rocks of plagiogneisses 
and quartzites of the Bugarikhtinsky complex are 
characterized as arkoses and polymict subarcoses, as 
well as graywack sandstones or medium-basic tuffites. 
The initial rocks of this composition are characterized 
by a reduced water content in pore solutions. During 
their metamorphic transformations, water fluids 
containing dissolved silica are released and deposited 
in tectonically prepared areas (shale zones). But the 
volume of the released fluid, based on the composition 
of the primary rocks, is small compared to the rocks of 
the Khayverginsky complex, therefore, the process of 
quartz formation is limitedly occured in the rocks of the 
Bugarikhtinsky complex.

First stage. A field study of the vein quartz of the 
Malo-chipiketsky quartz-bearing zone showed its 
heterogeneity in terms of texture and structural features 
and material composition. The most widespread veins 
are folded by unevenly dynamometamorphosed quartz. 
The veins of granular quartz of a medium-fine-grained 
structure and primary crystalline quartz of a giant-grain 
structure are also distinguished (Bydtaeva et al., 2018; 
Galiakhmetova et al., 2019).

Quartz veins, composed of uneven-grained 
dynamometamorphized quartz, are confined mainly to 
gneiss-carbonaceous-shale rocks of the Khaverginsky 
formation. Veins are lenticular, rarely slab-shaped, 
lengths from 20 to 70 m and thickness 2-5 m. The largest 
veins reach 130 m with a thickness of 3-3.5 m. The veins 
are composed of light gray quartz with transparent and 
translucent grains of irregular shape from 1-10 mm to 
2-3 cm in size.

The veins of granular quartz are confined mainly to 
quartzite-gneiss rocks of the Bugarikhtinsky Formation. 
Gently sloping, sub-consonant bedding of veins with is 
characteristic with a fall in the northern rumbas at angles 
of 10-30°. The veins are predominantly lenticular in 
shape; plate-shaped bodies are less common. Lenticular 
veins reach a length of 40-50 m, having a thickness in 
bulges to 5-7 m. The veins are composed of white, light 
gray quartz with transparent and translucent grains close 

to an isometric shape 1-5 mm in size.
Gigantic grained primary crystalline quartz is 

distributed sparsely; it composes low-thickness veins of 
small sizes. Macroscopically, quartz looks like confluent 
with indistinct outlines of individuals, composed of 
grains that are heterogeneous in transparency. With open 
cracks, quartz is broken into blocks of irregular shape. 
Healed cracks are represented by a system of subparallel 
extended zones in which gas-liquid inclusions are 
concentrated.

Quartz samples, which most fully characterize the 
structural and textural features of the selected types, 
were studied by scanning electron microscopy (SEM), 
since the study of the surface morphology of chips allows 
solving the genetic problems of quartz deposits and the 
technological aspects of evaluating quartz raw materials 
(Belkovsky et al., 1999).

On the fractograms of scanning electron microscopy, 
the surfaces of chips and cracks of various types of quartz 
significantly differ from each other. Recrystallization 
and regeneration sites of single small grains at the 
contact of larger ones were found in uneven-grained 
dynamometamorphosed quartz (Fig. 1a). Granular quartz 
is characterized by a homogeneous structure (Fig. 1b). 
Gigantic -grained primary crystalline quartz differs from 
the others by its perfectly smooth microrelief, on the 
surface of which fragments of the matrix are observed, 
held by a static charge and indicating the internal stress 
in the crystal (Fig. 1c). 

The boundaries of quartz grains are areas of fluid 
infiltration and hydrothermal solutions, in which 
predominant redeposition of the substance occurs. 
Fracture surfaces often have a microporous structure 
or are covered with natural etching pits, which are 
pyramids with a pointed peak. Etching figures are noted 
in granular medium-fine-grained and uneven-grain 
dynamometamorphized quartz. In granular quartz, the 
degree of dissolution is insignificant (Fig. 1d). The grains 
of uneven-grained dynamometamorphosed quartz, in 
which the fracture surfaces are completely covered 
by etching pits and pores, were subjected to the most 
intensive dissolution (Figs. 1e, 1f). The latter are sites 
of localization of gas-liquid inclusions.

Despite the fact that quartz is one of the purest natural 
substances, it contains impurities that are subdivided 
according to the nature of their quartz incorporation into 
mineral, gas-liquid, and structural.

The largest amount of mineral impurities was found 
in uneven-grained dynamometamorphized quartz, in 
which iron hydroxides, muscovite, albite, chlorite, and 
biotite are present in decreasing order, magnetite, pyrite, 
ilmenite, and graphite are found (Fig. 2a). Muscovite, 
iron hydroxides, biotite, albite, chlorite, sericite, rutile, 
and magnetite comprise the bulk of inclusions in giant-
grained quartz (Fig. 2b). Granular quartz is characterized 
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by the lowest content of mineral inclusions, the main 
share of which is muscovite, iron hydroxides, albite and 
chlorite (Fig. 2c).

In assessing quartz raw materials, in addition to the 
qualitative and quantitative characteristics of mineral 
inclusions, an important role is played by such important 
parameters as the form of occurrence of mineral 
impurities and the nature of their intergrowth with quartz. 
The identification of localization features of mineral 
inclusions in vein quartz opens up the possibilities of 
enrichment of quartz raw materials and contributes to the 
selection of the optimal enrichment scheme. In uneven-
grain dynamometamorphosed quartz, mineral inclusions 
are located in intergranular space and cracks, less often 
inside quartz grains (Fig. 3a). In the giant-grained 
primary crystalline quartz, there are a large number of 

Fig. 2. The average content of mineral impurities (nх 10-3 %): a – in uneven-grain dynamometamorphosed quartz; b – in giant-
crystalline primary crystalline quartz; c – in medium-fine granular quartz.

Fig. 3. Mineral inclusions in the vein quartz of the Malo-Chipiketsky zone: a – muscovite in the intergranular space of an uneven-grain 
dynamometamorphosed quartz; b – thin needles of rutile in giant quartz; c – finely dispersed muscovite in giant-grained quartz.

а                     b                    c 

finely dispersed inclusions of muscovite and biotite, and 
thin rutile needles inside quartz grains (Fig. 3b, c). In the 
studied samples of granular quartz, mineral inclusions 
are located in intergranular space.

The technical conditions for certain types of quartz 
products are regulated by the coefficient of light 
transmission, which reflects the relative saturation 
of quartz with gas-liquid inclusions. High granular 
transmittance (69.2-82 %) is inherent for granular quartz; 
on the contrary, for light-grained quartz, they are low 
(from 35.3 %). It should be noted that highly transparent 
sections with a high transmittance (up to 80.2 %) are 
found in giant-grained quartz, but their volume does not 
exceed 15-20 % of the gross mass. The light transmission 
coefficient of uneven dynamometamorphosed quartz is 
53.7-80.8 %.

Fig. 1. Electron microscopic image: a – fresh cleaved uneven dynamometamorphosed quartz;  b – fresh cleavage of medium-fine 
granular quartz; c – fresh cleavage of giant-grained primary crystalline quartz; d – surface fractures of granular quartz; pore 
(e) and etching pits (f) in uneven-grain dynamometamorphized quartz.

а              b                   c

d                                             e                                               f
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Table 1. The average content of impurity elements in the vein quartz of the Malo-Chipiketsky zone. The determination of impurity 
elements was carried out by the method of atomic emission and mass spectrometry with inductively coupled plasma in the 
laboratory of CNIIgeolnerud (analysts: O.V. Vishnevskaya, M.Sh. Dresher, R.R. Gilmutdinov).

Type of quartz 
(number of analysis) 

Average content of impurity elements, ppm 
Al Ti Ca Mg Cu Сr Ni Co Mn Na K Li P Fe В Σ el  

Unevenly dynamometamorphosed 
(n=19) 39.4 3.1 6.2 2.1 0.4 5.5 0.2 0.02 0.9 12.1 10.6 1.4 5.3 87.4 0.1 174.5 

Medium-fine-grained, granular (n=24) 27.9 2.4 2.4 1.7 0.4 4.5 0.2 0.02 0.8 6.9 6.9 1.2 2.5 45.3 0.1 103.2 
Primary crystalline quartz, giant-grained 
(n=11) 47.6 3.2 8.3 2.1 0.4 5.4 0.2 0.01 0.9 5.9 5.3 1.7 3.6 103 0.2 187.9 

Table 2. Typomorphic features of vein quartz from the Malo-Chipiketsky quartz-bearing zone. The studies were performed in the 
laboratories of CNIIgeolnerud.

Typomorphic features of quartz  Medium-fine 
granular quartz  

Uneven-grained 
dynamometamorphized quartz

 
  

Giant-crystalline primary 
crystalline quartz  

Structure  Medium-fine  Uneven-grained  Giant-grained  

Mineral impurities  
muscovite, ferrum oxide,
albite, chlorite, biotite, 

magnetite
  

 

ferrum oxide, muscovite, albite, 
chlorite, biotite, magnetite, pyrite, 

ilmenite, graphite  

muscovite, ferrum oxide, 
biotite, albite, rutile, 

cericil, magnetite  

Distribution of mineral impurities in intergranular space  
in fractures, intergranular space, 

rarely inside the quartz grains  
inside the quartz grains, in

fractures  

Light transmission, (Т, %)  69-82 
74 

54-81 
69 

35-80 
64 

Concentration  [Al–O–], ppm  8.1 10.1 13.5 

∑ elements-impurities, ppm  132.9 189.03 188.2 

Crystallinity index  6.9 5.7 6.1 

The composition of gas-liquid inclusions was 
determined by chromatographic analysis. According 
to the data obtained, the inclusions have a carbon 
dioxide-water composition. The total amount of gases 
released during the heating of the quartz powder in 
the corundum crucible at a rate of 10 °c/min was 
recorded in the temperature ranges 100-600 °c and 600-
1000 °c. In the temperature range of 100-600 °c, the 
total amount of gases released is 35.97120.82 μg/g, of 
which H2O accounts for 35.5-120.2 μg/g (90.399.8 %). 
The cO2 content does not exceed 2.2 μg/g (7.7 %). 
A small amount of cO and cH4 is also noted. In the 
high-temperature region, gas evolution is sharply 
reduced. The total amount of gases released is reduced 
to 12.7-35.1 μg/g. At the same time, the proportion of 
Н2О in the gas composition decreases (89.3-97.7 %), 
and the proportion of СО increases to 1.2 μg/g, which 
corresponds to 6.8 % of the total. cO2 emission in the 
high-temperature and low-temperature ranges varies 
insignificantly.

The concentration of structural impurities makes it 
possible to assess the ultimate purity of raw materials, 
because purification of quartz from structural impurities 
with modern enrichment methods is not possible. In 
the quartz of the Malo-chipiketsky zone, the main 
paramagnetic center is Al-O–. Granular quartz is 
characterized by low concentrations of Al-O–, giant-
grained quartz – by high concentrations of this center. 

This parameter occupies an intermediate position in 
dynamometamorphosed quartz.

Defects associated with the entry of impurities of 
various elements into the structure of quartz lead to 
lattice distortions, which accordingly affects the unit 
cell parameters. To determine the degree of perfection 
of the crystal structure of quartz, the crystallinity index 
(cI) is used, which is taken as 10 rel. units for an ideal 
quartz crystal lattice. As a result of the performed 
studies, an increase in the degree of perfection of the 
crystal structure of quartz was established in the series: 
uneven-grained dynamometamorphized quartz (5.7) 
→ giant-crystalline primary crystalline quartz (6.1) → 
medium-fine granular quartz (6.9).

Mineral inclusions in combination with gas-liquid and 
structural impurities determine the chemical composition 
of quartz. The main chemical elements-impurities of vein 
quartz of the Malo-chipiketsky zone are Al, Fe, Na, K, 
Li, ca, P, and Ti, the content of which was determined 
by atomic emission spectrometry (Table 1). The content 
of radioactive elements (U and Th) in quartz ranges from 
0.002 to 4.581 ppm.

The results of studying the typomorphic features of 
the initial quartz raw materials of the Malo-chipiketsky 
zone are shown in Table 2.

The totality of established typomorphic features of 
the identified natural types of quartz from the Malo-
chipiketsky zone allows predicting the quality of the 
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quartz products obtained from them and to outline the 
main areas of their use. The most promising for obtaining 
high-quality quartz concentrates is recognized as quartz 
raw materials obtained from granular quartz veins, 
which is characterized by increased chemical purity, 
high light transmission, and low content of mineral and 
structural impurities. Quartz raw materials from veins 
of uneven-grained dynamometamorphized quartz are 
inferior in quality to granular quartz and are mainly 
suitable for the production of ordinary quartz glass. The 
raw material obtained from the veins of giant-grained 
primary crystalline quartz is difficult to concentrate, 
because it contains finely divided mineral inclusions 
inside quartz grains, a large number of gas-liquid and 
structural impurities.

The increased content of uranium and thorium in the 
sublattice product of the fraction (0.1 mm) of the studied 
samples does not allow the use of raw materials as highly 
pure special-purpose powders.

At the second stage, a technological assessment 
of the enrichment of raw materials was carried out on 
laboratory technological (LTS) and small technological 
samples (STS), selected taking into account the results 
of analytical studies of ordinary samples.

The enrichment technological schemes used for the 
set of enrichment methods are generally similar and 
include: ore picking (only for STS samples) – crushing – 
fractionation – magnetic separation – flotation – acid 
treatment (leaching) – concentrate heat treatment – 
finishing magnetic separation (only for STS samples).

The quality of highly pure quartz concentrates is 
regulated by Technical Specifications (TS) No. 5726-
002-11496665-97 “Quartz concentrates from natural 
quartz raw materials for the fusion of quartz glasses”. In 
addition, manufacturers of quartz concentrates (Russian 
Quartz LLc) have developed their own technical 
requirements.

The quality of the quartz concentrates obtained from 
laboratory and technological samples of most of the 
studied veins falls within the ranges of norms regulated 
by TS-97 and the technical requirements of world and 
domestic manufacturers (Fig. 4). Average indicators of 
the chemical composition of the quartz concentrates of 
the studied veins by standardized elements, including 
individual indicators for such elements as Al, Ti, Fe, 
as well as group indicators: ∑Na, K, Li – the sum of 
alkaline impurity elements, the sum of indicators for 
other normalized elements – are comparable with the 
requirements of manufacturers (Table 3). The uniformity 
parameter of the quartz raw material of a particular 
vein was determined by the ratio of the number of 
high-purity concentrates to the total number of enriched 
furrow samples, expressed as a percentage. The quartz 
raw material of the predominant number of veins is 
characterized by a uniformity parameter in the range 
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Fig. 4. Indicators of chemical purity of quartz concentrates 
from laboratory technological samples

characteristics and features of the vein-containing 
complex, granular quartz is assigned to the quartzite-
gneiss formation of granular quartz and is recommended 
as a high-quality melting raw material. Uneven-grained 
quartz is assigned to the gneiss-carbon-shale formation 
of uneven-grained dynamometamorphosed quartz and is 
recommended for use as ordinary melting raw materials.

Conclusions
On the example of the Malo-chipiketsky quartz-

bearing zone, the objective effectiveness of the algorithm 
for studying quartz objects is shown. The studies made 
it possible at the stage of prospecting to expressly, with 
a high degree of probability, sort out objects according 
to the quality of raw materials, identify ore-formation 
types of quartz and outline possible directions for the use 
of raw materials. This approach avoids the unjustified 
costs of enrichment and experimental smelting of low-
quality raw materials.

The results were used in the selection and contouring 
of promising sections of quartz veins to assess the 
forecast resources of two ore-formation types of quartz.

The above data allowed the authors to conclude 
about the high quality of the quartz raw materials of the 
Malo-chipiketsky quartziferous zone and recommend 
more detailed studies using the III block of the algorithm.

The results of the work carried out increase the 
prospects of the Patomsky quartz-bearing region as a 
whole and the Malo-chipiketsky quartz-bearing zone, in 
particular, to create a large raw material base for quartz 
in Eastern Siberia.
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Table 4. Correspondence of the quality of deep enriched quartz concentrates to the requirements of domestic and foreign 
manufacturers

Concentrate grades /
Number of samples Т, % Content of impurities, ppm 

Al B Na K Li Ca Mg Fe Mn Cu Ti Cr Ni Σ эл 
TS 5726-002-11496665-97 quartz concentrates from natural quartz raw material for the fusion of quartz glasses 

KGO-2 80 15 - 5 3 3 3 2 2 0.3 0.3 2 - - 35.6 
KGO-3 80 10 - 5 2 1 2 1 1 0.2 0.1 2 - - 24.3 

Technical requirements to quartz concentrates from granular quartz of Russian Quartz LLC 
RQ-2KС 80 5.0 0.1 0.5 0.3 0.4 0.6 0.2 0.5 - <0.1 3.0 0.1 0.1 10.9 
RQ-3K 80 15.0 - 2.0 2.0 1.5 2.0 2.0 1.4 - - 3.0 - - 28.9 
RQ-4K 80 20.0 0.2 9.0 5.0 1.0 5.0 8.0 3.0 0.3 0.3 3.0 0.3 0.3 55.4 

Technical requirements to quartz concentrates of UNIMIN (USA) 
Iota STD  16.2 0.08 0.9 0.60 0.9 0.5 <0.05 0.30 <0.05 <0.05 1.3   20.93 

Malo-Chipiketsky quartz-bearing 
STS-1  81.1 17.3 0.07 1.70 0.55 2.1 0.12 0.07 0.10 0.01 0.01 2.0 0.01 0.01 24.05 
STS-2  82.0 19.3 0.06 0.77 0.10 3.1 0.11 0.04 0.08 0.01 0.01 2.2 0.01 0.01 25.80 
STS-3  85.9 17.4 0.07 0.90 0.26 2.1 0.74 0.50 0.15 0.01 0.01 2.7 0.01 0.01 24.86 
STS-4  88.1 12.7 0.06 0.61 0.35 1.9 0.10 0.08 0.16 0.01 0.01 1.2 0.01 0.01 17.04 
STS-5  83.5 15.4 0.06 1.00 0.44 1.4 0.11 0.13 0.18 0.01 0.01 2.4 0.01 0.01 21.16 
STS-6  86.7 13.4 0.11 0.89 0.70 2.1 0.20 0.10 0.12 0.01 0.01 1.2 0.01 0.01 18.86 
STS-7  87.8 17.4 0.10 0.94 0.98 1.6 0.12 0.17 0.12 0.01 0.01 2.5 0.01 0.01 23.97 
STS-8  90.0 20.0 0.08 0.68 0.78 1.8 0.14 0.18 0.12 0.01 0.01 2.6 0.01 0.01 26.24 
STS-9  82.1 20.2 0.07 1.60 1.10 2.3 0.10 0.15 0.15 0.01 0.01 2.5 0.01 0.01 28.21 
STS-10  87.4 18.4 0.07 1.20 0.82 1.5 0.05 0.09 0.08 0.01 0.01 3.0 0.01 0.01 25.25 
STS-11  88.0 22.1 0.04 0.92 1.00 2.2 0.12 0.14 0.13 0.01 0..01 2.4 0.01 0.01 28.94 
STS-12  80.6 19.9 0.09 0.77 0.70 2.0 0.05 0.13 0.09 0.01 0.01 2.0 0.01 0.01 25.77 
STS-13  87.3 20.4 0.03 0.70 0.80 2.5 0.05 0.11 0.11 0.01 0.01 2.5 0.01 0.01 27.24 
STS-14  80.6 24.0 0.09 1.90 0.64 2.8 0.12 0.21 0.11 0.01 0.01 2.5 0.01 0.01 32.41 
STS-15  80.0 13.9 0.06 1.10 0.60 1.3 0.09 0.08 0.10 0.01 0.01 2.1 0.01 0.01 19.37 
STS-16  70.9 14.7 0.10 1.50 0.74 1.0 0.10 0.11 0.12 0.01 0.01 2.0 0.01 0.01 19.34 
STS-17 82.8 15.5 0.07 1.00 0.88 1.4 0.08 0.13 0.20 0.01 0.01 2.2 0.00 0.01 21.49 
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Coking coals of the Arctic zone of Russia
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Abstract. Rational and cost-effective development of the richest hydrocarbon resources of the Arctic 
region of Russia is impossible without the resumption of solid fuel production. On the Arctic coast of Russia 
there is the largest base of coking coals of valuable ranks, which requires the study and active development in 
the framework of the overall strategy of development of fuel and energy resources of the Russian North and, 
in general, the fuel and energy complex of the country. The most valuable in quality and properties deposits 
and basins of coking coals of the Arctic zone of Russia are considered. Among them are the Taimyr, Tunguska, 
Zyryanka and Bering basins. The features of coal-bearing, matter-petrographic composition and quality, the 
basic properties of coal of basins and promising fields, their resource and geological characteristics are given. 
Recommendations for their further study are given, the prospects of their development and transportation 
of coal along the Northern Passage are discussed.
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To achieve profitability of development of new 
deposits of hydrocarbon raw materials in complex 
economic and geographical conditions of the Arctic, 
along with creation of new main roads and ways of 
transportation of hydrocarbon raw materials and the 
corresponding infrastructure, are impossible without 
development of a new strategy for fuel and energy 
complex (FEc) of the Russian Federation. This strategy 
requires mandatory accounting and accompanying 
development of deposits and basins of coal and oil 
shale in the Arctic zone of Russia. The Arctic zone is 
exceptionally rich in coals and oil shales with various 
quality and age (Dodin et al., 2007). coals of the Arctic 
zone are necessary to ensure the infrastructure of the 
Russian fuel and energy sector in the northern country 
region. The coals of the Arctic can be used for export 
to non-cIS countries, since the end of the XX century 
coal consumption is rapidly growing in the world. 
In china, over the past 35-40 years, it has increased 
five times, four times in India, three times in Brazil. 
According to the forecasts of the International Energy 
Agency (IEA), coal use continues to grow on average 
by 1.5 % per year.

Figure 1 presents coal basins and major deposits 
located in the Arctic zone of Russia. currently, the 
development of far coalfields in the Arctic is beginning. 
Mining and metallurgical company “Norilsk Nickel” 
made investments in the development of Syradasayskoe 
coal deposit of the Taimyr coal basin (prognostic 
resources of category P2 of the Russian classification 
of coking and energy coals are more than 5 billion 
tons). A coal-preparation plant will be built at the 
deposit with a capacity of 12 million tons of coking 
coal per year. They plan to sell about 10 million tons 
of coal to Europe. At the same time, part of the energy 
coal from Syradasayskoe deposit will supply heat and 
power station of “Norilsk Nickel”. china, the world’s 
largest consumer of coking coal, could become the 
main direction of sales.

The coal terminal “chaika” is under construction 
in 50 km from Dixon1. In 2019, the port will be able to 
overload more than 10 million tons by applying ships 
with deadweight up to 76 thousand tons with ice class 
of Arc4. In winter, under difficult hydrometeorological 
conditions, for further transportation of coal by the 
Northern Sea Route it is supposed to load two ships – 
cH-40 (Handymax type bulk carriers) and cH-70 
(Panamax type bulk carriers).*Corresponding author: Evgeny P. Shishov

E-mail: e-shishov@mail.rю.u

© 2019 The Authors. Published by Georesursy LLc 
This is an open access article under the cc BY 4.0 license 
(https://creativecommons.org/licenses/by/4.0/)

1https://www.korabel.ru/news/comments/samyy_severnyy_ugolnyy_
terminal_zarabotaet_na_taymyre.html
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The development of coking 
coals of Bering coal basin has also 
begun. From 2008 to 2015 the 
“Northern Pacific Сoal Сompany” 
and “Beringpromugol”, parts of 
Australian “Tigers Realm coal”, 
discovered four new coal deposits 
in Amaam (three deposits) and 
Alkatvaam (one deposit) coal 
areas2.

It is obvious, that the main 
interest for development have 
deposits and basins of coking coal, 
if there is possibility to transport 
energy-technological raw materials 
from them by the Northern Sea 
Route. It is not excluded, that the 
initial delivery of coal can be made 
by major rivers with access to the 
Northern Sea Route during the 
navigation period3.

Table 1, and Fig. 1 depicture 
quality of coals of the Arctic zone 
of Russia in contact of main coal 
ranks, basins, areas, fields, regions, 
deposits in conjunction with the 
characteristics of coal bearing and 
coal resources.

the West siberian coal 
basin

In the Arctic region of the 
West Siberian petroleum basin, 
there are mesozoic sediments with 
hydrocarbon deposits containing a 
lot of coal seams. Figure 2 shows 
their total capacity in Jurassic and 
cretaceous sediments by isolines 
(which, in some cases, border 
the zones of hydrocarbons). The 
Paleozoic coal-bearing sediments 
are locally below. Therefore, a 
number of researchers (Zvonarev, 
1982; Golitsyn et al . ,  1992; 
Yuzvitsky et al., 2000) identify 
a huge West Siberian coal basin, 
geographically coinciding with the 
West Siberian Plain and entirely 
corresponding to the West Siberian 
hydrocarbon basin. 
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2 http://www.prochukotku.ru/20161126/1774.html 
3 coking coals of the Pechora basin, located also in 
the Arctic zone of Russia, developed since 1931, 
and are not considered in this article
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Mainly, there are low-meta-
morphized bituminous coals, but 
presence of sintering characteristics 
in them is not excluded. Figure 2 
shows the paragenetic relationships of 
coals and hydrocarbons (Petrological 
Atlas..., 2006).

A number of coking coal deposits 
has been identified in the upper 
Paleozoic sediments of Taimyr and 
Tunguska basins in the Krasnoyarsk 
Krai (Fig. 3). The prognostic resources 
of coking coal, mainly of high-value 
ranks, amount to 37 billion tons here 
(Table 2). 

the taimyr coal basin belonging 
to the area of distribution of Permian 
coal-bearing strata is in the form 
of a sub-latitude strip with a length 
of 1000-1100 km and a width of 
100-150 km, crossing the entire Taimyr 
Peninsula from the Yenisei Bay in the 
West to the sea coast of Laptev Sea in 
the East. 

From the North, according to the 
fault system, it is limited by the field 
of development of the lower and 
middle Paleozoic formations. Its 
southern border conventionally draws 
a line within the Northern side of the 
imposed Yenisei-Khatanga deflection, 
where the Upper Paleozoic and Lower 
Triassic sediments are buried under the 
sediments of the Meso-cenozoic. 

The area of Taimyr coal basin is 
about 80 thousand km2. Structurally, 
it belongs to the Taimyr Fold System. 
Tareysky lifted block divides the basin 
into two separate areas: Western and 
Eastern Taimyr coal-bearing areas 
localized in the eponymous tectonic 
depressions. 

coking coals predominate in 
Syradasaiskaya coal-bearing area and 
Tareyskoe deposit in the West-Taimyr 
region, as well as in chernoyarskoe 
and Zayach`ya River deposits, 
Uglenosnaya River and Tsvetkov 
cape coal-shows in East-Taimyr 
region. Besides, bituminous coals with 
medium and low volatile (“КС” and 
“ТС” coal ranks according to GOST 
25543-2013) present in Pyasinskoe 
and Ozernoe deposits (West Taimyr), 
among the predominant of low-caking 
coals and semi-anthracites. 
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Fig. 2. The relationship of hydrocarbons and coal objects (in the contours of the total thickness of the Cretaceous, Jurassic coal 
seams + deeply buried Paleozoic coal-bearing strata) in the north of the West Siberian petroleum province
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Fig. 3. Distribution scheme of coking-coal deposits in the northern part of the Krasnoyarsky Krai

Basin, region Estimate 
depth Coal rank Common 

Resourses 

Balance Reserves Prognostic Resourses 

Total By Category Total By Category 
А+В+С1 С2 Р1 Р2 Р3 

Taimyr basin  
0-600 
0-600 
0-600 

G 
GZHO, GZH, ZH, КZH, К, 

КО, КS, ОS, (ТS) 

1299 
10347 
11465 

- 
- 
- 

- 
- 
- 

- 
- 
- 

1299 
10347 
11465 

- 
- 

56 

230 
2833 
2227 

1069 
7514 
9182 

Total: 
coking coals 

0-600 G-ТS 23111 - - - 23111 56 5290 17765 

Tunguska basin 0-600 
0-600 

GZHO, ZH 7444 244 151 93 7200 - 3200 4000 
Norilsk region К, КО, КS 6520 - - - 6520 120 5700 700 
Total: 
coking coals  

0-600 GZHO-КS 13964 244 151 93 13720 120 8900 4700 

Total: 
Taimyr 
District  
 
Total: 
coking coals  

0-600 G 1299 - - - 1299 - 230 1069 
0-600 
0-600 

 
0-600 

GZHO-КZH 
К-ТS 

 
G-ТS 

17791 
17985 

 
37075 

244 
- 
 

244 

151 
- 
 

151 

93 
- 
 

93 

17547 
17985 

 
36831 

- 
176 

 
176 

6033 
7927 

 
14190 

11514 
9882 

 
22465 

Table 2. The prognostic resources of coking coal of the Taimyr District of Krasnoyarsk Krai (million tons)

All of these coal objects are studied insufficiently, 
there are no proven deposits with balance (economic) 
reserves, permanent population and roads on this 
territory are absent.

The Syradasayskoe deposit contains valuable coking 
coals. It is located in the West part of the Taimyr 
Peninsula, approximately 60 km from the Yenisei 
Bay and 110-120 km from the urban-type settlement 
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Index 
of 

coal 
seams 

 

Districts 
"Zapadny" "Tsentralny" "Vostochny" 

Stage of 
Meta-

morphism 

Coal 
Rank, 
Coal 

Group 

Stage of 
Meta-

morphism 

Coal 
Rank, 
Coal 

Group 

Stage of 
Meta-

morphism 

Coal 
Rank, 
Coal 

Group 
m1 III 1ZH II-III - II G 
k2

4  ZH  -  - 
k1

4  1ZH  -  - 
k3  ZH  -  2G 
k2  1 ZH  -  2G 
k1  -  -  2G 
u10  КZH  2ZHV  2G-GZH 
u9  -  2ZHV  - 
u8 III-IV -  GZH  2G 
u7  -  GZH  - 
u6  -  GZH  - 
u5  -  GZH  - 
u4  КZH III ZH  2G 
u3  КZH, KF  KZH  - 
u2 IV 1KB III-IV - III,III-IV - 
u1  - IV -  - 
e1l  -  К  - 
e10  -  КZH-КО IV КSN 
e9  1SS, КSF  К-КSN  . 
e8  1KV  1К-2КСН  - 
e7  КS  КО  - 
e6 IV-VI SS  К-КО  - 
e5  К IV-VI 1SS  - 
e4  Т  Т-SS  - 

Table 3. Stages of metamorphism and rank composition 
(according to GOST 25543-2013) of coals in the districts of 
Syradasayskoe deposit

of Dikson. There is presence of coal beds in the sequence 
of Efremovskaya, Uboyninskaya, Krestyanskaya 
and Makarevich-Brazhnikovskaya formations. The 
Efremovskaya formation is a lower coal-saturated part 
of the coal-bearing assemblage. In the central part of 
Syradasayskaya area the most complete views of the 
coal-bearing formation is represented. It is studied by 
full sections of wells 1, 3, 4 and 5. The character of coal 
bearing in the East is obtained by well 8. The upper, 
most coal-saturated part of the formation has been 
opened by wells 16, 17 and 18 in the West. The well 14 
highlights the lower, less coal-bearing part. The height 
of coal seams of the formation varies from 0.2 to 5.3 m. 
Uboyninskaya formation includes 10 coal beds with 
simple and complex structures. Its height varies from 
0.2-0.4 m up to 12.1 m (in terms of coal). coal-bearing 
of Krestyanskaya formation is low (6 beds – from 0.3 
to 1-1.6 m). Table 3 presents metamorphism and rank 
composition of coals of Syradasayskoe deposit.

Metamorphism of coals of Syradasaiskoe deposit 
is determined not only by the stratigraphic depth of 
the strata position, but also increases in the East-West 
direction. Table 4-5 shows quality indicators of coals of 
different stages of metamorphism and ranks.

Composition of coals ash: SiО2 – 49-62 % и Al2О3 – 
14 23 %. Iron oxides are from 3,5 to 6,8 %, ТiO2 – 0,7-
1,2 %, СаО – from 6,7 to 16,7 % with the mass values 
about 10-12 %; MgO – 2,1-5,0 %; SO4 – 4,3-8,2 % 
with means about 4-6 and anomalous value to 15 %; 

Р2О5 – 0,1-1,7, often less than 1 %; K2O ~ 0,6-1,3 with 
anomalous contents 2,4 %; Na2O – 0,2-3,0 %.

Coal resources. Estimation of prognostic resources 
of coal is implemented according categories P2 and P3 
(Russian classification) in different sites of the area up 
to depth of 600 m, depending on the degree of their 
study. 

coal seams with coals of low-caking ranks (according 
to GOST 25543-2013), with a width of 0.7 m and above 
and with an ash content below 25 % are accepted as 
qualified for coking and coal seams with a capacity of 
0.8 m and above and ash content up to 40 % are usable 
for energy purposes, by analogy with the Pechora basin 
both.

For calculating the prognostic resources, the 
correction factors of 0.6-0.8 on erosion and attenuation 
of coal seams, influence of intrusions of traps and the 
position of coal seams to a depth of 600 m were taken.

Total prognostic resources of the Syradasayskoe 
deposit are 5,678 billion tons, of which qualified coking 
coals – 5,298 billion tons, including the categories P2 – 
3,898 billion tons and P3 –1,400 billion tons.

the tunguska coal basin is located in the 
Krasnoyarsk Krai (90 %), partly in the Sakha Republic 
(Yakutia) and in the Irkutsk Oblast. The area of basin 
is more than 1 million km2. The basin is located in 
remote areas and therefore poorly studied. Exploration 
work has been carried out on disunited areas. Balance 
reserves (A+B+c1 categories of Russian classification) 
are about 2015 million tons, balance estimated reserves 
(c2 category of Russian classification) – 2466 million 
tons. The basic proved fields in the Norilsk district 
are Kaierkanskoe, Daldykanskoe, the Norilsk-I and 
Imangdinskoe deposits, in the North-East part of basin 
there is Kayakskoe deposit.

coals were discovered in the sediments of middle 
and upper carbon, Permian, Jurassic and Paleogene.

The main coal bearing is associated with continental 
sediments of Perm and carbon with a capacity of 
350-1460 m. They compose large flat structures in 
the sedimentary cover of the Siberian platform. The 
sediments are overlain by tuff and lava strata with 
thickness up to 1500-2000 m of and broken by intrusions 
of igneous rocks.

All coking coal resources of the Tunguska basin are 
localized in the Norilsk industrial district. It is known 
that in the 40-60-ies of the last century, these coals were 
used for the production of conditioned metallurgical 
coke, which was used for smelting of non-ferrous 
metals at the Norilsk mining and metallurgical plant. 
The coke was burned from the coal seam “The First” of 
the cayercan formation, and was mined in the “West-
coke” mine of Schmidt and Nadezhda mountains. With 
the thickness of the plastic layer of the initial coals of 
7-9 mm, the drum sample was 250-270 (kg), with the 
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Table 4. Coal quality indicators of different stages of metamorphism and ranks. * Anthracites are only in the zones of thermal 
influence of intrusions.

Stage of 
metamorphism, coal 

ranks 

Rо Vdaf Cdaf Hdaf Ndaf 
Qs daf, MJ/kg 

% % 

II (G) 0,74-0,86 37,1-44,3 79,4-83,2 5,4-5,6 1,64-2,53 33,07-35,12 
II-III (GZH) 0,8-0,96 30,6-36,1 83,5-86,2 5,2-5,5 1,6-2,06 35,02-35,63 

III (ZH) 0,89-1,11 30,0-35,9 79,3-86,6 5,1-5,5 1,7-2,4 33,76-35,35 
III-IV (КZH) 0,88-1,14 26,5-31,7 86,6-87,2 5,0-5,5 1,7-2,3 35,09-35,55 

IV (К) 1,10-1,23 22,1-28,5 80,9-89,5 4,3-5,0 1,8-3,0 34,46-35,56 
III-V (SO) 1,06-1,54 18,2-26,1 85,1-88,9 4,0-4,9 1,2-1,9 34,39-35,31 

VI (Т) 1,92-2,21 7,9-18,2 89,1-93,2 1,4-4,1 0,6-2,3 30,35-35,07 
VII (А)* 2,52-5,51 5,6-18,3 85,1-94,5 1,4-2,5 0,9-1,4 32,15-33,87 

Table 5. Ash content ( %) of coals in the coal-bearing 
formations and districts of the Syradasayskoe deposit

Formations 
Districts 

"Zapadny" "Tsentralny" "Vostochny" 

Krestyanskaya 
Uboininskaya 
Efremovskaya 

16,5-38,3 
14,8-25,5 
10,2-33,8 

- 
12,6-20,7 
10,0-28,9 

18,3-21,4 
12,6-24,3 
9,9-30,4 

thickness of 11-14 mm the drum sample was 310 (kg). 
Pilot scale testing of coals of Listvyanka-Valkovskoe and 
Imangdinskoe deposits gave positive results for coking.

However, due to the occurence of the thermal 
contact metamorphism, which worsens the sintering 
properties of coal, there was a misconception about 
the unsuitability of coal of the Tunguska basin for the 
production of conditioned metallurgical coke. Thermal 
metamorphism, widely occurred in the Norilsk region, 
caused the formation of coking coals. coking coals of 
the Witbank basin (South Africa), the nearest analogue 
of Tunguska basin (by geological structure and saturation 
by dolerite intrusions), is exported to EU countries in 
large volumes. Petrographic types of coal of Norilsk 
region shown in Fig. 4.

General evaluation of the perspectives of the Norilsk 
region on coals of coking brands. The coking coals of 
Norilsk district belong to the following ranks: High 
Volatile B Bituminous, High Volatile A Bituminous, 
Medium Volatile Bituminous, Low Volatile Bituminous 
(“GZhO”, “Zh”, “K”, “КО”, “KS” according to GOST 
25543-88). Their marking according to GOST 25543-
88 was performed in the Department of Fossil Fuels of 
FSBI “VSEGEI”.

The areas of the established and expected distribution 
of coals of various ranks are confined to the sides of 
Kharaelakh and Norilsk downfolds, as well as to the 
northwestern wing of the Tunguska syneclise. High 
volatile B bituminous and high volatile A bituminous 
coals (“GZhO”, “Zh”) predominate on the East wing of 
the Norilsk downfold, on the north of the Kharaelakh 
downfold and on the East outskirts of the district 
(Tunguska syneclise). Medium volatile bituminous 

and low volatile bituminous coals (“К”, “КО”, “KS”) 
predominate on the southern outskirts of the Kharaelakh 
downfold and on the northern closure of the Norilsk 
downfold (Fig. 5).

Imangdinskoe deposit is located 85-90 miles east 
of Norilsk, is separated from it by full off-road and 
by a wide valley of the Rybnaya river. It is unlikely to 
be of industrial interest in the nearest future. A similar 
conclusion follows in relation to remote and hard-to-
reach areas in the North and East of the district.

The objects close to the transport infrastructure of the 
West part of the Norilsk industrial region are promising 
for the creation of the raw material base of coking coal. 
The order of the development is dictated, in addition, 
by the degree of their study. It includes the following 
objects.

Listvyansko-Valkovskoe deposit is located about 
25-35 km northeast of Norilsk and about 10 km of 
Talnakh. Along the extention of the upper Paleozoic 
coal-bearing sediments, its length is 22 km, width 500-
1500 m, its area is about 20 km2. coal-bearing mass with 
an average width of 210 m reaches the daily surface on 
the southern slope of the Haraelah Plateaus. It concludes 
5-6 working seams grouped into two productive 
horizons: the lower, in Daldykanskaya formation (P1) 
with 2 layers, mainly of medium width, and the upper, 
in Kaierkanskaya formation (P2) with three layers, which 
width is about 1.5-8.2 m and an average total capacity 
of 11.7 m.

Ditches, pits, galleries and holes drilled from the 
surface and from the mine workings, opened all target 
coal seams.

coking coals, which are localized mainly in 
Kaerkanskaya formation of the East (Valkovskaya) part 
of deposit are mid-ash (15-20 %), low-sulfur (0.5 %), 
with a calorific value of 35-36 MJ/kg and a thickness 
of plastic layer about 7-15 mm, belongs to the medium 
volatile bituminous rank (“KO” – coking lean coal). 
Their resources on area of 11 km2 are estimated at 100 
million tons out of a total of 235 million tons by category 
P1. Potentially recoverable resources, counting negative 
impact of dolerite intrusions on sintering properties of 
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Fig. 4. Types of coal in the northern part of the Tunguska basin 
(Norilsk region): 1) Fusinite-gelitite attrito-fragmentary. 
x150. Schmidt Mountain deposit, K (P2 ); 2) The same object, 
nicol +; 3) Fusinite-gelitite attrito-fragmentary. x90. Seam I, 
Listvyansko-Valkovskoe deposit, K (P2 ); 4) Fusinite-gelitite 
attritic. x150. Seam VI, Nadezhda Mountain deposit, OS 
(P1 ); 5) Fusinite-gelitite desmito-fragmentary. x200. Band 
IX, Kayerkanskoe deposit, T (P1 ); 6) The same object, nicol 
+; 7) Gelito-fusitite attrito-fragmentary. x90. Band VII, 
Imangdinskoe deposit, ZH-rank (P1 ).

1

3

5

7

2

4

6

8 Fig. 5. Schematic map of the distribution of coal resources 
in the Norilsk region

coal, number 60 million tons. There is a possibility of 
their growth due to the areas adjacent to the North and 
East. Low-angle bedding (5-15°) and dissected relief 
allowed an adit-cut mining with the estimated capacity of 
the mining enterprise about 1 million tons per year. The 
West side of the field is located just in a few kilometers 
from the highway and railway on the territory of Talnakh 
deposit of copper-nickel ores. The deposit was explored 
in 1958-1969 in order to replace the reserves of coking 
coal of the mine of Schmidt and Nadezhda mountains. 
Technological testing confirmed the identity of the 
characteristics of the obtained coke of both deposits. 
In the late 60s of XX century all specialized work on 
coal in local geological organizations was finished. For 
this reason, the definition of vitrinite reflectance, the 
universal indicator of the degree of metamorphism of 
coals, and the maceral composition of the organic matter, 

necessary to codification and marking of coals according 
to GOST 25543-88 (currently GOST 25543-2013), were 
not carried out.

Geological exploration may be recommended at this 
field.

Mikchandinskaya area is located in the cutoff part of 
the Southeastern wing of the Kharaelakh downfold, from 
the watershed of Ayakly River in the West to the valley of 
Mikchandy River in the East. The length of the area on 
the coarse direction is about 40 km, on the fall direction 
of coal-bearing fill is from 6-8 to 16 km, the area is 
about 350 km2. The tectonic structure and modern relief 
are close to such of Listvyansko-Valkovskoe deposit, 
from which the Eastern border of the object in question 
is removed 20-25 km. coal-bearing thickness is from 
150 to 300 m and contains from 2 to 7 working seams 
(6 average), with mainly medium and large width and 
relatively simple structure. They are opening in natural 
outcrops on the steep slopes of the Kharaelakh plateau, 
as well as in structural mapping and ore-prospecting 
wells during geological survey works of scale 1:50000. 
About 2-4 layers of the Kayerkanskaya formation with 
the thickness of 0.7 to 9.5 m and with an average total 
thickness of 13.8 m are of interest. coals belong to the 
medium volatile bituminous rank (“KS”, group “1KS” 
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according GOST 25543-88); coals are low-and mid-
ash (10-15 %), low-sulfur (0.4-0.5 %), with a calorific 
value of 34-35 MJ/kg; the thickness of the plastic layer 
is 8-9 mm. The geological knowledge of this area is 
significantly lower than Listvyansko-Valkovskaya 
field. In the contour of a rare network of ore wells the 
prognostic resources of coking low-melting coals up to a 
depth of 600 m are rated with category P2 in the amount 
of 1.5 billion tons, potentially extractable – 900 million 
tons. The depth of bedding of coal seams not exceed 
500 m, their flat monocline occurrence (5-15°) and 
dismembered relief allow providing an adit-cut mining. 
Transport conditions are somewhat more complicated 
than in the area of Listvyansko-Valkovskaya field. The 
area is removed 40 km from rail and roads connecting 
the Norilsk and Talnakh mines. Permanent ways of 
communication are absent. The square (80 km2) with 
prognostic resources of P2 category allocates in the 
West part of the field and numbers 630 million tons. The 
potential recoverable resources number 380 million tons 
taking into account the influence of the intrusive factor. 
FSBI “VSEGEI” and Moscow State University offer to 
make additional studies of the area, and then produce a 
specialized prospecting work on the coal of the second 
stage (after Listvyansko-Valkovskaya field.)

East side of the Norilsk downfold. This promising 
coal-bearing area forms a submeridional band with 
length up to 50 and width up to 10-15 km. Its northern 
border is 30 km South of Norilsk. The coal-bearing 
sediments with a capacity of 90-150 m reach the daily 
surface along the Eastern edge of the Norilsk plateau. 
In the rest of the territory, a layer of Permian-Triassic 
welded tuff covers the coal-bearing sediments. They 
are revealed by structural-mapping and ore-prospecting 
wells done with geologic surveying of 1:50 000. The 
Kaerkanskaya formation is the only well-conditioned 
productive level. It encloses from 2 to 3 working layers 
with a unit thickness of 0.95 to 8.9 m and total thickness 
about 6.3-8.9 m. They sink gently to the west at angles 
of 5-25°. The rank of coals is hvBb. There are low- and 
mid-ash coals (6-20 %), with low sulfur content (0.2 
to 0.5 %). Its heat of combustion is 34-35 MJ/kg and 
the thickness of the plastic layer is 10-11 mm. On the 
estimated area of 200 km2, the prognostic resources 
(P2 category of Russian classification) to 600 m 
depth amounted about 1100 million tons. Potentially 
recoverable resources (taking into account the intrusive 
factor) are about 650 million tons. There is a road with 
a hard surface to the extent of the northern border of 
the square, within its limits – only temporary soil road. 
The specialized coal search of the third stage can be 
recommended here (after Listvyansko-Valkovskoe 
deposit and Mikchandinskaya area).

The West-Kharaelakh area is located in the 
southwestern closure of The Kharaelakh downfold. Its 

size is 6×16 km2. In the East, it is directly adjacent to 
the territory of the Talnakh ore field. The coal-bearing 
sediments with a thickness of 180-270 m are slightly 
sloping (5-15°) and immersed in the northeast direction. 
It concludes up to six working layers. About 2-4 layers of 
the Kaerkanskaya formation are taken for estimation. Its 
average total thickness is 11.5 m on the area of 40 km2. 
According to the few analyses of core samples, there 
are low-ash and low-sulfur coals. It can be conditionally 
related to mvb coals. The prognostic resources of coal 
of P3 category are 300 million tons. The area is removed 
12-20 km from the mine “October” with a railway and 
highway. The re-description and revision testing of coal 
seams on the core samples of previously drilled wells, 
with a complex studying of the physical and petrographic 
composition, of vitrinite reflectance and chemical-
technological characteristics of coal are necessary to 
determine the rationality of specialized search works 
on this area. In general, the prognostic resources of 
promising areas are 3 billion tons, mainly by category P2. 
Potentially recoverable resources are 1600-1700 million 
tons. In the further study of coking coals of the Norilsk 
region, it may provide a real opportunity for creation 
the reserve of raw material base for coke chemical 
industries. The perspective areas of Norilsk region have 
a number of competitive advantages in comparison with 
Syradasayskoe deposit, purchased by Nornickel:

- These areas are located on the territory of the 
developed mining-district with developed industrial, 
transport and social infrastructure. The distance from 
railways and highways do not exceed a few tens of 
kilometers;

- The adaptability of the Norilsk coals for metallurgical 
coke production is proved;

- The facilities can be connected with the existing 
power grids;

- An adit-cut mining, the traditional method of 
development of the area is possible to use. The method 
has a bit negative effect on the environment;

- There is local workforce;
- There are relatively more favorable climatic 

conditions.
The coal occurrences of the Norilsk region of the 

Tunguska basin can be submitted to the licensing, 
similar to Syradasayskoe deposit of the Taimyr basin, 
if they will be studied. An additional research of 
resource potential of coking coals of the Norilsk region 
for the purpose of substantiation of reserve of raw 
material base of coke-chemical industry will allow its 
development in the nearest future, with incomparably 
smaller investments than at the Syradasayskoe deposit. 
As a result, production volumes of complex of minerals 
(ore, coal), employment of the able-bodied population, 
the workload of transshipment terminals of the Dudinka 
port on the Yenisei River and sea transportation on the 
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The coefficient of total coal bearing is 8.2 %. According to 
the thickness of the layers, they are distributed as follows: 
very thin – 21, thin – 28, medium – 32 and thick – 10. 
The structure of the seams is complex, rarely is simple.

The thick and medium coal seams of Silyapskaya 
and Buorkemyusskaya formations are interesting for 
development if their occurrence is shallow and they have 
the suitability for open-pit mining. 

Table 6 shows the quality of the coal of the region. 
coals are medium-rich, concentration ratio is 70 % with 
a specific gravity of 1.4 g/cm3, with an ash content of 
6 %. Semi-coking resin output on dry coal is an average 
of 9.5 %. As the plastometric parameters indicates, the 
ability of coal to sinter and give strong metallurgical 
coke mixed with lean additives. All coking coals of the 
formation are placed in the Zyryano-Silyapsky coal 
region. Fig. 7 shows the petrographic types of coals. 
The prognostic resources of coals of Zyryano-Silyapsky 
coal region by P1 category are about 4.0 billion tons. The 
prognostic resources calculated to the depth of 300 m on 
coal seams with thickness about 1 m and more. Of these, 
coking coal accounts for 2.6 billion tons. coal resources 
suitable for open-pit mining in permafrost are about 0.8 
billion tons. Of these, coking coal accounts about half.

The Erosionnoe deposit is located on the left shore of 
the Haranga-Uulakh creek (a left inflow of the Zyryanka 
River), in 2 km from the Ugolniy townsite, which it is 
separated from deposit by Zyryanka river. The deposit 
was developed by underground mining method, and 

Fig. 6. The scheme of deposits and sections of the Zyryano-
Silyapsky coal region. 1 – deposits: I – Kharangskoe, II – 
Erosionnoe, III – Buorkemyusskoe, IV – Nadezhdinskoe, 
V – Sibik-2; 2 – explored area of deposits; 3 – promising 
areas for setting up exploratory works: 1 – Gonyukhinsky, 
2 – Sibik, 3 – Komariny, 4 – Melegey, 5 – Nadezhdinsky-
Vostochny.

Dudinka – Murmansk lane of the Northern Sea Route 
will be stabilized for a long time. Supply of coking coal 
can be oriented to the European part of Russia and for 
export to the world European and Asian markets. In 
addition, the creation of a stand-by raw material base of 
coking coals in the Norilsk region will allow partially 
compensate the reduction of coking coal resources of 
traditional mining areas (the Pechora and the Kuznetsk 
Basins etc.) Expected production may be several million 
tons per year.

the Zyryanka coal basin is located in the northeastern 
part of Yakutia, in the middle reaches of Indigirka and 
Kolyma rivers. The length of the basin is up to 500 km 
in the northwestern direction, the width is up to 170 km, 
the total area is about 7.5 thousand km2. Thye Lower 
Cretaceous coal-bearing sediments (3 formation) fill five 
isolated superimposed depressions. The basin consists 
of separated coal regions: Zyryano-Silyapsky (with 
Erosionnoe, Buor-Kemusskoe, Harangskoe deposits), 
Myatissky (Krasnorechenskoe deposit), Indigirsko-
Selennyahsky and Momsky (Tikhonskoe).

coal-bearing sediments of Zyryanskaya depositional 
sequence of lower cretaceous age compose a large 
flat brachysynclines. Coal bearing formations with a 
total thickness of more than 5000 m contain up to 80 
coal seams and interlayers with thickness of more than 
0.6 m. The main indicators of coal quality are: total 
moisture (Wt

r) – 9 %, ash-content (Ad) – 14 %, average 
sulfur mass content (St

d) – 0.4 %, higher calorific value 
(Qs

daf) – 31.4 MJ/kg, lower calorific value in terms of a 
working fuel (Qi

r) – 23.26 MJ/kg.
The degree of geologic certainty of the basin is low. 

Proven coal reserves are 160.8 million tons in category 
A+B+c1 (according Russian Classification), С2 – 53.1 
million tons. The prognostic resources are estimated at 
8.6 billion tons. Total balance reserves of coal, suitable 
for open development in the basin, is about 130 million 
tons. The coal deposits of the central part of Zyryano- 
Silyapsky coal region are the most studied in the basin. 
The Khatangskoe deposit is located upon the territory of 
distribution of sediments of the Silyapskaya formation. 
The Erosionnoe, Buor-Kemyusskoe, Sibik-2 and 
Nadezhdinskoe deposits as well as some promising areas 
(Fig. 6) are located upon the territory of distribution of 
the Buorkemyusskaya formation.

Silyapskaya formation has 56 layers and interlayers of 
coal with thickness from 0.1 to 13.6 m. Of these, a group 
of very thin includes 12 layers, thin – 23 layers, medium 
thickness (1.3-3.5 m) – 12, and thick (3.5-15 m) – 9 
layers. The structure of the coal seams most often are 
simple, rarely are relatively complex. The coal seams 
are continuous, rarely are relatively continuous. The 
coefficient of total coal bearing of coal formation is 7.2 %.

Buorkemyusskaya formation consists about 90 
layers of coal. Their thickness is about 0,1-14,2 m.  
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then by open method. The fall of the coal seams are 
monoclonal on west, within the boundaries of the 
Zyryansky Opencast. 

The coal-bearing capacity of the deposit is confined 
to the lower part of Buorkemyusskaya formation. The 
field has five main coal seams with working capacity. 
They are compared with the indexation adopted for the 
whole coal-bearing region (from bottom to top): the 
Velikan (No. 13); the Moschny (18), the Tolsty (22) and 
the Gryazny (32). The most powerful is the Tolsty seam 
(from 7.5 to 10.7 m). The Velikan, the Moschny and 
the Gryazny seams, reaching 6-8 m in some areas, on 
average have a thickness of 4.5-4.7 m. The structure of 
the Tolsty and the Gryazny seams is complex. The other 
seams are simple. They are most often continuous by 
the area of distribution. Most of the coals are semibright 
indistinctly-striated, indistinctly-banded and semi-dull. 

An average maceral composition of coals (in %) is: 
vitrinite – 65-80, inertinite – 35-20, liptinite – less than 1. 
The most common minerals are siliceous and carbonate 
minerals, less often – clay substance.

The coals of the Erosionnoe Deposit are low- and 
mid-ash (Аd = 11-16 %), low-sulfur (0.23-0.33 %), with 
lower heat value about 25.8-27.2 MJ/kg, with higher 
heat value about 34.6-35.5 MJ/kg. The yield of volatile 
matter varies from 27.3 to 33.7 %, naturally decreasing 
with depth. The elemental composition coal (%) is: cdaf – 
82.2-85.5; Hdaf – 4.8-5.3; Ndaf – 9.2-12.5 (on average of 
layers). These coals are sintering. The thickness of the 
plastic layer in the average of layers varies from 17 to 22 
mm. The zone of oxidized coals is untill 30-50 m from 
surfaces. The main components of coal ash (%): SiO2 – 
43.5-54.6, Аl2О3 – 19.2-21.8, СаО – 4-7.3, MgO – 1.1-
2.3, Fe2О3 – 3.3-13.1, Na2O – 0.6-1.78, K2O – 0.39-0.77. 
Phosphorus content in the coals of the main layers is 
0.01-0.09 %. Ash-fusion temperature (°c) is: t1 – 1247, 
t2 – 1274, t3 – 1297.

According to genetic and technological parameters, 
the coal of the Moschny (18), Tolsty (22) and Gryazny 
(32) seams are high volatile A and medium volatile 
bituminous (according to GOST 25543-2013 the coals 
correspond to the rank “Zh”, group “2Zh”). The coals of 
the Velikan (13) seam are medium volatile bituminous 
(they are assigned to mark “K”, group “1K”, subgroup 
“1KB” according to GOST 25543-2013).

The Nadezhdinskoe Deposit is located on the right 
shore of the Zyryanka River, in 12 km from the Ugolniy 
Townsite. The deposit is located in the northeast wing 
of Gonyukho-Silyapsky Downwarping, in the hanging 
wing of the Visyachy Overthrust. The tectonics of the 
deposit is simple. The monocline has a fall of rocks in the 
northern part at north-west at angles of 5-10°, and in the 
southern part at west at angles 25-30°. The northern half 
is the most disturbed area of the deposit. It adjacent to 
the Vostochny Overthrust. Five uplifts installed with an 
amplitude of 5 to 30 m. The coal-bearing capacity of the 
deposit is confined to the lower part of Buorkemyusskaya 
formation. The average thickness of the layers 13, 18 
and 22 is about 1.0-6.6 m. The thickness of the above 
layer 32 is about 4.0-12.8 m. The seam is complex; it is 
continuous by the area of distribution. All coal seams 
are feathering out in the south of the deposit.

Fig. 7. Types of coal of the Zyryanka basin (rank ZH) 
(Petrological Atlas..., 2006). 1 – Ultragelite, consisting of: 
parenchinite and parencho-attrite. x150. Seam “Tolstiy”; 
2 – Ultragelite, consisting of: xylinite, β- and Δ-vitrinite. 
x80. Seam “Moshchniy”; 3 – Lipoid-gelite. x250. Seam 
“Tolstiy”; 4 – Lipoid-gelite. x80. Seam “Gryazniy”; 5 – 
Fusinito-gelite. x80. Seam “Moshchniy”.

1                                                         2

3                                                         4

                            5

Table 6. Main indicators of coal quality in Zyryano-Silyapsky coal region

Formation Coal rank 
Wr

t Ad Vdaf Qs
daf 

 Qi
r 

Sd
t ,% 

Cdaf Hdaf Ro 

% MJ/kg % 

Buorkemyusskaya ZH, G, 
GZHO, К 7,6-9,4 6,7-45,0 28,8-45,6 29,7-34,5 19,7-33,5 0,1-0,5 72,6-92,0 4,4-6,4 0,95-1,12 

Silyapskaya Т, ТS 11,2-14,2 2,2-24,5 10,7-23,0 31,2-37,0 18,2-32,0 0,1-0,5 78,1-93,2 3,0-4,5 1,47-1,86 

Ozhoginskaya Т, А 12,7 8,6-45,0 10,5-12,4 32,9-33,8 17,1-27,9 0,4-1,9 83,7-92,3 3,0-3,7 5,54 
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The coals of the deposit are humic. Most of the coals 
are bright, semibright and common-banded (60-70 % 
of coal thickness). The semi-dull coals fills about 20-
30 %. An average maceral composition of coals (in %) 
is: vitrinite – 66-74, semi vitrinite – 2-4, inertinite – 20-
26, liptinite – 1-3. In the composition of mineral matter, 
the clay substance played a major role (12-15 %, in the 
extreme values up to 33) and carbonates (up to 8). Quartz 
and sulfides are rare. Table 7 lists the main parameters 
of the coal quality of the described coals.

The coals of the Nadezhdinskoe Deposit are mid-ash 
(Аd = 11-14 %). The chemical ash composition ( %) is: 
SiO2 – 46.3-58.0; Al2O3 – 18-23; caO – 5.5-12.0; MgO – 
2.5-3.5; Fe2O3 – 10.1-12.1; Na2O – 0.9-1.1; K2O – 1.1-
1,6; TiO2 – 0.7-1.1; SO3 – 3,0-4,0; P2O5 – 0.4. The t1 
value on average varies from 12.75 to 1330°c, t2 – from 
1300 to 1390, t3 – from 1320 to 1390.

The coals are bituminous (mvb, hvAb). Their rank 
according to GOST 25543-2013 is “Zh”; the group is 
“1Zh”.

In the coal-bearing thickness there are numerous of 
free gas deposits. The main component in the depth range 
of 90-220 m is methane (from 40 to 90 %). The residual 
methane content of coal in this range varies from 0.5 to 
1.9 m3/t of dry ashless mass (the zone of gas weathering). 
In the zone of methane gases, this range varies from 4.8 
to 10.2 m3/t of dry ashless mass.

The coal reserves of the deposit, suitable for open 
development on Nadezhdinsky strip mine constitutes 
5608 thousand tons of B category, 14343 thousand tons 
of c1 category and 23607 thousand tons of c2 category.

The low ash content of most working layers, the 
practical absence of sulfur, the high sintering ability 
and the high heat of combustion makes coals of the 
Zyryanka basin a potentially valuable raw material for 
the metallurgical industry and energy. The Zyryanka 
basin has a significant thickness of coal seams (up to 
11.5 m). Their bedding is gently sloping in most parts 
of basin. It is slightly disturbed by disjunctive tectonics. 
The large reserves for open-pit, large forecast resources 
and unique quality of coals makes the basin the most 
promising for development on North-East Russia. coal 
of the Zyryanka basin, along with coal of the Yuzhno-
Yakutsky basin, are the most valuable in the Far Eastern 
Federal District of the Russian Federation.

However, the geological exploration and development 

of basin is restrained by his location in hard to reach 
and undeveloped area. The basin is remoteness from 
possible consumers. There are lack of reliable transport 
infrastructure. The transportation of coals of Zyryano- 
Silyapsky coal region is possible by the Kolyma River 
to the Arctic coasts of Russia and further to the ports 
of Russia. The quality characteristics of these coals are 
answer the call of countries of the Asia-Pacific region. 
The development of the Nadezhdinskoe deposit in 
the Verkhnekolymsky district of the Sakha Republic 
(Yakutia) (about 200 thousand tons/year) is important 
for the Northern group of districts of Republic of 
Sakha (Yakutia) and for the nearest northern regions 
(chukotka Autonomous Okrug, Magadan Oblast, 
Krasnoyarsk Krai) development. The product is a high 
and medium volatile bituminous coal. The coal mining 
can be implemented by the open way. Land and water 
vehicles can carry out the transportation of coal to 
consumers, during the navigation period on the river 
Kolyma. coals can be used as an energy fuel in industrial 
boilers and domestic stoves.

Further development of the Zyryanka coal basin of 
the Republic of Sakha (Yakutia) and the development 
of its transport and port infrastructures should be 
seen as a promising direction, that contributes to the 
intensification of transport along the Northern Sea Route 
and the development of arctic territories, the creation of 
raw material potential for guaranteed provision of boiler 
fuel and coal concentrate in region needs. 

To increase the supply of coal to other northern 
regions of the Republic of Sakha (Yakutia), to other 
northern regions of Russia and to export to countries 
of Europe and the Asia-Pacific region, it is necessary 
to create favorable transport conditions to significantly 
increase the capacity and volume of coal transportation of 
Zyryansky coal mine on the Kolyma river, with output 
to the Northern sea route.

The production volumes can be increased to 2-4 
million tons per year. coal mining company “Kolmar” 
made a list of necessary investments for development 
of transport infrastructure of the Kolyma region 
(http://www.nrbf2012.com/files/Transport/Transport-
Berlin-Kolmar-project.pdf).

the Bering Coal Basin is located in the southeastern 
part of the Bering Peninsula in the Anadyr region 
of the chukotka Autonomous Region. The basin 

Table 7. Coal quality (in %) of the Nadezhdinskoe deposit

Coal seam Waf max Wа Ad Vdaf 
Qs

daf Qi
r 

Sd
t Cdaf Hdaf у, mm Ro ΣFC 

MJ/kg 
32 7,0 0,5 11,9 34,0 34,57 27,27 0,15 84,6 5,2 16 0,95 21,8 

22 6,6 0,5 13,5 33,2 34,2 26,58 0,20 85,2 5,2 16 0,96 32,2 

18 6,5 0,6 13,2 31,5 34,0 26,08 0,20 85,4 5,3 15 0,95 20,8 

13 5,5 0,4 14,6 30,8 34,72 28,11 0,20 86,4 5,5 15 0,98 28,2 
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consists of coal-bearing areas such as Bukhta Ugolnaya, 
Verhne-Alkatvaam (Amaam North) and Amaam; coal 
shows Laguna Arinai, Laguna Zabytaya, Guba Gavriila 
and Peschanaya river (Fig. 8).

Structurally, the Bering basin is associated with the 
same deflection of about 100 × 100 km (the Cenozoic 
Koryak fold system). Basement sediments is a wide 
complex (9-15 km) of the Mesozoic and cenozoic 
terrigenous and volcanogenic marine, lagoon and 
continental formations from the Late Jurassic to the 
Eocene (Fandyushkin, 2016). The coal-bearing areas 
(coalfields) are mainly associated with the brachinclinal 
structures filled with Upper Cretaceous (Barykovskaya, 
Koryak and Gangutskaya formations) and Palaeogene 
(chukchi formation) sediments. Most of the structures 
are located in the coastal part of the Bering Sea.

There are four settlements on the territory of the Bering 
basin: the urban-type settlement Beringovsky, which has an 
airport, a seaport, the closed Nagornaya mine, different 
administrative institutions; three national villages 
(Khatyrka, Meynypylgino and Alkatvaam). The open-pit 
mining of the “Fandyushkinskoe Pole” coalfield is near 
the Alkatvaam. The projected production capacity of 
the field is 750 thousand tons per year, A + B + C1 + c2 
reserves (Russian classification) – 10390 thousand tons 
for open pit mining to a depth of 300 m.

coals of the “Zh” coal rank are mainly distributed in 
the area of Bukhta Ugolnaya coalfield. In the Alkatvaam 
and Amaam districts – “GZh” and “Zh” coal ranks. The 
total coal resource potential of the Bering basin (reserves 
and prognostic resources) is estimated at 1.7 billion tons 
to a depth of 600 m.

The coal-bearing region of Bukhta Ugolnaya contains 
coal seams of Barykovskaya, Koryak and chukchi 
formations.

The coals of the Barykovskaya formation are 
concentrated in two piles, including up to 7-10 seams 
with a thickness from 0.4 to 0.5 m, only one seam 
reaches a thickness of 1.1 m. The coals of the Koryak 
formation are mainly represented by the Podsopochny 
seam with a thickness of 1.5-3.0 m. The most carbonated 
chukchi Formation of the Paleogene consists of three 
subformation (lower, middle and upper). The Lower 
chukchi includes one seam of the complex structure 
“Rechnoi” with a thickness of 1.3 to 3.5 m. The Middle 
chukchi includes three coal seams: “Moshchniy”, 
“Dvoinoy”, “Karierniy”. The “Moshchniy” seam is 
predominantly of a simple structure with a thickness 
of 0.1 to 3.73 m. The “Dvoinoy” seam of a complex 
structure is unstable. Its thickness ranges from 0.05 to 
3.65 m. The “Karierniy” seam of a complex structure is 
unstable. The thickness varies between 0.1-4.0 m. The 
“Dvoinoy” and “Karierniy” seams are characterized 
by the presence of nodules of predominantly carbonate 
composition. The coal-bearing ratio of the Middle 

subformation is 3.7 %. The Upper subformation has 
low coal-bearing capacity (0.3 % coefficient), consists 
of three seams: the “Noviy”, the “Somnitelniy” with a 
thickness of up to 0.5 m and the “Koryaksky” with a 
thickness of 1-2 m.

Black coals, mostly bright, homogeneous and semi-
bright, lenticular-thin-striped. With prismatic or tiled 
separateness, angular-stepped fracture. The maceral 
composition of coals (Table 8) is consistent, with a 
vitrinite content of up to 95 %, alginite can be found 
singly. Of the mineral impurities, clay and carbonates 
prevail, less often pyrite and quartz.

coals are moderately sulfur and moist, with medium 
ash, with high calorific value, increased volatile matter 
and hydrogen. coal plastometric index varies from 
12 to 14 mm. The chemical composition of the ash – 
refractory components of 60 %, low-melting – 20.9 %. 
Ash is characterized by lower melting values. coals are 
light and medium enriched. The main quality indicators 
are in the Table. 9.

Fig. 8. Schematic geological map of the Bering basin. 
1 – Quaternary sediments; 2 – Paleocene-Eocene coal-
bearing sediments of the Chukchi formation; 3 – Upper 
Cretaceous sediments of the Gangutskaya formation; 4 – 
Upper Cretaceous sediments of the low-carboniferous 
Koryakskaya formation; 5 – Upper Cretaceous sediments of 
the Barykovskaya formation; 6 – Lower Upper Cretaceous 
sediments of the Ginterovskaya formation; 7 – Lower 
Cretaceous sediments undivided; 8 – covers of basalts: 
Paleogene (a), Quaternary (b); 9 – main faults; 10 – the 
main deposits: I – Bukhta Ugolnaya, II – Amaam, III – 
Alkatvaam, IV – Guby Gavriila, V – Laguna Zabytaya, VI – 
Laguna Arinai, VII – Peschanoe.
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coal reserves in the region of Bukhta Ugolnaya come 
to 121 million tons for A + B + c1 types and 500 million 
tons for c2 type. The prognostic coal reserves of P1 type 
of the deposit come to 314 million tons.

Soldering coal deposits of the Alkatvaam coal-
bearing region are located 40 km south-west of the 
Beringovsky deposit and even further south, in the area 
of Ushakov Bay are located the deposits of the Amaam 
coal-bearing region (Fig. 9).

The Alkatvaam coal-bearing region. The coal-bearing 
capacity of the region is confined to sediments of the Upper 
Koryak and Middle chukchi formations. On the territory 
of the district, there is a “Zh”-type “Fandyushkinskoe 
pole” coalmine, developed since December 2016 (Fig. 10) 
confined to the Koryak Formation.

A thick “Odinokiy” coal seam of complex structure 
was revealed here. The number of partings in the 
coal seam varies from 1-2 to 10-12. The thickness 
of the partings is variable and varies from the first 
centimeters to 10-15 meters. The seam consists of 
two working seams group – the lower (“Nijniy”) and 
upper (“Verkhniy”). The thickness of the lower seams 
plies is 7.5-10 m, it is characterized by the presence of 
many partings and lens out in the southwest direction 
until the working thickness is lost. The upper seams are 
characterized by a more consistent structure, quality 
and thickness of 3-6 meters, with the presence of thin 
partings (up to 0.5 m). In the upper and lower seams, 
frequent small-amplitude splits observed to a depth of 
20-30 meters. In the outermost southwestern part of 

the field of the “Odinokiy” seam lens out and loses its 
working thickness. The priority reserves approved by the 
Russian State Reserves committee come to 10.4 million 
tons, of which type B shares 8 %, c1 – 50 % and c2 – 
42 % (Russian classification). The mine development 
project provides for annual producing of 750 thousand 
tons of coal. In addition to this deposit and its flanks, 

Deposit Petrographic composition of pure coal, % Mineral 
components, % Vitrinite Semivitrinite Inertinite Liptinite 

Collinite Telinite 
Bukhta Ugol`naya 84 10 2 2 2 4 
Alkatvaam 86 9 1 4 0 11 
Amaam 91 6 1 1 1 7 
Peschanoe 62 32 2 1 3 4 
Average value 81 14 1,5 2 1,5 6 

Table 8. Average maceral composition of coals of Bering basin

Table 9. Quality indicators (in %) of coal of Bukhta Ugolnaya deposit

Indicator Mine "Nagornaya" District "Zasbrosovy" District "Alkatvaamsky" 
Wt

r 2,0-20,6 (5,1) 1,3-13,0 (4,4) 1,7-11,2 (4,3) 
Ad 2,9-29,2 (11,5) 4,0-30,0 (11,7) 4,0-28,4 (12,4) 
Ad

г.м. 10,4-30,0 (16,5) 10,0-30,0 (17,0) 4,6-30,0 (18,5) 
Vdaf 33,6-56,0 (44,1) 35,8-58,5 (43,4) 34,4-57,5 (43,7) 
St

d 0,80-9,02 (1,70) 0,26-8,05 (1,51) 0,12-8,24 (1,54) 
Cdaf 69,7-89,4 (81,5) 73,3-85,8 (81,6) 78,1-85,4 (81,9) 
Hdaf 4,9-8,4 (6,1) 5,2-6,7 (6,1) 5,5-7,4 (6,2) 
Qs

daf MJ/kg 30,2-38,2 (34,4) 27,6-36,8 (34,2) 29,4-37,0 (34,2) 
Qi

r    MJ/kg  28,9-36,4 (32,8) 27,7-34,7 (32,7) 29,72-35,87 (31,9) 
Y, mm 3-25 (12) 6-18 (12) 7-21 (13) 
RJ, un. 18-80 (42) - 2-91 (62) 
RO 0,66-0,73 (0,68) 0,68-0,69 (0,68) 0,69-0,72 (0,69) 
∑FC 8 4 9 
Technological group 
(GOST 25543-2013) 

1G 1G 2G 

Fig. 9. The main coal-bearing areas of the Bering coal basin. 
Schematic geological map of the Alkatvaam coal-bearing 
region.
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the coal-bearing capacity of the Koryak Formation in the 
Alkatvaam region was not identified. It will become the 
object of a search after the coal-bearing capacity of this 
formation will be confirmed.

The Middle chukotka is the main coal-bearing 
subformation of the Alkatvaam coal-bearing region. 
coal seams with industrial (economic) characteristics 
are found throughout the distribution subformation. 
coals are characterized by high sulfur contents and are 
suitable mainly for burning. The maximum coal-bearing 
capacity of the section is 13 coal seams (“Povorotniy” 
deposit), on average – 5 coal seams with a thickness of 
0.5 to 5 meters. The coal seams in the section (geological 
record) of the Middle chukchi sub-formation lie down 
after 10-50 meters. Macroscopically, the coals of the 
Alkatvaam region are black, mostly bright and semi-bright 
with dull bands, have an indistinctly streaky structure, 
prismatic jointing. coals of the Koryak Formation are 
“Zh”, Middle chukotka Formation – “GZh” coal rank. 
The coal of the Middle chukchi is characterized by a 
high content of macerals of the vitrinite group (92-96 %) 
and, accordingly, insignificant inertinite (2-4 %). For 
coals of the Koryak Formation, the content of vitrinite is 
50-60 %, and inertinite is up to 30 %. The main qualitative 
characteristics are given in Table 10.

coal resources to a depth of 300 m (for open-pit coal 
mining) of the Alkatvaam coalfield come to 870 million 
tons (Р1 – 90, Р2 – 180 and Р3 – 600 million tons by 
Russian classification Resources), including for open 
pit mining with favorable subsurface conditions – 140 
million tons (P1 – 90, P2 – 50 million tons by Russian 
classification).

The Amaam coal-bearing region. The coal-bearing 
capacity of the Amaam is confined to the Koryak 
Formation of the Upper cretaceous and the chukchi 
Formation of Paleogene (Fig. 11).

Indicators 
Sectional position 

   Middle Chukchi
subformation 

      Upper Koryak
subformation 

Wa,% 1,2 1,0 
Wmax,% 1,8 1,8 

Ad,% 12,5 21,1 
Vdaf,% 39,6 30,0 

Qsdaf MJ/kg 35,45 34,9 
Qir, MJ/kg 27,16 28,5 

Std, % 2,7 0,39 
Pd,% 0,06 0,06 

х, mm 37 29 
у, mm 25 14 
Ro, % 0,76 1,02 

Coal rank GZH ZH 
Vitrinite, Vt% 92,0 55,5 
Semivitrinite, 

Sv% 
2,0 16,0 

Inertinite, I% 4,8 28,1 
Liptinite, L% 1,2 0,34 

Mineral 
components, 

MI% 

7,5 5,3 

Cdaf, % 86,5 86,6 
Hdaf, % 5,4 5,2 
Ndaf, % 0,96 0,9 
Odaf, % 6,8 7.0 

Sorg
daf, % 0,42 0,42 

Table 10. Coal quality of the Alkatvaam coal-bearing region 
of the Bering coal basin

Fig. 10. Schematic geological map of the “Fandyushkinskoe Pole” deposit and its flanks
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The Koryak formation contains the “Podgravelitovy” 
horizon, in which there are two coal seams – “Sputnik” 
(0.5-0.6 m) and “Podgravelitovy” (up to 1.5 m) lie down. 
The seam “Podgravelitoviy” is located 30-32 m above 
the seam “Sputnik”. The chukchi Formation is coal-
bearing in the Lower and Middle subformation. coal 
seams of Middle chukchi are of industrial interest. The 
coal-bearing section contains 9-12 seams and plies of 
coal from a simple to complex structure.

In the region, the coal seams are consistent and 
relatively consistent. 

The most significant for the region is the Seam with 
“I” index, located at the floor of the section. The share 
in the resource potential of the Seam “I” is estimated 
at 50-52 %. The average thickness of coal seams is 
1-1.5 m, for Seam “I”– 1.5-2 m, the thickness of interbed 
(partings) – from 5 to 40 meters. The average coal-
bearing ratio is 8-10 %. The main quality characteristics 
are given in Table 11. 

coals are ultraclaren. The Seam “I” is characterized 
by the smallest ash, the largest – Seam “II”. The main 
components of ash are silica (45.5-55.2 %) and alumina 
(25.8-31.3 %). In the ratio SiO2 / Al2O3 ≈ 1.8 (1.16-2.50) 
coal ash is alumina. K2O / Na2O ≈ 1.5 (0.58-4.04). Coal 
ash are medium and high fusing. All coal seams of the 
Amaam coal-bearing region are well sintering: values 
of sintering index (G) – 93-100. According to GOST 
10100-89, the coals are hardly enriched. 

At the achieved stage of geological exploration of 
prospective areas, there are estimated coal reserves of 
categories c1 + c2 in the amount of 29.56 million tons, 

resources of category P1 – 105.62; P2 + P3 – 83.64 million 
tons by Russian classification. Without calculation of 
decreasing coefficient, the coal resources are estimated 
in quantity by categories: P1 – 137; P2 – 75; P3 – 60 
million tons. In total P1 + P2 + P3 – 270 million tons by 
Russian classification.

The “Peschanoe”, “Guba Gavriila”, “Laguna Arinay”, 
and “Laguna Zabitaya” сoal shows of are poorly studied. 
The coal-bearing capacity of the “Peschanoe” coal show 
are according to the Middle chukotka sub-formation. 
Coals contain ash of 3-5 %, a higher calorific value of 
29.2-30.0 MJ/kg, rank is “D”.

Fig. 11. Schematic geological map of the Amaam coal-bearing region

Table 11. Coal quality of the Amaam coal-bearing region of 
the Bering coal basin

Indicators From To  
Wa,% 0,55 0,66 
Vdaf,% 31 33 
Qsdaf MJ/kg 36,02 36,2 
Qir, MJ/kg 25 26 
Std, % 0,52 0,94 
Pd,% 0,12 0,23 
х, mm 19,4 24,2 
у, mm 19 22 
Ro, % 0,98 1,07 
Coal rank ZH 
Cdaf, % 85,3 87,1 
Hdaf, % 5,57 5,87 
Ndaf+ Odaf, % 5,8 7,3 
Sorg

daf, % 0,57 1,7 
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“Guba Gavriila” deposit is located on the coastal 
slopes of Greig Bay and in the Vyrugna river basin, 
which flows into the Oreanda lagoon in the far 
southeastern part of the coal basin and directly adjoins 
the seashore. Coal-bearing capacity is confined to the 
Middle chukchi subformation. Two coal seams are 
known: the lower one with a thickness of 0.5-0.6 and the 
upper one with a thickness of 1.5-2 m. The ash content 
of coal from individual samples is 13.9 %, volatile-
matter content 33-34, sulfur up to 0.6, phosphorus – up 
to 0.003, carbon – 78-80, hydrogen – 5.1 %. coal type, 
presumably, “KZh”.

“Laguna Arinai” deposit is located on the north 
from “Guba Gavriila” deposit, near the sea coast. coal-
bearing capacity is confined to the Middle Chukchi 
subformation. Three coal seams with a thickness of 
0.4–2 m of a complex structure were detected. The 
coalfield of the “Laguna Zabytaya” is located near 
cape Otvesniy. In the Middle chukchi subformation, 
one coal seam of complex structure is known. Intense 
faulting and complex structure characterize all coalfield. 
complex transport accessibility makes these sites not 
very promising for study.

coals of the Bering coal basin have a large resource 
potential of about 2 billion tons. They differ favorably 
in quality, have low – rarely, medium ash (ash content 
of 8-12 % coal mined at the “Fandyushkinskoe Pole” 
open pit), low sulfur content. They are mostly easily 
or moderately enriched, have good sintering properties 
(average values of coal plastometric index “y” of the 
“Bukhta Ugolnaya” deposit are 12-14 mm, up to 24 mm 
in the Amaam), the content of bitumen in coal reaches 
6.3-20.2 % (coal Base ..., 1999).

All this indicates the possibility of intensive industrial 
development of the coal basin, taking into account their 
location, and, accordingly, the need for further geological 
exploration for poorly explored deposits to assess their 
resources and prepare for licensing. coals can go to 
energy-deficient areas of the Far Eastern Federal District 
and exported by cheap sea transport (according to the 
type of export from Australia). Note that the coals of 
the Bering basin can be used as raw materials for the 
production of liquid fuels, phenols and other chemical 
products (coal Base ..., 1999).

Thus, in the Arctic region of Russia there is the largest 
base of coking coal of valuable types, requiring further 
study and more active development, as part of the general 
strategy for the development of fuel and energy resources 
of the subsurface of Russian North.
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Heat flow and presence of oil and gas  
(the Yamal peninsula, Tomsk region)
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Abstract. The possibilities of Geothermy as a geophysical method are studied to solve forecast and 
prospecting problems of Petroleum Geology of the Arctic regions and the Paleozoic of Western Siberia. Deep 
heat flow of Yamal fields, whose oil and gas potential is associated with the Jurassic-Cretaceous formations, 
and the fields of Tomsk Region, whose geological section contents deposits in the Paleozoic, is studied. 
The method of paleotemperature modeling was used to calculate the heat flow density from the base of a 
sedimentary section (by solving the inverse problem of Geothermy). The schematization and mapping of the 
heat flow were performed, taking into account experimental determinations of the parameter. Besides, the 
correlation of heat flow features with the localization of deposits was revealed. The conceptual and factual 
basis of research includes the tectonosedimentary history of sedimentary cover, the Mesozoic-Cenozoic 
climatic temperature course and the history of cryogenic processes, as well as lithologic and stratigraphic 
description of the section, results of well testing, thermometry and vitrinite reflectivity data of 20 deep 
wells of Yamal and 37 wells of Ostanino group of fields of Tomsk region. It was stated that 80 % of known 
Yamal deposits correlate with anomalous features of the heat flow. Bovanenkovskoe and Arkticheskoe 
fields are located in positive anomaly zones. 75 % of fields of Ostanino group relate to anomalous features 
of the heat flow. It is shown that the fields, which are characterized by existence of commercial deposits 
in the Paleozoic, are associated with the bright gradient zone of the heat flow. The forecast of commercial 
inflows in the Paleozoic for Pindzhinskoe, Mirnoe and Rybalnoe fields is given. The correlation between the 
intensity of naftidogenesis and the lateral inhomogeneity of the deep heat flow is characterized as a probable 
fundamental pattern for Western Siberia.
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introduction
Within the development paradigm of hydrocarbon 

resources base of Russia, the Arctic regions and the 
Paleozoic of Western Siberia become subsequent objects 
of geological exploration and demand perfecting of 
criteria and updating prospecting methods (Kontorovich, 
2016; Kontorovich, 2017). Present work is related to 
the enhancement of possibilities of Geothermy as a 
geophysical method for solving forecast and prospecting 
problems of Petroleum Geology (Isaev et al., 2018).

Key role belongs to fundamental geodynamic 
parameter – the deep heat flow density (Khutorskoy, 

1996). This is the main parameter, determining the 
thermal history of potentially oil source sediments, the 
realization degree of generation potential of organic 
matter, the syngenesis of foci of hydrocarbon generation 
and accumulating reservoirs (Isaev, 2004). To the 
point, the following is a quotation from monograph 
(Kurchikov, 1992): “Thus, according to the new obtained 
data about deep heat flow, a widespread viewpoint 
concerning the omnipresent confinedness of oil and 
gas deposits to geotemperature anomalies zones is not 
confirmed. Nevertheless, it is found out that the majority 
of hydrocarbon accumulations are located in zones of 
substantial lateral inhomogeneity of the deep heat flow” 
(italics by article authors). A relevant contribution to the 
formation of Geothermy as an oil prospecting method, 
especially for the Arctic regions, of A.R. Kurchikov 
(Kurchikov, 2001) and M.D. Khutorskoy (Khutorskoy 
et al., 2013; Nikitin et al., 2015) must be mentioned.

*Corresponding author: Valery I. Isaev
E-mail:isaevvi@tpu.ru

© 2019 The Authors. Published by Georesursy LLC 
This is an open access article under the CC BY 4.0 license 
(https://creativecommons.org/licenses/by/4.0/)
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Objects for present research are territories of 
hydrocarbon fields localization in the northern part of 
Yamalo-Nenets Autonomous Okrug, where oil and gas 
potential is associated, predominantly, with the Lower 
Cretaceous deposits of the Akhskaya suite, and in Tomsk 
Region, which geological section contents deposits in 
the Upper Jurassic as well as in the contact zone of the 
Paleozoic and the Mesozoic and in the Inner Paleozoic.

Research purpose is to investigate a consistent 
pattern of the deep heat flow changes, to evaluate the 
correlation between the heat flow peculiarities and 
localization of hydrocarbon fields and to define possible 
prospecting geothermal criteria of oil and gas potential 
through the example of the territories, which were 
mentioned earlier. 

Investigation and evaluation have been carried out, 
foremost, based on calculated values of the deep heat 
flow density from the base of a sedimentary section, 
besides the experimental determinations of the deep heat 
flow have been also analysed.

The methodology of deep heat flow calculation
The deep heat flow is determined by solving inverse 

problem of Geothermy with the aid of software package 
tools for 1D basin modelling (Isaev et al., 2018а; Isaev et 
al., 2018b). Solution is performed within the parametric 
description of the sedimentation history and the history 
of thermophysical properties of the sedimentary 
layer only, beginning from the Jurassic, without 
invoking information about the nature of heat flow and 
geodynamics below the base of the sedimentary section. 
For the conditions of Western Siberia, characterized, 
starting from the Jurassic time, by the quasistationarity 
of the deep heat flow (Duchkov et al., 1990; Kurchikov 
et al., 2001), the solution of the inverse Geothermy 
problem – determining the density of heat flow – is 
carried out uniquely. 

To solve the inverse problem of Geothermy, we use as 
“observed” both measurements of reservoir temperatures 
obtained during well tests and temperature logs of steady-
state boreholes (Method of definite geotemperature 
gradient, DGG) and also geotemperatures recalculated 
(Isaev, Fomin, 2006) from the values of vitrinite 
reflectance (VR). The geotemperatures from VR are 
included immediately in a rigorous mathematical form. 
No separate “calibrations” for VR temperatures are 
required. 

The first boundary condition of the model is determined 
by the temperature of the surface of sedimentation in 
the Mesozoic-Cenozoic, i.e. paleoclimate factor, and 
is given as a piecewise linear function of the “local” 
secular temperature pattern on the Earth’s surface. The 
“local” secular temperature patterns of the Arctic zone 
and the south-eastern part of Western Siberia were built 
on the basis of synthesis of experimental definitions and 

paleoclimatic reconstructions (Iskorkina et al., 2015; 
Isaev et al., 2016; Isaev et al., 2017).

Parametrization of sedimentary section, exposed by 
a well, which defines parameters of sedimentation and 
thermophysical model, accepts in compliance with the 
lithologic and stratigraphic dedicated breakdown. 

Petrophysical dependences of thermal conductivity 
of sediments on their lithology and density are used 
for setting the thermal conductivity of rocks (Isaev et 
al., 2002). Thus, the thermal conductivities of rocks 
(1,27-1,65) W/m∙K were determined by their density 
in the range (2,02-2,46) g/cm3. The coefficients of 
thermal diffusivity (6,5-8,0)*10-7 m2/s and thermal 
extraction density of radioactive sources (1,1-1,3)*10-6 
W/m3 were determined according to the lithology of 
stratigraphic sequence as well. The formation, existence 
and degradation of the permafrost and ice mass in the 
Neopleistocene and Holocene are taken into account as 
a kind of dynamic lithologic and stratigraphic complexes 
with anomalous thermal conductivity (2,09-2,25) 
W/ m∙K, thermal diffusivity (1,05-1,20) *10-6 m2/s and 
density (0,92-2,10) g/cm3.

The upper boarder of sedimentation mass – 
depositional surface, daylight surface. Therefore, 
paleotemperature reconstructions immediately are 
conjugated with paleostructural reconstructions. The 
sedimentation rate in the model may be set to zero and 
negative values, that allows to take into account non-
depositional hiatus and denudation.

The main criterion for the accuracy of the results of 
modeling is the optimal consistency (“discrepancy”) 
of the maximum calculated geotemperatures with 
the “observed” temperatures of the “maximum 
paleothermometer” – temperatures determined by 
VR. The optimality of the “discrepancy” of calculated 
geotemperatures with “observed” reservoir temperatures 
is equally important. The optimal “discrepancy” is 
the mean square difference between the calculated 
and “observed” values, which is equal to the error of 
observations (Strakhov et al., 2000). In our case, the 
error of observations is of the order of ± 2ºС (Isaev et al., 
2018b). To be noted that not infrequently “discrepancy” 
of calculated geotemperatures with “observed” reservoir 
temperatures at depths less than 1,000 m noticeably goes 
beyond the optimal. 

The important criterion for the accuracy of the results 
of modelling is the consistency of the calculated values 
of the heat flow density with the data of its experimental 
determination in the study area. 

The heat flow of Yamal
The Mesozoic-Cenozoic sedimentary cover in the 

study area began to form in the Lower Jurassic. In this 
time Kiterbyutskaya argillaceous suite J1t, which had 
an oil-source potential, was accumulating. Till the 
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end of the Volgian Age the marine transgression has 
expanded, Bazhenov formation (J3tt+K1b), which is the 
most enriched in organic matter, was accumulating. 
According to the average VR value – R0

vt = 0,96  % – 
the Bazhenov formation is in the end of the main oil 
generation zone within the limits of the Arctic area. 

Marine regime has prevailed since the Aptian-
cenomanian until the beginning of the Eocene. 
Thickness analysis of Paleogene-Neogene testified that 
sedimentation had gone to the middle of the Miocene 
for 32 million years (Nyurolskaya, Tavdinskaya, 
Atlymskaya, Novomikhaylovskaya, Turtasskaya, 
Abrosimovskaya formations) and amounted to 335-
535 m, then these sediments have been degraded in the 
Early Bicheul time. 

In the Middle Miocene-Early Pliocene, since the end 
of the Bicheul time and till the end of the Novoportov 
accumulation had gone of the order of 100 m thick 
sediments, which in the subsequent stage of positive 
tectonic movements over 1.3 million years were 
denudated. With the onset of the Late Miocene, Pliocene-
Quaternary lacustrine-alluvial sediments accumulated. 

The Middle Jurassic oil and gas complex (OGC) 
includes reservoirs in Vimskaya suite (J2b1

1) with YuYa7-9 
formations and Malyshevskaya suite (J2b2

2-bt1-2) with 
YuYa2-4 formations in lower subsuite. The Upper Jurassic 
OGC combines Nurminskaya suite (J2bt3-k+J3ok-tt1), 
while the Cretaceous – Akhskaya, Tanopchinskaya 
and Yarongskaya the Lower Cretaceous suites. 
Achimovskaya sequence is identified in the bottom of 
the Cretaceous with a group of Ach formations. 

Stratigraphic breakdowns, well testing results and VR 
data of deep wells (Database of the Trofimuk Institute of 
Petroleum Geology and Geophysics of Siberian Branch 
of Russian Academy of Sciences, 2018) are invoked for 
purpose of building sedimentation and thermophysical 
1D-models. The breakdowns are accepted considering 
the dynamic of tectonic events during the formation of 
sedimentary section in the territory of Yamal. Account 
the permafrost is performed beginning from 0.52 Ma, 
while ice mass – beginning from 0.182 Ma (Isaev et al., 
2017). The glacier has completely degraded by the time 
of 15 thousand years ago (the end of the Sartan time). 

The scheme of heat flow density of Yamal (Fig. 1A) 
was built using calculated values of heat flow density 
from the base of the sedimentary section in 8 wells and 
data of experimental determinations of deep heat flow 
density in 12 wells (Table 1). 

To be noted, that the pattern concerning increasing the 
deep heat flow density towards the north-west direction 
(Khutorskoy et al., 2013), which was earlier established, 
is observed on the obtained calculated scheme as well 
(Fig. 1). 

It is interesting to match calculated values of the heat 
flow, obtained with the authors’ methodology (Isaev et 

al., 2018а; Isaev et al., 2018b), with calculated values 
of heat flow, obtained earlier via use of the physical-
mathematical model of A.R. Kurchikov (Kurchikov, 
1992). Thus, cataloged values of the heat flow density 
(Kurchikov, 1992) in wells of Kharasaveyskoe, 
Kruzenshternskoe and Bovanenkovskoe fields are in 
the range of 56-62 mW/m2, whereas the scheme (Fig. 1) 
gives the range of 57-62 mW/m2. And then cataloged 
values of the heat flow density (Kurchikov, 1992) in 
wells of Arkticheskoe and Sredne-Yamal’skoe fields 
are in the range of 54-56 mW/m2, whereas the scheme 
(Fig. 1) gives the range of 51-57 mW/m2. 

Presumed, Table 1 and also Table 3 (calculated heat 
flow, “discrepancies” of modelling) are of self-consistent 
interest. Along with that, this information is an argument 
for reliability of modelling results, values of the heat 
flow in tables may become a basis for following 2D 
and 3D basin modelling. One of the most problem-
plagued and quite difficult stage of the basin modelling 
is receiving the heat flow appraisals. The complicacy 
and ambiguousness of heat flow determination from 
the base of sedimentary section, which is based in 
systems GALA, Temis, PetroMod on the models of the 
lithosphere rifting (“defined rift phases”) (Hantschel et 
al., 2009; Kontorovich et al., 2013; Galushkin, 2016), 
is known, but far from always mentioned. 

It is possible to see the following peculiarities in the 
scheme (Fig. 1B): “positive anomaly” (for example, 
Bovanenkovskoe area); “negative anomaly” (Yuzhno-
Tambeyskoe area); “bay-shaped configuration of 
isolines” (Rostovtsevskoe area); “non anomalous field” 
(Sredne-Yamal’skoe area).

Analysis of correlation between the heat flow 
and localization of 13 well-known fields shows the 
following. 6 fields are in the zones of positive anomalies 
of heat flow (46 % of the total number), the biggest 
among them – Bovanenkovskoe and Arkticheskoe. 
1 field is in the zone of negative anomaly of the heat 
flow (8 %) – Yuzhno-Tambeyskoe. 4 fields are in the 
zones of bay-shaped configuration of isolines (31 %): 
Kruzenshternskoe, Neytinskoe, Rostovtsevskoe and 
Novoportovskoe.

Consequently, in the order of 80-85 % of known 
hydrocarbon fields of Yamal are associated with 
anomalous peculiarities of the deep heat flow. 

The heat flow of Ostanino group of fields 
(Tomsk Region)

The study area is located in Parabel District of Tomsk 
Region between rivers the Chuzik and the Chizhapka 
(Fig. 2). As to sediments of the platform cover the 
research territory is in the articulation zone of two tectonic 
structures of the first order: Nyurol’skaya megadepression 
and the south part of Srednevasyuganskiy megaswell 
(Kontorovich et al., 2006). 
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Identi-
fication 
number 

(Fig. 1А) 

Well 

Temperature, °С 
Heat flow, 

mW/m2  
/ depth, m Depth, m Reservoir  By VR By DGG Modelling 

(calculated) 

Difference 
between 

calculated and 
experimental  

Calculated by authors 

1 Rostovtsevskoe 64 

2470 75 - - 75 0 

50 
/3485 

2650 81 - - 81 0 
2660 81 - - 81 0 
2096 - 84 - 85 +1 
2600 - 98 - 101 +3 
2827 - 111 - 108 -3 

2 Sredne-Yamal'skoe 14 

846 17 - - 23 +6 
51/ 

3383 
1700 - 83 - 81 -2 
2200 - 100 - 97 -3 
3000 - 120 - 122 +2 

3 Malo-Yamal'skoe 3002  

2312 68 - - 68 0 

51/ 
2751 

2355 69 - - 69 0 
2391 75 - - 70 -5 
2552 76 - - 75 -1 
1917 - 80 - 79 -1 
1922 - 81 - 79 -2 
1937 - 81 - 79 -2 
2300 - 90 - 91 +1 
2315 - 90 - 91 +1 

4 Arkticheskoe 11 

3533 125 - - 124 -1 
58/ 

2792 
3560 126 - - 125 -1 
2000 - 100 - 102 +2 
2500 - 120 - 121 +1 

5 Bovanenkovskoe 116 

2610 94 - - 96 +2 

62/ 
3388 

2657 97 - - 97 0 
2795 103 - - 103 0 
3050 113 - - 112 -1 
2615 - 120 - 119 -1 

Imported calculated values (Popov, Isaev, 2011) 
6 Ust'-Yuribeyskoe 31 1165-1178 67  - - - 48/2900 

7 Severo-Mantoyskoe 51 

469-472 10  - - - 

47/2400 

873-878 22  - - - 
891-900 23  - - - 

1368-1376 27  - - - 
2322 - 56 - - - 
2430 - 61 - - - 
2434 - 65 - - - 

8 Novoportovskoe 54 2520-2540 83 - - - - 52/2500 
Imported experimental values (Khutorskoy et al., 2013) 

9 Rusanovskoe 2 - - - - - - 76/- 
10 Leningradskoe 1 - - - - - - 73/- 
11 Beloostrovskoe 1 - - - - - - 54/- 
12 Beloostrovskoe 3 - - - - - - 53/- 
13 Beloostrovskoe 4 - - - - - - 55/- 
14 - - - - - - - 53/- 
15 - - - - - - - 49/- 
16 - - - - - - - 56/- 
17 - - - - - - - 58/- 
18 - - - - - - - 56/- 
19 - - - - - - - 53/- 
20 - - - - - - - 54/- 

Table 1. The heat flow in wells of the Yamal Peninsula
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Fig. 1. The Yamal Peninsula. The heat flow (А) and its correlation with hydrocarbon deposits (B): 1 – residential place and its 
name; 2 – isolines of deep heat flow values; 3 – well, the numerator is an identification number, the denominator – heat flow 
density value, mW/m2; 4 – field outline and the name

The Jurassic sedimentary rocks rest with non-
depositional hiatus and angular unconformity on 
erosional suppression of the Paleozoic carbonate rocks 
of the Devonian-Lower Carboniferous. 

Oil and gas fields, mainly, are associated with 
the Upper Jurassic sandy reservoirs of horizon Yu1. 
Hydrocarbon deposits are concentrated in anticline, 
fault-bounded traps of the Upper and Middle Jurassic 
and in the oil-and-gas horizon of weathering crust (M 
formation) and in the Inner Paleozoic (M1 formation) 
(Table 2). The deposits of the uppermost part of 
basement rocks are relating to metasomatically altered 
bioaccumulated limestones, which represent as reservoir 
rocks of porous-fissured type. 

commonly spread in the study territory the Upper 
Jurassic Bazhenov Formation is an oil source rock for 
the Middle and Upper Jurassic OGC (Fomin, 2011). 
Potentially oil-source the Lower Jurassic Togurskaya suite 
is accepted as a traditional hydrocarbon source for the pre-
Jurassic OGC (Kostyreva, 2005). However, this formation 
has quite limited spread – the south-western edge of the 

study area (Fig. 2A). In this connection it is impossible 
to except the version, which suggests accounting the 
Devonian strata as a hydrocarbon generating source for 
the pre-Jurassic reservoirs (Lobova et al., 2018). The 
hypothesis of “Bazhenov source of origin” of the pre-
Jurassic hydrocarbon deposits is more disputable and it 
has only indirect arguments (Galieva, Krutenko, 2019).

The calculations of the heat flow density performed 
for geological sections of 35 exploratory and 2 
parametric wells on the study area (Fig. 2). Data of deep 
wells testing (reservoir temperatures) and temperature 
logs DGG were investigated and summed up from 
primary “well historical data”, reserve calculation 
reports, operational analysis reports and generalization 
of geological and geophysical database of Tomsk Region 
(Database of Tomsk branch of the “Territorial fund of 
geological information, Siberian federal district”, 2018). 
VR values determined in the Laboratory of Oil and Gas 
Geochemistry of the Institute of Petroleum Geology and 
Geophysics of Siberian Branch of Russian Academy of 
Sciences (Novosibirsk).
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Fig. 2. Tomsk Region. Review scheme (A) and map of the heat flow density (B) of Ostanino group of oil and gas fields. 1 – hydrocarbon field 
outline; 2 – drilling area; 3 – well of paleotemperature modelling, a number of it; 4 – river system; 5 – tectonic structures of the second or-
der; 6 – boarder of Togurskaya suite spread; 7 – well, calculated value of the heat flow (mW/m2); 8 – isolines of the heat flow density values.

The comparison of modelling temperatures with 
reservoir temperatures and with temperatures determined 
by DGG and by VR is provided in the Table 3. As is 
evident, the calculated model of heat distribution in the 
sedimentary section coincides with “observed” values 
in the optimal way at a level of ±2°С. 

The reliability of the results of paleotemperature 
modelling is confirmed consistency of the obtained 
calculated values of the heat flow density with 
experimental determinations of A.D. Duchkov (Western 
Siberia. Geology and mineral resources of Russia, 
2000). Experimental data is surrounded with isoline 
of 60 mW/ m2, calculated values are in the range of 
41-65 mW/m2.

The following anomalous peculiarities are observed 
in the map of the deep heat flow distribution (Fig. 2B): 
“positive anomaly”, “gradient zone”, “negative 

anomaly”, “bay-shaped configuration of isolines”.
Hydrocarbon fields in the eastern part of the territory 

are associated with the striking gradient zone, which 
surrounds a large positive anomaly. There 6 fields are 
located: Rybal’noe, Selimkhanovskoe, Pindzhinskoe, 
Mirnoe, Ostaninskoe, Severo-Ostaninskoe, that accounts 
50 % of the total number of the fields in the study area. 3 
fields (25 %) are in the zone of bay-shaped configuration 
of isolines – Pel’ginskoe, Gerasimovskoe, Zapadno-
Ostaninskoe. Remarkably, hydrocarbon fields are absent 
in the zone of negative anomaly of the heat flow in the 
north-western part of the territory. 

Therefore, 9 fields (75 %), which are located in 
the study area, are associated with the anomalous 
peculiarities of the deep heat flow distribution. 3 fields – 
Shirotnoe, Yuzhno-Tambaevskoe, Tambaevskoe, do not 
correlate with the anomalous peculiarities of the heat flow. 
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Field Oil and gas complex Inflows (formation) Fluid type 
Commercial Noncommercial 

Mirnoe The Upper Jurassic Yu1 1-2 - OGC 
Rybal'noe The Upper Jurassic - Yu0 O 

Yu1
1, Yu1

3, Yu1
4 - O 

The Paleozoic - М O 
Pindzhinskoe The Upper Jurassic Yu1

1,Yu1
2 - O 

The Middle Jurassic - Yu8 G 
The pre-Jurassic - М OGC 

Ostaninskoe The Upper Jurassic Yu1
1, Yu1

2, Yu1
3, Yu1

4 - GC 
The Middle Jurassic Yu3, Yu4 - GC 

The pre-Jurassic М, М1 - OGC 
Severo-Ostaninskoe The pre-Jurassic  М - OGC 
Gerasimovskoe The Upper Jurassic Yu1

1-2, Yu1
3, Yu1

4 - GC 
The Middle Jurassic Yu2 - GC 

- Yu7 O 
- Yu8 O 
- Yu9 O 

Yu10 - OGC 
Yu11 - GO 
Yu12 - GO 

The Lower Jurassic Yu14 - GO 
Yu15 - GO 

The pre-Jurassic М, М1 - GO 
Selimkhanovskoe The Upper Jurassic Yu1

1-2 - OGC 
Yu1

3-4 - GO 
The Middle Jurassic - Yu2 O 

The pre-Jurassic М - OGC 
Pel'ginskoe The Upper Jurassic  Yu1

1 - GO 
Tambaevskoe The Middle Jurassic - Yu6, Yu7 GO 

The pre-Jurassic М - GO 
Yuzhno-Tambaevskoe The Lower Jurassic - Yu14 O 

The pre-Jurassic М, М1 - GO 
Shirotnoe The Middle Jurassic Yu13 - OGC 

- Yu10 O 
The Lower Jurassic - Yu15 GO 

- Yu16 O 
The pre-Jurassic - М OGC 

Table 2. Oil and gas potential of Ostanino group of fields (according to the Database of Tomsk branch of the “Territorial fund of geological 
information, Siberian federal district”, 2018). Fluid type: G – gas, O – oil, GC – gas condensate, OGC – oil and gas condensate, GO – gas 
and oil.

Independently important to note, that Selim-
khanovskoe, Ostaninskoe, Severo-Ostaninskoe and also 
Gerasimovskoe fields, within which deposits are exposed 
with commercial hydrocarbon inflows, are associated 
with the substantial lateral inhomogeneity of the heat 
flow density (gradient zones) (Table 2). Pindzhinskoe, 
Mirnoe and Rybal’noe fields are also included in the 
striking gradient zone, within them it is possible to 
forecast deposits with commercial hydrocarbon inflows. 

Yuzhno-Tambaevskoe and Tambaevskoe fields, 
within which deposits are exposed with commercial 

hydrocarbon inflows, are separated from anomalous 
peculiarities of the heat flow. Interesting to point, that 
particular these fields are located within the boarders 
of spread of potentially oil-source the Lower Jurassic 
Togurskaya suite.

conclusion
The scheme and the map of the deep heat flow 

were built for the territory of localization of the Arctic 
hydrocarbon fields of Yamal and Tomsk Region, where the 
Paleozoic oil deposits were exposed in geological section. 
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No. Well 

Temperature, °С 
Calculated heat 
flow, mW/m2  

/ depth, m Depth, m Reservoir By VR By 
DGG 

Modelling 
(calculated) 

Difference 
between 

calculated and 
experimental 

1 Zapadno-Ostaninskoe 
440 

2530 87 - - 88 +1 
51 

/2750 2495 87 - - 86 -1 
2512 87 - - 87 0 

2 Zapadno-Ostaninskoe 
447 

2510 87 - - 87 0 51 
/2790 2512 87 - - 87 0 

3 Ostaninskoe 424 
2839 106 - - 102 -4 

54 
/2880 2494 89 - - 91 +2 

2541 90 - - 92 +2 

4 Ostaninskoe 425 
2515 88 - - 90 +2 

53 
/2825 2700 100 - - 96 -4 

2776 - 112 - 114 +2 

5 Ostaninskoe 428 

2000 - - 70 72 +2 

52 
/2750 

2400 - - 84 85 +1 
2500 - - 90 88 -2 
2510 86 - - 89 +3 
2680 - - 97 94 -3 

6 Ostaninskoe 438 

2704 - 115 - 115 0 
54 

/2750 
2570 94 - - 94 0 
2512 94 - - 92 -2 
2119 77 - - 79 +2 

7 Ostaninskoe 452 
2538 - 103  106 +3 

52 
/2895 2556 - 107  107 0 

2895 - 120  118 -2 

8 Severo-Ostaninskoe 1 

2541 - 117 - 115 -2 

58 
/2645 

2576 - 115 - 116 +1 
2629 - 115 - 118 +3 
2425 95 - - 95 0 
2555 101 - - 99 -2 
2388 93 - - 93 0 

9 Severo-Ostaninskoe 8 
2829 106 - - 106 0 55 

/2840 2831 105 - - 106 1 

10 Severo-Ostaninskoe 9 
2783 - 120 - 120 0 56 

/2800 2784 - 120 - 120 0 

11 Severo-Ostaninskoe 7 2773 - 115 - 117 +2 54 
/2790 2782 - 119 - 117 -2 

12 Severo-Ostaninskoe 
11 2776 - 105 - 105 0 47 

/2790 

13 Armichskaya 1 
2480 - 115 - 116 +1 61 

/2900 2540 - 120 - 119 -1 

14 Gordeevskaya 1P 2874 - 120 - 120 0 52 
/3280 

15 Tambaevskoe 1 

2590 - 96 - 102 +6 

48 
/3040 

2593 84 - - 84 0 
2682 86 - - 87 +1 
2754 87 - - 89 +2 
2936 98 - - 94 -4 
2984 100 - - 96 -4 

16 Pel'ginskoe 1 2630 89 - - 89 0 50 
/3020 

17 Pel'ginskoe 2 

2588 - 98 - 98 0 
45 

/3040 
2595 - 98 - 98 0 
2597 - 98 - 98 0 
2605 - 98 - 98 0 

18 Pel'ginskoe 3 

2615 - 106 - 107 +1 

 
50 

/2970 

2630 - 106 - 107 +1 
2640 - 109 - 108 -1 
2729 - 111 - 110 -1 
2766 - 112 - 112 0 
2822 - 113 - 113 0 

19 Selimkhanovskoe 2 
2255 84 - - 87 +3 

57 
/2430 2265 89 - - 87 -2 

2360 91 - - 90 0 

20 Selimkhanovskoe 4 2455 - 98 - 98 0 51 
/2480 

21 Selimkhanovskoe 5 
2247 92 - - 89 -3 

59 
/2480 2299 89 - - 91 +2 

2330 92 - - 92 0 

22 Sel'veykinskaya 2 

2579 90 - - 89 -1 

41 
/2900 

2623 90 - - 90 0 
2808 96 - - 94 -2 
2904 96 - - 97 +2 
2909 96 - - 97 +2 
2947 96 - - 98 +2 

23 Sel'veykinskaya 3 
2549 - 91 - 93 +2 

44 
/2800 2648 - 92 - 95 +3 

2798 - 104 - 99 -5 

24 Sel'veykinskaya 4 2812 - 92 - 92 0 40 
/2810 

25 Gerasimovskoe 6 
2570 - 104 - 104 0 

52 
/2870 2596 - 103 - 105 +2 

2859 - 115 - 113 -2 

26 Gerasimovskoe 7 
2565 87 - - 89 +2 51 

/2740 2710 96 - - 94 -2 

27 Gerasimovskoe 12 

2586 - 110 - 109 -1 

55 
/2840 

2775 100 - - 102 +2 
2797 - 118 - 116 -2 
2821 - 118 - 117 -1 
2838 - 117 - 118 +1 

28 Gerasimovskoe 18 

2214 - - 72 75 +3 

49 
/2890 

2387 - - 77 80 +3 
2528 - - 82 84 +2 
2541 - - 83 84 +1 
2878 102 - - 95 -7 

29 
Gerasimovskoe 

(Zapadno-Ostaninskoe 
444) 

2754 94 - - 97 +3 

52 
/2860 

2770 94 - - 97 +3 
2810 95 - - 99 +4 
2795 - 118 - 113 -5 
2840 - 120 - 115 -5 

30 Mirnoe 413 2507 100 - - 100 0 59 
/2810 

31 Mirnoe 414 
2328 81 - - 83 +2 

53 
/2650 

2510 89 - - 89 0 
2593 94 - - 92 -2 

32 Mirnoe 415 
2356 98 - - 100 +2 62 

/2690 2560 109 - - 107 -2 

33 Pindzhinskoe 1 2540 105 - - 105 0 61 
/2890 

34 Pindzhinskoe 4 2530 107 - - 107 0 63 
/2595 

35 Pindzhinskoe 5 
2528 - 111 - 109 -2 

53 
/2885 2546 - 109 - 109 0 

2808 - 116 - 118 +2 

2610 - 98 - 98 0 
2615 - 99 - 99 0 

Table 3. The heat flow in wells of Ostanino group of fields (Tomsk Region)
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No. Well 

Temperature, °С 
Calculated heat 
flow, mW/m2  

/ depth, m Depth, m Reservoir By VR By 
DGG 

Modelling 
(calculated) 

Difference 
between 

calculated and 
experimental 

1 Zapadno-Ostaninskoe 
440 

2530 87 - - 88 +1 
51 

/2750 2495 87 - - 86 -1 
2512 87 - - 87 0 

2 Zapadno-Ostaninskoe 
447 

2510 87 - - 87 0 51 
/2790 2512 87 - - 87 0 

3 Ostaninskoe 424 
2839 106 - - 102 -4 

54 
/2880 2494 89 - - 91 +2 

2541 90 - - 92 +2 

4 Ostaninskoe 425 
2515 88 - - 90 +2 

53 
/2825 2700 100 - - 96 -4 

2776 - 112 - 114 +2 

5 Ostaninskoe 428 

2000 - - 70 72 +2 

52 
/2750 

2400 - - 84 85 +1 
2500 - - 90 88 -2 
2510 86 - - 89 +3 
2680 - - 97 94 -3 

6 Ostaninskoe 438 

2704 - 115 - 115 0 
54 

/2750 
2570 94 - - 94 0 
2512 94 - - 92 -2 
2119 77 - - 79 +2 

7 Ostaninskoe 452 
2538 - 103  106 +3 

52 
/2895 2556 - 107  107 0 

2895 - 120  118 -2 

8 Severo-Ostaninskoe 1 

2541 - 117 - 115 -2 

58 
/2645 

2576 - 115 - 116 +1 
2629 - 115 - 118 +3 
2425 95 - - 95 0 
2555 101 - - 99 -2 
2388 93 - - 93 0 

9 Severo-Ostaninskoe 8 
2829 106 - - 106 0 55 

/2840 2831 105 - - 106 1 

10 Severo-Ostaninskoe 9 
2783 - 120 - 120 0 56 

/2800 2784 - 120 - 120 0 

11 Severo-Ostaninskoe 7 2773 - 115 - 117 +2 54 
/2790 2782 - 119 - 117 -2 

12 Severo-Ostaninskoe 
11 2776 - 105 - 105 0 47 

/2790 

13 Armichskaya 1 
2480 - 115 - 116 +1 61 

/2900 2540 - 120 - 119 -1 

14 Gordeevskaya 1P 2874 - 120 - 120 0 52 
/3280 

15 Tambaevskoe 1 

2590 - 96 - 102 +6 

48 
/3040 

2593 84 - - 84 0 
2682 86 - - 87 +1 
2754 87 - - 89 +2 
2936 98 - - 94 -4 
2984 100 - - 96 -4 

16 Pel'ginskoe 1 2630 89 - - 89 0 50 
/3020 

17 Pel'ginskoe 2 

2588 - 98 - 98 0 
45 

/3040 
2595 - 98 - 98 0 
2597 - 98 - 98 0 
2605 - 98 - 98 0 

18 Pel'ginskoe 3 

2615 - 106 - 107 +1 

 
50 

/2970 

2630 - 106 - 107 +1 
2640 - 109 - 108 -1 
2729 - 111 - 110 -1 
2766 - 112 - 112 0 
2822 - 113 - 113 0 

19 Selimkhanovskoe 2 
2255 84 - - 87 +3 

57 
/2430 2265 89 - - 87 -2 

2360 91 - - 90 0 

20 Selimkhanovskoe 4 2455 - 98 - 98 0 51 
/2480 

21 Selimkhanovskoe 5 
2247 92 - - 89 -3 

59 
/2480 2299 89 - - 91 +2 

2330 92 - - 92 0 

22 Sel'veykinskaya 2 

2579 90 - - 89 -1 

41 
/2900 

2623 90 - - 90 0 
2808 96 - - 94 -2 
2904 96 - - 97 +2 
2909 96 - - 97 +2 
2947 96 - - 98 +2 

23 Sel'veykinskaya 3 
2549 - 91 - 93 +2 

44 
/2800 2648 - 92 - 95 +3 

2798 - 104 - 99 -5 

24 Sel'veykinskaya 4 2812 - 92 - 92 0 40 
/2810 

25 Gerasimovskoe 6 
2570 - 104 - 104 0 

52 
/2870 2596 - 103 - 105 +2 

2859 - 115 - 113 -2 

26 Gerasimovskoe 7 
2565 87 - - 89 +2 51 

/2740 2710 96 - - 94 -2 

27 Gerasimovskoe 12 

2586 - 110 - 109 -1 

55 
/2840 

2775 100 - - 102 +2 
2797 - 118 - 116 -2 
2821 - 118 - 117 -1 
2838 - 117 - 118 +1 

28 Gerasimovskoe 18 

2214 - - 72 75 +3 

49 
/2890 

2387 - - 77 80 +3 
2528 - - 82 84 +2 
2541 - - 83 84 +1 
2878 102 - - 95 -7 

29 
Gerasimovskoe 

(Zapadno-Ostaninskoe 
444) 

2754 94 - - 97 +3 

52 
/2860 

2770 94 - - 97 +3 
2810 95 - - 99 +4 
2795 - 118 - 113 -5 
2840 - 120 - 115 -5 

30 Mirnoe 413 2507 100 - - 100 0 59 
/2810 

31 Mirnoe 414 
2328 81 - - 83 +2 

53 
/2650 

2510 89 - - 89 0 
2593 94 - - 92 -2 

32 Mirnoe 415 
2356 98 - - 100 +2 62 

/2690 2560 109 - - 107 -2 

33 Pindzhinskoe 1 2540 105 - - 105 0 61 
/2890 

34 Pindzhinskoe 4 2530 107 - - 107 0 63 
/2595 

35 Pindzhinskoe 5 
2528 - 111 - 109 -2 

53 
/2885 2546 - 109 - 109 0 

2808 - 116 - 118 +2 

2610 - 98 - 98 0 
2615 - 99 - 99 0 

Continue Table 3. The heat flow in wells of Ostanino group of fields (Tomsk Region)
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It was stated that 75-80 % of hydrocarbon fields, 
which were located in the study areas, correlated with 
the anomalous peculiarities of the deep heat flow 
distribution. 

The reliability of calculated values of Yamal heat 
flow was reasoned with performing of the classical 
geophysical criterion – criterion of “discrepancy”, 
consistency with earlier revealed tendency of the heat 
flow density increase towards the north-western direction, 
comparability with the catalogue of calculated values of 
the heat flow, which was presented in earlier published 
monographic work (Kurchikov, 1992). The reliability 
of calculated values of the heat flow of Ostanino group 
of fields of Tomsk Region was substantiated with 
performing the criterion of “discrepancy”, consistency 
with the map of the heat flow determinations of Western 
Siberian Plate.

The confinedness of fields with commercial 
hydrocarbon inflows from the deposits of pre-Jurassic 
OGC to the strongly marked gradient zone of the heat 
flow density values was placed emphasis through the 
example of Ostanino group of fields. This allows to 
forecast getting commercial inflows from the pre-
Jurassic OGC in Pindzhinskoe, Mirnoe and Rybal’noe 
fields. 

Afore-named characterize lateral inhomogeneity 
of the heat flow (gradient zones), probably, not as 
forecast criterion of oil and gas potential, but rather as 
an existence of the fundamental correlation between the 
intensity of naftidogenesis and lateral inhomogeneity of 
the deep heat flow of Western Siberia. 
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The reconstruction of the paleotemperature of the Earth’s surface 
on Yuzhny Island (Novaya Zemlya archipelago)  

according to geothermal data
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Abstract. According to the complex geothermal investigation results (thermal conductivity, rocks thermal 
heterogeneity measurements as well geothermal gradient and heat flow calculation) on Yuzhny Island of 
Novaya Zemlya archipelago (Pavlovskoe lead-zinc field), the paleotemperature on the surface in the historical 
past are modeled. The results of the climatic history reconstruction in this region are discussed. An earlier 
heat flow estimate on on Yuzhny Island of Novaya Zemlya archipelago (46 mW/m2) could be underestimated 
if we assume the glacier absence during the “Pleistocene/Holocene warming”. In this case, the calculated 
heat flow will be 55 mW/m2. If during the “small glacial period” the glacier existence lasted for 20 thousand 
years, then the first heat flow estimate is more likely.
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Introduction
In recent years, along with the development of oil 

and gas fields on the shelf of the Barents Sea near the 
Novaya Zemlya archipelago, the Pavlovsky lead-zinc 
silver-containing field is being developed on Yuzhny 
Island (for the needs of the state corporation Rosatom) 
(Fig. 1). The Pavlovsky field is fifth in Russia in terms 
of zinc and lead reserves. It was discovered in 2001. 
The mineral and raw material base of the field will make 
it possible to organize one of the largest processing 
enterprises in Russia.

At present, according to the State Commission of 
Mineral Reserves, the balance reserves in Novaya 
Zemlya amount to more than 47 million tons of ore: of 
which 2.48 million tons of zinc, 549 thousand tons of 
lead and 11.9 million tons of silver. It is also planned 
to organize the associated production of uranium 
concentrate (up to 10 tons per year) and rare-earth metals 
concentrate (up to 450 tons per year).

It is expected that the construction of a mining and 
processing plant on the island of South Archipelago 
Novaya Zemlya will begin in 2020. The approximate 

release date of the mining and processing plant to 
industrial volumes is 2023 (http://www.rosatom.
ru/journalist/news/dobycha-rudy-na-novoy-zemle-
nachnetsya-v-2023-godu).

In 2014, the first large-scale hydrogeological work 
began on the Pavlovsky field within the Bezymyansky 
ore cluster within the framework of the RUSBURMASH 
project. Nine hydrogeological wells were drilled (below 
the level of permafrost rocks, equal to ≈ 250 m), on 
which thermometric and pilot filtration works were 
carried out (Shadrin et al., 2015).

Thermometric well surveys
For thermometric studies, the KSKA-10 downhole 

tool was used. Initially, temperatures were measured 
immediately after drilling. Thermal logging was carried 
out during the descent of the downhole thermometer 
at a speed of not more than 100 m/h. Thermal logging 
readings were monitored while climbing after the main 
logging. The error in temperature measurements by 
an electrothermometer was determined by comparing 
its measurements with the readings of a mercury 
thermometer. The absolute value of the discrepancies 
in the comparison did not exceed ± 0.5°C.

For all wells below the interval of depths of 40-70 m, 
negative temperatures were obtained. The SG-1 well was 
an exception, but repeated thermometry carried out after 
three days also showed frozen rocks at a depth of more 
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than 30 m. As the experience of repeated measurements 
in the SG-1 well showed, the temperature in it decreases 
over time, until the well completely freezes. This is 
due to the fact that due to the exothermic effect during 
well drilling and constant circulation of the drilling 
fluid, the temperature in the near-well zone increased 
to positive temperatures. After drilling is completed, the 
temperature gradually returns to the natural temperature 
background.

Naturally, the measurement of negative temperatures 
below -2ºС – -3ºС in the well is impossible even with 
the injection of brine, as the wellbore freezes. Therefore, 
thermal logging, carried out immediately after drilling, 
fixes elevated temperatures and gives only general ideas 
about the temperature field and its change with depth. 
In this regard, three wells (SG-4, SG-6, SG-9) were 
specially equipped with 250-meter sealed dry columns 
for long engineering-geocryological observations. 
Temperature measurements were carried out using a 
portable controller digital sensor PKTs-1/100, designed 
to read the measurement results from digital temperature 
sensors, and multi-zone digital temperature sensors 
MCDT 0922 (thermistor chain).

Temperature observations on thermistor chains in 
the SG-4, SG-6, SG-9 wells lasted from 7 to 21 days. 
During this time, two or three measurements were made 
for different dates. As a result, temperatures close to the 
natural background were measured. Having processed 
the results of observations on thermistor chains, it was 
possible to obtain a generalized scheme of permafrost 
conditions of the Pavlovsky field (Fig. 2). At depths 
below 150 m, a clear geothermal gradient can be traced, 
which can be estimated with sufficient accuracy as 
20 mK/m. The obtained gradient value can be extended 
to other wells in the study area, when simulating the 
heat flow.

In 2018, using core samples from two hydrogeological 
wells SG-5 (depth 493.1 m) and SG-3 (depth 175.0 m), 
the authors of the article studied the main thermophysical 
properties of 165 core samples (Nikitin, Khutorskoi, 
2018). The data obtained made it possible for the 
first time to characterize the heat flow density of the 
Novaya Zemlya Archipelago and calculate its deep 
value in the conditions of structural-thermophysical 
inhomogeneities. 

Fig. 1. The location scheme of the Pavlovskoe field within the Bezymyansky ore cluster. 1 – Undivided Quaternary sediments 
(Q); 2 – Reys Formation (D1-2rs), basalts, tuffs; 3 – Taininskaya suite (D1-2tn). Mudstones, clayey limestones, siltstones; 4 – 
Undivided Gribovskaya formation (D1gr). Clay and dolomitic limestones, sedimentary breccias; 5 – Pankovskaya suite (S2-
D1pn3), upper bench, phyllite schists, quartz sandstones; 6 – Pankovskaya suite (S2-D1pn2), middle bench, quartz sandstones, 
siltstones; 7 – Pankovskaya suite (S2-D1pn1), lower bench, quartz sandstones; 8 – Dolerite Dykes (D3ks); 9 – Ore outcrop; 
10 – Wellhead; 11 – Faults; 12– Bezymyansky ore polymetallic cluster.
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Modeling the temperature of the geological past
In this work, we studied the restoration of surface 

paleotemperature in the area of   the SG-5 well. For 
paleoclimatic analysis, the interval 70-415 m was 
selected, the initial thermogram was thinned out 
(digitization after 5 m). Based on the data on the 
distribution of thermal conductivity of rocks, models of 
the stationary temperature distribution are constructed:

);(;; max1
zzTThizhqTT ni

i

n
i

nстацi ==∆=∆−= ∑ − λ
here q is the heat flow at a depth of zmax, Δh is the 
sampling interval, λi is the thermal conductivity of the 
rocks in the interval i Δh – (i + 1) Δh.

A stationary model is necessary for constructing a 
“reference” geothermal gradient in an inhomogeneous 
medium (Fig. 3). The heat flow value is taken equal 
to 46 ± 4 mW/m2 (Nikitin, Khutorskoi, 2018). The 
intersection of stationary curves with the earth’s surface 
determines the value of T0 – the surface temperature 
before the start of reconstructed changes. Temperature 
anomalies caused by changes in the Earth’s surface 
temperature in the past were calculated as Tian = Ti – Tistats. 
The technique for reconstructing the ground surface 
temperature history (GSTH) is described in detail in 
(Demezhko, Shchapov, 2001; Demezhko, 2001).

In the reconstructions obtained (Fig. 4), we can 
recognize the known climatic episodes of the last 
millennium: the medieval warm period, the small ice age 
and modern warming. But all these episodes are shifted 
in later times. So, medieval warm period is usually dated 

10-14 centuries, MLP – 16-19 centuries. The reason is 
probably due to the lack of measured parameters. The 
timeline of reconstructions is determined by the value 
of the coefficient of thermal diffusivity (a). We used 
the value a = 1·10-6 m2/s. If the thermal diffusivity is 
actually two times lower, then all episodes will have 
twice as long ago. 

Initially, we estimated the heat flow density of 
46 ± 4 mW/m2 (Nikitin, Khutorskoi, 2018). Perhaps it 
is somewhat understated for two reasons. Firstly, due to 
insufficient well-alignment, the temperature gradient can 
be underestimated. Perhaps the temperature logging of 
the wells had to be carried out an additional 2-3 months 
after drilling. Secondly, this estimate was made for an 
interval of 150-450 m. There is still an underestimating 
effect of the Pleistocene/Holocene warming about 

Fig. 4. Reconstruction of changes in the temperature of 
the Earth’s surface relative to T0 at various values of the 
heat flow from the base of the studied interval. Smoothed 
surface temperatures in the “real” temperature scale at 
а = 1·10-6 m2/s (solid line) and а = 0,5·10-6 m2/s (dotted line).

Fig. 2. Well thermograms of Pavlovskoe field

Fig. 3. (а) Distribution of the measured temperature (blue 
circles), thermal conductivity (red curve) and stationary 
temperature (black curves) at various values of the heat flow 
from a depth of zmax =415 m (curve code). (b) Temperature 
anomalies for three values of the heat flow from a depth of 
zmax = 415 m (curve code).
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10 thousand years ago (Fig. 5). In part, it is offset by 
the influence of cooling of the small ice age. This can 
be calculated on the model, given the temperature 
amplitudes of these climatic events. The only estimate 
of the Pleistocene/Holocene warming amplitude is given 
in (Fuchs et al., 2015).

For the south-west of Novaya Zemlya, it is 
approximately equal to 16 K. The small ice age was 
manifested by a decrease in temperature of about 3 K 
and a subsequent increase of 7 K (according to the 
reconstruction according to SG-5). The distribution 
of the anomalous temperature gradient corresponding 
to this model is shown in Fig. 5. The correction is 
4.9 mK/m. If our estimate of the heat flow (46 mW/m2) 
was made based on the average gradient in the range of 
150-450 m equal to 18 mK/m, then the corrected estimate 
will be qcorr = 46 (18 + 4.9)/18 = 58.5 mW/m2. However, 
this assessment was made under the assumption that 
there is no glacier in this part of Novaya Zemlya (or its 
insignificant thickness and insignificant lifetime – that 
is, under the assumption that the hypothesis of “minimal 

spread” of Eurasian glaciation is valid (Demezhko et 
al., 2007)). In support of this hypothesis, we can turn 
to geothermal reconstructions for wells on the Kola 
Peninsula (Siegert et al., 2001) and in Karelia (Glaznev 
et al., 2004; Demezhko et al., 2013), which indicate very 
low Earth surface temperatures in the maximum of the 
last glaciation – -18.0 and -14.5 °С, respectively.

But if we nevertheless assume that a powerful (up 
to 3-4 km, as in Canada) glacier existed here for a long 
period (> 20 thousand years), then, by analogy with the 
Lawrence Shield, we can expect a difference of modern 
and late Pleistocene temperatures of only 8 K ( or 4 K 
in relation to the mid-Holocene). Then the cooling of 
the small ice age almost completely compensates for 
the influence of the Pleistocene/Holocene warming in 
the range of 150-450 m (Fig. 6), and our estimate of 
46 mW/ m2 will be close to real.
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