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Abstract: The paper reports comprehensive analysis of different factors affecting uranium content
in oil source rocks and the relationship between uranium content and productivity of source rocks.
The analysis of data for 13 wells of the Bazhenov Formation (Western Siberia, Russia) was carried
out. The uranium content of the rocks was measured by gamma-ray spectrometry on core samples.
In order to analyze factors affecting uranium accumulation in source rocks, we studied content
and characteristics of organic matter (Rock-Eval pyrolysis), and also mineral, element, and isotope
composition of rocks. We have shown that redox conditions at the sedimentation stage have the
most pronounced impact on the uranium accumulation in the rocks of the Bazhenov Formation. It
was also shown that productive intervals, containing increased amounts of mobile hydrocarbons,
are characterized by low (<20 ppm) concentration of uranium. However, the intervals, containing
phosphorite minerals may show better reservoir properties and oil saturation at higher concentration
of uranium. The analysis of correlations and relationships between uranium content and Rock-
Eval pyrolysis indexes (oil saturation index and productivity index) enabled formulation of criteria
for selection of oil-saturated intervals using the spectral gamma and pulsed neutron spectroscopy
log data.

Keywords: oil source rocks; uranium content; Rock-Eval pyrolysis; redox conditions; phosphate
intervals; productive intervals

1. Introduction

Oil source rocks are characterized by increased uranium content, reaching values above
100 ppm. The patterns of the vertical variations in uranium concentration differ significantly
for different wells and formations. These variations are associated with a number of factors
affecting the accumulation of uranium during the formation of the deposits and further
geological history. Despite the established connection between variations in the uranium
content and the conditions of hydrocarbon formation processes, uranium concentration
data are mainly used for identification of source rock lithological boundaries, well-to-well
log correlation (in combination with other logging data), as well as for core-to-log data
integration [1-3]. At the same time, the use of uranium data for studies of hydrocarbon
formation and source rock productivity remains limited [4—6]. One of the main reasons for
such lack of application is insufficient knowledge of the factors that determine uranium
accumulation at the sedimentation stage and subsequent changes in uranium concentration
during rock catagenesis. The uranium behavior in the earth’s crust has been considered in
a wide range of geochemical studies and has been studied in a huge number of works since
the early 1960s. The most systematic uranium study was carried out in the research [7].
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In this work, the main processes and factors influencing the uranium accumulation were
analyzed. Subsequently, uranium research continued and was reflected in the following
works [8-11]. Uranium content, as well as U/TOC ratio (TOC: total organic carbon), are
influenced by a range of different factors such as uranium concentration in seawater, degree
of uranium accumulation by marine organisms, redox conditions and sedimentation rate,
the lithological composition of sediments, the content of phosphate minerals, diagenesis,
and catagenesis conditions and others [7-15]. The implication of many factors results in a
potentially important amount of information provided by uranium content data. However,
it also significantly complicates uranium content interpretation. The purpose of the current
study was to overview the factors affecting the amount of uranium in the rocks and relate
the uranium concentrations and organic matter content and composition to the productivity
of the Bazhenov Formation deposits.

2. Regional Settings

The Bazhenov Formation (BF) is one of the largest oil source formations in the world
in terms of its area and hydrocarbon resources. The Upper Jurassic-Lower Cretaceous
deposits of the Formation (J3-K;) are distributed throughout the West Siberian oil and gas
Basin, covering over 1 million km?. These deposits occur at depths of 2500-3000 meters
between Upper Jurassic terrigenous rocks and Lower Cretaceous mudstones [16-18]. The
thickness of the formation varies from 25 to 80 m, with an average of 3040 m. The rocks
are represented by siliceous, clayey-siliceous, carbonate, and clayey-carbonate-siliceous
varieties with high organic matter (OM) content [19,20]. The BF rocks are characterized
by low porosity and permeability and thus are classified as oil shale. The total initial OM
of the Bazhenov Formation reaches 30 wt. %, with average values of 10-15 wt.% and is
represented by solid kerogen, and light and heavy hydrocarbons [21,22]. OM content of the
upper BF subformation (strata) is several percent higher than in the lower one, which allows
us to distinguish between the upper and lower subformations in logging diagrams. In the
vast area of the West Siberian Basin, the nature of OM remains the same and is represented
by type II kerogen. Its phase composition depends on OM maturity [22,23]. The Bazhenov
Formation is increased in gamma-ray logging values associated with an increased uranium
content. The lower strata of the BF are characterized by lower values of uranium content
(up to 25 ppm), while the upper strata are characterized by higher concentrations of
uranium, reaching 150 ppm. The lower strata are mainly composed of kerogen-clayey
and clayey-kerogen silicites. In the upper part of the lower strata, we distinguish an
interval of radiolarites with radiolarian shell fragments and developed secondary dolomites
and limestones. The upper strata are represented by organic-rich clayey-carbonate and
carbonate-clayey silicites and contain a large amount of biogenic carbonate associated with
remains of the shell debris (bivalve) and coccolithophores [24,25]. Due to poor reservoir
properties, two main technologies are used for hydrocarbon production from BF. The first is
multi-stage hydraulic fracturing, which is applicable for the intervals containing the highest
free hydrocarbons content with smaller amounts of solid kerogen and demonstrating
increased reservoir properties. The second includes thermal reservoir stimulation resulting
in the partial conversion of kerogen and heavy fractions into mobile hydrocarbons.

In the current study, we analyzed uranium concentration, the content and composition
of organic matter in the Bazhenov Formation rocks from 13 wells located in the central and
northern parts of the Basin (Figure 1). The BF deposits of the studied wells are identical in
terms of lithological composition and initial OM content, but demonstrate different degrees
of maturation (catagenetic transformation) [26].
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Figure 1. The geological map (modified after [27]) with location of studied wells and stratigraphic
column.

3. Methods

We report data on the uranium concentration, the content, and composition of organic
matter. We have conducted extended lithological-petrophysical and isotopic-geochemical
studies for several sections within the BF interval, including determining the lithological
composition, reservoir properties, sulfur isotopic composition, and elemental composition
rocks, including selected micro-elements.

The distribution of uranium content in the rocks was determined by spectral gamma-
ray analyzer. The principle of gamma spectrometer operation is based on the intensity of
the registered spectra of rocks’ natural radioactivity on the mass fraction of potassium,
uranium, and thorium in the studied rocks [28].

The total organic carbon and petroleum generation characteristics were measured by
Rock-Eval pyrolysis using pyrolyser HAWK Resource Workstation (Wildcat technology, San
Diego, CA, USA) [29-34]. Following the procedure of measurements, the amounts of ther-
mally desorbed hydrocarbon gases (Sp, mg HC/g rock), liquid hydrocarbons (S;, mg HC/g
rock), the amounts of kerogen cracking hydrocarbon products (S,, mg HC/g rock), and
oxygen-containing products (S3, mg CO, /g rock) were measured during pyrolysis in inert
gas at increasing temperature. The amount of non-pyrolyzed kerogen (S4, mg CO, /g rock)
was measured separately at oxidizing stage of analysis. Total organic carbon (TOC, %) was
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calculated using the data on all the organic carbon-containing compounds. Following the
procedure described in [23], the pyrolysis procedure was performed twice: for the original
sample and the same sample after extraction with chloroform (the measured values of
So, S1, S2, S3, and TOC obtained for samples after extraction are marked by index “ex”).
Double analysis of the samples allowed us to determine the corrected amount of kerogen
decomposition products Syex and corrected indices Tmaxex [23]. The following indices were
used to determine the OM quality: hydrogen index HI (mg HC/g TOC), given by a ratio
of the among of organic carbon S; to TOC content (HI = S, /TOC-100%), oxygen index OI
(mg CO, /g TOC), given by a ratio of S3 to TOC content (Ol = S3/TOC-100%). During data
interpretation and estimation of the OM maturity, the following indices were also taken into
account: oil saturation index (OSI = Sy + S; /TOC-100%, mg HC/g TOC), PI—productivity
index (PI =Sy + S1/(Sp + S1 + Sp)), and coefficient Kgocex = GOCex/TOCex-100%, reflect-
ing the percent of the residual generative organic carbon (GOC) in TOC¢x = GOCex +
NGOCex [23,26,32,33]. Generative organic carbon content GOC (wt.%) = (Sg + S1 + S)-0.085
+53-12/440 + (55CO + S3’C0O)-12/280, non-generative organic carbon content NGOC (wt.%)
=54C0O-12/280 + S4,CO,-12/440.

The contents of uranium, vanadium, phosphorus oxide (P;0Os), and manganese ox-
ide (MnO) were determined during chemical elemental analysis with X-ray fluorescence
analysis (XRF).

The sulfur isotope composition in rock samples was analyzed using Thermo Scientific
DELTA V Plus mass spectrometer equipped by Flash HT elemental analyzer [35].

4. Results and Discussions
4.1. Role of Redox Conditions in Uranium Accumulation in Source Rocks

In this section, we consider results of lithological, geochemical, and isotope studies
obtained for two wells located in the central part of the West Siberia Basin, attributed to the
Frolovskaya megadepression (Salym region).

Figure 2 shows the distribution of uranium (U core), vanadium (V), sulfur isotopic
composition (§%S), total organic carbon (TOC), oxygen index (OI), oil saturation index
(08I), and ratios U/TOC, Th/U, Mo/(Mo + Mn), Mo/Al, V/Mo, and V/Cr for well 1.
Figure 3 shows the distribution of uranium content (U core), TOC, OI, OS], and ratios
U/TOC, Th/U, Mo/(Mo + Mn), and Mo/ Al for well 2.

According to the obtained results, uranium content variations strongly correlate with
parameters indicating redox conditions at the sedimentation stage, such as oxygen index,
vanadium, molybdenum, Mo/Al, Mo/(Mo + Mn), V/Mo, and V/Cr ratios. In particular,
Figure 4 shows the correlation of uranium content with vanadium content for well 1. We
also observe (Figure 5) a correlation uranium concentration with the Mo/ (Mn + Mo) ratio
(well 2), one of the most sensitive indicators of redox conditions for the BF rocks [36-39].

The correlations shown in Figures 2 and 3 indicate a change in redox environments,
from slightly oxidizing conditions in the lower part of the BF to reducing in the middle and
upper parts of the BE. For example (Figure 3), the lower part of the BF is characterized by
low uranium content and low Mo/(Mn + Mo) ratio, while the upper part is characterized
by increased uranium content and high Mo/(Mn + Mo) ratio.

Figure 2 represents the distribution of the sulfur isotopic composition §3*S. Com-
parison of the uranium content, the U/TOC ratio, and the sulfur isotopic composition
(Figures 6 and 7) demonstrates that rocks with high content of uranium and organic matter
are characterized by high sulfide sulfur content and low content of the heavy sulfur isotope
(6%4S varies from —40 to —30%.CDT). According to the data of [40] and the results of other
studies [41], high pyrite content with low sulfur isotopic composition values indicates
reducing conditions and the presence of hydrogen sulfide at the sedimentation stage.
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Figure 3. Logview well 2: U, Th/U, TOC (total organic carbon), OI (oxygen index), OSI (oil saturation
index), U/TOC, Mo/ Al, and Mo/(Mo + Mn).
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Figure 4. Cross-plot of uranium and vanadium concentrations for well 1, Bazhenov Formation. Blue
line corresponds to equation U = 0.03-V — 2.05, where the correlation coefficient R = 0.87.

U, ppm
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Mo/(Mo+Mn)
Figure 5. Cross-plot of uranium concentration and Mo/(Mo + Mn) ratio for well 2, Bazhenov
Formation. Blue line corresponds to equation U = 74.81-Mo/(Mo + Mn) + 14.95, where the correlation
coefficient R = 0.81.

8348, %

Figure 6. Cross-plot of uranium concentration and sulfur isotopic composition for well 1, Bazhenov
Formation. Blue line corresponds to equation U = —1.06-5%4S + 4.69, where the correlation coefficient
R =0.46.
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Figure 7. Cross-plot of U/TOC and sulfur isotopic composition for well 1, Bazhenov Formation. Blue
line corresponds to equation U/TOC = —0.11-8%4S + 0.77, where the correlation coefficient R = 0.57.

In Figure 8, we report a U-TOC diagram for the samples from 11 wells. The colors
of dots represent oxygen index values (OI), which characterizes the oxygen content in
the Bazhenov Formation organic matter. Increased values of OI correspond to more
oxidizing conditions, while low values of OI correspond to reductive conditions of marine
sedimentation [42]. In Figure 8, points are falling into low organic matter (TOC < 5 wt. %),
and low uranium values (uranium concentration < 20 ppm) intervals are characterized
by increased oxygen index values. In contrast, lower oxygen index values are typical for

intervals with high uranium and organic matter contents.
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Figure 8. Cross-plot of uranium concentration (measured by gamma-ray spectrometry on core
samples) and TOC (total organic carbon) according to the study of 11 wells. Dot color corresponds to

the values of OI (oxygen index).

Figure 9 shows diagrams of the uranium concentration distribution at fixed oxygen
index values: OI = 4-10 (left), OI > 10 (right). The higher the oxygen indexes, the lower the

percentage of intervals with a uranium content > 20 ppm, and vice versa.
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uranium content.

Thus, we conclude that low uranium concentration and TOC values characterize the
intervals formed in relatively more intensive oxidizing conditions. The intervals formed

in reducing conditions show significantly highe

r uranium concentration and TOC values.

The observed pattern of the uranium behavior in BF rocks is similar to that observed for

the modern marine sediments [43].

4.2. Relationship of Uranium Content, Total Organi
Productivity of Source Rocks

¢ Carbon, Mineral Composition, and

In order to study the relationship between the uranium content with productivity, we
used gamma-ray spectrometry on core and pyrolysis data on more than 900 core samples
from 13 wells of the Bazhenov Formation. The U-TOC diagram integrating the data from
these wells is shown in Figure 10. The color of points shows oil saturation index.
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Figure 10. Cross-plot of the uranium concentration and total organic carbon (TOC) according to the
study of 12 wells penetrating the BF. The color of the dots reflects the oil saturation index (OSI) values.
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The data in Figure 10 do not reveal a clear correlation between OSI, TOC, and U.
Nevertheless, they indicate that most of the points with increased oil saturation indices
(>100) [44] are located in the quadrant with low uranium (<20 ppm) and TOC contents
(<10 wt.%). Intervals with higher uranium values predominantly show lower oil saturation
index values. The results of data processing are shown in Figure 11. According to these
data, at OSI > 100, only 35% of the intervals are characterized by more than 30 ppm of
uranium content. Therefore, the remaining 65% is characterized by less than 30 ppm
uranium concentrations.

25%

20%
15%
10%
5% | I
0% I I

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 >90
U, ppm

OSI> 100

Percentage of intervals, %

Figure 11. The number of intervals with OSI > 100 for different uranium concentrations.

Figure 12 shows the relationship between uranium concentration and OSI for three
wells located within one oilfield and characterized by the same catagenetic maturity of OM
(Kgoc ~ 55). As follows from Figure 12, OSI values > 200 are achieved for uranium content
below 10 ppm. For higher uranium content, the oil saturation index decreases.

Uranium Concentration, ppm
g

0 50 100 150 200 250 300 350 400 450 500
0SI, mg HC/g TOC

Figure 12. Uranium concentration as a function of oil saturation index (OSI) according to the study
of 3 wells drilled at oil fields [26] characterized by low-maturity kerogen (Kgoc = 55). Blue line
corresponds to the equation U = 1133*OSI~%%, where the determination coefficient R? = 0.25.

In Figure 13, we present U/TOC—Kgocex diagrams, where the dot color reflects TOC
(Figure 13A) and PI (Figure 13B), and the size of the dots reflects the uranium concentration.
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According to the diagrams, the values of U/TOC ratio and PI increase with an increase in
maturity (decrease in Kgocex). In the range 20 < Kgocex < 65, we observe a gradual increase
in the U/TOC ratio from 0 to 10 with decrease in Kgocex. In this range, the productivity
index PI varies from 0.1 to 0.2 (light blue and blue colors, Figure 13B) with few exceptions.
In the range Kgocex < 20, we observe a sharp increase in the U/TOC ratio from 5 to 45
with decrease in Kgocex. The productivity index in this range varies from 0.2 to 0.6 (green,
yellow, and orange dots, Figure 13B).

B
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Figure 13. U/TOC-Kgocex diagram based on pyrolysis studies of 11 wells. The dot color corresponds
to the total organic carbon TOC (A) and the productivity index PI (B), and the dot size reflects the
uranium concentration.

The increase in U/TOC ratio with increase in maturity (decrease in Kgocex) can be
explained by decrease in TOC during catagenesis. Increase in PI values with maturation is
a result of additional porosity formation during the kerogen transformation into mobile
hydrocarbons [45,46].

The relationship between uranium content, TOC, and oil saturation is illustrated by
the diagram for Sy + S; — TOC, where the color corresponds to OSI values and the dot
size reflects uranium concentration (Figure 14). The dotted line corresponds to OSI = 100.
According to [44], this line distinguishes accumulating (reservoir rocks) and non-productive
intervals. As follows from the diagram, reservoir intervals are characterized by lower
uranium content (0-20 ppm).
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Figure 14. Sy + S; — TOC diagram from pyrolysis studies of 11 wells, where color indicates OSI value
and dot size reflects uranium concentration. The dotted line separates dots with OSI > 100 from other
dots, for which OSI < 100 (see color fill).
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Following the results discussed above, increased values of the productivity index PI
and increased mobile hydrocarbon content are associated with intervals formed in the
presence of oxygen in the water and having lower uranium concentrations. Such conditions
mainly appear at shallow depths, when the vital activity of marine organisms develops in
bottom sediments. Intervals with high uranium content are formed during sedimentation
under reducing conditions and sulfidic environments. These intervals are source rocks
characterized by the highest TOC values. However, their reservoir properties are reduced
due to the small volume of void space and ultra-low permeability associated with the
presence of solid organic matter kerogen and highly viscous heavy hydrocarbon fractions.

It is particularly important to note that the points obtained from samples with in-
creased P,O5 and MnO content (up to 9% and up to 1%, respectively) fall out of the
described pattern. In Figure 10, these points are marked with rhombuses and squares.
According to lithological and petrophysical studies, these points in the upper left corner of
the diagram (Figure 10) correspond to the increased porosity and permeability intervals,
which provide higher oil saturation values. Data on uranium, P,Os, MnO content, and
pyrolysis indices are shown in Tables 1 and 2. Increased uranium content is associated
with uranium concentration by phosphate minerals (P,Os) and pyrolusite (MnO). High
uranium content in phosphate minerals is explained by incorporating uranium into the
crystal structure of fluorapatite [9,47]. Rocks enriched in pyrolusite (MnO) exhibit increased
uranium contents due to the reducing properties of manganese oxide, which transform
water-soluble U*® into insoluble U*4.

Table 1. Pyrolysis parameters, the concentration of uranium and phosphates (P,Os) for the intervals
with high uranium content and low organic matter content (Figure 10).

Ne Layer with o So + S1, HI, m o

Pho)slphate U, ppm TOC, % urroc PI 0Os1 mg HC/g Rock  HC/g T(g)C P20, %
1 82 1.8 46 0.27 70 1.3 188 9.37
2 55 35 16 0.3 115 43 271 0.28
3 50 5.7 9 0.17 66 6.1 329 0.25
4 40 3.2 12 0.32 196 6.4 379 8.33
5 34 25 13 0.24 59 19 185 0.3
6 28 5.0 6 0.24 94 6.4 297 0.32
7 24 6.6 4 0.3 153 12.6 358 14

Table 2. Pyrolysis parameters, the concentration of uranium and MnO for the intervals with high
uranium content and low organic matter content (Figure 10).
Ne Layer with o So + S1, HI, m o

Pyr(}),lusite U, ppm TOC, % urroc PI 051 mg HC/g Rock  HC/g T(%C MnO, %
1 77 4.6 17 0.35 124 6.2 235 0.19-0.22
2 68 5.9 12 0.36 130 8.0 233 1.05
3 50 4.4 12 0.24 79 41 252 0.84
4 44 4.2 10 0.35 111 5.1 211 0.24-0.33
5 42 4.4 10 0.31 99 49 219 0.24-0.33
6 40 3.6 11 0.38 102 3.9 170 0.17
7 40 3.0 14 0.36 117 3.8 209 0.23
8 40 5.0 8 0.28 91 5.1 232 0.33
9 38 5.0 8 0.33 74 41 153 0.24
10 31 4.0 8 0.39 69 3.0 110 0.24-0.29
11 34 4.4 8 0.55 178 8.3 146 0.24-0.29
12 32 4.4 7 0.29 64 3.0 156 0.24-0.29
13 23 3.6 6 0.42 161 6.6 225 0.29
14 22 4.2 5 0.16 54 25 293 0.24

Figure 15 shows an example of the depth distribution of MnO and P,Os5 content,
uranium content, productivity index, and total organic carbon content for one of the
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studied wells. It is important to emphasize that the uranium peaks are directly related to
the increasing P,Os5 and MnO concentration, and the maximum uranium peak equal to
150 ppm corresponds to the maximum P,Os peak. According to Figure 15, the maximum
P05 and MnO content reach 9.4% and 0.2%, respectively, while the minimum values are
0.06% and 0.01%, respectively. At the same time, maxima are characterized by reduced
organic carbon content and increased PI compared to the background values.

Thus, intervals with increased phosphate and pyrolusite content are exceptions to the
identified pattern of low uranium content and increased oil saturation. However, these
intervals can be identified by higher U/TOC ratios, which can reach the highest values
within the Bazhenov interval.

U_XRF, ppm ole TOC, % ole PI ole MnO, % .

250 |0

0.8

0.01 0.5

P,Os-enriched and MnO-enriched intervals

Figure 15. Example of depth distributions of MnO, P,Os5, and uranium concentration (from gamma-
ray spectrometry on core samples and XRF), as well as pyrolysis productivity indices (PI) and total
organic carbon (TOC).

4.3. Classification of Productive Intervals by Uranium Content and U/TOC Ratio

To classify productive intervals by uranium content, we used the diagram (So + S1) — S
(Figure 16), which was previously used in [26] to analyze productive intervals using the
pyrolysis data. The maturity values expressed in units of pyrolyzable organic carbon share
(Kgoc) are highlighted in color.

The authors of [26] have identified four quadrants in Figure 16. Quadrant I includes
rock samples with increased reservoir properties and oil saturation (natural reservoir)
intervals. Quadrant II corresponds to the conditional productive reservoirs with low oil
saturation that may result from a fluid loss during core recovery and storage. Promising
intervals of Quadrant II are characterized by higher values of S; and OS], and lower S,.
Quadrant III includes promising intervals for thermal treatment, and Quadrant IV includes
intervals unsuitable for oil production. For the analysis, this diagram (Figure 16) has been
supplemented with data on uranium concentration (dot size) and OSI (shown in color).

Figure 17 illustrates that Quadrants I and II (productive and conditionally productive
intervals) are characterized by low uranium content and high OSI values. In contrast,
Quadrants Il and IV (S, > 35 mg HC/g rock) are characterized by higher uranium content
and lower OSI. The uranium distributions in these intervals are shown in the diagrams
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(Figure 18). Furthermore, box plots for uranium and pyrolysis indices are presented in
Figure 19. Box plots make it possible to consider the distribution of the studied parameters.
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Figure 16. Diagram Sy + S; vs. 5; [26], Quadrants I-IV. The color indicates Ko, the proportion of
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Figure 19. Box-plots for 4 productivity types. Uranium content, TOC, oil saturation, and productivity
indices are shown.

For example, the box plot of OSI values illustrates that the median values were:
Quadrants [—110 mg HC/g TOC, Quadrants [I—~55 mg HC/g TOC, Quadrants III—
~75 mg HC/g TOC, Quadrants IV—~35 mg HC/g TOC. The box plot of PI values illus-
trates that the median values were: Quadrants I-—0.27, Quadrants I1I—0.18, Quadrants
[II—=0.11, Quadrants IV—0.08.

Moreover, the box plot of U values shows that the median values were: Quadrants
I—~15 ppm, Quadrants [I—~18 ppm, and, respectively, Quadrants IIl and IV—~43 and
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~40 ppm. Furthermore, the box plot of TOC values shows that the median values were:
Quadrants I—~7%, Quadrants II—5%, and, respectively, Quadrants IIl and [IV—~12.5 and
%11.50/0.

The selected zones differ in all four presented parameters (OS], PI, TOC, U). Further-
more, these parameters are different not only in median values, but also in the minimum
and maximum values.

From the data presented in Figures 17-19, we have established the types of productive
intervals in terms of the uranium content. The results are summarized in Table 3.

Table 3. Types of productive intervals as a function of uranium and total organic carbon, U/TOC ratio.

Average Values of U, TOC, U/TOC

» Interval Type with Standard Deviations Comments
Intervals with increased oil saturation and
improved reservoir properties. In terms of
productivity, they are similar to tight oil _ _ o U/TOC=3+2 U < 25 ppm for more
f reservoirs, for which hydraulic fracturing and U=20+14ppm TOC =74 2% ppm U/%TOC than 60% of intervals.
multi-stage hydraulic fracturing technologies
can be efficiently applied.
Conditionally productive intervals. Differ from
the intervals of Quadrant I by lower oil U/TOC =6 + 5 U < 20 ppm for more
II saturation (S;), which may be associated with U =26 £ 21 ppm TOC =5+ 3% mU /Z/ TOoC than 50% of intervals.
partial loss of fluid during sample extraction PP ° Phosphorite intervals.
and storage.
Oil-saturated source rocks with high potential
for HC production using thermal EOR,
promoting the conversion of kerogen and _
i high-viscosity hydrocarbons into mobile U =46+ 17 ppm TOC =13 + 4% U/;OI? /Z/ il[gcl 20 <7;j0/<06foir}3£ ;r:];;)sr the
hydrocarbons. The closer the point is to the PP ¢ ¢ '
upright position, the more promising the
interval is under thermal treatment.
Intervals with decreased oil saturation, and
N S, _ _ o U/TOC=4+2 20 < U < 60 ppm for the
v moderate potential for HC production using U =46 £+ 22 ppm TOC =12 £+ 3% ppm U/%TOC ~60% of intervals.

thermal EOR.

The reported diagrams allow us to establish the relationship between productivity
and uranium content of the Bazhenov Formation intervals. U vs. TOC, Sy + S; vs. TOC,
and Sy + S; vs. Sy plots demonstrate a pronounced difference in the uranium concentration
and the organic matter content for productive and non-productive intervals. The U — TOC
diagram is a working tool for differentiation of the Bazhenov Formation section. It allows us
to distinguish between productive intervals (radiolarites), intervals enriched in phosphates
(P20s5), and pyrolusite (MnO), as well as the non-productive part of the section, which
differ in uranium and organic matter content. The Sy + S; — TOC diagram demonstrates
clear differences between the upper, middle, and lower parts of the Bazhenov Formation
cross-section [48] and can also be applied for the subdivision into members.

5. Conclusions

In the current study, we have considered the factors affecting the uranium content
and U/TOC ratio in the rocks of the Bazhenov Formation as an example of source rock
organic-rich formations. We demonstrate that the behavior of uranium is closely related
to changes in redox conditions during sedimentation and early diagenesis stages. Under
reducing conditions and H;S in the bottom water, increased uranium accumulation is
associated with its transition from soluble to an insoluble form and sorption of uranium by
kerogen of the rock. In rocks formed under these conditions, the uranium content can reach
maximum values of more than 100 ppm. In the case of the presence of oxygen in the water
(shallow depth, intense water exchange), the uranium content in sediments is related to its
concentration in the mineral components of continental inflow and to the concentration of
uranium in marine organisms, since some species can accumulate uranium from seawater.
In the rocks formed under such conditions, the uranium content may decrease to values
typical of the continental inflow (14 ppm).
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The relationship between the uranium content and the potential productivity of rocks
was studied by comparing the data on uranium concentration with the organic matter
content and oil saturation index using diagrams of Sg + S; — TOC and Sy + S; — S,. We
have shown that the intervals with the maximum oil saturation index are characterized
by uranium content in the range of 1-20 ppm. These intervals should be considered
promising for development using multi-stage hydraulic fracturing technologies applied
to low-permeability reservoirs. Intervals with intermediate uranium contents from 20 to
40 ppm should be considered conditionally productive. Greater maturity of organic matter
and higher U/TOC ratios can be considered as factors enhancing oil recovery potential.

The intervals with uranium content above 40 ppm and high TOC are characterized
by low productivity index and low oil saturation index. For this reason, these intervals
can be classified as non-promising for oil production. Nevertheless, these intervals may
be promising for the production of hydrocarbons generated from kerogen using thermal
methods of oil recovery, especially in case of low maturity of organic matter.

However, the above-discussed uranium-based productivity criteria cannot be directly
applied to the classification of the phosphorite intervals, which can have high oil saturation
for high uranium concentrations (from 20 to 100 ppm).

The obtained results provide the criteria for identifying the productive intervals within
the Bazhenov Formation cross-section according to spectral gamma and pulsed neutron
spectroscopy log data, and their classification in terms of the methods for oil production.
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