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Abstract

Oil source rocks are characterized by increased uranium content, reaching values above
100 ppm. The uranium concentration variations are associated with many factors affecting
uranium accumulation during sedimentation and further geological history. Using uranium data
for studies of unconventional reservoirs and source rock productivity remains limited and is
mainly used for the identification of source rock lithological boundaries, well-to-well log
correlation, as well as for core-to-log data integration. One of the main reasons for such lack
of application is insufficient knowledge of factors that determine uranium accumulation at the

sedimentation stage and further geological history.

The purpose of the current study was to analyze factors influencing uranium accumulation in
oil source rocks and highlight the relationship between uranium concentration and the U/TOC

ratio with productivity.

The research includes the study of the uranium accumulation during modern marine
sedimentation (Kandalaksha bay of the White Sea, the Seas of the Russian Arctic shelf, and
the Black Sea), the study of factors controlling uranium content in the Bazhenov source rock
Formation, and the analysis of the relationship between the uranium concentration and the oil
rocks saturation in the Bazhenov Formation using the data of gamma-ray spectrometry and

Rock-Eval pyrolysis. The experimental and numerical research methods were used in this

paper.

The research allows us to clarify the main factors affecting uranium accumulation in marine
source rocks, including the concentration of uranium in sea water, accumulation of uranium in
marine organisms, uranium sorption (U*®) by organic matter (depending on Eh, pH), the
precipitated organic matter type (sapropelic, humic), continental run-off and sedimentation
rate, redox conditions, mineral composition of rocks and presence of phosphates, also
diagenetic and catagenetic processes. It was shown that the main factor controlling uranium
content in marine sediments and source rocks in studied geological objects is redox conditions

at the sedimentation stage. Analysis of the relationship of uranium content with oil saturation



shows that intervals with the maximum oil saturation index (promising for development using
multi-stage hydraulic fracturing technologies) are characterized by uranium content in the
range of 1-20 ppm. Intervals with intermediate uranium contents from 20 to 40 ppm should be
considered conditionally productive. The intervals with uranium content above 40 ppm and
high TOC (more than 8%) are usually characterized by a low productivity index and low oil
saturation index (except for intervals enriched in phosphate minerals). These intervals may be
promising for the production of hydrocarbons generated from kerogen using thermal methods
of oil recovery, especially in case of low organic matter maturity. The obtained results provide
the criteria for identifying the productive intervals and their classification in terms of the

methods for oil production within the Bazhenov Formation.
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Chapter 1. Introduction

Oil-source rocks are characterized by increased uranium content, reaching values above
100 ppm (Fertl and Rieke, 1980). The patterns of the spatial and vertical variations of uranium
concentration differ significantly for different formations and geological sections. These
variations are associated with many factors affecting the accumulation of uranium during the
formation of the deposits and further geological history. Despite the obvious connection
between variations in the uranium content and the conditions of hydrocarbon formation
processes, uranium concentration data are mainly used for the 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 (Serra, 1964; Fertl and Rieke, 1980; Parfenova, T.
M., Melenevskij, V. N., Moskvin, 1999; Gudok N. S., Bogdanovich N. N., 2007). Using
uranium data for studies of hydrocarbon formation and source rock productivity remains
limited (Mann and Miiller, 1988; Dudaev, 2011; Kulyapin, 2016). 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 purpose of the current study is to analyze the factors influencing uranium accumulation in
oil source rocks and highlight the relationship between uranium concentration and the U/TOC

ratio with productivity.

The research includes the analysis of published data on the matter of research, the study of
uranium accumulation in the processes of modern marine sedimentation in different redox
conditions, the study of factors controlling uranium content source rock formation, and the
analysis of the relationship between the uranium concentration and the oil saturation using the
data of gamma-ray spectrometry and Rock-Eval pyrolysis on the example of the Bazhenov
Formation. The literature review (Chapter 2) was carried out on more than 90 key publications
describing factors, controlling the behavior of uranium in marine sediments and source rocks,
including the Bazhenov Formation, also the short information on the uranium accumulation

conditions in modern peat and coal deposits. The study of published results allows us to clarify
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the main factors affecting uranium accumulation in marine source rocks, including uranium
concentration in sea water, accumulation of uranium in marine organisms, continental run-off
and sedimentation rate, redox conditions, mineral composition of rocks, and others. The
conclusions made on the results of the literature review helped us to establish the main goals

and select geological objects and methods of research.

The study of uranium accumulation in marine sedimentation is described in Chapter 3. We
studied marine sediments in the Kandalaksha bay of the White Sea, the Laptev and East-
Siberian Seas (oxidative conditions), and the Black Sea (oxidative and reductive conditions)
using different analytical methods, including optical microscopy, ICP-MS, CHNS, IRMS,
XRD, Eh, pH and temperature measurements (sections 3.1 — 3.4). Interpreting results were
carried out using thermodynamic modeling of uranium forms in a water-sediment system under
different conditions in Chapter 3 (section 3.5). The results of the uranium variations study,
factors controlling the behavior of uranium in source rocks, and the relationship of uranium
content with oil saturation are considered using the data on core samples of the Bazhenov
Formation (Chapter 4). We analyzed the data obtained on core samples from 13 wells, drilled
in the Central and Northern parts of the West Siberia Petroleum Basin (section 4.1). Analytical
methods include Rock-Eval pyrolysis, gamma spectrometry on the core, thermal core logging,
IRMS, XRF, and others (section 4.2). The data on uranium content and TOC variations allowed
us to obtain and analyze continuous high-resolution profiles of U, TOC, and U/TOC for
different geological sections of the Bazhenov Formation (section 4.3). The study of uranium
content together with the other redox-sensitive elements concentration, content, and isotope
composition of sulfur, the oxygen Rock-Eval pyrolysis index allowed us to establish the
leading role of redox conditions in uranium accumulation in source rocks (section 4.4). The
relationship between uranium content and oil productivity of intervals has been studied for 13
wells using the data of gamma spectroscopy of the core and data of Rock-Eval pyrolysis
(section 4.5). The main results are summarized in Chapter 5. The detailed measurement results
(uranium, TOC determining based on the thermal core logging results, and U/TOC ratios) of

the Bazhenov Formation rocks for 9 wells are presented in Appendix A of this work.
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Chapter 2. Review of the Literature

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 (Swanson, 1960, 1961). In
this work, the main processes and factors influencing uranium accumulation are analyzed. In
the future, uranium research continued and is reflected in the following works (Liining and
Kolonic, 2003; Zubkov, 2015; Bastrakov et al., 2018; Khaustova et al., 2019). To sum up, it is
known at the moment that uranium is quite mobile during weathering, in contrast to thorium,
and comes with suspension, included in the crystal lattice of biotite and apatite together with
calcium. The easy sulfate and carbonate solubility of uranium compounds US* play an
exceptional role in the migration and uranium concentration during weathering. Some
researchers noted uranium enrichment in carbonated fragments and sulfide aggregates.
Uranium is contained in minerals such as zircon and sphene (Hurley and Fairbairn, 1957) and
interacts with organic matter, iron hydroxides, and clay minerals. In addition, uranium can be
sorbed by biogenic components (bone detritus, fish scales). During sedimentation, uranium is
capable of coprecipitation with clay particles, and in a reducing environment, it can be
extracted from water (Cumberland et al., 2016). The transfer, accumulation processes, and

uranium behavior, described above, are schematically shown in Figure 1.
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Figure 1. Diagrammatic sketch showing possible associations and time of uranium
emplacement with common marine black shale constituents. Modified after (Swanson, 1960).

Factors defining U content and U/TOC ratios are shown in Figure 2. And these factors include
initial uranium concentration and uranium accumulation by marine organisms, the uranium
(U*®) transition to insoluble forms (UsOs, UO,) under anoxic conditions, uranium sorption
(U'®) by organic matter (depending on Eh, pH), the precipitated organic matter type
(sapropelic, humic), sedimentation rate and lithological composition, presence of phosphates,

also diagenetic and catagenetic processes.
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Figure 2. Factors controlling U content and U/TOC ratio in source rocks.

Before describing the factors controlling the uranium content, consider which increased

uranium content characterized epochs in geological history Figure 3.
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Figure 3. Variations in U concentrations in the sediments in geological history. Modified

after (Partin et al., 2013).




During geological history, U concentration in sediments was connected with oxygen
concentration in the atmosphere and productivity in oceans, which depends on oxygen and CO>
concentrations. This pattern of global view leads to a connection between U and deposition

environment, and diagenetic processes.

The factors controlling U content and U/TOC ratio include (Swanson, 1960, 1961; Kizil’shtejn,
L. YA., CHernikov, 1999; Liining and Kolonic, 2003; Neruchev, 2007; Partin et al., 2013;

Zubkov, 2015; Cumberland et al., 2016; Bastrakov et al., 2018; Khaustova et al., 2019):
e Precipitation of U with sinking particulate organic matter

The first factor depends on the initial uranium concentration in the sea water, marine organisms'
ability to accumulate uranium, and uranium sorption U(VI) by organic matter depending on

Eh, and pH.

The uranium concentration in natural waters varies mainly from n-10 to n-107 g/l. The
uranium concentration in sea water is 0.0032-0.0033 ppm. The dissolved and suspended
uranium total amount carried from the continents by the globe's rivers is approximately 40
thousand tons per year (Baturin, 1975). One half falls on solid run-off, the second on solutions
(5.5-1077 g/l) and suspensions (1.5-107%). Because of the differentiated uranium precipitation
in different parts of the sea basins, these rather low contents create uranium concentrations in
sediments that reach thousandths, hundredths, and in special cases, even tenths of a percent
(Baturin, 1975). River waters are characterized by a direct relationship between mineralization

and dissolved uranium concentration, but such a relationship is absent in the seas.

Redox conditions are the most important physical and chemical characteristics that affect
uranium migration and accumulation in marine environments (Baturin, 1975; Mitropol’skij,
Bezborodov and Ovsyanyj, 1982). The following conditions are distinguished — oxic, dysoxic,
sub-oxic, and anoxic (Tyson and Pearson, 1991) (Table 1). The most common forms of
uranium migration are uranyl-carbonate and uranyl-humate complexes; hydroxyl-uranyl and

uranyl-sulfate complexes are less important (Figure 4).
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Table 1. Oxygen regime and marine environments.

Oxygen, ml/l Environments Biofacies Physm_loglcal
regime
8-2 Oxic Aerobic Normoxic
2-0.2 Dysoxic Dysaerobic
0.2-0 Suboxic Quasi- Hypoxic
anaerobic
0 (H2S) Anoxic Anaerobic Anoxic

Figure 4. Solution chemistry and redox conditions of uranium species in seawater function of
pH/Eh, t = 25°C, p = 1 atm as function pH, Eh, and PCO- (Garrels and Christe, 1965). The
boundaries of the solid fields are drawn at a total uranium-containing components activity,

equal to 10,

The schemes of sedimentation conditions under oxic and anoxic conditions (Demaison and

Moore, 1980) are presented in Figure 5 and Figure 6. According to Figure 5, the main organic
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matter transformation direction is aerobic mineralization because of oxygen dissolved in water
at high redox potential values (Eh) - about 400 mV. Starting in the water column, the most
intensive process of organic matter acrobic destruction continues on the sediment’s surface, as
shown by a huge number of microorganisms. In the anaerobic scheme, the organic matter
decomposition occurs at low Eh values, while the bacterial sulfate reduction process is the main
one (Figure 6). Eh in anoxic conditions varies in the range from +50 mV =+ -150 mV (in a more
wide range of +115 mV + -450 mV) in the literature source (Kizil’shtejn, L. YA., CHernikov,
1999), also, in the other literature source (EkoYUnit, 2005) Eh in anoxic conditions are
characterized by values < 0 mV. However, the organic matter's anaerobic decomposition is
always preceded by its aerobic mineralization; there is an area in sediments where both aerobic

and anaerobic processes of organic matter decomposition are carried out simultaneously.

Type of Oxic environment
respiration
"""""" Poorer organic matter
preservation (0,2-4% T.0.C.)
Lower quality organic matter

Oxygen O,

consumption Biological reworking is

enhanced by:

*  Presence of animal
scavengers at interface.

* Bioturbation by worms
facilitates diffusion of
oxidants (O, 50,) in
sediments.

* Lesser organic complexation
with toxic metals.

Sulfate
reduction

“Bacterial CO,
reduction

Figure 5. Degradation of organic matter under an oxygenated (oxic) water column. Modified
after (Demaison and Moore, 1980).
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Figure 6. Degradation of organic matter under an anoxic water column. Modified after
(Demaison and Moore, 1980).

According to studies (Baturin, 1975; Neruchev, 2007), there are two main uranium
accumulation mechanisms at the stage of sedimentation: the biological accumulation
mechanism associated with the uranium accumulation by living organisms and their vital
activity, as well as the physicochemical factor when uranium is concentrated on the organisms
surface, for example, on dead shells. Scientific work (Hlopkova and Asvarova, 2013) describes
the uranium accumulation mechanisms in Caspian mollusks. According to this study, mollusks
absorb uranium in seawater during their vital activity. In the digenesis process (with a change
in the pH and Eh), uranium from seawater (U*®) under reducing conditions precipitates (U**),
and uranium adsorption occurs on the mollusk shells organic layer, the replacement of Ca*?

cations by Uions™ in shell aragonite and calcite.

The important factor is the uranium accumulation by marine organisms; the uranium
accumulation study in fossil organisms makes it possible to understand the uranium
accumulation mechanism in sedimentary rocks and deposition environments. Various studies
have confirmed the V.I. Vernadsky assumption on the uranium accumulation by living
organisms and explained the relationship between the organic matter and uranium
concentrations in sediments and rocks (Neruchev, 2007). In Vernadsky's research (Vernadskij,

1934), in the chapter “On the Concentration of Radium in the Biosphere by Living Organisms”
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it is emphasized that: “The ability to live organisms to concentrate radium is of great
importance in the biosphere structure. Attention was also paid to the study of the concentration
of the chemical elements in living organisms in comparison with their average content in the
organism's living environment. This phenomenon is of much greater importance since living
organisms concentrate not only on radium but also on several other radioactive elements.
Organisms concentrate potassium. Uranium is collected on the organogenic part of the

organisms.”

The lifetime uranium accumulation by organisms occurs both in clarke uranium concentration
(average uranium concentration in sea water is 0.003 ppm) and at a significantly increased
uranium concentration in water. Figure 7 shows the uranium accumulation factors (U/Uwater).
According to the diagram, Upnytoplankton/Uwater Values characterize phytoplankton from 30-60 to
600-1600. Accumulation coefficients characterize some unicellular seaweed and freshwater
algae from 800 to 3900. The accumulation coefficients range from 35-40 to 200-420 for various
bottom algae species. The uranium accumulation coefficient in mollusk shells ranges from 24-
33 to 130-190. The uranium accumulation coefficient ranges from 8-12 to 20 for fish. Uranium
accumulation coefficients characterize corals from 490 to 1600. Microorganisms and

phytoplankton actively accumulate uranium compared to zooplankton, mollusks, and fish.
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Figure 7. Uranium accumulation factor (U/Uwater) by aquatic organisms and plants. Modified
after (Neruchev, 2007).

All organisms accumulate uranium dissolved in water, increasing its concentration in the
aquatic environment by tens, hundreds, and thousands of times. Organic matter has clarke
uranium concentrations at a low average uranium concentration uranium in water (0.003 ppm).
Moreover, organic matter has anomalously high uranium concentration in basins with an
increased dissolved uranium concentration. There is a direct relationship between the uranium
concentration in water and its accumulation in organisms. The uranium concentration in water
increases by three orders of magnitude, also simultaneously, the organism’s uranium
concentration increases by three orders of magnitude. Therefore, the U/TOC ratio increases

with increased uranium concentration in organisms.

e Diffusion of sea water U into sediment pore water and subsequent reduction of

U(VI) to U(IV) with uranium fixation within the sediments

Uranium dissolved in sea water is reduced to insoluble uranium oxide UO> and precipitates in
the hydrogen sulfide presence. It is supported by the increased uranium concentrations in the

hydrogen sulfide basins sediments. The results of the uranium forms studying in the Black Sea
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water (Babinec, A. E., Bezborodov, A. A., Mitropol’skij, 1977) showed that the uranium
reduction is starting from the uppermost hydrogen sulfide zone layer. And even the most

difficult-to-reduce complex ion UO,(CO3)s* is capable of being reduced to UO solid.

e Type of the precipitated organic matter (sapropelic vs. humic)

The theoretical distribution of humic and sapropelic materials, accumulating organic matter,

and estimated uranium and oil content in a shallow sea are presented in Figure 8.
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Figure 8. Theoretical humic and sapropelic materials distributions, accumulating organic
matter, estimated uranium and oil content in a shallow sea. Modified after (Swanson, 1960).
Two main types of organic matter in black shales: humic and sapropelic (Swanson, 1960). The
sapropelic type is derived from algae, spores, pollen, cuticles, and analogous plant and animal
remains. The humic type is derived from cellulose, lignin, and analogous woody parts of plants.
Both types are present in varying proportions in most black shales. The amount of organic
matter in the sediment can be related to the paleogeographic distance of the deposited sediment
from the source area. The ratio of sapropelic to humic matter increases with increasing distance

from land areas.

For example, the Umax concentration = 70 ppm in point «d» where TOC = 15%, and organic
matter consists of 75% humic and 25% sapropelic. Umin concentration = 30 ppm in point «a»
where TOC = 30% organic matter consists of humic and sapropelic in the following ratio of

15% to 85%. The points ci, C2, €3, and c4 have characterized the same ratio of sapropel and
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humic (50% to 50%), and uranium concentrations in these points increase together with

increasing the content of organic matter.

According to this theoretical distribution, we can conclude that the uranium concentration is
affected to a greater extent by the ratio of sapropelic and humic components in organic matter,
and the greater the humic component - the greater the organic matter concentration.
Nevertheless, the uranium concentration will increase with an increase in organic matter

content, provided that the sapropel and the humic ratio are the same.
e Sedimentation rates

The relationship between U concentrations and sedimentation rates is presented in Figure 9.
The relationship shows us that the difference in accumulated uranium concentrations depends

on the sedimentation rates.
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Figure 9. Relationship between U concentrations and sedimentation rates. Modified after
(Zanin, Zamirajlova and Eder, 2016).

We can observe Umax concentration when slow sedimentation rate and Umin concentration are
characterized by high and maximum sedimentation rates. The uranium concentration can
increase at low sedimentation rates by more than ten times compared with high rates.

Furthermore, this statement explains that the more uranium can be fixed, the longer organic
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matter is in contact with sea water. The high sedimentation rates do not give these conditions

for accumulating organic matter and uranium.
e Presence of phosphates

The relationship between the uranium content and organic carbon in bone phosphates is

presented in Figure 10.
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Figure 10. The relationship between the uranium content and organic carbon in bone
phosphates. Modified after (Baturin, 2004).

According to Figure 10, we can see that fresh (unfossilized) bone phosphate riched organic
matter has a smaller uranium concentration than fossilized bone phosphate depleted in organic
matter. It does not exclude the organic matter participation in the uranium accumulation in
biogenic phosphates. It is known that as fossilization of organic matter is transformed into
condensed compounds of the melanoidin type, which have the concentrating uranium and other
heavy metals property (Manskaya, 1964). Melanoidins are condensation products of amino
acids with cellulose material. Besides, experimental studies have shown that phosphate
material enriched in organic matter extracts uranium from solution more actively than
unenriched phosphate material (Savenko A. V., 2002). However, in the case of the organic

matter appearance, this is not the main event affecting the uranium content.

30



The uranium accumulation by phosphorus-containing minerals for Wallumbilla, Toolebuc, and

Allaru Mudstone Formations is presented in Figure 11. The organic matter riched layers are

characterized by the low values of organic matter and high uranium concentrations.
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Figure 11. The uranium accumulation by phosphorus-containing minerals (Boreham C.,

2012).

e Diagenetic and catagenetic processes

The relationships between the uranium content and organic carbon, the U/TOC ratio, and

organic carbon, and the bitumen content, and organic carbon for sediments and rocks are

presented in Figure 12. We can see that at the same TOC values, rocks formed millions of

years ago contain about 30-40% more uranium than modern sediments; accordingly, already-

formed rocks are characterized by higher values of the U/TOC ratio. The explanation for this

phenomenon is simple: in the formed rocks during catagenesis, due to the release and loss of

volatile products, the organic matter mass decreased on average by 30—40%. With a partial loss

of organic matter mass, an equivalent relative organic matter enrichment with uranium

occurred. It is also important that the U/TOC ratio and bitumen content in organic matter

increase significantly with a decrease in the organic matter concentration in sediments.
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Figure 12. U vs. TOC, U/TOC vs. TOC, B x5 vs. TOC for sediments with clarke content of
organic matter and uranium. Modified after (Neruchev, 2007).

The TOC vs. Eh, U vs. Eh, P vs. Eh, U/TOC vs. Eh, and P/TOC vs. Eh for Atlantic ocean

sediments are presented in Figure 13.
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Figure 13. TOC vs. Eh, U vs. Eh, P vs. Eh, U/TOC vs. Eh, P/TOC vs. Eh for Atlantic ocean
sediments. Modified after (Neruchev, 2007).

The average organic matter concentration is changed from 5 to 10%. When Eh changes from -
200 to -120 mV, when moving from sharply reducing to less reducing conditions, the organic
matter concentration decreases by half because of its bacterial oxidation (from 10% to 5%).

The uranium concentration in sediments almost does not change along with this facies profile
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and remains, on average, constant; the uranium amount does not correspond to the uranium
remaining amount after organic matter oxidation, but to its initial amount, which at the
beginning of diagenesis was on average 10 ppm. When Eh changes from -200 to -120 mV and
halves the organic matter mass, the U/TOC ratio also doubles. As can be seen, the increase in
the U/TOC ratio occurs relative to the unexpected uranium accumulation during the organic
matter oxidation. Phosphorus associated with organic matter behaves in precisely the same way
in these sediments. Upon oxidation and a twofold decrease in the organic matter mass, the

P/TOC ratio increases approximately twofold.

Geological observations and experimental data make it possible to distinguish the following
natural biogeochemical processes leading to the uranium concentration (Kizil’shtejn, L. YA.,

CHernikov, 1999).

1. Intravital accumulation by microorganisms (plankton) from aquatic environments. This
process will be more efficient the higher the uranium concentration in the water. There
are suggestions that in many cases the uranium accumulation in sediments occurred in
this way. The uranium redistribution in dia- and catagenesis and secondary
concentration contributed to the uranium deposits formation.

2. Chemical interaction of uranium with the organic matter of the earth's crust. In this
case, the uranium'’s ability to form various chemical bonds with organic molecules is
manifested. In the process of sedimentation and diagenesis, aromatic compounds and
their functional groups are more effective uranium concentrates than aliphatic ones, that
is, organic matter, which is a product of the biochemical decomposition of higher
plants, is chemically more active in natural interactions with uranium. In catagenesis
and metagenesis, under the high temperatures and pressures influence, the bonds
between uranium and organic molecules are broken. As a result, uranium is included in
the migration and secondary concentration processes with the possible formation of
hydrogenic and hydrothermal types deposits. The organic matter of sediments and rocks
provides the conditions for bacterial sulfate reduction and hydrogen sulfide generation,

the oxidation of which leads to the reduction of uranium ions U%" — U**. As a result of
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the reductive precipitation of uranium, its mineral oxide and silicate compounds are
formed, which are stable in catagenesis and metamorphism. Under geological
conditions, the processes of chemical interaction of uranium with organic matter and
the reduction of U%* — U*" can proceed not only simultaneously, but also in the same

space.

The above factors determine the high potential of informative data on uranium content. The
identified factors that determine the uranium concentration complicate the interpretation of the

uranium concentration distribution in depth when working on each geological object.

Uranium almost entirely associated with solid organic matter contributes to gamma-ray logging
in the Bazhenov Formation rocks. The uranium content scattered in other rock components is
negligible. Table 2 also shows the average values of the various chemical elements contents in
the Bazhenov Formation compared with the clarke contents (Kuznetsov, 1984; Kasimov and
Vlasov, 2015; Zamirailova and Eder, 2016; Rihvanov, 2019). According to this table, the
cadmium and uranium content in the BF is 18 and 15 times higher than the clarke values of
these elements, respectively. Nickel, vanadium, and zinc are almost 3-6 times more in the
Bazhenov Formation deposits, and the cobalt content is two times higher. The average
chromium, iron, and plumbum contents do not differ from their clarke values. Nevertheless,
the average thorium content is lower in the Bazhenov Formation than these elements' clarke

content.

Table 2. The average content in the Bazhenov Formation and bulk earth values of chemical
elements according to a literature review (Kasimov and Vlasov, 2015; Rihvanov, 2019).

Chemical Bulk earth The average content of
elements in the Bazhenov
elements, values of the . .
opm elements Formation V\{lth_ a
standard deviation
Cd 0.64 11.45+7.07
Co 17 27.48+2.67
Cr 92 74.7+4.8
Fe 40600 39300+4600
Ni 50 162+68
Pb 17 15.04+4.18
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Th 13 6.24+0.47
U 25 38.29+4.05
\% 121 347+121

Zn 75 447449

The weighted average uranium and thorium content in the Bazhenov Formation are 38 and 6
ppm, respectively, with the ratio Th/U = 0.16. The total uranium resources in the Bazhenov
Formation are colossal and vary from 1 to 3 billion tons (Nesterov, 2011). Rocks type
classification is presented in Table 3 according to the uranium concentration in the Bazhenov

Formation (Rihvanov, 2019).

Table 3. Rocks type according to the uranium concentration in the Bazhenov Formation
(Rihvanov, 2019).

L Rocks association according to the
U concentration interval . .
uranium concentration

3+6 ppm Terrigenous mineral association

10+30 ppm (with picks 10+~14 | Indigenous uranium sorbed from sea water

ppm and 20+28 ppm) on the organic matter and the organisms

Rocks were formed under epigenetic
30~120 ppm (with picks 50+80

transformation and uranium was imported
ppm)

from outside

The native uranium mineral phases are confined to the calcium phosphate mineral phases.
Uranium minerals have a spotty distribution and are represented by their mineral species as

coffinite and uranium oxide (Rihvanov, 2019).

The ratio between the parameters of the spectral gamma-ray logging modification and the
organic matter concentration in oil source rocks was considered in the following works.
Dudayev showed (Dudaev, 2011) application of the U/Th ratio and TOC organic matter
concentration comparison based on the core studies results to determine the reservoirs layers
in the Oligocene the Eastern Ciscaucasia oil source rocks. The reservoirs are characterized by
low TOC values and elevated U/Th values and correspond to highly fractured intervals
enriched in microfauna and fish detritus. Similarly, in Kulyapin's dissertation (Kulyapin, 2016),
typification of the Bazhenov Formation rocks was carried out using a spectral gamma-ray

logging modification.

36



| would also like to add some information about the uranium accumulation in coals. Since the
study of the conditions for uranium accumulation in modern peats is of interest because, firstly,
uranium-bearing peats can be an independent type of deposit, and, secondly, being spatially
confined to uranium sources, they serve as a search feature of uranium deposits (Lopatkina,
1967). Laboratory studies of peat have established that dissolved uranium can be concentrated
by peat humic and fulvic acids, and also precipitated as a result of reduction (Vol’fson and
Korolev, 1990). The maximum precipitation of uranium was observed at pH = 6.0-7.2; at pH
= 8.3, uranium almost completely remained in the solution. A comparison of the uranium
concentration by the organic and mineral matter of peat under equal conditions showed that
organic matter concentrates uranium 10-100 times more intensively than mineral matter. The
direct relationship between the uranium content in peat waters and peats revealed (Lopatkina,
1967) shows that the less uranium accumulates in peat from waters with the same uranium
content, but different total mineralization, the greater the mineralization.

The factors influencing the uranium content and variations in source rocks were identified in
the literature review. These factors include initial uranium concentration and uranium
accumulation by marine organisms, the uranium (U*®) transition to insoluble forms (UsOs,
UO2) under anoxic conditions, uranium sorption (U*®) by organic matter (depending on Eh,
pH), the precipitated organic matter type (sapropelic, humic), sedimentation rate and
lithological composition, presence of phosphates, also diagenetic and catagenetic processes.
The role of these factors can be significantly different for different formations. Uranium data
interpretation and the relationship of uranium with productivity should be carried out taking
into account the characteristics of the formation and the factors analysis affecting the uranium
accumulation. The literature data analysis made it possible to select methods and refine the
work tasks in the part of the redox conditions influence and the uranium behavior in the
Bazhenov Formation. The redox conditions' influence at the sedimentation stage revealed in
the published works, motivated the author to study the uranium accumulation in sea bottom

sediments formed under significantly different redox conditions in the Arctic and Black Seas.
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For redox conditions effects analysis on the uranium accumulation in the Bazhenov Formation,
a wide additional parameters range was used: the redox-sensitive elements distribution and
their ratios, the pyrolytic parameter oxygen index, and the isotopic sulfur composition.

The revealed relationship between the uranium content and phosphate minerals led to the
inclusion in the measurement of these minerals' content in the Bazhenov Formation and
comparison with data on uranium.

Because of the uranium content and organic matter significant heterogeneity in the Bazhenov
Formation rocks, it is necessary to use together the data of gamma-ray spectrometry on the core
and thermal logging on the core. These methods make it possible to analyze the uranium,
organic carbon (with a resolution of 1 mm), and the U/TOC ratio distributions of depth in the
Bazhenov Formation.

Figure 12 showed that during catagenesis there is a decrease in the organic carbon content,
while the uranium content does not change. And when comparing rocks and sediments with
the same TOC values, the uranium content is higher in the formed rocks. Therefore, when
analyzing the Bazhenov Formation, the uranium content and U/TOC ratio were analyzed
depending on the maturity of the studied rocks.

To establish which factors affect the uranium content in the Bazhenov Formation rocks, the
complex lithological, petrophysical, and isotope-geochemical studies results on the core were

involved in the analysis.
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Chapter 3. Uranium Accumulation in Marine Sediments under Different
Redox Conditions on the Example of the White, East Siberian, and Black
Seas, as well as the Laptev Sea

The study of modern marine deposits at the early diagenesis stage provides an
opportunity to analyze in detail the processes and factors affecting the content and composition
of organic matter and inorganic compounds in source rocks formed in marine conditions tens
and hundreds of millions of years ago. In particular, the study of uranium concentrations in
bottom sediments may provide valuable information on uranium accumulation in
sedimentation and diagenesis processes, explaining the high content and considerable
variations (from 1 ppm to several hundred ppm) of uranium in source rocks. In this respect,
uranium is one of the most interesting elements because the data on uranium content is
available from gamma logging data for wells drilled at oil fields. Following existing
knowledge, the uranium of marine source rocks accumulated in bottom sediments during
marine sedimentation. The sources of uranium are continental run-off and uranium dissolved
in seawater. Dissolved uranium can be accumulated by marine organisms, absorbed by organic
matter, and included in minerals formed during sedimentation. Uranium concentration in
bottom sediments (and in source rocks) depends on several factors, including the rate of
sedimentation, uranium content in the seawater, content and the source of organic matter, redox
conditions, mineral composition sediments, and others (Swanson, 1961; Liining and Kolonic,
2003; Zubkov, 2015; Bastrakov et al., 2018; Khaustova et al., 2019). The interrelation of
uranium content with the composition and genesis of source rock creates good opportunities
for the characterization of oil shales. However, multiple factors affecting uranium content make
interpretation difficult. In practical terms, the data on vertical variations of uranium is mainly
used to delineate the oil source rock formations and cross-sections with other logging data
(Fertl and Rieke, 1980).

The study of uranium variation is a valuable tool for the characterization of various geological
objects and processes. For example, based on the dependence of uranium forms and
concentrations in water and minerals on the system’s composition and P, T, Eh, and pH

conditions, the variations of uranium concentration are successfully applied in different
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paleoclimatic reconstructions (Mangini, Jung and Laukenmann, 2001; Chappaz, Gobeil and

Tessier, 2010; Sklyarov, 2010; Vosel, 2016; Rolison et al., 2017).

3.1 Regional Settings

To study the uranium concentration in marine sediments, the author of the thesis was
directly involved in the White Sea field trip for sampling sediments in 2018, as well as in the
sampling sediments from the Laptev and East Siberian Seas during the international Arctic
expedition in 2020. Because of covid restrictions, the Black Sea sediments sampling was not
carried out by the author. Therefore, data from a study of the Black Sea sediments, which were

sampled by Moscow State University researchers, and literature data will be presented.

Coordinates and locations of the sampling stations and stations from the literature review are

presented in Table 4, Table 5 and Figure 14, Figure 15, Figure 16, and Figure 17.

Table 4. Coordinates the sampling stations.

Station Easting Northing Water depth, m Column length, cm
1 510,868.13 7,379,725.5 82.9 285
2 516,170.33 7,377,367.5 80.0 173
3 130.3257 72.011.233 17 37
4 120.40085 77.186.97 350 24
5 150.493717 72.499.75 15 24
6 160.988433 74.990.300 45 22
7 E36 07.070 N44 43.100 253 380
8 E36 09.291 N44 44.394 100 240

Table 5. Coordinates of the Black Sea Deep Well. It was modified after (Neprochnov, 1980).

Station Easting Northing
7 29°24'96"

Water depth, m Column length, m
41°40'25" 1750.5 503.5
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Figure 14. Location of the object of study. Stations 1 and 2 of the White Sea sampling.
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Figure 15. Location of the object of study. Stations 3, 4, and 5, 6 samplings the Laptev and

the East-Siberian Seas.
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The objects of experimental studies were precipitation accumulated in oxidizing and sub-
oxidizing conditions in the central part of the Kandalaksha Bay of the White Sea; sediments of
the Laptev Sea and the East Siberian Sea, confined to the influence of the Lena River run-off,
the continental slope, and also to the zone of active methane degassing; sediments accumulated
on the shelf of the northern part of the Black Sea under reducing conditions. The sampling
stations were selected within the limits of different facies zones identified based on sub-bottom

profiling and the different water depth.

Literature data were used to study deep-sea hydrogen sulfide contamination. The data, which
describe the geological and geophysical research of the Black Sea bottom sediments, were
published in the monograph «The geological history of the Black Sea based on the results of
deep-sea drilling» by the Shirshov Institute of Oceanology of the Russian Academy of Sciences
(Neprochnov, 1980). The deep well is located in the lower part of the continental slope in the

southwestern part of the Black Sea at a depth of 1750.5 m (Table 6 and Figure 17).

3.2 Materials and Methods

Bottom sediment sampling from the White and Black Seas was carried out using a
gravity steel pipe (Figure 18). The bottom sediments of the Laptev Sea and the East Siberian
Sea were sampled using a multicorer (Figure 19). A twenty cm to the four-meter-long core was

lengthwise split.

5 " ‘

»' 1 %
- el s

Figure 18. A sampling of bottom sediments by a gravitational steel pipe.
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Figure 19. A sampling of bottom sediments by multi-corer sediment.

The lithological description and sampling were performed immediately after core retrieval and
temperature, pH, and Eh measurements. The pH and Eh measurements of pore water in the
bottom sediments of the White Sea were performed by the pH testing tool (pH-150MI). The
redox potential’s measurement results were reduced to a normal hydrogen electrode potential
by the formula Eh = E measured + E reference electrode, WHere E reference electrode 1S reference electrode
potential, which was 212 mV (Http://www.izmteh.ru/esr/esr-10104/, 2022). The pH and Eh
measurements of pore water in the bottom sediments of the Laptev and East-Siberian Seas have
been performed by the Ph-meter «Hannay» and the redox potential meter «KORP-200». Table 6
shows the sample numbers, sampling interval, and research methods of marine bottom

sediments.

Table 6. Stations, methods, and a sampling interval.

Methods
C, H, N, S Element C, N, S Isotope
ICP'MS 1 ) 1 ' 1 1 o
Ne station Composition Composition
Number | Sampling | Number | Sampling | Number | Sampling
of interval, of interval, of interval,
samples cm samples cm samples cm
! (théee\:)’h'te 10 [185275| 11 | 18529 4 66715
2 (the White L
Sea) 33 5 31 5 4 35+50
3 (the . .
Laptev Sea) 6 3+6 6 3+6
4 (the N
Laptev Sea) 18 2 18 2 4 8+12
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5 (the East-

Siberian 6 4 6 4
Sea)

6 (the East-

Siberian 11 2 11 2
Sea)

7 (the Black
Sea)

8 (the Black
Sea)

14 5+85 8 30+85

8 30+85 8 30+85

Unfortunately, we could not conduct our expedition to study the uranium behavior and other
chemical elements in the Black Sea sediments because of covid restrictions. But in a separate
part of this chapter, we will consider the uranium distribution in the Black Sea sediments
according to the literature data. As well as the chemical C, H, N, S elements distribution results
and isotopic composition of C, N, S in the Black Sea bottom sediments stations 7 and 8 selected
by colleagues from Moscow State University.

The bottom sediment samples under investigation were dried and crushed in laboratory
conditions. After preparing the samples, the following measurements have been performed.
The concentrations of uranium, thorium, vanadium, cobalt, iron and other metals were
measured using the Agilent 7500c ICP-MS spectrometer (Agilent Technologies, USA).
Before ICP-MS measurements, the sample to be analyzed is brought into solution by autoclave
digestion. The samples are placed in Teflon reaction vessels of autoclaves, and concentrated
nitric acid (HNO3) and concentrated hydrochloric acid (HCI) is added. The reaction vessels are
capped and sealed in analytical autoclave jackets. The autoclaves are placed in an electric
heater and incubated for 1 hour at 160°C, 1 hour at 180°C, and 2 hours at 200°C. After cooling,
the contents of the autoclaves are transferred into polyethylene tubes diluted with deionized
water.

The mineral composition of samples was determined by the XRD method using the DRON-
3M X-ray diffraction meter for the White, the Laptev, and the East Siberian Seas.

Isotopic compositions of sulfur, carbon and nitrogen in bottom sediments were analyzed using
Thermo Scientific DELTA V Plus mass spectrometer (Germany). The instrument is equipped
with a Flash HT elemental analyzer. International standards (Coplen et al., 2002) used in the

isotopic analyses of hydrogen, carbon, oxygen, and nitrogen are PDB for carbon, AIR for
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nitrogen, and CDT for sulfur. The accuracy of isotopic composition determination defined by
measurements on the reference samples was £0.2%o for carbon, +0.5%o for sulfur and nitrogen.
The isotope measurements have been carried out on original dried and crushed samples. Before
measuring the isotope composition of organic carbon, samples have been additionally treated,
as described below, with orthophosphoric acid to remove carbonates.

For the measurements of oxygen, hydrogen, nitrogen, and sulfur element concentrations in the
bottom sediment samples, dried samples were treated with orthophosphoric acid. The sediment
weighing about 2 g was crushed in a porcelain pounder. 5 ml of 85 % phosphoric acid solution
was added to 1 g of a crushed rock sample to remove calcite and dolomite from the rock and
obtain the correct concentration of organic carbon. After twenty-four hours of treatment in acid,
the solution was filtered, and the samples were washed with distilled water many times, and
then dried in a drying cabinet at 50°P. The carbon, hydrogen, nitrogen, and sulfur
concentrations were performed on acid-treated homogenized samples using an elemental
analyzer (LECO CHNG628 Series w/Sulfur Add-On Module (S628)). Two or more technical
replicates of each sample were measured; the sample amount is 80 mg. For calibration of the
instrument standard samples SSS 9113-2008 (EDTA 502-896/502-896-250), SSS 10821-2016
(Coal 502-670), SSS 10822-2016 (Coal 502-671), SSS 10823-2016 (Coal 502-672),
Phenilanine LECO (502-642) LOT 1017, BBOT 502-897 from the manufacturer of the
elemental analyzer LECO have been used. The analytical uncertainty of the measurements is
typically smaller than 0.08% for carbon, 0.02 % for nitrogen and sulfur, and 0.04% for
hydrogen (Instrument: CHN628 Series w/Sulfur Add-On Module (S628), 2014; Instrument:
CHNG628, 2016).

3.3 Results of the Bottom Sediments Investigations
3.3.1 Lithology

In this part of the third chapter, a lithological description and lithological composition
of the Arctic and Black Seas selected sediments will be presented. As well as a lithological

description of the Black Sea sediment column according to the literature data will be shown.
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The photographs of the sediments (2-4 meters long) sampled straight-flow gravitational steel

sampler, and multicorer (20 — 40 cm) for stations are shown in Figure 20.

Stabon | Station 2 Station 3 Station 4 Station §, Station 6, The station
the White the Whte the Laptey the Laptev the East- the East- of the Black
Sea Sea Sea Sea Siberian Sea Siberian Sea Seca

Figure 20. The cores of bottom sediments.

Figure 21 and Figure 22 show a lithological description for stations 1 and 2 as examples. The
deposits in the Arctic Seas comprise sorted pelite/siltstone, siltstone/pelite, and pelite

sediments.
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Pregen) Lithological description

uraoy

Oxadized aleuropelitic silt, of flowing
consistency, creamy, homogeneous.
Aleuropehtic silt of flowing consistency,
creamy. homogeneous. Hydrotroilite
I5 | content gradually increases downwards
along the layer, which affects the change

Aleuropelitic silt of flowing consistency,
creamy, homogeneous. It is intensely
saturated with hydrotroilite; due to thas,
the sediment is of black color. Texture is

15 60 indistinct, horizontal, due to rare thin (h
up to 1 mm) interlayers of silt, whose
color is not changed by hvdrotroilite.

Multiple gas seepage textures are noted.
A large whole bivalve shell 1s located at
the depth of 40 cm.
Aleuropelitic silt of flowing/plastic

w

consistency. It 15 ntensely saturated
with hvdrotroilite; due to thus, the
sedument 15 of black color. The layer
contams infrequent whole bivalve shells
1-1.3 e i diameter, as well as
fragments of unchanged flora (long,
60 285 | narrow algae). The interval is intensely
saturated with gas and strongly smells of
H,S. There are multiple gas seepage
textures, represented on the cleaned
surface by bubbles and by small cracks

Figure 21. Lithological description and color photos of core from Station 1.

;’;"'h (‘:‘:' Lithological description i
0 5 Aleuropelitic silt of creamy consistency, [ §
homogeneous

Viscous clayey aleuritic silt with rare

)
” “ lenses of hydrotoilite

Clayey oily silty silt with spotted texture
due to hydrotroilite-saturated spots. The
40 100 | fresh penetrated surface has voids up to
3 mm in diameter. Rare fauna
fragments are aleo noted

Oily silty clay with thin
lenticular/spotted texture due to small
lenticular hydrotroilite-saturated spots
100 173 | In the base of uncovered portion of the
section, there are two non-rounded
fragments of gravel variation (drop
stone) with the diameter 1.5-2 cm,

Figure 22. Lithological description and color photos of core from Station 2.



The color of sediments of the White, the Laptev, and East-Siberian Seas in the top layer varies
from brown to reddish-brown. The underlying greenish-grey sediments contain adhesions and
balls of hydrotroilite. Quartz and plagioclases are the predominant minerals in the studied

sediments of the Arctic Seas (Table 7).

Table 7. The mineral composition measurements (the XRD method) of the bottom sediments.

The The East The
Mineral, % Laptev Siberian White
Sea Sea Sea
Quartz 34 37 46.3
Plagioclase 23 21 37
P%ZSSSF')‘;:" 135 12 .
Montmorillonite 9 10 -
Kaolinite 6 8 2.2
Chlorite 35 4 -
Ilit 4 4 11.3
Pyrite - - 1.8
Mica - - 13
Pyroxene 3 traces -
Cristobalite 2 traces -
Goethite 2 - -
Amphibole traces traces -

The upper part of the studied section of the bottom sediments of the Black Sea (stations 7 and
8) is represented by gray, light gray clayey silt with large shell material. The lower part of the
section is a clay-aleurite layer with interlayers of finely dispersed crushed shell rock with a

particle size of only 1-2 mm and dark gray clays with a large amount of hydrotroilite.

According to a literature review: the bottom sediments of the Black Sea are divided into
modern, ancient Black Sea, and Novoeuxinian silt (Pleistocene) (Gursky, 2003). Modern
sediments are represented by microlaminated coccolith silt of white and grey color; the content

of the hydrotroilite is 0.02-0.06%. Ancient Black Sea sediments (located under modern
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sediments) are represented by grey clayey silt and black sapropel silt, and the content of the
hydrotroilite is 0.01-0.03%. Novoeuxinian sediments are represented by grey and black silt
containing hydrotroilite and sulfides (the content of the hydrotroilite is 0.06%). The lithological

slices in the bottom sediments of the Black Sea Deep Well are presented in Table 8.

Table 8. Lithological slices in the bottom sediments of the Black Sea Deep Well. Modified
after (Neprochnov, 1980).

Slice Lithology ThlcrI;ness, Age
1 Terrigenous silt 171 Holocene
la Aleurites and sands 9.5 Pleistocene
2 Carbonate sediments 2 Eopleistocene
3 Silt enriched W|tr_1 diatoms and 112 Pleiocene
coccoliths
4 Carbonate _sedlments enriched 38 Pleiocene
with diatoms

5 Clays enriched with diatoms 28.5 Pleiocene
6 Brecciated sediments and sand 85.5 Miocene
7 Black aleurolite 28 Miocene
8 Brecciated sediments 10 Miocene
9 Aleurolite 28.5 Miocene

3.3.2 Eh, pH, and Temperature Values

This section shows the measuring results of the redox environment potential (Eh, pH)
as well as the temperature. These measurements were necessary to determine the oxidizing and
reducing conditions in the studied sediments and were used in thermodynamic uranium forms

modeling.
The measured Eh and pH of the pore water in the bottom sediments are shown in Table 9,

Table 10, and Table 11.

Table 9. Station 1. Measurements of redox potential (Eh) reduced to the normal hydrogen
electrode potential and pH on fresh bottom sediments.

Depth (cm) Eh (mV) pH
5 +392 8
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425 —273 8.11
715 —243 7.95
915 —215 7.88
110.0 —145 7.81
136.5 -117 7.94
156.5 —138 7.92
181.5 —115 7.84
201.5 —150 7.82
220.0 —170 7.84
2475 —73 7.76
267.5 —63 7.81

Table 10. Stations 2 and 3 of the Laptev Sea. Measurements of redox potential (Eh) and pH
on fresh bottom sediments.

Station D(gr;:]t)h (rE(]/) pH
1 89 7.27

35 88 7.17

9.5 -70 7.47

g 15.5 -33 7.44
20.5 -42 7.13

235 -85 7.41

15 6.62

4 7.05

7.05

8 7.54

10 7.13

12 6.98

14 7.45

16 7.47

3 18 7.82
20 8.43

22 8.55

24 8.53

26 8.66

28 8.61

30 8.36

32 8.49

34 8.54

36 8.51

Table 11. Stations 4 and 5 of the East-Siberian Sea. Measurements of redox potential (Eh)
and pH on fresh bottom sediments.



Station [Zgrr;t)h Eh (mV) pH
2 25 7.64
6 -63 7.05
10 -95 7.06
4 14 -107 7.04
18 -85 7.19
22 -78 7.24
1 93 7.18
3 70 8.06
5 -65 8.39
7 -130 8.07
9 -172 8.18
5 11 -191 8.2
13 -223 8.26
15 -184 7.63
17 -167 8.14
19 -105 8.32
21 -188 8.26

Also, the Eh and pH of the pore water in the Black Sea bottom sediments are presented in

Table 12 and

Table 13 according to the literature review (Lisitsyn and Gursky, 2003; Gurskij, 2019). The
stratigraphic subdivision of the deep-water Holocene sediments of the Black Sea is carried out
according to the marker lithological horizons, first identified by A.D. Arkhangelsky and N.M.
Strakhov (Arhangel’skij and Strahov, 1939). Referring to the study Geochemistry of the Black
Sea (Mitropol’skij, Bezborodov and Ovsyanyj, 1982) - the upper (0-10 m) stratum of bottom

sediments of the Black Sea is stratigraphically subdivided into modern, ancient, and

Novoeuxinian sediments.
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Table 12. Station of the Black Sea. The redox potential (Eh) potential and pH of the pore
water. Modified after (Lisitsyn and Gursky, 2003).

Depth Eh

Station Easting Northing Wart]er P pH
depth, m (cm) (mV)
Bottom 160 78
water

Black 15 -185 7.68
Sea 38°44'6 43°18'0 2170 70 -200 7.68
station 105 -205 7.68
140 -210 7.68
185 -195 7.74

Table 13. Station of the Black Sea. The redox potential (Eh) potential of the different ages of
bottom sediments along the profile in the southeast of the Kerch Strait. Modified after (Gurskij,

2019).
Age, kya
. ¢ Modern sediments +
arameter i i i
Ancient sedl.m_ents * Modern sediments Ancient sediments Novqeumman
Novoeuxinian sediments
sediments
average | min max | average | min | max | average | min | max average
Eh, mV -142 -230 280 -103 -200 | 280 -185 -80 | -220 -198
The measured temperature of the bottom sediments is presented in Table 14.
Table 14. The temperature of the fresh Arctic bottom sediments.
. Depth water T
Location Ne station
(cm) O
The East-Siberian Sea 6 41-45 -1.2..-1.0
The East-Siberian Sea, Dmitri Laptev Strait 5 12-15 +1.6...+1.9
The Laptev Sea, continental slope 4 350 +0.4
The White Sea, Kandalaksha Bay 1 80 +0.8...+1.0

The redox potential in the upper portion of the White Sea bottom sediments was positive (+392
mV), whereas Eh at the depth below 5 cm was negative and varied from —273 to —63 mV
(Table 9). The pH values decreased with depth from 8 to 7.8. The obtained data correspond to

published data, which shows that Eh values in the bottom sediments may vary from —324 to
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+523 mV (Gursky, 2005). According to (Lein, 2004), pH values in sediments fluctuate from

7.6 to 8.4; in our case, the bottom sediments’ measuring pH varied from 7.76 to 8.11.

The Eh negative values in the underlying layers are characterized by anoxic conditions at all
stations (Table 10 and Table 11). In addition, stations in areas of intense gas release from
bottom sediments are characterized by lower values of the redox potential Eh in the lower part
of the sediments. For example, for the core of the East Siberian Sea station 5, located in the
active bottom methane degassing zone: the lowest Eh values are observed for the lower part of
the sediment (from 4 cm), reaching -223 mV at a depth of 12-14 cm (Table 11). The reduced
values of the pore water redox potential in the sediment section lower part in the zones of active
methane release from bottom sediments are associated with the anoxic conditions
predominance. Anoxic conditions are accompanied by hydrogen sulfide H2S (a characteristic

hydrogen sulfide smell was observed during measurements and sediment sampling).

The measured pH values of the East Siberian Sea and the Laptev Sea pore waters (Table 10
and Table 11) are characterized: by lower pH values (about 7) for the upper part of the
sediments (oxidized layer) compared to the underlying layers (reducing conditions) for which

the pH values sometimes exceed 8.

The pore water in the bottom sediments of the Black Sea station is characterized by only
negative Eh values in the range from -210 mV to -160 mV, the pH values varied from 7.68 to

7.8 (Table 12). Also, Eh analysis of the pore water in the Black Sea sediments (

Table 13) is shown that the Eh average for different ages of bottom sediments is characterized

the negative values.

The temperature of the White Sea bottom sediments was positive and slightly less than 1 °C;
at a depth of 5 cm, the temperature was 0.9 °C, and at a depth of 267.6 cm was 0.8 °C (Table
14). The highest bottom sediment temperatures in the Laptev Sea +0.4°C were found on the
continental slope (the depth of 350 m) station 4, which can be associated with the warm Atlantic
water entry into this area. The upper part of the East Siberian Sea bottom sediments (station 6)
is characterized by a temperature of -1.2...-1.0°C. However, the temperature of the bottom
sediments is positive and reaches +1.8°C in the East Siberian Sea, southern part (station 5), in

the active thermal influence area of the river Indigirka (Chuvilin, B. Bukhanov, A. Yurchenko,
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D. Davletshina, N. Shakhova, E. Spivak, V. Rusakov, O. Dudarev, N. Khaustova, A.
Tikhonova, O. Gustafsson, T. Tesi, J. Martens, M. Jakobsson, M. Spasennykh, 2022).
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3.3.3 Uranium and Other Metals Concentrations
The ICP-MS method was used to study the uranium and other chemical elements
distributed in marine sediments. Unfortunately, it was not possible to measure the uranium and

other chemical elements concentrations in the Black Sea sediments due to covid restrictions.

The uranium concentrations in the bottom sediments measured by ICP-MS for stations 1 and
2 are shown in Table 15 and Table 16. For station 2, the concentrations of Cd, Co, Cr, Fe, Ni,
Pb, Th, U, and V in the bottom sediments were also measured and shown in Table 16. The
uranium concentrations and other chemical elements in the bottom sediments measured by
ICP-MS for stations 3 and 4 of the Laptev Sea; stations 5 and 6 of the East-Siberian Sea are
shown in Table 17 and Table 18. 19. The uranium and thorium concentration (ppm), the ratio

Th/U in the Black Sea bottom sediments from station Deep Well is shown in Table 19.

Table 15. The uranium concentration in the White Sea bottom sediments from station 1 (ppm).

Depth, cm U, ppm
71.5 1.3
91.5 142
110 1.33
136.5 1.21
156.5 121
181.5 1.16
201.5 1.24
220 1.36
247.5 1.87
267.5 1.34

Table 16. The uranium and other metals concentration in the White Sea bottom sediments from
station 2 (ppm).

Depth,
cm

U Fe Cr \Y Zn | Ni | Co Pb Th Cd Th/U

2.5 189 35721 | 95 | 94 | 66 | 37 | 27 20 6.23 | 0.122 | 3.296

7.5 1.69 | 35078 | 97 95 66 39 15 13 6.08 | 0.119 | 3.598
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125 1.79 | 35430 99 | 97 | 78 | 39 | 18 10 6.43 | 0.113 | 3.592
17.5 181 | 33801 | 102 | 93 | 66 | 38 | 15 11 6.62 | 0.106 | 3.657
22.5 19 |32372| 95 | 91 | 62 | 37 | 15 7 6.37 | 0.109 | 3.353
275 191 | 33269 | 92 | 88 | 62 | 37 | 15 7 6.88 | 0.114 | 3.602
325 176 | 33751 96 | 89 | 63 | 38 | 14 8 6.51 | 0.095 | 3.699
375 183 | 33153 | 96 | 89 | 65 | 37 | 14 6 6.49 | 0.092 | 3.546
42.5 1.88 | 33165| 99 | 88 | 61 | 38 | 13 6 6.81 | 0.096 | 3.622
47.5 191 |32839| 98 | 87 | 65 | 37 | 14 6 6.86 | 0.107 | 3.592
525 191 |32839| 98 | 87 | 65 | 37 | 14 6 6.86 | 0.107 | 3.592
575 2.08 | 32551 | 92 | 84 | 59 | 35 | 13 6 7.03 | 0.098 | 3.380
62.5 212 | 32152 | 91 | 8 | 65 | 36 | 13 5 7.21 | 0.086 | 3.401
67.5 208 | 32100 | 94 | 84 | 57 | 36 | 13 5 7.07 | 0.085 | 3.399
725 206 | 31789 | 92 | 8 | 58 | 36 | 13 6 7.09 | 0.086 | 3.442
77.5 2.13 | 34040 | 97 87 61 37 14 6 7.94 | 0.078 | 3.728
82,5 23 | 33484 | 9 | 89 | 62 | 37 | 13 6 7.75 | 0.097 | 3.370
87.5 21 |32074| 92 | 84 | 58 | 36 | 13 6 7.58 | 0.071 | 3.610
92.5 216 | 31134 | 88 | 82 | 63 | 34 | 13 5 7.47 | 0.075 | 3.458
97.5 226 | 32848 | 90 | 8 | 60 | 36 | 14 6 8 0.088 | 3.540
1025 | 227 | 33454 | 92 | 86 | 60 | 37 | 14 5 7.65 | 0.091 | 3.370
1075 | 229 33027 | 91 | 8 | 63 | 37 | 13 6 8.18 | 0.092 | 3.572
1125 | 234 | 33503 | 89 | 8 | 64 | 36 | 14 7 84 | 0.091 | 3.590
1175 | 2.48 |[34274| 90 | 89 | 65 | 37 | 14 6 8.89 | 0.097 | 3.585
1225 | 238 |33132| 94 | 8 | 62 | 38 | 14 7 8.8 | 0.087 | 3.697
1275 | 2.46 |34200| 94 | 83 | 66 | 38 | 14 6 9.02 | 0.097 | 3.667
1325 | 2.44 | 31894 | 88 | 83 | 62 | 35 | 13 6 8.56 | 0.09 | 3.508
1375 | 221 | 30840 | 87 | 76 | 57 | 34 | 13 8 8.29 | 0.081 | 3.751
1425 | 242 | 33186 | 94 | 83 | 63 | 37 | 13 9 9.29 | 0.101 | 3.839
1475 | 236 |[33411| 92 | 84 | 65 | 36 | 13 13 9.06 | 0.092 | 3.839
1525 | 229 | 32458 | 93 | 82 | 62 | 37 | 13 13 8.71 | 0.092 | 3.803
157.5 24 |33932| 98 | 83 | 64 | 37 | 13 9 89 | 0.087 | 3.708
1625 | 252 33502 | 96 | 83 | 63 | 37 | 13 8 9.48 | 0.101 | 3.762
Instrume
de':]etcilion 0.032 | 0.300 |0.024|0,021|0.065|0.015|0.016| 0.019 | 0.029 | 0.013

limit
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Table 17. The uranium and other metals concentration in the Laptev Sea bottom sediments from stations 3 and 4 (ppm).

Station Diﬂ:h’ P \% Cr Mn Fe Co Ni Cu Zn Mo Cd Pb Th U Al Th/U
25 3208 | 112.9 | 87.9 | 337 | 34055 | 11.56 | 34.3 | 195 | 106 | 3.164 - 16.4 | 7.94 | 1.328 | 74754 | 5.979

8.5 2302 | 117.6 | 88.9 | 302 | 36583 | 11.26 | 33.8 | 20.9 | 105 | 3.455 - 17.1 | 8.29 | 1.409 | 77317 | 5.884

135 | 3820 | 111.8 | 84 320 | 38050 | 11.58 | 33.4 21 104 | 3.409 - 19.1 | 8.94 | 1.338 | 77781 | 6.682

’ 16.5 | 2622 | 108.3 | 86.9 | 298 | 35463 | 11.21 | 34.1 | 20.9 | 101 | 3.514 - 16.9 | 7.66 | 1.208 | 76564 | 6.341
20 1832 | 95.7 | 81.3 | 281 | 31741 | 10.25 | 315 18 101 | 1.428 - 14.8 | 7.65 | 1.250 | 76348 | 6.12

23 2301 | 104.7 | 80.6 | 268 | 32348 | 9.82 | 30.6 20 96 | 1.263 - 15.2 | 7.38 | 1.166 | 79091 | 6.329

15 165 | 107 59375 | 46 73 38 125 0.16 25 11.8 | 2.47 | 85118 | 4.777

4 170 99 66107 | 26 57 35 113 0.13 22 10.1 | 1.97 | 83750 | 5.127

6 185 | 1962 67694 | 28 64 47 127 0.24 24 11.4 | 2.11 | 85013 | 5.403

8 181 | 114 59681 | 29 64 37 120 0.19 21 10.3 | 1.99 | 85492 | 5.176

10 181 | 107 59002 | 27 62 160 | 113 015 | 173 | 83 | 156 | 82725 | 5.321

12 183 | 107 66671 | 27 62 36 113 0.13 | 17.3 | 8.38 | 1.56 | 84551 | 5.372

4 14 181 | 109 57181 | 24 59 42 112 0.21 | 16.8 | 8.46 | 2.29 | 89638 | 3.694
16 181 | 109 57181 | 24 59 42 112 0.21 | 16.8 | 8.46 | 2.29 | 89638 | 3.694

18 182 | 118 53052 | 26 62 42 118 024 | 178 | 9.02 | 2.4 | 85943 | 3.758

20 179 | 113 55097 | 26 62 37 115 021 | 17.2 | 8.72 | 2.27 | 85191 | 3.841

22 182 | 100 56518 | 24 56 33 103 0.19 | 156 | 8.06 | 1.85 | 87594 | 4.357

24 180 97 54975 | 23 54 32 100 0.18 | 153 | 7.7 | 2.02 | 84619 | 3.812

26 188 | 101 57627 | 24 55 32 100 0.16 | 15.7 | 8.03 | 2.21 | 85936 | 3.633
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28 186 97 58855 23 53 33 99 0.17 | 156 | 7.77 | 1.87 | 87168 | 4.155
30 189 | 103 59020 | 24 55 33 101 021 | 16.4 | 8.45 | 2.08 | 86770 | 4.063
32 191 96 58698 | 22 52 30 94 0.15 | 159 | 835 | 2.15 | 88995 | 3.884
34 192 95 56892 22 52 30 92 0.17 | 15.7 | 8.16 | 2.27 | 81527 | 3.595
36 194 90 56066 | 21 50 30 90 0.23 | 156 | 8.08 | 2.36 | 84782 | 3.424
Instrumental
delt;ar;:]tiiton 0.41 | 0.268 | 0.299 | 0.312 | 0.344 | 0.213 | 0.286 | 0.321 | 0.316 | 0.131 | 0.061 | 0.146 | 0.014 | 0.011 | 0.324
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Table 18. The uranium and other metals concentration in the East-Siberian Sea bottom sediments from stations 5 and 6 (ppm).

Depth,

Station cm P V Cr Mn Fe Co Ni Cu Zn Mo Cd Pb Th U Al Th/U
2 895 70.3 52.2 268 | 23766 | 8.38 215 | 843 73 3.213 | 0.086 6.7 5.89 0.975 | 64917 | 6.041

6 5685 | 90.4 724 323 | 29040 | 9.57 264 | 17.8 84 4.416 - 11.98 6.07 1.051 | 67899 | 5.775

10 1801 | 89.9 65.8 294 | 27728 | 9.64 256 | 143 87 2.269 - 10.97 5.74 0.93 69276 | 6.172

° 14 3102 | 95.8 72.2 284 | 31205 | 10.16 | 27.6 | 23.3 90 2.014 - 14.21 6.84 1.027 | 70179 | 6.660

18 1710 | 94.7 73.4 277 | 25784 | 9.51 26.1 | 17.3 86 2.379 - 13.04 7.73 1.227 | 63019 | 6.300

22 1091 | 78.1 62.8 245 | 23194 | 8.33 23.2 | 127 76 2.029 - 9.24 6.46 1.134 | 61830 | 5.697

1 1040 | 1114 | 58.8 842 | 31066 | 11.79 | 243 | 105 96 3.419 - 12.36 5.45 0.766 | 69895 | 7.115

3 1587 | 1114 | 60.5 263 | 30627 | 10.77 | 242 | 128 93 1.459 - 9.69 5.53 0.877 | 69711 | 6.306

5 534 | 1158 | 64.2 282 | 31707 | 1231 | 26.4 | 143 103 1.329 - 9.81 5.44 0.821 | 71050 | 6.626

7 851 122 67.1 292 | 35027 | 28.14 | 305 | 151 103 96.932 - 1191 6.11 0.943 | 78406 | 6.479

9 694 120 66 292 | 32876 14.4 28.6 | 14.8 100 | 20.450 - 11.98 6.37 0.966 | 74124 | 6.594

6 11 718 | 119.1 66 277 | 30555 | 13.13 | 26.4 | 15.8 102 13.419 | 0.067 9.84 5.44 0.872 | 70900 | 6.239

13 1128 | 1336 | 70.8 350 | 35135 | 15.26 | 28.7 | 174 108 6.142 | 0.077 | 14.27 6.75 1.093 | 75506 | 6.176

15 1059 | 129.2 | 66.2 637 | 36859 | 13.61 | 26.4 | 15.3 107 4.287 - 13.43 6.16 0.878 | 73377 | 7.016

17 949 142 71.7 620 | 37397 | 1531 | 283 | 155 114 10.970 - 12.07 6.03 0.857 | 72126 | 7.036

19 962 140 69.1 509 | 37443 | 1351 | 26.3 | 151 108 1.850 - 12.74 5.92 0.866 | 73360 | 6.836

21 864 134 69.7 362 | 35276 | 1296 | 26.7 | 155 107 1.921 - 11 5.78 0.884 | 71628 | 6.538

Instrumental
detection 041 | 0.268 | 0.299 | 0.312 | 0.344 | 0.213 | 0.286 | 0.321 | 0.316 | 0.131 | 0.061 | 0.146 | 0.014 | 0.011 0.324
limit
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Table 19. The uranium and thorium concentration (ppm), the ratio Th/U in the Black Sea
bottom sediments from station Deep Well (Neprochnov, 1980).

Depth, m U, ppm Th, ppm Th/U
42.15 3.15 12.4 3.94
53.5 1.49 11.95 8.02
62.75 1.88 12.21 6.49
84.2 1.85 11.7 6.32
94.25 3.16 12.58 3.98

114 2.15 11.13 5.18
1235 151 7.49 4.96

150 1.82 7.97 4.38

171 1.49 5.35 3.59
178.57 2.24 11.22 5.01
202.9 3.12 11.53 3.70
224.76 3.47 11.97 3.45
240.5 2.81 9.08 3.23
257.34 2.51 9.77 3.89

278 2.73 7.46 2.73
285.81 2.77 3.93 1.42
3135 1.74 12.22 7.02
315.6 5.27 6.67 1.27
326.7 3.99 13.24 3.32
339.48 3.43 10.24 2.99
438.55 371 12.96 3.49
446.7 3.53 16.1 4.56
473.73 2.9 14.93 5.15
476.65 2.98 12.6 4.23
488.75 3.47 11.76 3.39
499.55 2.39 9.22 3.86

The uranium concentration in the White Sea bottom sediments for both studied stations did not
exceed 2.6 ppm. For station 1, uranium concentrations varied from 1.16 ppm to 1.87 ppm at
the depth interval 71.5 cm—267.5 cm, respectively. The difference in uranium concentration
between the upper and lower parts of the sampled core was identified for station 2. In the upper
part (0-50 cm), the concentration varied from 1.7 to 1.9 ppm; in the lower part, uranium

concentration increased up to 2.52 ppm.

The sediments were enriched with iron (Fe) with concentrations up to 3.57%, which is

explained by the presence of hydrotroilite and its high capacity for complexation with organic
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matter even at low concentrations compared to other metals (Moiseenko, 2012). The
concentrations of Cr, V, Zn, Ni, Co, and Pb showed values in the range of 20-100 ppm, and
the concentrations of Cd were about 0.1 ppm. The concentrations of these metals in the upper
layer were slightly higher and decreased with depth. The concentrations of Th varied from 6.2
ppm in the upper part to 9.5 ppm in the lower part of the column. The value of the Th/U ratio
varied from 3.30 to 3.84 with an average value of 3.58, which corresponds to the marine
sedimentation stage, according to Walter H. Fertl’s research (Fertl and Rieke, 1980). The
following sources of accumulation of these metals in the bottom sediments of the White Sea
are continental run-off, seawater, and anthropogenic impact (wastewater, smoke emissions).
The character of Th/U variations showed that the source of these metals was continental run-
off with a low income of autogenic uranium of marine genesis. No anthropogenic impact

(another potential source of U) was identified.

According to the literature review, the main sources of enrichment of the Arctic bottom
sediments with rare earth elements are terrigenous material brought by rivers (Astahov, 2018)
and, with distance from the river delta, on the example of the Indigirka River in the East
Siberian Sea, a decrease in the concentration of heavy metals and rare earth elements is
observed (Sevast’yanov, 2020). In (Novikov and ZHilin, 2016; Sevast’yanov, 2020), emphasis
is placed on the study of heavy metals in the sediments of the East Siberian Sea. In the East
Siberian Sea, the average contents of heavy elements are Cu = 18.70 ppm, Zn = 109.5 ppm, Ni
= 33.20 ppm, Cr =69.81 ppm, Pb = 15.92 ppm. It also showed a rather significant relationship
between the content of heavy metals and organic carbon, showing a stable contribution to the

microelement composition of the biota on the entire Arctic shelf.

The study of the distribution of the chemical elements along the profile from south to north
from Billings Cape to the Mendeleev submerged ridge in the East Siberian Sea sediments
(SHakirov, 2010; SHakirov, R. V. Sorochinskaya, A. V. Obzhirov, 2012; Novikov, 2017), and
in (Miroshnikov, 2020) showed:
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the surface layer of sediments is depleted in most chemical elements, but elevated
concentrations of Mn (4-10 times), Cu (8 times), and Zn (2 times) are observed,;

the contents of Mg, Sc, V, and Pb in sediments are close to the average content of these
elements in the sedimentary rocks of the continents;

for elements such as Rb, Cs, Li, K, Ca, Sr, Ba, U, Th, Ti, and Hf concentration factors
are less than 1,

the content of Fe, V, and Zn along the studied profile is 1.5-2 times higher than the
average content of these elements in the sedimentary rocks of the continents;

the content of U, Th, and Hf in the surface layer of sediments along the profile is lower
than the average contents of these elements in the sedimentary rocks of the continents,
while the minimum concentrations of these elements were found at stations with a
minimum amount of pelite and organic matter content;

elements of the iron and heavy metals group have a high correlation with the content of

organic carbon in the sediments of this profile.

The uranium concentration in the bottom sediments for both studied seas (Laptev and East-

Siberian Seas) did not exceed 2.5 ppm. For station 3, uranium concentrations varied from 1.17

ppm to 1.41 ppm at the depth interval of 2.5 cm-23 cm. For station 4, uranium concentrations

varied from 1.56 ppm to 2.47 ppm at 1.5 cm-36 cm depth. For station 5, uranium

concentrations varied from 0.93 ppm to 1.23 ppm at 2 cm-22 cm depth. For station 6, uranium

concentrations varied from 0.77 ppm to 1.09 ppm at the depth interval of 1 cm-21 cm.

The characteristic of the Laptev Sea bottom sediments (stations 3 and 4):

Sediments were enriched in iron concentrations (Fe) up to 3.81% for station 3 and
6.77% for station 4. According to the material-genetic typification (Ruban, 2017), the
sediments of station 3 are classified as non-ferrous (Fe <5%), and the sediments at
station 4 are low iron (Fe = 5 = 10%). The maxima of the iron content in the sediments
of station 4 are due to reducing conditions (black sediment due to hydrotroilite, formed

due to biogenic sulfate reduction).
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In sedimentary rocks of the continents, the clarke content of Mn is 0.073%, and the Mn
content in sediments of station 3 reaches 0.034%, which is two times less than the clarke
content of this element. Therefore, the sediments of station 3 are classified as non-
manganese.

Sediments were enriched in nickel concentrations (Ni) up to 34.3 ppm for station 3 and
73 ppm for station 4.

Sediments were enriched in zinc concentrations (Zn) up to 106 ppm for station 3 and
125 ppm for station 4. The clarke content of zinc in sedimentary rocks is approximately
~ 70 ppm; the zinc content in the sediments of the stations under study exceeds the
clarke content of this element.

Sediments were enriched in chromium concentrations (Cr) up to 88.9 ppm for station 3
and up to 1962 ppm for station 4. Station 4 is characterized by a sharp peak in the
chromium concentration at a depth of 6 cm.

Sediments were enriched with cobalt concentrations (Co) up to 11.58 ppm for station 3
and 46 ppm for station 4. The clarke content of cobalt in sedimentary rocks is
approximately = 13 ppm, the cobalt content in the sediments of station 3 is comparable
to the clarke content of this element, and the cobalt in sediments from station 4 exceeds
its clarke value by more than 1.5 times.

Sediments were enriched in thorium concentrations (Th) up to 8.94 ppm for station 3
and 11.8 ppm for station 4. The clarke content of thorium in sedimentary rocks is
approximately ~ 10 ppm; the thorium in the studied sediments is comparable to the
clarke content of this element.

Sediments were enriched phosphorus concentrations (P) up to 0.38% for station 3.
Phosphorus oxide varies from 0.42% to 0.87% in the studied sediments. The
phosphorus content in Arctic sediments (Baturin, 2004) ranges from 0.1-0.9%. In
enclosed and semi-enclosed seas, phosphorus is concentrated in the sediments of deep-
sea depressions and the open seas - mainly in sediments of the continental zones, while

the overall distribution of phosphorus is generally similar to organic carbon.
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Sediments were enriched:
— vanadium concentrations (V) up to 117.6 ppm for station 3 and 194 ppm for
station 4.
— aluminum concentrations (Al) up to 7.91% for station 3 and 8.96% for station
4.
— Copper copper concentrations (Cu) up to 21 ppm for station 3 and 160 ppm for
station 4.
— molybdenum concentrations (Mo) up to 3.514 ppm for station 3.
— cadmium concentrations (Cd) up to 0.24 ppm for station 4.
— plumbum concentrations (Pb) up to 19.07 ppm for station 3 and 25 ppm for
station 4.
The value of the Th/U ratio varied from 5.88 to 6.68 (average value is 5.2) for station
3, and for station 4, the Th/U ratio varied from 3.42 to 5.40 with an average value of
4.28 corresponding to the marine sedimentation stage. Also, the Th/U ratio is very close

to the Th/U=7 which corresponds to the oxic continental conditions for station 3.

The characteristic of the East-Siberian Sea bottom sediments (stations 5 and 6):

Sediments were enriched in iron concentrations (Fe) up to 4% for stations 5 and 6.
Following the material-genetic typing, the sediments of the studied stations are
classified as non-ferrous (Fe <5%).

In sedimentary rocks of continents, the clarke content of Mn is 0.073%, and the content
of Mn in sediments from station 5 reaches 0.032%, which is two times less than the
clarke content of this element. In the sediments of station 6, the Mn content reaches
0.084%, which is comparable to the clarke content of this element.

Sediments were enriched in nickel concentrations (Ni) up to 31 ppm for both stations.

Sediments were enriched in zinc concentrations (Zn) up to 90 ppm for station 5 and 114
ppm for station 6. The zinc content in the sediments of the stations under study exceeds

the clarke content of this element.
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e Sediments were enriched in chromium concentrations (Cr) up to 75 ppm for both
stations.

e Sediments were enriched with cobalt concentrations (Co) up to 10.16 ppm for station 5
and 28.14 ppm for station 6. The cobalt content in the sediments of station 5 is
comparable to the clarke content of this element, and the cobalt content in the sediments
of station 6 exceeds its clarke value by more than two times.

e Sediments were enriched in thorium concentrations (Th) up to 7.73 ppm for station 5
and up to 6.75 ppm for station 6. The thorium content in the studied sediments is lower
than its clarke content.Sediments were enriched phosphorus concentrations (P) up to
0.57% for station 5 and up to 0.16% for station 6.

e Sediments were enriched:

— vanadium concentrations (V) up to 95.8 ppm for station 5 and 142 ppm for
station 6.
— aluminum concentrations (Al) up to 8% for both stations.
— Copper copper concentrations (Cu) up to 23.3 ppm for station 5 and 17.4 ppm
for station 6.
— molybdenum concentrations (Mo) up to 4.416 ppm for station 5 and up to
96.932 ppm for station 6.
— cadmium concentrations (Cd) up to 0.09 ppm for both stations.
— plumbum concentrations (Pb) up to 15 ppm for both stations.
The value of the Th/U ratio varied from 5.68 to 6.66 (average value is 6.11) for station 5, and
for station 6, the Th/U ratio varied from 6.18 to 7.12 (average value is 6.63), which corresponds
to the marine sedimentation stage. Also, the Th/U ratio is close to the Th/U=7 corresponding

to the oxic continental conditions.

The main research idea is to investigate the uranium concentration in marine sediments under
various redox conditions. With the uranium concentration determination, the ICP-MS method
makes it possible to determine the other chemical elements' concentrations such as P, V, Cr,

Mn, Fe, Co, Ni, Cu, Zn, Mo, Cd, Pb, Th, and Al. These elements’ distribution and concentration
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were taken into account because the sediments of the intensive planktonogenic sapropelic
organic matter accumulation periods are characterized not only by a unique saturation with
organic matter but also by an increased concentration of a wide chemical elements range
(Neruchev, 2007). The study of each chemical element's concentration and distribution requires
a more detailed analysis of the factors affecting their concentration. Since the work is devoted
to the uranium study, the other chemical elements’ distribution and concentration analysis in
marine sediments are of a general and descriptive nature. Unfortunately, it was not possible to
measure the uranium concentration in the Black Sea sediments due to the conducting of our
expedition's impossibility to collect marine sediments. But in this subtopic, the uranium
concentration distribution for one of the deep-water drilling stations carried out in the Black
Sea was shown (Neprochnov, 1980). A more detailed uranium concentration analysis of the

Black Sea sediments will be shown in subtopic 3.4 of Chapter 3.
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3.3.4 C, H, N, S Element Composition

This section shows the elemental composition of marine sediments. The study of the
elemental composition made it possible to analyze the organic carbon, nitrogen, sulfur, and

hydrogen concentration, as well as to determine the organic matter source by the C/N ratio.

The results of C, H, N, and S element composition in the bottom sediments samples of stations
are shown in Table 20, Table 21, Table 22 and Table 23. The carbonate concentration was also

determined in the bottom sediments (Table 20, Table 21 and Table 23).

Table 20. Stations 1 and 2. Results of elemental composition (CHNS) measurements of bottom
sediments.

Elemental composition
station | D°P" TOC, | Ccarb

cm N% | "o, | T, | Hi% | S.% | CIN | U/TOC
425 035 | 2.77 | 007 0.79 0.72 | 791
71.5 033 | 2.68 075 | 076 |812| 0.49
91.5 036 | 2.76 119 | 072 | 767 | 051
110 038 | 289 | 011 0.8 0.86 |7.61| 0.46
136.5 034 | 258 071 | 067 |759| 047

1 156.5 0.3 2.36 071 | 055 |7.87| 051
181.5 029 | 229 | 003 0.76 055 | 79 | 051
201.5 0.29 2.3 046 | 056 |7.93| 0.54
220 028 | 217 068 | 056 |7.75| 0.63
2475 033 | 256 | 0.05 0.36 021 |7.76 | 0.73
267.5 0.3 2.29 065 | 063 |7.63| 0.59
2.5 031 | 231 0.4 015 |7.45| 0.82
75 0.3 2.21 0.5 0.18 | 7.37| 0.76
12.5 0.25 1.9 046 | 026 | 7.6 | 0.94
17.5 024 | 1.76 042 | 026 |7.33| 1.03
22.5 023 | 1.68 0.42 02 | 73| 113
27.5 024 | 1.79 045 | 021 |7.46| 1.07
32,5 024 | 1.77 044 | 029 |7.38| 0.99
375 0.23 1.7 044 | 026 |7.39| 1.08

2 475 0.18 | 1.45 038 | 0.33 |806| 1.32
52.5 015 | 1.22 0.3 0.28 |813| 157
57.5 0.21 1.6 038 | 027 |7.62| 1.30
62.5 019 | 1.39 033 | 032 |732] 153
67.5 022 | 157 037 | 033 |7.14| 1.32
72.5 0.2 1.55 0.37 04 |7.75| 133
77.5 021 | 1.59 038 | 041 |757| 1.34
82.5 019 | 1.69 048 | 041 |889| 1.36




87.5 0.21 1.61 0.36 0.44 | 7.67 1.30
925 0.22 1.68 0.44 042 | 764 129
97.5 0.22 1.63 0.42 039 | 741 1.39
102.5 0.21 1.66 0.4 0.4 7.9 1.37
107.5 0.18 1.6 0.41 0.44 | 8.89 1.43
1125 0.23 1.79 0.44 0.44 | 7.78 131
1175 0.23 1.66 0.43 0.51 | 7.22 1.49
1225 0.2 1.54 0.4 061 | 7.7 1.55
127.5 0.25 1.84 0.46 0.56 | 7.36 1.34
1325 0.21 1.62 0.43 0.67 | 7.71 1.51
137.5 0.22 1.65 0.44 051 | 7.5 1.34
1425 0.2 1.53 0.4 0.65 | 7.65 1.58
147.5 0.21 1.68 0.46 0.84 8 1.40
152.5 0.22 1.69 0.29 0.84 | 7.68 1.36
157.5 0.22 1.86 0.5 0.61 | 8.45 1.29

Table 21. Stations 3 and 4 of the Laptev Sea. Results of elemental composition (CHNS)

measurements of bottom sediments.

_ Depth, Elemental composition
Station cm
N,% | TOC, % | Ccarb, % H, % S, % CIN u/TOC
3 0.19 2.19 0.49 0.03 11.44 0.61
8.5 0.18 2.21 0.52 0.03 12.07 0.64
135 0.18 2.18 0.51 0.03 12.10 0.61
’ 16.5 0.18 2.05 0.50 0.03 11.32 0.59
20 0.15 1.66 0.42 0.03 11.11 0.75
235 0.17 1.98 0.46 0.04 11.45 0.59
15 0.20 1.32 0.09 0.75 0.03 6.54 1.87
4 0.19 1.23 0.70 0.03 6.31 1.60
6 0.21 1.22 0.86 0.03 5.76 1.73
8 0.19 1.14 0.86 0.02 5.91 1.75
10 0.20 1.13 0.86 0.03 5.67 1.38
4 12 0.17 1.11 0.86 0.03 6.40 141
14 0.19 1.12 0.1 0.79 0.03 5.79 2.04
16 0.19 1.13 0.83 0.02 5.83 2.03
18 0.20 1.20 0.75 0.03 5.97 2.00
20 0.21 1.17 0.77 0.03 551 1.94
22 0.19 1.13 0.05 0.81 0.02 5.86 1.64
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24 0.19 1.16 0.81 0.02 5.99 1.74
26 0.19 1.12 0.79 0.03 5.92 1.97
28 0.22 1.07 0.79 0.02 4.89 1.75
30 0.23 1.05 0.07 0.81 0.03 4.53 1.98
32 0.24 1.08 0.81 0.04 4.56 1.99
34 0.20 1.08 0.82 0.03 5.50 2.10
36 0.19 1.04 0.82 0.04 5.55 2.27

Table 22. Stations 5 and 6 of the East-Siberian Sea. Results of elemental composition (CHNS)

measurements of bottom sediments.

Elemental composition
Station Di‘:ﬁh’ ToC
N, % % ' H, % S, % C/N | U/TOC
2 0.12 0.85 0.19 0.01 4.54 1.15
6 0.18 1.84 0.42 0.03 4.35 0.57
10 0.15 1.18 0.29 0.02 4.07 0.79
° 14 0.21 221 0.51 0.04 431 0.46
18 0.14 121 0.36 0.02 3.38 1.01
22 0.10 1.03 0.23 0.01 4.40 1.10
1 0.12 0.87 0.24 0.02 3.67 0.88
3 0.10 0.67 0.20 0.02 | 337 | 131
5 0.10 0.72 0.18 0.03 4.00 1.14
7 0.10 0.74 0.19 0.03 3.86 1.27
9 0.11 0.73 0.16 0.04 441 1.32
6 11 0.10 0.77 0.20 0.03 |38 | 113
13 0.11 0.83 0.22 0.05 3.76 1.32
15 0.14 0.83 0.25 0.03 | 331| 1.06
17 0.14 0.88 0.27 0.02 3.31 0.97
19 0.14 0.88 0.27 0.02 3.27 0.98
21 0.11 0.81 0.23 0.02 | 358 | 1.09
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Table 23. Stations 7 and 8 of the Black Sea. Results of elemental composition (CHNS)
measurements of bottom sediments.

Elemental composition
Station DiFY)T:h’ TOC, | Carbonates

N, % C.% % ' % ' H, % S, % C/N
25 0.30 4.53 2.34 2.19 1.18 1.15 7.70
52.5 0.27 4.20 2.17 2.03 1.14 1.38 7.88
82.5 0.27 521 2.22 2.98 0.90 1.29 8.28
142.5 0.19 4.44 1.69 2.75 0.83 1.33 8.76
2125 0.27 4.36 211 2.25 1.11 141 7.93
242.5 0.28 4.45 2.28 2.16 1.10 1.39 8.12
272.5 0.26 3.46 211 1.34 1.13 1.49 8.27
! 302.5 0.29 3.66 2.54 1.12 1.13 1.32 8.88
3225 0.27 3.48 2.36 1.13 1.11 1.37 8.72
3475 0.40 451 3.70 0.81 1.27 1.58 9.19
352.5 0.48 5.20 4.61 0.59 1.39 1.50 9.61
357.5 0.53 5.74 5.32 0.42 1.51 1.55 10.08
362.5 0.46 491 451 0.40 1.42 1.42 9.90
367.5 0.44 4.77 441 0.36 1.37 1.38 10.06
2.5 0.26 2.29 2,95 0.79 0.33 8.96
41.5 0.22 1.36 2,73 0.43 1.51 6.20
64 0.10 0.68 2,52 0.21 1.10 6.54
84 0.43 4.03 2,58 0.96 1.91 9.32
° 119 0.47 4.25 4,09 1.02 1.27 9.08
141 0.05 0.26 1,10 0.25 0.87 5.22
176 0.07 0.45 1,04 0.43 0.78 6.51
216 0.03 0.34 2,76 0.15 0.98 10.14

The lowest contents of organic carbon, about 1%, are observed in the upper horizons of the
sediments of the East Siberian Sea, the highest ones, up to 2.8%, in all samples of the sediments
of station 1 of the White Sea, and in individual horizons of the Black Sea both stations

sediments with higher variations of this parameter in the depth.



The positive correlation between nitrogen contents with organic carbon contents (Figure 23)
shows the organic nature of nitrogen in the studied sediment samples. This correlation is less

pronounced in the sediments of the northern sea than in the Black Sea sediments.
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Figure 23. The correlation between organic carbon content and nitrogen content in the bottom
sediments.

C/N ratio in organic matter is an important characteristic that makes it possible to distinguish
the organic matter of terrestrial plants from marine ones. Algae have a C/N ratio of 4-10, while
terrestrial plants have a C/N ratio of over 20 because of nitrogen-free cellulose. The organic
matter of the studied samples corresponds to a mixture of marine and freshwater algae with a
small admixture of organic matter from land plants. The most “marine” is the White Sea station
1 organic matter, but the station 2 sediments contain an admixture of organic matter from land
plants. Compared to the White Sea, the Laptev Sea sediments contain more freshwater algae
organic matter. The widest variations of the parameters under consideration are observed in the
Black Sea sediments, organic matter from marine to freshwater, with a higher admixture of

organic matter from terrestrial plants than in the Laptev and White Seas sediments.
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The hydrogen content in the White Sea sediments varies from 0.29% to 1.19%, higher values
are typical for station 1. The hydrogen content in the Laptev Sea sediments varies from 0.42%
to 0.86%; higher values are typical for station 4. The hydrogen content varies from 0.16% to
0.51% in the East Siberian Sea sediments. The minimum hydrogen content values
characterized these sediments in comparison with the other studied sea sediments. The

maximum hydrogen content reaching 1.51% characterizes the Black Sea sediments.

The sulfur content is less than 1% in the White, East Siberian, and Laptev Seas sediments. The
sulfur content is higher (in some horizons reaching 2%) in the Black Sea sediments than in the

White, East Siberian, and Laptev Seas sediments.

Low carbonate carbon content (0.05-0.1%) characterizes the Laptev and White Seas sediments.

The highest carbonates concentrations in the Black Sea sediments - are from 1.04 to 4.09 %.

The carbon, hydrogen, nitrogen, and sulfur concentrations comprehensive comparison analysis

was carried out for all studied objects of marine sediments in this subtopic.
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3.3.5C, N, S Isotope Composition
The modern bottom sediments geochemistry studies make it possible to reconstruct

changes in the recent geological reservoir history, and to develop geochemical tools for
studying the conditions for the sediment formation, including oil source rocks, in the geological
past. The light elements of carbon, nitrogen, oxygen, and sulfur isotopic composition study is
an important part of these studies. The bottom sediment sample's isotopic composition results
are discussed in this section of the report which was taken without disturbing the stratigraphic
sequence from the Laptev, White, and Black Seas. Samples were taken from the board during
expeditions over the last 5 years. Despite the limited number of samples and the distance, an
attempt was made to generalize the obtained results and establish general patterns in the light
elements’ isotope ratio distribution, reflecting the formation processes. Since the White and
Black Seas sediments have been studied by numerous researchers, the obtained data analysis
was carried out in comparison with the published results. The most detailed previous studies
include the next works (Lisitsyn and Gursky, 2003; Lein, 2004; Belyaev, 2015; Rozanov, A.G.;
Kokratskaya, N.M.; Gursky, 2017) and some other researchers.

Bulk isotope compositions of organic carbon, carbonate carbon, sulfur, and nitrogen in the
bottom sediments were measured in selected samples from different depths (Table 24, Table
25, and Table 26).

Table 24. Station 1 of the White Sea. Results of isotopic composition measurements of
bottom sediments.

813C ppB O
Station Depth, cm SN air, %o %S cot, %o

org., %o carb.,%o

42.5 5.8 —23.7 -9.1 -5.3

1 110 6.1 -23.3 -5.7 —-10.8

181.5 6.7 -23.2 -4.2 -5.8

247.5 5.0 -235 -4.1 -23.2

125 5.4 -24.5 —4.2

2 52.5 6.1 —24.6 -34.2

102.5 4.4 -23.7 -36.9

137.5 5.0 —24.6 -34.9

Table 25. Station 4 of the Laptev Sea. Results of isotopic composition measurements of
bottom sediments.

Depth, | &N air 8'°C rpB 8'°C ppB 680 ppB 533

cm %o CN

Station

0,
org., %o carb.,%o carb..% | C°T %o

4 15 12.6 -25.2 -6.2 -8.9 17.5 6.54
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14 5.7 -25.6 -1.6 -4.4 16.9 5.79

22 6.1 -24.8 -1.7 -5.6 17.5 5.86

30 7.2 -25.0 -1.9 -6.2 16.0 4.53

Table 26. Station 7 and 8 of the Black Sea. Results of isotopic composition measurements of
bottom sediments.

315N | 6°Croe | 6®Crps | 8O poe | 345
Station Depth, Air, coT,
em %0 org., %o | carb.%o | carb.%o | %o
25 5.8 -25.6 2.0 0.8 -21.5
52.5 4.8 -25.6 1.7 0.2 -21.1
82.5 6.3 -23.7 0.8 0.0 6.6
142.5 7.3 -25.9 0.9 0.1 3.8
! 2125 4.4 -25.7 14 0.1 -21.1
242.5 4.2 -25.6 1.3 0.1 -19.1
272.5 4.0 -26.0 0.6 -1.5 -6.1
357.5 4.0 -24.3 0.2 -1.8 10.3
25 5.1 -25.4 19 0.9 -20.6
41.5 3.9 -26.1 0.3 -1.2 -35.8
64 6.2 -27.2 0.7 -3.2 -29.1
84 5.4 -26.0 11 -1.3 -29.1
; 119 4.2 -24.2 0.1 0.9 -23.1
141 9.8 -27.2 -2.8 -5.3 31.2
176 9.0 -27.2 -35 -5.4 23.6
216 12.8 -27.6 -0.8 -3.7 5.2

The organic carbon isotopic composition shows a stable relationship with the organic carbon
concentration, and lower contents correspond to lower values of §!3C, and higher - to more
positive 5'C values. The trend between §**C and TOC is more stable for the Black Sea

sediments (Figure 24).
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Figure 24. The correlation between isotopic organic carbon composition and organic matter
concentration in the bottom sediments.

Based on the example of suspended organic matter and organic matter from the Kara Sea
bottom sediments (Galimov et al., 2006), it was shown that a depleted isotopic composition is
characteristic of continental-origin organic matter brought into the Kara Sea water by the Ob
and Yenisei rivers. Marine plankton is characterized by an enriched organic carbon isotopic
composition. The average isotopic composition of organic matter, which is a product of
terrestrial photosynthesis 83Cpps = —25%o. Aquatic plants absorb carbon directly from
dissolved bicarbonate and carbonate. The carbon of bicarbonate and carbonate is noticeably
enriched than atmospheric carbon COz. As a result, TOC in aquatic plants should theoretically
be approximately 10%o isotopically enriched than in terrestrial plants (Udovich and Ketris,
2010). In the waters of the shelf and epeiric seas, a mixture of continental and marine organic
matter occurs, obviously the observed distribution of 8'3C values in the studied sediments of
the Laptev Sea, White and Black Seas is associated with this, while high contents of organic
matter are associated with marine bio-productivity. Only allochthonous organic matter of
continental origin accumulates in sediments with a low reservoir bio-productivity, as it is
observed in the sediments of the Laptev Sea (station 4).
The isotopic composition of nitrogen shows significant variations with §°N values from + 3.9
to + 12.8 %o. Samples with the lowest contents of nitrogen and organic matter are characterized
by high values of §*°N. The correlation between §°N and nitrogen content for northern seas
sediments is less stable than for the Black Sea sediments (Figure 25).
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Figure 25. The correlation between isotopic nitrogen composition and nitrogen content in the
bottom sediments.

The marine component of the organic matter of the bottom sediments differs from the
freshwater component in a depleted isotopic composition of nitrogen and an enriched isotopic
composition of carbon for the northern seas and the Black Sea based on the analysis of the
carbon and nitrogen isotopic compositions (Figure 26).
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Figure 26. The correlation between 3'°N and §**Corg in the bottom sediments.

The sulfur isotopic composition varies widely, 84S values vary from -36,9 to +31,2 %o.
Variations in the sulfur isotope composition in sedimentary rocks are associated with varying
degrees of marine sulfate bacterial reduction, which is associated with variations in redox
conditions at the stages of sedimentation and diagenesis. The total sulfur was analyzed in the
studied sediments, which is significantly difficult to interpret because it is necessary to analyze
separately reduced and oxidized sulfur for a correct redox conditions reconstruction. The high

534S values and low sulfur contents in the upper layers of the Laptev Sea sediments show an
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oxidizing environment of sedimentation. In the analyzed sediments station 1 of the White Sea
at sediment depths of 60 cm and below, sulfate reduction occurs at constant redox conditions.
Sulfur content increasing together with the 534S decreasing with depth in the bottom sediments
of station 2 show the development of reducing conditions. The Black Sea bottom sediment's
upper part is characterized by negative 84S values, but the bottom part of the Black Sea
sediments is characterized by positive 53S values with depth. The cyclicity of changes in redox
conditions is shown in the Black Sea sediments (station 7) since below 200 cm the §34S values
are the same as for the upper part of the sediment: depleted and again enriched isotopic
composition. According to the results of sulfur studies, the Black Sea sediments accumulated
in a more reducing environment with more significant variations in redox conditions and the

sulfate reduction intensity than the White and the Laptev Seas sediments.

The carbonate material isotopic composition of the northern water basins at low carbonate
contents is characterized by low values of §13C = -9,1 to -1,6 %o and 520 = -8,9 to -4,4 %o,
which is unusual for marine carbonates, usually characterized by values close to 0 %o. The
isotope composition of carbonates in the Black Sea sediments (station 7) is typical for marine
carbonates with values of §3C = 0,2 to 2,0 %o and 5180 = -1,8 to 0,8 %o. Four samples from the
Black Sea sediments (station 8) show §'3C and &80 values close to marine carbonates - §*C
= 0,1 to 1,9 %o and 5'80 =-1,2 to 0,9 %o, but four samples have relatively depleted isotopic
composition - 3'3C = -3,5 to 0,7 %o and 80 = -5,4 to -3,2 %o which is closer to carbonates of

the northern water basins sediments.

The results of the White, Laptev, and Black Seas bottom sediments isotopic composition
studies were analyzed. It has been established that variations in the carbon and nitrogen isotopic
composition in the sediments of the studied Seas are associated with mixing in different
proportions of continental and marine origin organic matter. The sediments are richer in
organic carbon, where marine-origin organic matter dominates. Variations in sulfur content
and §**S values reflect differences in the bacterial sulfate reduction intensity, which depends
on redox conditions. The general trend of the sulfur isotopic composition behavior in the Black
Sea sediments: an increase in 6%*S values with depth is observed. Negative §**S values
indicating sulfate reduction with the development of reducing conditions in the upper layers of
the Black Sea sediments are replaced by positive values indicating oxidizing conditions, and
the same thing is repeated in the underlying layers (negative are replaced by positive values
534S). More oxidizing conditions are typical for the northern sea's bottom sediments and more

reducing conditions are typical for the Black Sea sediments. The carbon and oxygen isotope
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composition of carbonates indicates the presence of carbonates with low 5180 and §*3C values
in addition to normal marine carbonates. These carbonates are of allochthonous origin, brought
in the suspension form of river runoff, and dominate in the Laptev and White Sea bottom
sediments and the individual Black Sea sediments layers.

3.4 Behaviour of Uranium in Bottom Sediments under Reducing Conditions in
the Example of the Black Sea

In contrast with the Arctic Seas, the sedimentation process in the Black Sea is mostly
carried out in typically reducing conditions due to high hydrogen sulfide content in the water
below 90-160 m. The study of Black Sea sediments is an appropriate way to analyze
sedimentation processes in oxygen-free conditions (Rozanov, A.G.; Kokratskaya, N.M.;
Gursky, 2017). Comparing the Arctic Seas and Black Sea cases provides an opportunity to

analyze the difference between uranium accumulation in oxidizing and reducing conditions.

Following (Baturin, 1975), uranium concentration in the Black Sea’s water varies from 0.0013
ppm to 0.0051 ppm, typical for seawater and close to the White Sea’s water (0.0014-0.0018

ppm) for example.

The bottom sediments of the Black Sea are divided into modern, ancient Black Sea, and
Novoeuxinian silt (Pleistocene) (Arhangel’skij and Strahov, 1939; Gursky, 2003). Modern
sediments are represented by microlaminated coccolith silt of white and grey color; the content
of the hydrotroilite is 0.02-0.06%. According to (Baturin, 1975; Gursky, 2003, 2019; Rozanov,
A.G.; Kokratskaya, N.M.; Gursky, 2017), the organic substance content in modern sediments
varies from 0.83% to 4.72% (Figure 27), uranium concentration varies from 1.7 ppm to 20
ppm (Figure 28), the average values of the U / TOC ratio vary from 1.89 to 3.62 ppmU /%
TOC, and Eh values vary from —230 mV to +280 mV. The low values of the uranium
concentration correspond to the shelf area and the high values in deep-sea bottom sediments;
additionally, the highest uranium concentration values correspond to the highest organic carbon
content. Positive values of Eh = +280 mV are found on the shelf conditions only, whereas the

other regions are characterized by negative values of Eh —80 to —230 mV.
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Figure 27. TOC concentration in the modern sediments of the Black Sea (%). Modified after
(Shnyukov, E.F.; Bezborodov, A.A.; Melnik, V.1.; Mitropolsky, 1979).
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Figure 28. U concentration in the modern sediments of the Black Sea (ppm). Modified after
(Shnyukov, E.F.; Bezborodov, A.A.; Melnik, V.1.; Mitropolsky, 1979).

Ancient Black Sea sediments (located under modern sediments, Holocene) are represented by
grey clayey silt and black sapropel silt, and the content of the hydrotroilite is 0.01-0.03%.
Organic matter concentration is in the range of 0.22%-8.95%, uranium concentration is 1.1
ppm-35 ppm, the average values of the U/TOC ratio vary from 0.96 to 2.83 ppmU/% TOC,
and Eh values vary from —220 mV to —80 mV.

Novoeuxinian sediments are represented by grey and black silt containing hydrotroilite and
sulfides (the content of the hydrotroilite is 0.06%). The organic carbon content is 0.97%,
uranium concentrations vary from 0.3 ppm to 4 ppm, the average value of the U/TOC ratio is
2.31 ppmU/% TOC, and the average value of Eh is -198 mV. The concentrations of Th in the
Black Sea sediments reach 16.1 ppm, Th/U ratio varies from 1 to 4 (Neprochnov, 1980).

The summary of the uranium compounds and concentration of physicochemical characteristics
in the water and bottom sediments developed in (Baturin, 1975; Shnyukov, E.F.; Bezborodov,
A.A.; Melnik, V.1.; Mitropolsky, 1979; Neprochnov, 1980; Anderson, Fleisher and LeHuray,
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1989; Barnes and Cochran, 1991; Lisitsyn and Gursky, 2003; Rozanov, A.G.; Gursky, 2016;
Rozanov, A.G.; Kokratskaya, N.M.; Gursky, 2017; Gurskij, 2019) is shown in Table 27.

Table 27. The physicochemical characteristics (pH, Eh, and H2S), compounds, and uranium
concentration in the Black Sea water and bottom sediments. Modified after (Shnyukov, E.F.;
Bezborodov, A.A.; Melnik, V.1.; Mitropolsky, 1979).

(Pleistocene)

Depth, m pH Eh, mV H>S, mg/l Compounds and concentration of uranium
_ _ UOZ(COS)ZZi UOZ(C03)34_, U concentration in seawater=
_ 0-200 7.85-7.95 140..-160 0.08-0.83 0.00093-0.00324 ppm
%; . 200-1500 7.74-7.8 -176...-194 2.39-10.18 [UOZ(COS)B]AF, U concentrati;r;)i;;eawater =0.00095-0.00261
g 10.40— [UO2(CO3)3]*, U(OH)a, UOx, the concentration of
1500-2000 7.64-7.73 —200...—203 li 66 uranium in water decreases U concentration in seawater=
' 0.00029-0.00299 ppm
i Modern 6.4-85  -80.-230 0-121.24 U(OH)4, UOzer, U concentration = 1.7—20 ppm
g e (Holocene) ' ' : ) cry U concentration .
o - - - —
o= Ancient 6.2-8.2 ~80..-220 50-60 Maximum uranium co_ncentratlon in
5 | (Holocene) sapropel, Uconcentration = 1.1-35 ppm
O ] - . - .
n Novoeuxinian 6.2-8.0 198 0 Minimum uranium concentration, Uconcentration = 0.3—4

ppm

The distribution of the uranium (U), the thorium (Th), the ratio Th/U, the content of organic

matter (TOC), and clay minerals in the bottom sediments of the Black Sea deep well at the

depth are shown in Table 28 and Figure 29. The obtained results of CHNS and isotopic analysis

of the Black Sea bottom sediments for stations 7 and 8 are given in Figure 30 and Figure 31.

Table 28. Uranium, thorium concentrations, organic carbon, and clay minerals contents, as
well as Th/U and U/TOC ratios for the Black Sea Deep Well (Neprochnov, 1980).

Derf]th’ U, ppm | Th,ppm | Th/U | Clay, % | TOC, % | UITOC
215 | 315 124 394 | 6851 | 080 3.95
53.5 149 | 1195 | 802 | 5463
6275 | 188 | 1221 | 649 | 6413 | 040 468
84.2 185 11.7 632 | 5976 | 056 3.29
9425 | 316 | 1258 | 398 | 6310 | 017 | 1875
114 215 | 1113 | 518 | 4628 | 030 711
1235 | 151 7.49 496 | 4685 | 033 461
150 1.82 7.97 438 | 4525 | 035 5.21
171 1.49 5.35 350 | 1742 | 037 2,02
17857 | 224 | 1122 | 501 | 5389 | 0.9 284
2029 | 312 | 1153 | 370 | 7573 | 184 1.69
22476 | 347 | 1197 | 345 | 7757 | 1.00 3.47
2405 | 281 9.08 323 | 7529 | 150 188
25734 | 251 0.77 389 | 5162 | 113 222
278 273 7.46 273 | 4108 | 213 128




285.81 2.77 3.93 1.42 45.13 1.65 1.68
313.5 1.74 12.22 7.02 61.36 1.17 1.49
315.6 5.27 6.67 1.27 61.36 1.23 4.30
326.7 3.99 13.24 3.32 50.96 5.80 0.69
339.48 3.43 10.24 2.99 38.37 1.64 2.09
438.55 3.71 12.96 3.49 73.12 0.72 5.18
446.7 3.53 16.1 4.56 70.97 1.16 3.04
473.73 2.9 14.93 5.15 72.05 0.48 6.00
476.65 2.98 12.6 4.23 80.28 0.45 6.56
488.75 3.47 11.76 3.39 69.81 1.32 2.64
499.55 2.39 9.22 3.86 71.08 1.54 1.55
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Figure 29. The Black Sea Deep Well. The distributions of the uranium concentration U (natural
gamma-ray spectrometry), thorium concentration Th (natural gamma-ray spectrometry), the
ratio Th/U, the content of organic matter, and the content of the clay minerals. Modified after
(Neprochnov, 1980).
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Figure 30. The bottom sediments of station 7. The distributions: H, N, S elements and TOC
(analyzer CHN628); isotopy data: 84S, 813C, §13Ccarb, §'°N; the ratio C/N.
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Figure 31. The bottom sediments of station 8. The distributions: H, N, S elements and TOC
(analyzer CHN628); isotopy data: 84S, §'°C, and §**Ccarb, §*°N; the ratio C/N.

The uranium concentration in the bottom sediments for the Deep Well varies from 1 to 6 ppm,
the thorium concentration varies from 3.93 to 16.1 ppm, the content of organic matter varies
from 0.1 to 6.47 %, and the ratio Th/U varies from 1.27 to 8.02.

Station 7 of the Black Sea is characterized by:

83



« The organic carbon content is stable up to a depth of 350 cm reaching 2%, below
350 cm - the organic carbon content reaches values above 5%. The carbonate
content decreases with depth.

» The nitrogen and hydrogen content distribution is like the organic carbon
distribution in depth.

« The upper part of the Black Sea bottom sediments is characterized by negative
values of §%*S. Sediments are characterized by positive §3S values at depths
from 80 to 140 cm. There is a cyclical change in redox conditions in the Black
Sea sediments.

Station 8 of the Black Sea is characterized by:

« The organic carbon content reaches its maximum values (TOC=4%) at depths
from 80 to 140 cm. The organic carbon content in the upper part decreases with
depth. The organic carbon content does not reach 1% at lower depths (140-220
cm).

» The nitrogen and hydrogen content distribution is like the organic carbon
distribution in depth.

« The upper part of the Black Sea bottom sediments is characterized by negative
values of 6S. Sediments are characterized by positive 534S values at depths
from 140 to 220 cm.

The following trends are visible: the organic carbon distribution has similar behavior to the
uranium concentration distribution, and the distribution of thorium changes following the
content of clay minerals (Figure 29), because thorium is insoluble in water, and concentrates
on clay minerals. The average value of the ratio Th/U = 4.21, which corresponds to the stage

of marine sedimentation, according to the Fertl research (Fertl and Rieke, 1980).
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Figure 32. The correlation between the content of clay minerals and thorium concentration
for bottom sediments of the Black Sea deep well. Grey line corresponds to the equation Th =
0.12-Clay +3.59, where the R = 0.6. Modified after (Neprochnov, 1980).

Thus, in the case of Black Sea sediments, the upper oxidized layer is absent, and hydrogen
sulfide is present not only in sediments but also in the water; only negative Eh values
characterize bottom sediment-water. Organic carbon concentration is comparable with the
Arctic Seas; the uranium concentrations are much higher and achieve values up to 35 ppm. The
next chapter considers the possible reasons for uranium behavior in oxidizing and reducing

conditions using thermodynamic modeling methods.

3.5 Discussion
3.5.1 Results Comprehensive Analysis of the Bottom Sediments Studies

In this section 3.5, we will analyze the results of the Arctic and the Black Seas marine
sediments study, as shown in the previous sections. The obtained results of ICP-MS, CHNS,
and isotopic analysis of the bottom sediments for stations are given in Figure 33, Figure 34,
Figure 35, Figure 36, Figure 37, Figure 38, Figure 30, and Figure 31.
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Figure 33. The bottom sediments of station 1. The distributions: H, N, S elements, and TOC
(analyzer CHN628); uranium concentration U (ICP-MS); isotopy data: 84S, 8*3C, §'3Ccarn,

31°N; the ratios C/N, U/TOC, also pH and Eh.
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Figure 35. The bottom sediments of station 3. The distributions: H, N, S elements and TOC (analyzer CHN628); U, Pb, Th, Zn, Al, Cr, Ni, Cu,

Fe, V, Co, Mo, Mn, P concentrations (ICP-MS); the ratio C/N, U/TOC, and Th/U; also pH and Eh.
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Figure 36. The bottom sediments of station 4. The distributions: H, N, S elements and TOC (analyzer CHN628); U, Th, Cu, Cr, Al, Cd, Zn, V,
Fe, Ni, Co, Pb concentrations (ICP-MS); isotopy data: 5**S, §3C, and 5'*Ccan, *°N; the ratios C/N, U/TOC, and Th/U; also pH.
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Figure 37. The bottom sediments of station 5. The distributions: H, N, S elements and TOC (analyzer CHN628); U, Pb, Th, Zn, Al, Cr, Ni, Cu,
Fe, V, Co, Mo, Mn, P concentrations (ICP-MS); the ratios C/N, U/TOC, and Th/U; also pH and Eh.
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Figure 38. The bottom sediments of station 6. The distributions: H, N, S elements and TOC (analyzer CHN628); U, Pb, Th, Zn, Al, Cr, Ni, Cu,
Fe, V, Co, Mo, Mn, P concentrations (ICP-MS); the ratio C/N; also pH and Eh.
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The Arctic Seas bottom sediment study provided an opportunity to analyze uranium
accumulation in the bottom sediments as a part of marine sedimentation processes in oxidizing
conditions. Additionally, the sediments had a high involvement of organic and inorganic matter
from continental run-off. The Arctic Seas bottom sediment study results show that the upper
part of sediments, which is in contact with the seawater, is characterized by an oxidizing
environment with positive Eh values. This layer is visually distinguished by a brown-gray color
with traces of bioturbation and is characterized by the highest organic carbon values (up to
2.5%) and the correspondently highest concentration of nitrogen and hydrogen-containing
inorganic matter.

In the example of the White Sea, the upper part of the sediments is characterized:

e the sulfur concentration in the upper interval varied from 0.15% to 0.3%, which was
several times less than for the deeper layers;

e the measured value of sulfur isotope composition §3*S = —4.2%o confirms the marine
genesis of sulfur due to sulfate reduction in oxidizing conditions;

e the uranium concentration in the upper oxidized layer was lowest for the bottom
sediment column and did not exceed 1.5 ppm;

e the genesis of uranium in the bottom sediments is close to uranium concentration in the
continental run-off; however, we suggest that some uranium parts can also come with
organic matter (the U/TOC ratio for the upper layer varied from 0.8 to 1.1
ppmU/%TOC).

The bottom sediments were characterized by reduced conditions, with negative Eh values. This
layer was denser and visually distinguished by a dark color due to increased hydrotroilite
content. Hydrotroilite has been identified in the current study in black dots and patches against
the greenish-grey background of sediments and described more in detail in (Rozanov, Volkov
and Emelyanov, 2012). The identified decrease in organic matter content could be explained
by the activity of anaerobic microorganisms, which is confirmed by the results of (Demaison
and Moore, 1980; Belyaev, 2015) that show that the oxic environment is characterized by lower

organic matter preservation due to microbial activity.
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In the example of the White Sea, the lower part of the sediments is characterized:

e sulfur concentration increased with depth by up to 0.8%;

e the isotope compositions of sulfur for lower layers of station 1 varied from —23.2%o
to —5.3%o and from —36.9%o to —34.2%o for station 2; the observed values show that
hydrotroilite and other sulfur-containing minerals in the sediments at station 2 were
formed in typically reduced conditions, whereas for station 1 these minerals were
formed in more oxidizing conditions;

e the U/TOC ratio increased with depth, reaching a value of 1.4 ppmU/%TOC,;

e one reason that could explain an increase in uranium concentration is the reducing
conditions that facilitate uranium accumulation in sediments due to the formation
of insoluble uranium-containing compounds.

The trends discussed above are illustrated in (Figure 39) in the U-TOC diagram. Ellipses

select two areas corresponding to different redox conditions.
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Figure 39. Correlation between the uranium concentration and organic matter content in the
bottom sediments of the White Sea for station 2. Above the points, the sulfur isotopic
composition (5%S) is indicated. The dot color change is due to sulfur content (S).

Also, the U-TOC diagram is illustrated in Figure 40, where we can see all studied Arctic

stations.
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the U/TOC ratio. The form of dots is the station.

The stations near the coast are characterized by lower uranium concentration and the ratio
U/TOC, higher organic matter concentrations, and the highest Th/U ratio than the stations
located further from the coast. For example, station 3 of the Laptev Sea and station 5 of the
East-Siberian Sea, characterized by more oxidized conditions (absence of hydrotroilite balls
and brown color of sediments), are also near cost. These stations have maximum values of
Th/U ratio and minimal U/TOC values. It can be explained that active environments near the
coast bring more organic matter from the land; also, these active conditions influence the
uranium sorption process.
The sediments' dots, which have an upper oxic layer, are divided into two parts on the diagram
U-TOC (Figure 40). For example, in station 4 of the Laptev Sea: the upper oxic layer has
minimal values of the U/TOC ratio, and the other part of the sediments with anoxic conditions
has a maximum U/TOC ratio. So the dots of the station are divided into two parts, like the
station 2 sediments (Figure 39).

To sum up, the sedimentation process in the Arctic Seas is carried out in oxidizing

conditions (oxygen in the bottom layer of water) and does not lead to considerable uranium
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accumulation in bottom sediments. Typical values of about 1.5 ppm correspond to uranium
content in the continental run-off. Increased uranium concentration up to 2.5 ppm was
identified for the lower part of the bottom sediments, which could be explained by changing
redox conditions from oxidizing to reducing. The U/TOC ratio values were about 0.25 to 1.1
ppmU/%TOC for the upper part of the sediments and reached 2.3 ppmU/%TOC for the lower
part. Also, the Th/U ratio shows that most of the uranium source was a continental run-off for
stations near cost, stations located further cost with not-so-active hydrodynamics characterize
more uranium concentration and reducing conditions influence on uranium accumulation

process.

3.5.2 Behavior of Uranium in the Aqueous Solution at Different Eh and pH
Conditions: Results of Thermodynamic Modeling

To simulate the distribution of the uranium between bottom sediments and pore waters,
and predict uranium speciation as a function of redox and pH, we calculated equilibrium phase
compositions in the system «seawater—bottom sediment». Calculations were completed for
multiple pairs of Eh and pH measured in the bottom sediments of the White and Black Seas.
To constrain the redox conditions, the chemical system was considered open to the oxygen
pressure, measured pH values, and an atmospheric pressure of carbon dioxide. Values of partial
pressures of oxygen were calculated from the measured values of Eh and pH (Garrels and
Christe, 1965). Calculations were completed using the Geocheq software, including the
thermodynamic database (Wignall and Myers, 1988; Mironenko, Akinfiev and Melikhova,
2000) by the free energy minimization technique.

The chemical equilibria were calculated for a simplified 7-component (U, C, H, Na, CI, O, S)
system for the temperature of 273.15K, which approximates bottom sediment conditions.
Fifteen possible minerals (U2S3(cr), UsO7(beta), UsOg(beta), UO2(am), UO2(cr), UO2,25(cr),
UO2.6667(Cr), UO2C0O3(cr), UO2SOa4(cr), YUO3z(cr), UO3z-2H20(cr), US(cr), US1.90(cr), USz(cr),
0-UO2.3333), 46 aqueous species (H20,aq, Hz,ag, UOs,aq, UO4> UOH?", UO,(CO3)2*>, H2S,aq,
Cl, CO,aq, COz,aq, COs*", NaCl,ag, UO,0H*, (UO,).0H3**, HCO?", HS", HSO?*", HSO*,
HUO2,aq, HUO?", HUO?", HUO*", H*, UO*, UOH®*, NaOH,aq, NaSO*", Oz,aq, OH ™, SO3,aq,
S0, SO42, U0, U*, UO,S04(aq), UO?*, Na*, UO2(COs)s*", UO2(OH)4*", UOz,aq, UO?,
U02%*, UO2COs(aq), UO20H,aq, UO2(OH)?", U"), and 6 gaseous species (CO, CO2, Hz, H20,
0., SO») were taken into account. Processes of uranium sorption on the organic matter were

not considered in the model. The system was modeled for different values of Eh (from 273 mV
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to 392 mV), pH (from 7.68 to 8.11), partial pressure of oxygen from 4.28 x 107" to 7.45 x
107% bar, and the initial uranium concentration in pore water of 1 x 107> mol/l in our
calculation.

The partial pressure of oxygen was calculated from the Nernst equation according to the

EFh —1.234 + 0.0544 - pH
formula: log,o p0, = ( P )/0.0136'

The calculated uranium speciation and the distribution of uranium between the aqueous phases
and solid uranium phases (minerals) along the bottom sediment column are shown in Table 29,
Table 30, and Figure 41, Figure 42.

Table 29. The calculated uranium concentration in the pore water and the solid phase of the
White Sea bottom sediments for station 1.

The Calculated | The Proportion of C-I;)r:]igﬁlrc;tliitnegf The Proportion of | The Total
Depth, Eh, Concentration of | the Total Uranium . . the Total Uranium| Amount of
pH pO2 S : Uranium in the , )

cm mV Uranium in Pore | Contained by Pore Solid Phase UO Contained by the | Uranium,

Water, mol/L Water, % 2| Solid Phase, % mol/L

(cr), mol/L

5 8 | 392 | 1.23x 107 1.00x 107 1.00x 10*? 0 0 1.00x 1073
425 |8.11|—273| 4.28x 1077 3.99x 10710 3.99x 1073 1.00x 1073 1.00x 102 1.00x 1073
715 |7.95|—243| 1.57x 10777 3.99x 10710 3.99x 1073 1.00x 1073 1.00x 102 1.00x 1073
91.5 |7.88|—215| 9.46x 10776 3.97x 10710 3.97x10°° 1.00x 1073 1.00x 102 1.00x 1073
110 |7.81|—-145| 6.97x 107" 3.97x 10710 3.97x 1073 1.00x 1073 1.00x 102 1.00x 1073
136.5 |7.94|—117 | 2.64x 107 3.97x 10710 3.97x 1073 1.00x 1073 1.00x 102 1.00x 1073
156.5 |7.92| —138 | 6.28x 107"° 3.97x 10710 3.97x 1073 1.00x 1073 1.00x 102 1.00x 1073
181.5 |7.84|—115| 1.48x 107 3.97x 10710 3.97x 1073 1.00x 1073 1.00x 102 1.00x 1073
201.5 [7.82|—150| 3.28x 107! 3.97x 10710 3.97x 1073 1.00x 1073 1.00x 102 1.00x 1073
220 |7.84|-170| 1.33x 10772 3.97x 10710 3.97x 1073 1.00x 1073 1.00x 102 1.00x 1073
2475 |7.76] —73 | 8.65% 107%¢ 3.97x 10710 3.97x 1073 1.00x 1073 1.00x 102 1.00x 1073
267.5 |7.81| —63 | 7.45x 107% 3.98x 10710 3.98x 1073 1.00x 1073 1.00x 102 1.00x 1073
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Figure 41. The distribution of the calculated uranium concentration in the pore water and the
solid phase of the White Sea bottom sediments for station 1.

It is to be noted that we did not obtain solid uranium oxides of intermediate (between VI and

IV) uranium oxidation state. The only stable uranium mineral was uraninite UO>(cr).

Table 30. The calculated uranium concentration in the pore water and the solid phase of the
Black Sea bottom sediments (the Eh and pH data distribution from (Gursky, 2003)).

The

The Calculated

The

The Calculated : ' . The Total
. Proportion of | Concentration of | Proportion of
Df:[r)r:h’ pH |Eh, mV pO2 8?22?3:;?2%1?; Uranium in Ur_anium in the Uraniurr_l in ?JTgrl:iTjtn?f
Water mol/L. the Pore Solid Phase UO2 | the Solid mol/L. ’
' Water, % (cr), mol/L Phase, %

15 | 7.68 | —185 | 2.41x 107" 3.97x 10710 3.97x 107 1.00x 107 1.00x 102 1.00x 1073
70 | 7.68 | —200 | 1.90x 1077 3.97x 1071 3.97x 1073 1.00x 1073 1.00x 102 1.00x 10°%
105 | 7.68 | —205 | 8.15x 10778 3.97x 1071 3.97x 1073 1.00x 1073 1.00x 102 1.00x 1073
140 | 7.68 | —210 | 3.50x 10776 3.97x 1071 3.97x 1073 1.00x 1073 1.00x 102 1.00x 1073
185 | 7.74 | —195 | 7.70x 1077 3.97x 10710 3.97x 107 1.00x 107 1.00x 102 1.00x 1073
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Figure 42. The distribution of the calculated uranium concentration in the pore water and the
solid phase of the Black Sea bottom sediments (the Eh and pH data distribution from
(Gursky, 2003)).

As follows from Figure 41, at the oxidizing conditions (upper part of the bottom sediments) of
the White Sea, uranium is completely retained in the aqueous phase as U*® aqueous species
(the dominant species are UOs, ag, and UO2(COs)2 %) and does not have the potential to
accumulate in the sediments. In contrast, within the rest of the sediment column (reducing
conditions), uranium precipitates as uraninite (UOzcr). At the reducing conditions of the Black
Sea, most of the uranium is predicted to occur as U** in the form of uraninite (Figure 42).
These results explain the different accumulations of uranium in the White Sea and the Black
Sea bottom sediments. The obtained results are also consistent with those (Bone et al., 2017),
which show that the amount of uranium absorbed by organic matter is much higher under

reducing conditions compared to oxidizing conditions.

3.5.3 Comparison of Uranium Accumulation in Oxidizing and Reducing
Conditions

Obtained experimental data and thermodynamic modeling results explain the difference in
uranium accumulation in bottom sediments in oxic and anoxic environments in the examples
of the Arctic Seas and the Black Sea (Figure 43).
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Figure 43. The behavior of uranium in the different redox conditions in the water sea and the
bottom sediments (the Arctic Sea (left) and the Black Sea (right)).

In oxidizing conditions, the sea water contains uranium (VI) in soluble forms; typical
concentrations vary in the range of 0.002-0.003 ppm. In such conditions, part of the uranium
is accumulated in marine organisms and absorbed in the organic matter of sediments; however,
the total content of uranium in oxidizing layers of sediments does not exceed 1-1.5 ppm,
including uranium contained in the inorganic matter of continental run-off and uranium
accumulated in organic matter. The content of uranium in deeper layers of sediments may be
slightly (up to 2.5-3 ppm) higher than in upper oxidizing layers due to the change of redox
conditions from oxidizing to reducing, which results in the fixation of uranium contained in
sludge water in organic and inorganic particles of the bottom sediments. This uranium behavior
has been observed in the Arctic Seas and is typical for water reservoirs characterizing oxygen
in the bottom layer.

In the case of reducing conditions in the bottom layer, if thermodynamic equilibria are reached,
most of the uranium in the water—bottom sediment system is accumulated in the form of
insoluble compounds in the solid phase. A considerable part of uranium could also be absorbed
by organic matter, e.g., following (Bone et al., 2017), uranium sorption is increased in reducing
conditions. In this case, the concentrations of uranium in bottom sediments could be at least
one order of magnitude higher, depending on sedimentation conditions, including the
concentration of uranium in water, redox conditions, sedimentation rate, the content of organic
matter, and other factors. This behavior has been found in the Black Sea and is typical for
reducing conditions in a water reservoir’s bottom layer. Following the study results, we propose

that considerable variations of uranium content in marine source rocks could be explained by
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the variations in redox conditions at the sedimentation stage; however, other factors affecting

uranium accumulation could also be taken into account.

3.5.4 Summary

The lithological and geochemical study of the bottom sediments at eight stations of the Arctic
Seas and the Black Sea was performed. The uranium concentrations distribution and contents,
and compositions of organic and inorganic components, along with the bottom sediment
columns were studied. This study showed that, in the Arctic Seas'oxidizing conditions, the
concentration of uranium in the bottom sediments varies from 1 to 1.5 ppm in the upper
oxidizing part of the sediments and slightly increases up to 2.5 ppm in deeper layers
characterized by reducing conditions. The U/TOC ratio varies from 0.8 ppm U/%TOC in the
upper part to 1.5 ppm U/%TOC in the deeper layers. The results have been compared with the
behavior of uranium in the bottom sediments, accumulated in anoxic conditions of the Black
Sea, where the concentration of uranium achieves 35 ppm according to the literature review,
and the U/TOC ratio increases up to 3.6 ppm U/%TOC, while uranium content in water and
composition of the bottom sediments are close to values observed for the Arctic Seas.
Considerable differences in uranium content and U/TOC ratio were analyzed using
thermodynamic models of the water-sediment system for different redox conditions. It was
shown that an increase in uranium accumulation in sediments in reducing conditions by
comparison with oxidizing conditions could be explained by the difference in solubility of
uranium in the water—bottom layers contacting with sediments and in the water saturating the
upper part of sediments. However, reducing conditions observed in sediments located deeper
than 0.5 m in the White Sea, for example, did not lead to an increase in the accumulation of
uranium because the amount of uranium that can be precipitated from the pore water of
sediments is much less by comparison with uranium content in the inorganic part of sediments
that originated from continental run-off.

The obtained results revealed that the redox condition in the bottom layer of seawater during
sedimentation is one of the most important factors controlling the concentration of uranium in
the bottom sediments and source rocks of marine genesis. The obtained experimental data and
results of thermodynamic modeling provide additional information that can help to understand
the behavior of uranium during sedimentation and improve the methods of unconventional

reservoir characterization using data on uranium content from gamma logging.

100



Chapter 4. Distribution of Uranium (U) and Uranium/TOC (U/TOC) Ratios

in the Unconventional Reservoir on the Example of the Bazhenov Formation

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-K1) are distributed throughout the West Siberian oil and gas Basin, covering over
1 million km?. They lie at depths of 25003500 m at Upper Jurassic terrigenous rocks and are
overlain by Lower Cretaceous mudstones (Braduchan et al., 1986; Ulmishek, 2003; Zanin,
Zamirajlova and Eder, 2005). The thickness of the formation varies from 25 to 80 meters, with an
average of 30+40 m. The rocks are represented by siliceous, clayey-siliceous, carbonate, and
clayey-carbonate-siliceous varieties with high organic matter (OM) content (Kontorovich et al.,
2016; Nemova V.D., 2017). The BF rocks are characterized by low porosity and permeability and
thus are classified as oil shale. The total initial OM of the Formation reaches 30 wt. % with average
values of 10-15 wt.% and is represented by solid kerogen and free or bound light and heavy
hydrocarbons (Kontorovich et al., 2019; Goncharov et al., 2021). OM content of the upper BF
sub-formation (strata) is several percent higher than in the lower one, which allows us to
distinguish between the upper and lower sub-formations in logging diagrams. In the vast area of
the West Siberian Basin, the nature of OM remains the same and is represented by type Il kerogen.
Its phase composition depends on OM maturity (Kozlova et al., 2015; Goncharov et al., 2021).
The main BF feature is increased 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 kerogenic-clayey/clayey-kerogenic silicites. In the
upper part of the lower strata, we distinguish an interval of “radiolarites” (radiolarite-rich silicites)
and developed secondary dolomites and limestones. The upper strata are represented by kerogenic-
clayey-carbonate/clayey-carbonate-kerogenic silicites and contain a large amount of biogenic
carbonate associated with the remains of the shell debris (bivalve) and coccolithophorids
(Panchenko et al., 2016; Zanin, Zamirajlova and Eder, 2016). 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 largest free hydrocarbons
with smaller amounts of solid kerogen and demonstrating increased permeability. The second
includes thermal and thermogas reservoir stimulation resulting in the partial conversion of kerogen

and heavy fractions into mobile hydrocarbons.
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4.1 Objects of Research

In the current study, we analyzed uranium concentration and the content and composition
of organic matter in the Bazhenov Formation rocks from 13 wells located in the Central (Salymsky
arch, Krasnoleninsky arch, Nizhnevartovsk arch), Eastern and Northern of the Basin (Figure 44).
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)
(Spasennykh et al., 2021).
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Figure 44. The geological map (modified after (Fomin et al., 2004)) with the location of studied
wells and stratigraphic column.
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4.2. Methods of Research

We report data on the uranium concentration, the content, and the composition of organic
matter. We have conducted extended lithological-petrophysical and isotopic-geochemical studies
for several sections within the Bazhenov Formation 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 the 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 (Coretest Systems, 2012).
The Total Organic Carbon and petroleum generation characteristics were measured by the Rock-
Eval pyrolysis using the pyrolyzer HAWK Resource Workstation (Wildcat technology) (Espitalie,
Marquis and Barsony, 1984; Emec T.P., 1987; Langford and Blanc-Valleron, 1990; Maende and
David Weldon, 2013). The pyrolytic analysis includes two cycles - pyrolysis in an inert gas flow
and subsequent oxidation (Figure 45).
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Figure 45. A rock sample pyrogram. Modified after (Vtorushina and Bulatov, 2018).

Following the procedure of measurements the amounts of thermally desorbed hydrocarbon gases
(So, mg HC/g rock), liquid hydrocarbons (S1, mg HC/g rock), the amounts of kerogen cracking
hydrocarbon products (S2, mg HC/g rock), and oxygen-containing products (Ss, mg CO>/g rock)
were measured during pyrolysis in inert gas at increasing temperature. The amount of

nonpyrolyzed kerogen (Ss, mg CO2/g rock) was measured separately at the oxidizing stage of
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analysis. Total organic carbon (TOC, %) is calculated using the data on all the carbon-containing
compounds. Following the procedure described in (Kozlova et al., 2015) the pyrolysis procedure
was performed twice: for the original sample and the same sample after extraction with chloroform
(the measured values of S, 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 Szex and corrected indices Tmaxex (Kozlova et al., 2015). 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 Sz to TOC content (HI = Sz/TOC-100%), oxygen
index Ol (mg CO»/g TOC) given by a ratio of Sz 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 = S1/TOC-100%, mg HC/g TOC), PI - productivity index (PI =
S1/(S1+S2)), and coefficient KgoCex=GOCex/TOCex'100%, reflecting the percent of the residual
generative organic carbon (GOC) in TOCex = GOCex + NGOCex (Behar, Beaumont and De B.
Penteado, 2001; Jarvie, 2012; Kozlova et al., 2015; Spasennykh et al., 2021). Generative organic
carbon content GOC (wt.%) = (So+S1+S2)-0.085 + S3-12/440 + (S3CO +S3'CO)-12/280, non-
generative organic carbon content NGOC (wt.%) = S4CO-12/280 +S4CO2-12/440.
Determining continuous variations of organic carbon based on results of thermal core logging
(Popov et al., 2016). The method is non-contact and non-destructive, and the profiling spatial
resolution is ~1 mm. Measurements can be carried out on the whole core cylindrical surface or a
flat surface of its small-sized duplicates. The basis for determining TOC from data on the low-
permeability reservoir rock's thermal conductivity is a significant difference in the thermal
conductivity of the mineral matrix rocks and organic matter. Also, the spatial resolution during
TOC profiling is determined by the spatial resolution during thermal conductivity profiling.
The content of uranium, vanadium, phosphorus oxide (P2Os), and manganese oxide (MnO) was
determined during chemical elemental analysis using X-ray fluorescence analysis (XRF). It used
an X-ray fluorescence spectrometer AXIOS. The X-ray fluorescence spectrometer AXIOS
characteristics:

. the determined elements range from Be to U;

. the detection elements are limited at the level from 0.5 to 5 ppm.
The sulfur isotope composition in rock samples was analyzed using Thermo Scientific DELTA V
Plus mass spectrometer equipped with a Flash HT elemental analyzer (Coplen et al., 2002). The
instrument is equipped with peripherals of the same manufacturer: 1SQ quadrupole mass
spectrometer, TRACE GC Ultra gas chromatographer, and Flash HT elemental analyzer. The

international standard used in the isotopic analyses of sulfur is CDT (Table 31).
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Table 31.The international standard used in the sulfur isotopic analysis.

Abbreviated Ratio
Standard Isotopes
name (average £15s)
Troilite (FeS? from the D_|abolo CDT g 2g 0.0454
Canyon iron meteorite

A static mass spectrometer with a sector magnet (known as IRMS, Isotope Ratio Mass-
Spectrometer) was used for the determination of masses and relative abundance of light element
isotopes. The accuracy of isotopic composition determination defined by measurements on the

reference sample was +0.5%o for sulfur.

4.3 The High-resolution Analysis Results of Variations TOC and Uranium
Concentrations in the Bazhenov Formation

Analyzing the results of studying the uranium and organic carbon distributions and
concentrations, it must be emphasized that the U/TOC ratio is an important parameter indicating
the deposition environment. Many kinds of research have been devoted to the study of the
relationship between uranium and organic carbon concentrations (Parfenova, T. M., Melenevskij,
V. N., Moskvin, 1999; Liining and Kolonic, 2003; Dudaev, 2011).

The problem with analyzing the relationship between uranium and TOC is the high Bazhenov
Formation heterogeneity which affects the uranium and TOC distributions. The organic carbon
concentration is getting by applying the pyrolysis method with the selection of 2-3 samples per
meter. Analysis of the uranium content is carried out using gamma spectrometry on a core with a
resolution not higher than 10 cm. With the Bazhenov Formation's high heterogeneity (on a scale
of millimeters to a few centimeters) it is impossible to get reliable data on variations in the U/TOC

ratio with these measuring instruments.

The thermal core logging is used to determine TOC, which makes it possible to get a TOC profile
(with a resolution of 1-2 mm) for the Bazhenov Formation to increase the data reliability. Thus,
to study the U/TOC ratio, thermal core logging was applied and the U/TOC ratio profiles were
constructed for the first time.

The results of studies for 9 wells belonging to different geological structures are shown in Figure
46 and Figure 47.
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Figure 46. Logviews BF: U-core (gamma spectrometry); TOC — organic matter profile with 1 mm resolution (TOC thermal was determined by the
thermal core logging, TOC was determined by the Pyrolysis for Well 10).
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The uranium content ranges from 0 to 150 ppm, TOC ranges from 0 to 25 wt%, U/TOC ratios are
also not constant, and the range of variation is 0—10 according to the data of the 9 studies wells.

The variations in nature in these parameters are different for the objects considered. In particular,
the uranium content in well 3 varies from 0 to 60 ppm (Figure 47). The maximum uranium
concentration values characterize the central part of the section (at a depth of **45 - **55 m).
Organic matter content varies from 0 to 25%, with a higher TOC content also in the middle part
of the section. The average TOC values for the upper part of the section are higher than for the
lower part. The U/TOC ratio varies from 4 to 10 in the uppermost part, from 2 to 4 for most of the
section in the middle part, and between 0-2 for the lower third of the section.

The uranium concentration for well 9 has a distribution with three maxima in the upper and middle
parts, reaching mean values up to 40 ppm at the maxima with peaks up to 75 ppm (Figure 47).
The TOC distribution is more complex, with higher values for the upper part of the section. The
U/TOC ratio has a maximum value (U/TOC =10) in the lower part of the section (U and TOC have
minimum values). The other intervals characterize the U/TOC ratio in the range from 0 to 4,

reaching maximum values synchronously with the maximum uranium.

Uranium content and TOC for well 4 change synchronously in the upper and middle parts of the
section, reaching maximum values for the upper quarter of the section (Figure 47). A local
minimum of uranium concentration and TOC follows the uranium concentration and TOC
maximum. The uranium concentration decreases to minimum values and TOC content varies
around 10 wt% in the lower quarter of the section. The U/TOC ratio decreases naturally from top

to bottom of the section in the range between 6 and 1, with variations around the trend line.

The uranium content, TOC, as well as U/TOC ratio profiles for well 5, are synchronous throughout
the depth (Figure 47). The maximum U/TOC ratio reaches 6, and the minimum U/TOC ratio is 1-
2.

Figure 46 shows the distributions of uranium content (U core), TOC (Rock-Eval pyrolysis), as
well as the TOC thermal organic matter content profile (position resolution 1 mm) calculated from
the thermal core logging, U/TOC ratio for the well 10. The uranium content for well 10 varies
from 0 to 75 ppm. The middle part of the section is characterized by the maximum uranium
concentration values. The organic matter content for this section varies from 0 to 45%. Pyrolytic
organic carbon (TOC) profile and organic carbon profile (TOC thermal) have similar behavior:
the organic carbon values reach 25% in the lower part, decreasing up to 5% in the Bazhenov
Formation upper part. The U/TOC ratio varies from 0 to 10, the average U/TOC ratio is less than

5. The lowest U/TOC values (up to 2.5) are the lower part characteristic of the section, and the
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maximum values (up to 10) are the central part characteristic of the section. The upper part of the
section is characterized by U/TOC values ranging from 2 to 5.

As follows from published data, variations in uranium and U/TOC ratios are primarily related to
the deposition environment. Minimum uranium concentrations are characteristic of sedimentation
under sub-oxidative conditions at shallow sea depths (marginal marine depositional environment),
where uranium is contained in continental runoff minerals. Maximum uranium values are reached
in marine conditions, in a reducing environment, where uranium is accumulated through
deposition from seawater. The U/TOC ratio changes between 2 and 6 for the intervals formed in
marine conditions, reaching a maximum in zones of maximum organic matter catagenetic
transformation. The U/TOC ratio varies in a wide range in the zones of uranium and TOC content
minimum values. And it’s not informative because of measurement error. The results of the

measurements are presented in the Tables (Appendix 1).

Conducted research started the development of a method for assessing the deposition
environment and productivity of deposits by uranium and TOC, which was protected by a patent
(Spasennyh, M.YU., Chekhonin, E. M., Popov, Yu. A., Popov, E. Yu., Kozlova, E. V., Khaustova,
2021). The approach for determining the deposition environment and identifying the natural
reservoirs by U/TOC ratio is described in the patent “Method and device for profiling the

properties of rock samples of oil shale source rocks”.
To determine the deposition environment and natural reservoirs, it is necessary:

1. The total organic carbon content profile with a 1 mm resolution, which was
calculated from the results of the thermal core logging, is brought to a position
resolution that characterizes the detail of profiling the uranium concentration by
averaging the thermal conductivity values profile in a 200 mm window.

2. The U/TOC ratio profile is calculated using obtained uranium concentrations and
organic matter contents.

3. The redox conditions of sedimentation are determined by comparing
predetermined boundary values - U/TOCnminand U/TOCnax: at U/TOC < U/TOChmin
the deposition environment is sub-oxidative, at U/TOCmin < U/TOC < U/TOCrmax
the deposition environment is sub-anoxic, at U/TOCmax < U/TOC the deposition
environment is anoxic [Khaustova et.al., 2019]. The boundary U/TOCmin and

U/TOCmax values are determined using published research results, where
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U/TOCnmin = 2, U/TOCmax = 5. The intervals with the sub-oxic deposition

environment correspond to the natural reservoir intervals in the BF.

The deposition environment was determined and intervals of natural reservoirs were identified
along the U/TOC ratio profile for wells 4 and 5 of the Priobskoye and the Salmanovskoye fields
(Figure 47).

Figure 47 shows the uranium concentration, organic matter, and U/TOC ratio distributions for
well 4. Sub-oxic conditions of sedimentation U/TOC < 2 correspond to the intervals in the well
section at depths of XX84-XX87 m and XX93-XX98 m. We characterized these intervals as
natural reservoirs. The interval in the central part of the section is characterized by a sub-anoxic
deposition environment with U/TOC in the range between 2 and 5. There are intervals with
U/TOC>5 in the upper part of the section, which corresponds to the anoxic deposition

environment.

Figure 47 shows the uranium content, organic matter, and U/TOC ratio distributions for well 5.
The ratio U/TOC < 2 corresponds to the sub-oxic deposition environment for two intervals: XX48—
XX52 m and XX53.5-XX55 m. Also, these intervals can be called natural reservoirs. The ratio of
U/TOC in the range between 2 and 5 is typical for the sub-anoxic deposition environment for three
intervals. The ratio U/TOC = 2 is for the two intervals with uranium concentration and organic
matter content average values. These intervals may have been formed under a transitional
deposition environment (from oxic to anoxic). The promising development using reservoir
stimulation intervals with immobile oil or heavy hydrocarbons can be identified based on the
relationship between uranium concentration and total organic carbon content analysis. Intervals
with sub-anoxic and anoxic deposition environments characterize high uranium and organic
carbon concentration relative to the general changes trend in the uranium concentration and the
organic carbon content. Therefore, the intervals with U/TOC = 2 can be called promising for

development using reservoir stimulation intervals.

A new approach to the Bazhenov Formation sections characterization was shown in the joint
analysis of the uranium, organic carbon (with a resolution of 1-2 mm), and the U/TOC ratio results
distribution for 9 wells. Combined uranium, TOC, and U/TOC ratios analysis makes it possible to
determine deposition environment and natural reservoir intervals. This approach is described in

the patent, which shows the evaluation and calculation procedure in more detail.
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4.4 Role of Redox Conditions in Uranium Accumulation in Source Rocks

To identify the most important factors affecting uranium accumulation in Bazhenov
Formation rocks, we compared data on uranium distribution with the results of lithological and
isotopic-geochemical studies for two wells (1 and 2) located in the central part of the Basin,
attributed to the Frolovskaya megadepression (Salym region). The identified uranium and
organic matter content, pyrolysis indexes, sulfur isotopic composition, chemical elemental
composition, and U/TOC ratio of the Bazhenov Formation section are shown in Figure 48 and
Figure 49.
Figure 48 shows the distribution of uranium (U core), vanadium (V), sulfur isotopic
composition (8%S), pyrolytic indicators (TOC, OIl, OSI), and ratios (U/TOC, Th/U,
Mo/(Mo+Mn), Mo/Al, V/IMo, V/Cr) for well 1. Figure 49 shows the distribution of uranium
content (U core), pyrolytic indexes (TOC, Ol, OSl), and ratios (U/TOC, Th/U, Mo/(Mo+Mn),
Mo/Al) for well 2.
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Figure 48. Logview well 1: U and Th/U ratio (gamma-ray spectrometry); TOC is the content of organic matter, Ol is the oxygen index, and OSI
is the oil saturation index; U/TOC ratio; V, V/Mo, V/Cr, Mo/Al, and Mo/(Mo+Mn) ratios (X-ray fluorescence XRF, ICP-MS); 84S sulfur
isotopic composition.
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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 (Figure 48). We also
observe a correlation with the Mo/(Mn+Mo) ratio, one of the most sensitive indicators of redox
conditions for the Bazhenov Formation rocks (Elbaz-Poulichet et al., 2005; Baioumy and
Lehmann, 2017; Zanin, Zamirajlova and Eder, 2017; Leushina et al., 2021).
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Figure 50. 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.
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Figure 51. 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.

The distributions of these ratios are given in Figure 48 and Figure 49, indicating a change in

redox environments: from slightly oxidizing conditions in the lower part of the BF to reducing
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in the middle and upper parts of the BF. For example (Figure 49), the lower part of the BF
cross-section of well 2 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 51 demonstrates the correlation between U and the Mo/(Mn + Mo) ratio.

Figure 48 represents the distribution of the sulfur isotopic composition §*S. A comparison of
the uranium content, the U/TOC ratio, and the sulfur isotopic composition (Figure 52 and
Figure 53) demonstrate that rocks with a high content of uranium and organic matter are
characterized by high sulfide sulfur content and low content of heavy sulfur isotope (5**S
varies from -40 to -30%.CDT). According to the data of (Idrisova et al., 2021) and the results
of other studies (Newton and Bottrell, 2007), high pyrite content with low isotope composition
values indicate reducing conditions and the presence of hydrogen sulfide at the sedimentation

stage.
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Figure 52. Cross-plot of uranium concentration and sulfur isotopic composition for well 1,
Bazhenov Formation. Blue line corresponds to equation U = -1.06-5%*S+4.69, where the
correlation coefficient R = 0.46.
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Figure 53. Cross-plot of U/TOC and sulfur isotopic composition for well 1, Bazhenov
Formation. Blue line corresponds to equation U/TOC = -0.11-5%4S+0.77, where the
correlation coefficient R = 0.57.

In Figure 54, we report a U-TOC diagram for the samples from 11 wells. The colors of the dots

represent oxygen index values (Ol), which characterize the oxygen content in the Bazhenov
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Formation organic matter. Increased values of Ol correspond to more oxidizing conditions
while low values of OI correspond to reductive conditions of marine sedimentation
(Melenevsky, Klimin and Tolstokorov, 2019). In Figure 54, 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.

Figure 55 shows diagrams of the uranium concentration distribution at fixed oxygen index
values: Ol = 4-10 (left), Ol > 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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Figure 54. Cross-plot of uranium concentration (measured by gamma-ray spectrometry) and
organic matter content (TOC, determined by Rock-Eval pyrolysis) according to the study of
11 wells. The dot color corresponds to the oxygen index (determined by Rock-Eval

pyrolysis).

117



30 Ol = 4+10

5

30
25 ‘ 25
2 : 2
15 3 15
10 ¥ 10
5 I 5 5 |
0 o = ' 0 . 1+

0-10 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90 >90 0-10 10-20 20-30 3040 40-50 50-60 60-70 70-80 80-90 >90

Ol1>10

The percentage of intervals, %
The percentage of intervals, %

U, ppm U, ppm

Figure 55. The proportion of intervals with values of Ol =4 + 10 mg CO2/g TOC, Ol > 10
mg CO./g TOC (vertical axis, %) as a function of uranium content (horizontal axis, ppm).

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 higher uranium concentration and TOC values. The observed
pattern of the uranium behavior in BF rocks is similar to that observed for modern marine
sediments (Khaustova et al., 2021).

4.5 Relationship of Uranium Content, Total Organic Carbon, Mineral
Composition, and Productivity of Source Rocks

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 values integrating the data from these

wells are shown in Figure 56. The color of the dots shows the oil saturation index.
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Figure 56. 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.

The data in Figure 56 does not reveal a clear correlation between OSI, TOC, and U.
Nevertheless, it indicates that most of the points with increased oil saturation indices (> 100)
(Dakhnova, M.V.; Mozhegova, S.V.; Nazarova, E.S.; Paizanskaya, 2015) 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 57. 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.
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Figure 57. The number of intervals with OSI > 100 for different uranium concentrations.

Figure 58 shows the relationship between uranium concentration and OSI for 3 wells located
within one oilfield and characterized by the same catagenetic maturity of OM (Kgoc=55). As
follows from Figure 58, OSI values > 200 are achieved for uranium content below 10 ppm.

For higher uranium content, the oil saturation index decreases.
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Figure 58. Uranium concentration as a function of oil saturation index (OSI) according to the

study of 3 wells drilled at oil fields (Spasennykh et al., 2021) characterized by low maturity

kerogen (Kgoc~55). The blue line corresponds to the equation U = 1133*0SI°°, where the
determination coefficient R? = 0.25.

In Figure 59, we present U/TOC — Kgocex diagrams, where the dot color reflects TOC (Figure
59, A) and PI (Figure 59, B), and the size of the dots reflects the uranium concentration.
According to the diagrams, the values of the U/TOC ratio and the P1 increase with the increase
of maturity (decrease of Kgocex). In the range 20 < Kgocex < 65 we observe a gradual increase
in the U/TOC ratio from 0 to 10 with a decrease of Kgocex. In this range, the productivity index
Pl varies from 0.1 to 0.2 (light blue and blue colors, Figure 59, B) with few exceptions. In the
range Kgocex < 20 we observe a sharp increase in the U/TOC ratio from 5 to 45 with the
decrease of Kgocex. The productivity index in this range varies from 0.2 to 0.6 (green, yellow,
and orange dots, Figure 59, B).
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Figure 59. 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 P1 (B), and the
dot size reflects the uranium concentration.

The increase in the U/TOC ratio with an increase in maturity (decrease of Kgocex) can be
explained by the decrease of TOC during catagenesis. An increase in Pl values with maturation
is a result of the additional porosity formation during the kerogen transformation into mobile
hydrocarbons (Kalmykov, A. G., Karpov, YU. A., Topchij, M. S., Fomina, M. M., Manuilova,
E. A., SHeremet’eva, E. V., ... & Kalmykov, 2019).

The relationship between uranium content, TOC, and oil saturation is illustrated by the diagram
Sot+S1 - TOC, where the color corresponds to OSI values, and the dot size reflects uranium
concentration (Figure 60). The dotted line corresponds to OSI = 100. According to (Dakhnova,
M.V.; Mozhegova, S.V.; Nazarova, E.S.; Paizanskaya, 2015), this line distinguishes
accumulating (reservoir rocks) and non-productive intervals. As it follows from the diagram

collector intervals are characterized by lower content of uranium (0-20 ppm).
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Figure 60. So+S1 - 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).

Following the results discussed above, increased values of the productivity index Pl 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 a 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 semi-solid heavy hydrocarbon fractions.

It is particularly important to note that the points obtained from samples with increased P2Os
and MnO content (up to 9% and up to 1%, respectively) fall out of the described pattern. In
Figure 56, these points are marked with rhombuses and squares. According to the lithological
and petrophysical studies, these points in the upper left corner of the diagram (Figure 56)
correspond to the increased porosity and permeability intervals, which provide higher oil
saturation values. Data on uranium, P2Os MnO content, and pyrolytic indices are shown in

Table 32 and Table 33. Increased uranium content is associated with uranium concentration by
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phosphate minerals (P.0s) and manganese (MnO). High uranium content in phosphate

minerals is explained by incorporating uranium into the crystal structure of fluorapatite

(Zubkov, 2015; Kalmykov et al., 2016). Rocks enriched in manganese (MnQ) exhibit increased

uranium contents due to the reducing properties of manganese oxide, which transform water-

soluble U*® into insoluble U*4.

Table 32. Pyrolytic characteristics, the concentration of uranium and phosphates (P20s) for

the intervals with a high uranium content and a low organic matter content (Figure 56).

Ne layer So+S, HI, mg
with U,ppm | TOC,% | U/TOC PI OSl | mgHcig | HClg | P20s %
phosphate rock TOC
1 82 1.8 46 0.27 70 1.3 188 9.37
2 55 3.5 16 0.3 115 4.3 271 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 1.9 185 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 33. Pyrolytic characteristics, the concentration of uranium and MnO for the intervals
with a high uranium content and a low organic matter content (Figure 56).

So+S1,

HI, m
N faver V_Vith U,ppm | TOC,% | UITOC PI osl ma HC/ HC/gg MnO, %
pyrolusite g g
rock Toc
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 4.1 252 0.84
4 44 4.2 10 0.35 111 51 211 0.24-0.33
5 42 4.4 10 0.31 99 4.9 219 0.24-0.33
6 40 3.6 11 0.38 102 3.9 170 0.17
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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 4.1 153 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 61 shows an example of the depth distribution of MnO and P20Os content, uranium
content, productivity index, and organic carbon content for one of the studied wells. It is
important to emphasize that the uranium peaks are directly related to the increasing P2Os, and
MnO concentration, the maximum uranium peak equal to 150 ppm corresponds to the
maximum P20s peak. According to Figure 61, the maximum P20s 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

P1 compared to the background values.
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Figure 61. Example of depth distributions of MnO, P>Os, and uranium concentration (from
gamma-ray spectrometry on core samples and XRF), as well as pyrolytic productivity indices

(PI) and total organic carbon (TOC).

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

To classify productive intervals by uranium content, we used the diagram (So+S1) — S2
(Figure 62), which was previously used in (Spasennykh et al., 2021) to analyze productive
intervals using the pyrolysis data. The maturity values expressed in units of pyrolyzable organic

carbon share (Kgoc) are highlighted in color.
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Figure 62. Diagram So + S1 vs. Sz (Spasennykh et al., 2021), Quadrants | - IV. The color
indicates Kgoc the proportion of generative organic carbon in TOC wt.%, and the size of dots

reflect AS2, mg HC/g TOC.

2
5

The authors of (Spasennykh et al., 2021) have identified four quadrants in Figure 62. Quadrant
I includes rock samples with increased reservoir properties and oil saturation (natural
reservoirs) intervals. Quadrant Il corresponds to the conditional productive reservoirs with low
oil saturation that may result from fluid loss during core recovery and storage. Promising
intervals of Quadrant Il are characterized by higher values of S1, OSI, and lower S;. Quadrant
Il includes promising intervals for thermal treatment, and Quadrant 1V includes intervals
unsuitable for oil production. For the analysis, this diagram (Figure 62) has been supplemented

with data on uranium concentration (dot size) and OSI (shown in color).
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Figure 63. Diagram So+Sz1 — S> from core studies of 11 wells. The dot color reflects the oil
saturation index (OSI), and the dot size corresponds to the uranium concentration.

Figure 63 illustrates that Quadrants I and Il (productive and conditionally productive intervals)
are characterized by low uranium content and high OSI values. In contrast, Quadrants 111 and
IV (S2 > 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 (Figure 64). Also, box plots
for uranium and pyrolytic indices are presented in Figure 65. Box plots make it possible to
consider the distribution of the studied parameters.

For example, the box plot of OSI values is illustrated that the median of the values: Quadrants
I —110 mg HC/g TOC, Quadrants Il - =55 mg HC/g TOC, Quadrants III - =75 mg HC/g TOC,
Quadrants IV - =35 mg HC/g TOC. And the box plot of PI values has illustrated the median of
the values: Quadrants | — 0.26, Quadrants 1l — 0.18, Quadrants Ill - =0.11, and Quadrants IV —
0.08.

Moreover, the box plot of U values is shown the median of the values: Quadrants | — 16 ppm,
Quadrants Il — =18 ppm, respectively Quadrants III and IV — =42 u =38 ppm. Also, the box
plot of TOC values is shown the median of the values: Quadrants | — =7 %, Quadrants II — 5

%, respectively Quadrants Il and IV — =12.5 u =11.5 %. The selected zones differ in all 4
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presented parameters (OSlI, PI, TOC, U). And these parameters are different not only in median

values but also in the minimum and maximum values.
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Figure 64. Diagrams of uranium distribution for Quadrants | - IV.

129



U, ppm
& g z
ToC,

- 3 5
3
i : I
y ' :
2 ! s
$ .

Pl
OSI, mg HC/g TOC
g

@ .
g
H .
: . -
P :
— —_—
4 . .
H : .
150 H
.
0.2 3 $
i i 100 =3
H —2. 3 —— i
——1 s ' | ——
2 : i

Bl onc Bl zonc?2 B zonc4

Figure 65. Box plots for 4 productivity types. Uranium content, TOC, oil saturation, and
productivity indices are shown.

From the data presented in Figure 63, Figure 64, and Figure 65, we have established the types
of productive intervals in terms of the uranium content. The results are summarized in Table
34.
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Table 34. Types of productive intervals as a function of uranium and total organic carbon, U/TOC ratio.

Interval type

Average values of U, TOC, U/TOC

with standard deviations

Comments

Uranium accumulation

factor

Intervals with increased oil saturation and
improved reservoir properties. In terms of
productivity, they are similar to tight oil

U/TOC =343

U < 25 ppm for more

Initial uranium concentration
in water and uranium

accumulation by marine

1 . . . . U = 23+20 ppm TOC =72 % than 60% of organisms, sedimentation
reservoirs, for which hydraulic fracturing ppm U/%TOC . . . .
) ) . intervals. rate, lithological composition,
and multi-stage hydraulic fracturing . . .
. o . diagenetic and catagenetic
technologies can be efficiently applied.
processes.
Presence of phosphates, initial
. L . uranium concentration in
Conditionally productive intervals. Differ U < 20 ppm for more .
. water and uranium
from the intervals of Quadrant | by lower than 50% of . .
) . ) U/TOC = 65 ppm ) accumulation by marine
Il oil saturation (S1), which may be U =27+22 ppm TOC =5+3 % intervals. . . .
) . ) . ) U/%TOC . organisms, sedimentation
associated with partial loss of fluid during Phosphorite . ] .
) ) rate, lithological composition,
sample extraction and storage. intervals. . . .
diagenetic and catagenetic
processes.
Oil-saturated source rocks with high The transition of uranium to
potential for developing using thermal insoluble forms under anoxic
EOR, promoting the conversion of conditions, sorption of
kerogen and high-viscosity hydrocarbons U/TOC = 4«1 ppm 20 < U <60 ppm for uranium by organic matter
1l U =46+18 ppm TOC=13+4 %

into mobile hydrocarbons. The closer the
point is to the upright position, the more
promising the interval is under thermal

treatment.

U/%TOC

the 75% of intervals.

(depending on Eh, pH),
diagenetic and catagenetic
processes, sedimentation rate,

and lithological composition.
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Non-productive intervals, including low
IV maturity rocks, may be promising for
thermal EOR when TOC > 9 %.

U = 45+24 ppm

TOC=11+£3 %

The transition of uranium to
insoluble forms under anoxic

conditions, sorption of
20 < U <60 ppm for

the =60% of

intervals.

U/TOC = 4£2 ppm
U/%TOC

uranium by organic matter
(depending on Eh, pH),
diagenetic and catagenetic
processes, sedimentation rate,

and lithological composition.
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The reported diagrams allow us to establish the relationship between productivity and uranium
content of the Bazhenov Formation intervals. U vs. TOC, So+S; vs. TOC, and So+S1 vs. Sz 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 the differentiation of the Bazhenov Formation section. It allows us to distinguish between
productive intervals (radiolarians), intervals enriched in phosphates (P.Os), and pyrolusite
(MnQ), as well as the non-productive part of the section, which differ in uranium and organic
matter content. The So+S;: - TOC diagram demonstrates clear differences between the upper,
middle, and lower parts of the Bazhenov Formation cross-section (Kozlova, E.V.; Spasennyh,
M.YU.; Kalmykov, G.A.; Gutman, L.S.; Potemkin, G.N.; Alekseev, 2017) and can also be

applied for the subdivision into members.

4.7 Summary

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. To analyze factors affecting uranium accumulation in source rocks, we studied
the content and characteristics of organic matter (Rock-Eval pyrolysis), and the mineral,
element, and isotope composition of rocks. 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 So+S1 — TOC and So+S1
— S2. 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 hydrocarbon generated from kerogen using thermal methods of oil recovery,

especially in case of low maturity of organic matter.

However, the discussed above 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).
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The obtained results provide the criteria for identifying the productive intervals within the
Bazhenov Formation cross-section according to logging data on the uranium content in rocks
and neutron logging data (using Lithoscanner) and their classification in terms of the methods
for oil production.
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Chapter 5. Conclusion

The purpose of the current study was to analyze the factors influencing uranium
accumulation in oil source rocks and highlight the relationship between uranium concentration
and the U/TOC ratio with productivity. The research included the analysis of published data in
the area of research, the study of uranium accumulation in the processes of modern marine
sedimentation in different redox conditions, the study of factors controlling uranium content
source rock formation, and the analysis of the relationship between the uranium concentration
and the oil saturation on the example the Bazhenov shale oil Formation. The results of the study

are summarized below.

Oil source rocks are characterized by increased uranium content, reaching values above 100
ppm. The patterns of the spatial and vertical uranium concentration variations differ
significantly for different formations and geological sections. These variations are associated
with many factors affecting the uranium accumulation during the deposits formation and

further geological history.

Following the literature review, the main factors affecting uranium accumulation in marine
source rocks include concentration of uranium in seawater, uranium accumulation in marine
organisms, continental runoff and sedimentation rate, redox conditions, mineral composition
of rocks, organic matter maturity, and others. In each particular source rock formation and even
in each particular geological section of formation the abovementioned factor's effect and
processes on uranium content and the U/TOC ratio could be different. The understanding of
these factors provides a real opportunity to extract valuable geological information on
conditions of source rock formation, oil generation processes, and oil productivity from

gamma-ray logging data for studied geological objects.

The study of uranium content in modern marine sediments provides an opportunity to analyze
the processes and factors affecting uranium accumulation during sedimentation and early
diagenesis stages. The main sources of uranium in bottom sediments are continental runoff and
uranium dissolved in seawater. Dissolved uranium can be accumulated by marine organisms,
absorbed by organic matter, and included in mineral phases, formed during sedimentations. We
studied marine sediments accumulated in the Kandalaksha bay of the White Sea, the Laptev
and East-Siberian Seas (oxidative conditions), and in the Black Sea (oxidative and reductive
conditions) using optical microscopy, ICP-MS, CHNS, IRMS, XRD, Eh, pH and temperature

measurements. Interpreting results was carried out using thermodynamic modeling of uranium
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forms in a water-sediment system under different conditions. Sediments in the Arctic Seas and
shallow shelf of the Black Sea show low uranium (1-3 ppm) and TOC (1-3%) concentrations.
Low uranium concentration and correlation between U and TOC show that uranium in studied
samples represents uranium in continental runoff and uranium accumulated by marine
organisms (or sorbed by organic matter). Not a considerable increase in uranium concentration
with depth, where Eh values are considerably decreased by comparison with seawater, shows
that some small amount of uranium could be accumulated in sediments due to the formation of
insoluble uranium phases. An increase in uranium concentrations (up to 35 ppm) is typical for
marine sediments formed in reducing conditions of the Black Sea at a depth of more than 200
m where bottom water contents with a high concentration of H.S and Eh values are negative
(~-200 mV). Under reducing conditions and the presence of 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 organic matter. Thus, the main factor affecting the accumulation of
uranium accumulation in marine sedimentation processes is redox conditions in bottom water.
In reducing conditions uranium content increases due to the formation of insoluble uranium-
containing phases and sorption of the organic matter. In the case of the presence of oxygen in
the water (shallow sea depth, intense water exchange), the uranium content in sediments is
related to its concentration in the mineral components of continental runoff and to the uranium
concentration in marine organisms since some species can accumulate uranium from seawater.
In both cases, higher uranium content in seawater and higher organic carbon concentration lead
to an increase in uranium accumulation in sediments. A decrease of Eh with depth may also
lead to uranium accumulation in sediments, but this is not a considerable effect because of the

limited uranium amount in pore water.

The study of uranium content in the Bazhenov Formation provides an opportunity to analyze
the factors affecting uranium accumulation in the source rocks and study the relationship
between uranium content and productivity. We have explored almost 1000 core samples from
13 wells of the Bazhenov Formation and we used the next methods for analyzing: gamma
spectrometry on the core, pyrolysis, thermal core logging, XRF analysis, IRMS, also the
lithological description. The study of uranium content in 13 wells of the Bazhenov source rock
Formation also indicates the considerable role of redox conditions. First, we found a positive
correlation of uranium content with the concentration of other redox-sensitive elements (for
example, the positive correlation between uranium and vanadium concentrations) and element

ratios, which are also sensitive to the redox conditions (for example, the positive correlation
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between uranium and the ratio Mo/(Mo+Mn)). The other evidence is positive correlations of
uranium with the content of sulfur (in pyrite form) and negative correlation with the isotope
composition of sulfur in rocks, which are depends on redox conditions. One more piece of
evidence is the negative correlation of uranium content with the Rock-Eval oxygen index,
which is increasing under oxidative conditions. The study of the Bazhenov Formation
demonstrates, that the mineral composition is also an important factor for uranium content in
rocks. We found that the presence of phosphate minerals may considerably increase uranium
content in rocks due to the high uranium concentration in these mineral phases. It was also
found, that increase in organic matter maturation leads to an increase in uranium content. The
maturation causes a decrease in the organic carbon in rocks due to the conversion of kerogen
to mobile hydrocarbons. A considerable part of mobile hydrocarbons usually migrates from
source rocks to other formations. The amount of kerogen at the end of the oil window could be
2-3 times less by comparison with its initial content. In these conditions, the uranium
concentration in the rock is increasing proportionally to the decrease of the kerogen content,
because the uranium concentration in oil and gas is negligible by comparison with the
concentration in solid kerogen. Thus, redox conditions at the sedimentations stage play a
leading role in uranium accumulation in rocks, however, the presence of phosphate minerals
and high maturation of organic matter may considerably increase uranium content in source
rocks. These factors should be taken into account for the interpretation of the data on uranium

content.

According to the literature review and experimental data, we can compare uranium
concentrations in the different conditions: sea water, marine organisms, the bottom sediments
(on the sedimentation stage), and the unconventional reservoirs rocks in the example of the

Bazhenov Formation (Figure 66).

Uranium concentration increases in ~ 11000 times in the marine organisms
[ ~ 2. -3 ~ -3 ‘
‘ Usea water 310 pplll- Uplanlqon. algae, mollusk, fish and coral =™ ( 10-°+1 ) ppm ‘

Uranium concentration increases in 11000 times in the bottom sediments compare with
Upon in sea water and marine organisms

‘ U oxic layer on the example of the Arcric Seas = 1+2 ppm = U anoxic layer on the example of the Black Sea - (3 =3 5) ppm

!

“ Ugp= 0-150 ppm

Figure 66. The scheme of the uranium concentrations difference in the sea water, marine
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organisms, bottom sediments in different redox conditions (on the example of the Arctic Seas

and the Black Sea) and in the Bazhenov Formation.

Initial uranium concentration in the sea water is 0.003 ppm, marine organisms in the process
of life accumulate uranium, and uranium concentration varies approximately Upiankton, algae,
mollusk, fish, and cora=0.001+1 ppm. It can be seen that the uranium concentration in marine
organisms can be 1000 times greater than the uranium concentration in sea water. If we look
at the uranium content in marine sediments, we will see that in the oxidizing layer based on
experimental data from the study of the Arctic Seas marine sediments, the uranium
concentration reaches 2 ppm, increasing by 10-1000 times compared to the uranium
concentration in marine organisms. Uranium concentrations increase in bottom sediments with
anoxic conditions up to 10 times compared to sediments formed under oxidizing conditions.
Similarly, the uranium concentration increases almost 10 times in the Bazhenov Formation
rocks in comparison with the uranium concentration in the Black Sea sediments under reducing
conditions. Generalizing the described scheme, we can say that in the process of the formation
of the sediment, and then their transformation into rocks, we see a constant accumulation and

an increase in the uranium concentration.

The study of the relationship between uranium content and productivity shows that higher oil
saturation is associated with intervals characterized by low uranium content. It could be
explained by better collector properties of the rocks formed in oxidative conditions. These
intervals, formed in the presence of oxygen are usually bioturbated and contain remains of
shells and skeletons of marine organisms, which form void space saturating with hydrocarbons
during oil forming processes. It should be also considered, that formation of pores in kerogen
during maturation leads to a considerable increase in secondary porosity, which also may
contain mobile hydrocarbons. However, the permeability of such kerogen-containing and
potentially productive intervals formed in reducing conditions are usually considerably lower
by comparison with the abovementioned intervals formed in oxidizing conditions and should
be considered as a different type of productive interval. Joint analysis of data on uranium
content and the Rock-Eval pyrolysis data with considering conditions of sedimentation allowed
us to formulate criteria for the selection and typification of productive intervals in source rocks

formation based on the data on uranium content.

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
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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 a 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 hydrocarbon
generated from kerogen using thermal methods of oil recovery, especially in case of low
maturity of organic matter. The discussed uranium-based productivity criteria cannot be
directly applied to the classification of the phosphate intervals, which can have high oil
saturation for high uranium concentrations (from 20 to 100 ppm). However, these intervals
could be identified by the increased value of the U/TOC ratio.

A new approach to the Bazhenov Formation sections characterization was shown in the joint
analysis of the uranium, and organic carbon with a resolution of 1-2 mm (the thermal core
logging is used to determine TOC), and the U/TOC ratio results from distribution for 9 wells.
Combined uranium, TOC, and U/TOC ratios analysis makes it possible to determine deposition
environment and natural reservoir intervals. This approach is described in the patent, which

shows the evaluation and calculation procedure in more detail.

Following the abovementioned conclusions, we also may formulate criteria for geological
sections of oil shale formations, which could be considered the most promising for oil
production based on uranium content data. Considering, that (1) the intervals with the highest
values of uranium content should contain high concentrations of organic matter of high
maturity (which means a high amount of produced hydrocarbons) and (2) the intervals with the
lowest uranium content are characterized by better collector properties (which means better
conditions for accumulation), the sections, containing intervals with high and low uranium
content should be considered as the most promising for oil production. Geological sections
analysis with the uranium and organic carbon concentrations distribution in depth to classify
well sections into productive, low-yield and unproductive can be recommended for further

research.

The obtained results provide the criteria for identifying the productive intervals within the

Bazhenov Formation cross-section according to logging data on the uranium content in rocks
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and neutron logging data (using Lithoscanner) and their classification in terms of the methods

for oil production.
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Table A 1. The distribution of the uranium concentration (U), the organic carbon (TOC), and the ratio U/TOC for wells 3, 4, and 5.

Appendix A

Depth, th-er?niall u, u/ToC Deﬁ]th, th-erlc')nil, U, ppm tl;gg; Depth, m th-le;?nil, U, ppm :ﬁgg;
m % "| ppm | thermal % %
Well Well 4 Well 5
2825.31 1.81 5.40 3.0 3163.57 5.59 10.57 19 3448.55 3.80 3.21 0.8
2825.41 1.97 5.40 27 3163.67 5.61 14.36 2.6 3448.65 451 9.26 2.1
282551 0.73 8.20 113 3163.77 5.71 20.39 3.6 3448.75 7.15 3.07 0.4
2825.61 0.64 5.90 92 3163.88 9.20 38.19 4.1 3448.85 6.65 5.11 0.8
2825.71 0.59 3.90 6.6 3163.98 15.74 55.99 3.6 3448.95 4.43 2.80 0.6
2825.81 0.68 6.40 9.4 3164.13 18.68 59.55 3.2 3449.05 5.27 4.19 0.8
2825.91 0.77 5.50 71 3164.23 29.50 55.71 19 3449.15 6.51 4.36 0.7
2826.01 0.86 220 25 3164.33 18.52 44.15 24 3449.25 6.88 5.06 0.7
2826.11 0.96 8.20 8.6 3164.44 18.67 26.90 14 3449.35 7.08 0.95 0.1
2826.26 1.09 8.50 78 3164.54 9.75 18.79 19 3449.45 8.25 3.16 0.4
2826.36 1.19 9.50 8.0 3164.64 7.04 22.62 3.2 3449.55 6.70 1.32 0.2
2826.46 1.28 9.90 77 3164.74 9.53 30.48 3.2 3449.65 4.28 2.84 0.7
2826.56 1.37 9.10 6.6 3164.84 11.81 34.39 2.9 3449.75 3.46 3.04 0.9
2826.66 1.46 9.00 6.2 3164.95 12.67 39.15 31 3449.85 4.75 2.00 0.4
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2826.76 1.40 11.80 8.4 3165.14 16.12 41.86 2.6 3449.95 3.73 1.34 0.4
2826.86 1.43 11.30 7.9 3165.24 20.27 46.58 2.3 3450.05 2.71 2.12 0.8
2826.96 1.62 10.50 6.5 3165.35 19.84 40.86 2.1 3450.25 3.69 2.30 0.6
2827.06 1.81 10.50 5.8 3165.45 14.73 41.20 2.8 3450.35 3.89 1.87 0.5
2827.16 263 13.50 5.1 3165.55 16.33 44.22 2.7 3450.45 2.90 1.00 0.3
282796 4.93 13.30 27 3165.65 18.83 49.28 2.6 3450.65 2.85 1.06 0.4
282736 6.26 13.40 21 3165.75 15.22 50.98 3.3 3450.85 7.30 3.14 0.4
2827 46 598 10.90 18 3165.86 15.18 45.75 3.0 3450.95 3.97 0.26 0.1
282758 564 9.20 16 3165.96 19.59 45.02 2.3 3451.15 2.19 0.43 0.2
2827 68 536 3.80 16 3166.16 16.22 60.18 3.7 3451.35 2.84 1.49 0.5
282778 4.00 13.90 35 3166.26 15.29 60.89 4.0 3451.45 3.45 3.91 11
2827.88 3.18 16.20 5.1 3166.36 16.83 65.11 3.9 3451.75 4.46 2.33 0.5
2827.98 299 17.10 77 3166.47 23.59 67.84 2.9 3451.85 2.75 5.00 1.8
2828.08 156 16.70 10.7 3166.57 20.32 71.06 3.5 3451.95 1.28 5.00 3.9
2828.38 259 17.60 6.8 3166.67 22.09 67.92 3.1 3452.05 1.10 1.37 1.2
2828.48 3.88 17.20 4.4 3166.77 22.59 70.61 3.1 3452.25 2.90 4.87 1.7
2828.58 3.89 16.10 4.1 3166.87 16.99 71.07 4.2 3452.35 3.26 4.07 1.2
2828.68 3.89 15.40 4.0 3166.98 21.86 87.89 4.0 3452.45 341 9.10 2.7
2828.78 3.90 11.10 28 3167.18 27.70 84.32 3.0 3452.55 6.12 8.75 1.4
2828.88 4.9 10.80 25 3167.28 30.55 64.37 2.1 3452.65 9.07 20.35 2.2
2828.98 4.49 9.00 20 3167.38 21.61 56.14 2.6 3452.75 9.31 26.76 2.9
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2829 08 3.86 9.70 25 3167.48 22.15 52.39 24 3452.85 8.17 27.14 3.3
2829 18 3.30 8.90 27 3167.59 26.96 48.78 1.8 3452.95 9.11 26.20 2.9
2829.98 273 8.40 3.1 3167.69 24.42 41.22 1.7 3453.05 9.73 33.36 3.4
2829.38 1.92 8.60 45 3167.79 18.91 31.52 1.7 3453.15 10.16 39.79 3.9
2829.48 1.62 11.30 7.0 3167.91 22.81 2.66 0.1 3453.25 9.73 30.80 3.2
2829.58 174 6.80 3.9 3168.01 6.26 2.16 0.3 3453.35 9.28 19.28 2.1
2829 68 1.86 7.00 3.8 3168.11 6.16 1.89 0.3 3453.45 8.22 15.05 1.8
2829 78 167 8.70 52 3168.21 5.57 2.83 0.5 3453.55 6.39 10.30 1.6
2820 88 1.28 3.80 6.9 3170.05 27.68 39.55 1.4 3453.65 4.53 8.80 1.9
2829 98 0.88 9.10 10.4 3170.15 26.84 43.05 1.6 3453.75 3.45 3.46 1.0
2830.08 414 6.60 16 3170.25 26.32 50.22 1.9 3453.85 3.24 3.67 11
2830.18 411 8.40 20 3170.35 26.24 54.77 2.1 3453.95 2.86 2.63 0.9
2830.28 4.09 5.00 12 3170.45 23.10 55.82 2.4 3454.35 2.80 1.59 0.6
2830.38 4.06 6.50 16 3170.55 20.33 53.37 2.6 3454.45 5.02 0.46 0.1
283058 4.02 5.60 14 3170.65 20.89 53.68 2.6 3454.55 5.23 1.11 0.2
283068 3.99 5.70 14 3170.75 20.93 57.57 2.8 3454.65 431 2.85 0.7
2830.78 3.97 510 13 3170.85 19.98 50.79 25 3454.75 3.12 4.42 1.4
2830.88 3.95 200 05 3170.95 18.51 47.31 2.6 3454.85 3.55 6.03 1.7
2830.98 3.92 230 0.6 3171.05 20.85 50.74 2.4 3454.95 3.64 8.98 2.5
2831.05 3.90 7.20 18 3171.15 19.39 52.08 2.7 3455.05 5.27 10.20 1.9
2831.15 3.88 8.30 21 3171.27 18.94 53.31 2.8 3455.25 10.81 24.99 2.3
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2831.25 3.86 6.90 1.8 3171.37 17.76 46.55 2.6 3455.35 11.25 27.45 2.4
2831.35 3.83 8.40 29 3171.47 13.95 27.16 1.9 3455.45 10.52 29.66 2.8
2831.45 3.81 9.20 2.4 3171.57 1.81 17.58 9.7 3455.55 10.52 28.16 2.7
283155 3.79 7.20 1.9 3171.77 13.19 23.36 1.8 3455.65 8.86 30.89 3.5
2831.65 3.76 9.60 26 3171.87 12.34 28.66 2.3 3455.75 10.09 29.81 3.0
2831.75 3.74 11.90 3.2 3171.97 13.94 30.83 2.2 3455.85 9.19 23.11 2.5
2831.85 3.71 12.80 3.4 3172.07 15.62 31.31 2.0 3455.95 7.80 21.11 2.7
2831.95 3.69 11.70 3.2 3172.22 10.72 30.70 2.9 3456.05 9.21 27.77 3.0
2832.05 3.67 9.60 26 3172.32 14.58 33.26 2.3 3456.15 9.11 23.97 2.6
2832.15 3.64 9.90 27 3172.42 15.72 29.31 1.9 3456.25 8.08 22.34 2.8
283298 3.61 10.00 28 3172.52 16.87 49.31 2.9 3456.35 8.07 20.19 2.5
283238 3.59 11.50 3.2 3172.62 17.09 55.15 3.2 3456.45 9.34 20.11 2.2
2832 48 3.56 13.70 3.8 3172.72 18.31 44.02 2.4 3456.55 8.76 15.32 1.7
2832 58 3.54 15.00 4.9 3172.82 15.33 38.67 2.5 3456.65 6.94 10.51 15
2832.68 3.52 14.90 4.2 3172.92 12.75 38.99 3.1 3456.75 6.44 13.81 2.1
2832.78 3.49 13.50 3.9 3173.02 14.99 42.09 2.8 3456.85 8.13 12.49 15
2832.88 3.47 13.70 3.9 3173.12 14.75 42.80 2.9 3456.95 3.71 9.96 2.7
2832.98 3.45 12.80 3.7 3173.23 13.57 43.95 3.2 3457.05 4.95 8.67 1.8
2833.08 3.42 14.40 4.9 3173.33 14.59 46.01 3.2 3457.15 4.90 13.85 2.8
2833.18 3.40 13.80 41 3173.43 15.74 46.89 3.0 3457.25 8.12 11.21 1.4
2833.28 3.37 11.80 35 3173.53 12.50 45.36 3.6 3457.35 8.93 16.13 1.8
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2833.38 3.35 12.00 3.6 3173.63 11.00 37.93 3.4 3457.45 411 9.84 2.4
2833.48 3.33 12.50 3.8 3173.73 8.55 36.74 4.3 3457.55 6.25 7.35 1.2
283358 3.30 12.20 3.7 3173.83 13.39 33.26 2.5 3457.65 4.19 10.44 2.5
2833.68 3.28 10.00 3.0 3173.93 12.83 32.85 2.6 3457.75 7.03 4.85 0.7
2833.78 2 44 12.80 5.3 3174.03 10.76 28.66 2.7 3457.85 5.81 7.48 1.3
2833.88 474 16.70 35 3174.13 11.20 27.98 2.5 3457.95 2.79 11.74 4.2
2833.98 8.64 14.60 17 3174.24 9.53 26.41 2.8 3458.05 6.28 7.42 1.2
2834.08 8.83 18.20 21 3174.34 10.65 34.53 3.2 3458.15 9.48 13.66 1.4
2834.18 8.10 16.30 20 3174.44 11.02 37.33 3.4 3458.25 7.48 14.59 2.0
2834.29 729 20.30 28 3174.54 11.97 41.22 3.4 3458.35 9.18 22.12 2.4
2834.39 6.55 18.30 28 3174.64 12.00 42.33 3.5 3458.45 9.08 28.62 3.2
2834.49 6.17 17.10 28 3174.74 11.05 39.09 3.5 3458.55 7.21 30.82 4.3
2834.59 6.62 15.80 2.4 3174.84 11.90 34.37 2.9 3458.65 5.54 28.08 5.1
2834.69 755 18.60 25 3174.94 9.69 33.20 3.4 3458.75 10.37 22.57 2.2
2834.79 8.27 21.70 26 3175.04 11.71 36.81 3.1 3458.85 8.12 25.78 3.2
2834.89 761 21.40 28 3175.14 12.80 35.05 2.7 3458.95 10.94 39.79 3.6
2834.99 6.95 21.30 31 3175.24 11.07 37.20 3.4 3459.05 10.63 44.07 4.1
2835.09 799 16.80 21 3175.34 9.05 35.61 3.9 3459.15 11.64 32.27 2.8
2835.19 9.23 9.50 1.0 3175.44 13.19 33.97 2.6 3459.25 6.43 16.92 2.6
28353 11.38 12.80 11 3175.54 9.07 32.89 3.6 3459.35 7.29 20.91 2.9
2835.4 13.60 14.70 11 3175.64 12.88 37.10 2.9 3459.45 9.33 16.19 1.7
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28355 15.83 13.30 0.8 3175.74 12.10 33.03 2.7 3459.55 6.33 10.95 1.7
28356 22,07 12.10 05 3175.84 10.62 35.90 3.4 3459.65 7.23 18.45 2.6
28357 30.66 12.50 0.4 3175.94 10.78 32.86 3.0 3459.75 8.78 10.02 11
28358 25.36 15.60 0.6 3176.04 7.86 32.95 4.2 3459.85 5.18 5.99 1.2
28359 7.10 20.90 2.9 3176.14 12.49 34.28 2.7 3459.95 5.71 10.40 1.8

2836 7.23 23.30 3.2 3176.24 11.92 29.49 2.5 3460.15 10.72 23.23 2.2
2836.1 8.41 20.10 2.4 3176.34 11.92 32.52 2.7 3460.25 7.92 17.90 2.3
2836.2 959 17.30 1.8 3176.44 10.27 29.35 2.9 3460.35 8.53 16.07 1.9
2836.32 10.73 10.40 1.0 3176.54 14.65 38.43 2.6 3460.45 6.11 14.96 2.4
2836.42 10.46 8.60 0.8 3176.64 15.45 35.67 2.3 3460.55 7.42 13.26 1.8
2836.52 8.53 17.00 20 3176.74 15.37 35.67 2.3 3460.65 5.52 16.49 3.0
2836.64 734 6.40 0.9 3176.84 14.43 36.68 2.5 3460.75 6.08 14.92 2.5
2836.74 8.08 5.60 0.7 3176.94 14.48 31.21 2.2 3460.85 8.73 15.09 1.7
2836.84 5.83 15.10 26 3177.04 10.89 35.30 3.2 3460.95 3.94 15.27 3.9
2836.94 736 20.80 28 3177.14 13.66 30.07 2.2 3461.05 8.78 13.61 1.6
2837.04 751 21.10 28 3177.24 14.46 28.85 2.0 3461.15 9.49 18.71 2.0
2837.14 4.62 18.30 4.0 3177.34 12.19 23.90 2.0 3461.25 8.75 14.08 1.6
2837.24 6.04 18.40 3.0 3177.44 13.00 22.83 1.8 3461.35 7.15 12.66 1.8
2837 34 752 17.60 23 3177.59 12.94 17.20 1.3 3461.45 3.73 10.02 2.7
2837 44 957 15.00 16 3177.69 11.87 14.77 1.2 3461.55 8.06 22.27 2.8
28376 11.91 25 60 21 3177.79 12.81 14.07 11 3461.65 3.37 10.87 3.2
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og377 | 1042 | 2710 | 2o [ 317789 | 1378 | 1350 10 | 346175 | 457 6.21 14

sears | 1154 | 3230 | 28 | 317799 | 1269 | 14.96 12 | 346185 | 517 8.20 16

28379 | 1273 | 3680 | 25 | 317608 | 1205 | 14.19 12 | 346195 | 295 6.94 23
2638 | 1473 | 3600 | 24 | 317819 | 1262 | 1674 13

2831 | 1314 | 3600 | 27 | 317629 | 1355 | 1439 11

28382 | 1156 | 3200 | 28 | 317839 | 1339 | 15.12 11

283836 | 1278 | 3120 | 24 | 317849 | 1278 | 16.34 13

2838.46 | 1310 | 3350 | 26 | 317859 | 1154 | 20.26 18

283856 | 1146 | 3410 | 30 | 317869 | o974 | 1781 18

283866 | 7.06 | 3580 | 51 | 317879 | 1023 | 1467 14

283876 | 583 | 3460 | 59 | 317887 | 1162 | 839 0.7

283886 | 7.76 | 2690 | 35 | 317905 | 1199 | 33.50 28

283896 | 1035 | 2650 | 26 | 317915 | 1223 | 52.06 4.3

283006 | 9.86 | 2240 | 23 | 317925 | 1347 | 80.18 6.0

283016 | 853 | 2430 | 28 | 317935 | 1158 | 14341 | 124

283006 | 1322 | 2760 | 21 | 317945 | 1264 | 14L77 | 112

283937 | 1603 | 3370 | 21 | 317955 | 1695 | 95.40 56

283047 | 1460 | 41.00 | 28 | 317965 | 1805 | 7162 4.0

283957 | 1424 | 3990 | 28 | 317975 | 1797 | 63.86 36

283067 | 1372 | 4020 | 29 | 317985 | 1689 | 60.20 36

283977 | 1322 | 4010 | 30 | 317995 | 1794 | 60.33 34
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283087 | 120 | 4140 | 3.4 | 3180051 1824 | 5959 3.3
283097 | 1232 | 4080 | 33 | 3180151 1782 | 6574 3.7
284007 | 1245 | 3800 | 31 | 318025 1728 | 6538 3.8
284017 | 1149 | 3280 | 29 | 318035 1624 | 6463 4.0
284027 | 1140 | 2670 | 23 | 3180451 1630 | 5806 3.6
284038 | 1142 | 2480 | 22 | 318055 | 16.66 | 5571 3.3
284048 | 11.80 | 27.10 | 23 | 318065 1720 | 46.97 2.1
284058 | 1142 | 2620 | 23 | 3180751 1522 | 4529 3.0
284068 | 11.30 | 2370 | 21 | 3180851 1501 | 5031 3.4
284078 | 12.92 | 2470 | 19 | 318096 | 1291 | 4784 3.7
284088 | 11.85 | 2760 | 23 | 318106 | 1298 | 5117 3.9
284098 | 11.12 | 3020 | 27 | 918116 1681 | 5041 3.0
284108 | 1131 | 2570 | 23 | 318126 | 1724 | 5818 3.4
284118 | 1067 | 2540 | 24 | 318136 1716 | 5831 3.4
284128 | 1094 | 2480 | 23 | 318146 1651 | 53.06 3.2
284138 | 11.68 | 2500 | 21 | 318156 | 1614 | 4850 3.0
284148 | 1085 | 2710 | 25 | 318166 | 1590 | 4838 3.0
284158 | 1111 | 2580 | 23 | 318176 | 16.00 | 57.59 3.6
284168 | 1156 | 2690 | 23 | 31818 | 1072 | 79.34 7.4
284183 | 1195 | 3350 | 28 | 318196 | 1215 | 82.38 6.8
284193 | 1082 | 3480 | 32 | 318206 | 1408 | 70.52 5.0
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284203 | 1126 | 3400 | 30 | 318216 | 1292 | 7151 55
284213 | 1129 | 2630 | 23 | 318226 | 1547 | 8181 53
284223 | 11.04 | 2520 | 23 | 318236 | 1586 | 88.28 56
sea24 | 1061 | 2080 | 20 | 316246 | 1465 | 7548 5.2
28225 | 1105 | 690 | oo | 316256 | 1323 | 5758 44
284255 | 1020 | 1630 | 16 | 318266 | 1327 | 53.20 4.0
2e1265 | 757 | 2410 | 3o | 316276 | 1525 | 5805 38
sea275 | 403 | 2210 | a5 | 316286 | 1537 | 5866 3.8
sea285 | 761 | 1540 | 20 | 316296 | 1462 | 6733 46
284295 | 1475 | 2330 | 16 | 318306 | 1453 | 50.29 41
284305 | 1755 | 3000 | 17 | 318316 | 1263 | 46.17 3.7
284315 | 2721 | 2830 | 10 | 318326 | 1101 | 4174 38
284325 | 1937 | 2930 | 15 | 318336 | 1265 | 44.86 3.5
284334 | 1086 | 3000 | 28 | 318352 | 817 | 6032 74
seasas | 1108 | 3500 | 3o | 316362 | 305 | 3680 | 121
284354 | 1097 | 3520 | 32 | 318372 | 349 | 1870 54
284364 | 957 | 3170 | 33 | 318382 357 | 1327 3.7
284374 | 846 | 3330 | 39 | 318392 | 294 | 10.70 36
284384 | 851 | 3320 | 39 | 318402 ] 230 5.98 26
284394 | 855 | 3500 | 41 | 318412 ] 169 6.01 36
284404 | 930 | 3860 | 42 | 318422 | 135 5.38 4.0

159



284414 | 959 | 3550 | 37 | 3184321 251 7.43 3.0
284424 | 982 | 3260 | 33 | 318442 464 7.90 17
284439 | 1080 | 3070 | 28 | 318452} 203 7.29 3.6
284449 | 1322 | 3220 | 24 | 3184621 192 9.12 4.8
284459 | 1094 | 3480 | 32 | 318472 230 4.85 1.9
284469 | 1401 | 3630 | 26 | 318482 247 6.73 2.7
284479 | 1412 | 3650 | 26 | 318492 354 8.24 2.3
2844.89 | 1247 | 3450 | 28 | 318502 315 8.32 2.6
284498 | 1110 | 2830 | 25 | 3185121 230 10.20 35
284508 | 1020 | 2750 | 27 | 318522 374 10.68 2.9
284518 | 11.01 | 3150 | 29 | 318532 | 432 11.97 2.8
284528 | 1157 | 3240 | 28 | 3185421 6.01 12.59 21
284538 | 1338 | 36.00 | 27 | 318552 1 4.90 14.27 2.9
284548 | 1232 | 3630 | 29 | 318563 | 451 14.52 32
284558 | 1459 | 4090 | 28 | 318573 | 4.28 15.23 3.6
284574 | 1272 | 4610 | 36 | 318583 | 641 13.39 21
284584 | 1303 | 4870 | 37 | 318593 278 9.51 3.4
284594 | 1321 | 4320 | 33 | 318603 | 6.03 8.72 14
2846.04 | 1333 | 4480 | 34 | 318613 661 15.10 2.3
2846.14 | 1345 | 4560 | 3.4 | 318623 | 4.83 13.07 27
2846.24 | 1358 | 46.90 | 35 | 318633 | 504 12.85 2.6
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284634 | 1358 | 4400 | 32 | 318643 | 343 | 1258 3.7
281643 | 1261 | 4450 | a5 | 316658 | Lo7 | 1194 | 111
284653 | 1145 | 4620 | 40 | 318663 | 649 | 1513 23
284663 | 1070 | 3860 | 36 | 318673 | 663 | 17.72 2.1
2846.73 | 1225 | 4340 | 35 | 318683 | 584 | 17.52 30
2846.83 | 1258 | 4340 | 34 | 318693 | 622 | 14.33 23
284693 | 1239 | 4150 | 34 | 318703 | 542 | 15.38 28
284703 | 1223 | 4430 | 36 | 318713 | 702 | 2164 3.1
2ea713 | 1242 | 4010 | 3o | 316773 | 143 | 1853 | 129
284723 | 1250 | 4400 | 35 | 318783 | 423 | 16.80 4.0
284733 | 1127 | 3520 | 3.1 | 318793 | 754 | 16.87 2.2
284743 | 1022 | 3180 | 3.1 | 318803 | 494 | 19.77 4.0
284752 | 1097 | 3250 | 30 | 318813 ] 627 | 1970 3.1
284762 | 1134 | 3040 | 27 | 318827 | 722 | 2013 28
284774 | 1151 | 2890 | 25 | 318837 | 958 | 21.30 2.2
284784 | 404 | 3160 | 78 | 318847 | 954 | 2575 2.7
284794 | 1152 | 4270 | 37 | 318857 | 950 | 2957 3.1
284806 | 1229 | 4500 | 37 | 318867 | 946 | 3295 35
2848.16 | 11.64 | 4310 | 37 | 318877 | 943 | 3189 34
284826 | 11.16 | 3820 | 3.4 | 318905 | 830 | 1493 18
284835 | 1078 | 3650 | 3.4 | 318915 | 1000 | 2257 2.3
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284845 | 1132 | 3420 | 30 | 318925 | 1003 | 20.74 3.0
284855 | 1205 | 31.90 | 26 | 318935 | 921 | 3308 36
284865 | 1241 | 3650 | 29 | 318945 399 | 3350 84
284875 | 1261 | 3350 | 27 | 318955 | 959 | 36.22 38
284885 | 1310 | 990 | 08 | 318965 929 | 33.60 36
284895 | 1344 | 1840 | 14 | 318975 | 1025 | 3273 3.2
284905 | 1443 | 4250 | 29 | 318985 | 1125 | 36.39 3.2
2849.15 | 1328 | 5030 | 38 | 318995 | 1117 | 39.30 35
284925 | 1067 | 4670 | 44 | 319005 | 1141 | 37.42 33
282035 | 8ol | 4200 | a7 | 319015 | 1178 | 3665 31
2849.45 | 1369 | 37.60 | 27 | 319025 | 1202 | 3883 3.2
284954 | 12.68 | 4440 | 35 | 319035 | 1363 | 37.74 28
2849.64 | 1397 | 4600 | 33 | 319045 1285 | 4081 32
2849.76 | 1316 | 4140 | 3.1 | 319055 | 1011 | 38.08 38
284986 | 1160 | 3820 | 33 | 319065 | 1274 | 3287 26
284996 | 1581 | 4090 | 26 | 319075 | 1195 | 28.8 24
285006 | 1273 | 39.90 | 31 | 319085 | 1176 | 2522 2.1
2850.16 | 14.07 | 4130 | 29 | 319095 | 1240 | 27.73 2:2
285026 | 14.98 | 36.40 | 24 | 319105 | 1234 | 30.18 24
285035 | 16.05 | 39.30 | 24 | 319115 | 1175 | 40.52 34
285045 | 1639 | 3590 | 22 | 319125 | 1077 | 42.86 4.0
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285055 | 1674 | 4020 | 24 | 319135 | 1014 | 30.74 3.9
285065 | 1613 | 4540 | 28 | 319145 | 1052 | 38.66 3.7
285076 | 13.99 | 46.80 | 33 | 319155 | 1099 | 42.80 39
285085 | 927 | 5040 | 54 | 319165 | 882 | 3775 4.3
285095 | 12.89 | 5390 | 42 | 319175 | 759 | 27.05 36
285105 | 1419 | 60.20 | 42 | 319195 | 378 | 20.06 53
285115 | 1344 | 6450 | 48 | 319205 | 815 | 2565 3.1
285125 | 1158 | 64.60 | 56 | 319295 | 189 7.26 38
285135 | 1530 | 62.80 | 41 | 319305 | 138 | 821 06
285145 | 1745 | 5010 | 34 | 319315 | 1347 | 7.84 06
285155 | 1840 | 51.90 | 28 | 319325 | 1252 | 806 06
285165 | 17.24 | 5430 | 3.1 | 319335 | 1149 | 752 0.7
285176 | 1568 | 5670 | 36 | 319345 | 1257 | 6.5 05
285185 | 1479 | 5430 | 37 | 319355 | 1197 | 943 08
285195 | 1398 | 5160 | 37 | 319365 | 1277 | 11.40 0.9
285205 | 1526 | 4300 | 28 | 319375 | 1572 | 1265 08
285215 | 1654 | 4920 | 30 | 319385 | 1356 | 13.29 10
285225 | 1511 | 4760 | 32 | 319395 | 964 | 13.33 14
285235 | 1563 | 4770 | 31 | 319405 | 410 | 1627 4.0
285245 | 1390 | 47.60 | 3.4 | 319415 | 684 | 1508 2.2
285255 | 1443 | 4280 | 30 | 319425 | 460 | 1243 2.1

163



285265 | 1395 | 47.10 | 34 | 319435 | 792 | 1240 16
285277 | 1383 | 4340 | 31 | 319445 | 7.90 9.84 12
285287 | 1270 | 4210 | 33 | 319455 | 1082 | 845 08
285297 | 1208 | 4310 | 36 | 319465 | 1028 | 10.97 11
285307 | 1261 | 4510 | 36 | 319475 | 1096 | 10.06 0.9
285316 | 12.28 | 4290 | 35 | 319485 | 1181 | 9.36 08
285326 | 1240 | 3830 | 31 | 319495 | 1347 | 087 0.7
285336 | 1272 | 39.00 | 31 | 319505 | 1294 | 14.89 12
285346 | 1185 | 3410 | 29 | 31915 | 881 | 1621 18
285356 | 1027 | 36.10 | 35 | 319526 | 877 | 1482 L7
285366 | 1139 | 3200 | 28 | 319536 | 856 | 1305 15
285376 | 1222 | 3530 | 29 | 319546 | 9.00 | 1243 14
285386 | 1296 | 36.40 | 28 | 319556 | 544 | 1084 2.0
285396 | 12.87 | 3880 | 30 | 319566 | 384 | 1229 32
285408 | 1166 | 4270 | 37 | 31976 | 835 | 1276 15
285418 | 1114 | 4230 | 38 | 319586 | 688 | 1217 18
285428 | 1068 | 3230 | 30 | 319596 | 1203 | 10.50 0.9
285438 | 951 | 2190 | 23 | 319606 | 961 8.11 08
285448 | 970 | 2110 | 22 | 319616 | 1165 | 809 0.7
2g5458 | 1051 | 690 | o7 | 319626 | 1154 | 1405 12
285477 | 1352 | 3700 | 27 | 319636 | 930 | 1151 12
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285487 | 1066 | 11.00 | 10 | 319646 | 1126 | 14.53 13
285497 | 1333 | 1310 | 10 | 319656 | 884 | 1447 16
285507 | 1441 | 4080 | 28 | 319666 | 1064 | 16.78 16
285516 | 15.08 | 4800 | 32 | 319676 | 1143 | 15.92 14
285526 | 1073 | 49.60 | 46 | 319686 | 892 | 1528 17
285536 | 1591 | 4840 | 30 | 319696 | 560 | 10.82 19
285546 | 1323 | 3750 | 28 | 3197.06 | 7.84 9.32 12
285556 | 1281 | 2590 | 20 | 319716 | 397 7.2l 18
285566 | 14.06 | 27.90 | 20 | 319726 | 672 | 10.58 16
285577 | 1628 | 3220 | 20 | 319736 | 1314 | 1167 0.9
285587 | 1561 | 3840 | 25 | 319746 | 1199 | 11.80 10
285597 | 14.66 | 39.00 | 27 | 319756 | 11.36 | 1218 11
285607 | 1375 | 3490 | 25 | 319766 | 1264 | 12.88 10
2856.17 | 12.86 | 37.50 | 2.9 | 3197.76 | 1133 | 1117 10
285627 | 1198 | 4260 | 36 | 319786 | 1066 | 1114 10
285636 | 1118 | 5000 | 45 | 319796 | 1110 | 883 08
2856.46 | 1233 | 4470 | 36 | 319806 | 8.14 6.39 08
285656 | 1685 | 4220 | 25 | 319816 | 6.44 4.60 0.7
2856.66 | 1648 | 3450 | 21 | 319827 | 515 6.50 13
2856.78 | 1424 | 4020 | 28 | 319837 | 859 6.10 0.7
285688 | 1290 | 3970 | 3.1 | 319847 | 884 6.46 0.7
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285698 | 7.66 | 39.90 | 52 | 319857 | 829 5.24 0.6
2857.08 | 770 | 3120 | 41 | 319867 | 801 5.86 0.7
285718 | 716 | 2250 | 31 | 319877 | 6.28 8.63 1.4
285728 | 790 | 2510 | 32 | 319887 | 877 9.63 11
2857.38 | 833 | 25.00 | 30 | 319897 | 9.14 5.1 0.6
285748 | 730 | 20910 | a0 | 319924 | 570 4.23 0.7
285758 | 693 | 2700 | 39 | 319934 ] 501 6.03 12
285768 | 764 | 2580 | 34 | 319944 ] 511 11.42 2.2
578 | 515 | 2500 | 5o | 319953 | 1245 | 27.85 22
570 | 738 | 2080 | a0 | 319963 | 1234 | 48.77 40
285799 | 617 | 2010 | 47 | 319973 | 12.94 59.07 4.6
2858.09 | 710 | 30.80 | 43 | 319983 | 1275 | 4596 3.6
285819 | 820 | 2830 | 35 | 319993 | 815 30.11 3.7
2858290 | 883 | 2620 | 30 | 320002 | 7.70 14.01 18
285839 | 847 | 2680 | 32 | 320012 | 6.28 581 0.9
285849 | 900 | 31.30 | 35
285859 | 922 | 2850 | 3.1
2858.76 | 1014 | 33.60 | 3.3
2858.86 | 1000 | 39.30 | 3.9
2858.96 | 961 | 3590 | 3.7
2850.06 | 862 | 35.70 | 41
285915 | 7.83 | 30.60 | 3.9
285925 | 7.85 | 31.90 | 41
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2859.35 7.99 30.70 3.8
2859.45 8.20 31.20 3.8
2859.55 7.55 30.10 4.0
2859.65 7.50 32.70 4.4
2859.81 7.42 36.30 4.9
2859.9 7.97 36.90 4.6

2860 8.58 36.80 4.3
2860.1 8.86 40.90 4.6
2860.2 9.08 41.80 4.6
2860.3 9.42 33.80 3.6
2860.4 9.75 35.70 3.7
2860.5 8.83 28.10 3.2
2860.6 9.21 15.00 1.6
2860.7 8.80 15.30 1.7
2860.75 9.23 23.40 2.5
2860.85 9.52 31.50 3.3
2860.95 8.95 28.50 3.2
2861.05 8.37 17.60 2.1
2861.15 7.80 23.80 3.1
2861.25 10.36 34.20 3.3
2861.35 10.13 36.00 3.6
2861.45 10.46 32.90 3.1
2861.55 10.75 29.30 2.7
2861.65 10.85 28.00 2.6
2861.75 10.79 33.20 3.1
2861.85 11.12 35.50 3.2
2861.95 10.52 34.70 3.3
2862.05 10.60 35.10 3.3
2862.15 10.36 33.20 3.2
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2862.26 10.82 34.40 3.2
2862.36 10.47 37.00 3.5
2862.46 7.33 33.50 4.6
2862.56 10.33 33.50 3.2
2862.66 6.55 31.10 4.8
2862.76 8.58 29.80 3.5
2862.86 8.87 30.30 3.4
2862.97 8.28 30.90 3.7
2863.07 4.77 29.10 6.1
2863.17 5.47 27.00 4.9
2863.27 5.18 29.20 5.6
2863.37 3.99 28.30 7.1
2863.47 3.81 26.20 6.9
2863.57 4.94 27.30 5.5
2863.67 5.78 29.50 5.1
2863.77 6.70 28.50 4.3
2863.87 8.28 28.20 3.4
2863.97 8.63 28.50 3.3
2864.07 8.99 26.20 2.9
2864.17 7.31 27.90 3.8
2864.27 3.55 25.40 7.2
2864.37 8.35 27.80 3.3
2864.47 7.77 26.60 3.4
2864.57 7.36 25.90 3.5
2864.67 7.22 27.30 3.8
2864.77 7.35 24.70 3.4
2864.87 6.85 27.10 4.0
2864.99 7.93 30.70 3.9
2865.09 9.01 32.90 3.7
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2865.19 8.33 37.20 4.5
2865.29 7.89 35.30 4.5
2865.39 9.23 35.20 3.8
2865.49 9.33 35.60 3.8
2865.59 9.15 31.30 3.4
2865.69 7.25 28.70 4.0
2865.79 6.52 19.30 3.0
2865.89 6.81 16.40 24

2866 8.01 13.60 1.7
2866.1 7.04 15.50 2.2
2866.2 6.78 14.80 2.2
2866.3 7.12 14.30 2.0
2866.4 7.55 15.50 2.1
2866.5 7.84 18.30 2.3
2866.6 7.74 16.60 2.1
2866.7 7.59 14.20 1.9
2866.8 7.66 6.60 0.9
2866.9 7.25 15.30 2.1

2867 6.71 20.20 3.0
2867.1 6.83 7.30 11
2867.2 7.99 11.00 1.4
2867.3 9.19 21.90 2.4
2867.4 8.47 27.30 3.2
2867.5 6.22 25.50 4.1
2867.6 8.47 23.30 2.8
2867.7 10.25 21.80 2.1
2867.8 8.59 18.60 2.2
2867.9 7.52 18.30 2.4

2868 7.89 13.60 1.7
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2868.1 7.18 15.00 2.1
2868.2 6.47 16.00 2.5
2868.3 5.77 15.30 2.6
2868.4 5.14 18.70 3.6
2868.5 3.84 18.40 4.8
2868.6 6.92 24.20 3.5
2868.7 6.43 20.30 3.2
2868.8 7.13 18.70 2.6
2868.9 8.16 19.00 2.3
2869.04 9.43 22.40 24
2869.14 9.02 26.40 2.9
2869.24 11.22 29.50 2.6
2869.34 12.33 34.50 2.8
2869.44 12.23 34.20 2.8
2869.54 11.66 30.80 2.6
2869.64 10.04 30.70 3.1
2869.74 10.68 27.50 2.6
2869.84 11.94 31.00 2.6
2869.94 11.43 38.40 3.4
2870.04 8.49 37.50 4.4
2870.14 7.87 33.50 4.3
2870.24 9.61 31.60 3.3
2870.34 9.55 27.30 2.9
2870.44 10.51 28.00 2.7
2870.54 11.48 29.90 2.6
2870.64 10.13 28.70 2.8
2870.74 9.73 29.70 3.1
2870.84 10.49 24.20 2.3
2870.94 9.98 25.90 2.6
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2871.05 10.55 25.20 2.4
2871.15 10.84 25.00 2.3
2871.25 11.13 25.10 2.3
2871.35 11.56 27.20 2.4
2871.45 11.75 30.30 2.6
2871.55 12.33 37.80 3.1
2871.65 11.30 35.40 3.1
2871.75 10.23 26.80 2.6
2871.85 10.39 22.50 2.2
2871.95 10.33 22.90 2.2
2872.07 9.23 28.20 3.1
2872.17 9.36 23.00 2.5
2872.27 9.89 20.80 2.1
2872.37 8.36 21.50 2.6
2872.47 8.55 21.20 2.5
2872.57 8.13 21.10 2.6
2872.67 8.36 14.40 1.7
2872.77 8.46 14.10 1.7
2872.87 9.31 3.90 0.4
2872.97 8.87 7.20 0.8
2873.09 8.29 8.40 1.0
2873.19 8.58 2.00 0.2
2873.29 9.85 4.50 0.5
2873.39 8.81 15.30 1.7
2873.49 7.96 20.70 2.6
2873.59 8.02 17.10 2.1
2873.69 7.55 15.90 2.1
2873.79 8.11 14.40 1.8
2873.89 7.44 15.00 2.0
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2873.99 9.81 16.00 1.6
2874.11 10.07 20.30 2.0
2874.21 9.87 19.10 1.9
2874.31 8.61 21.40 2.5
2874.41 9.40 21.80 2.3
2874.51 10.20 18.10 1.8
2874.61 9.68 17.50 1.8
2874.71 10.76 16.80 1.6
2874.81 9.63 13.10 1.4
2874.91 9.56 10.30 1.1
2875.01 10.06 9.90 1.0
2875.12 9.82 11.60 1.2
2875.22 9.50 13.10 1.4
2875.32 9.63 14.90 15
2875.42 9.32 14.30 15
2875.52 10.03 20.20 2.0
2875.62 8.51 20.20 2.4
2875.72 7.80 17.70 2.3
2875.82 7.16 12.60 1.8
2875.92 6.53 12.90 2.0
2876.02 8.29 14.60 1.8
2876.13 7.19 14.10 2.0
2876.23 6.33 14.80 2.3
2876.33 5.48 10.70 2.0
2876.43 6.14 7.70 1.3
2876.53 8.76 6.40 0.7
2876.63 6.49 7.00 1.1
2876.73 9.28 7.60 0.8
2876.83 9.26 8.20 0.9
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2876.93 8.25 10.60 1.3
2877.03 5.73 11.80 2.1
2877.14 9.67 15.80 1.6
2877.24 8.54 14.90 1.7
2877.34 8.50 14.90 1.8
2877.44 8.90 16.10 1.8
2877.54 9.25 15.10 1.6
2877.64 9.19 12.50 1.4
2877.74 8.95 10.40 1.2
2877.84 8.98 11.40 13
2877.94 9.01 8.40 0.9
2878.04 8.19 11.30 1.4
2878.15 5.86 14.50 2.5
2878.25 6.04 13.20 2.2
2878.35 7.17 13.00 1.8
2878.45 8.30 10.80 1.3
2878.55 9.15 11.80 13
2878.65 7.41 12.30 1.7
2878.75 4.39 12.40 2.8
2878.85 9.91 7.90 0.8
2878.95 7.18 1.70 0.2
2879.01 6.15 4.90 0.8
2879.11 5.85 6.80 1.2
2879.21 5.55 7.30 13
2879.31 5.72 2.30 0.4
2879.43 6.45 4.20 0.7
2879.53 6.85 2.60 0.4
2879.63 5.72 5.90 1.0
2879.73 531 6.20 1.2
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2879.82 5.37 6.20 1.2
2879.92 5.20 5.00 1.0
2880.02 6.83 7.10 1.0
2880.12 6.48 5.80 0.9
2880.22 7.10 6.70 0.9
2880.32 6.58 6.30 1.0
2880.42 5.74 8.60 15
2880.51 8.20 8.10 1.0
2880.61 7.15 7.80 11
2880.71 7.06 7.10 1.0
2880.81 6.75 6.10 0.9
2880.91 6.43 5.10 0.8

2881 8.40 5.00 0.6
2881.1 7.95 7.40 0.9
2881.2 7.10 5.80 0.8
2881.3 7.58 6.60 0.9
28814 7.29 7.80 11
2881.5 5.89 8.10 1.4
2881.6 6.33 10.50 1.7
2881.69 7.01 15.50 2.2
2881.79 7.92 14.70 1.9
2881.96 12.06 9.70 0.8
2882.05 9.31 9.70 1.0
2882.2 7.23 5.80 0.8
2882.29 5.98 4.50 0.8
2882.39 4.60 3.70 0.8
2882.49 6.09 5.40 0.9
2882.59 6.61 6.10 0.9
2882.69 5.22 6.60 13
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2882.79 3.82 4.00 1.0
2882.88 2.89 4.70 1.6
2882.98 6.11 4.70 0.8
2883.08 7.51 5.20 0.7
2883.2 8.57 5.40 0.6
2883.3 8.61 7.60 0.9
2883.4 7.34 6.80 0.9
2883.5 8.23 8.50 1.0
2883.59 7.64 8.80 1.2
2883.69 5.73 5.90 1.0
2883.79 9.08 5.80 0.6
2883.89 7.25 5.50 0.8
2883.99 5.46 3.20 0.6
2884.08 6.48 5.20 0.8
2884.2 7.98 4.90 0.6
2884.3 6.59 5.40 0.8
2884.4 6.91 7.40 11
2884.5 8.32 6.10 0.7
2884.59 7.49 6.30 0.8
2884.69 4.76 4.30 0.9
2884.79 7.06 5.60 0.8
2884.89 9.05 3.40 0.4
2884.99 6.39 0.00 0.0
2885.08 5.79 3.20 0.6
2885.19 6.51 2.70 0.4
2885.29 8.13 1.40 0.2
2885.39 6.99 1.90 0.3
2885.49 6.24 3.10 0.5
2885.59 8.87 5.00 0.6
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2885.68 7.77 6.50 0.8
2885.78 6.59 5.40 0.8
2885.88 5.74 5.10 0.9
2885.98 4.96 4.50 0.9
2886.08 4.82 5.00 1.0
2886.19 4.88 6.40 1.3
2886.28 3.22 6.30 2.0
2886.38 5.02 7.40 15
2886.48 5.89 6.70 11
2886.58 6.76 7.00 1.0
2886.68 7.10 5.60 0.8
2886.78 7.07 5.40 0.8
2886.87 7.06 5.70 0.8
2886.97 7.05 5.10 0.7
2887.07 6.86 5.60 0.8
2887.22 7.87 2.60 0.3
2887.31 7.45 4.30 0.6
2887.41 6.29 4.20 0.7
2887.51 5.66 3.80 0.7
2887.61 6.27 5.00 0.8
2887.71 5.98 4.50 0.8
2887.81 5.30 3.80 0.7
2887.9 4.13 4.30 1.0

2888 3.95 3.50 0.9
2888.1 5.38 5.00 0.9
2888.21 4.38 4.20 1.0
2888.31 577 4.80 0.8
2888.41 6.29 4.20 0.7
2888.51 5.26 3.00 0.6
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2888.61 3.95 4.70 1.2
2888.7 3.50 3.10 0.9
2888.8 3.74 3.30 0.9
2888.9 3.98 3.20 0.8

2889 4.22 4.30 1.0
2889.1 5.61 3.60 0.6
2889.21 4.83 3.20 0.7
2889.31 4.64 5.70 1.2
2889.4 5.27 5.80 11
2889.5 5.96 6.00 1.0
2889.6 4.15 4.90 1.2
2889.7 5.54 5.90 1.1
2889.8 3.67 4.00 11
2889.89 4.99 4.30 0.9
2889.99 4.57 3.80 0.8
2890.09 3.38 5.50 1.6
2890.2 2.85 5.00 1.8
2890.3 1.54 4.90 3.2
2890.39 1.63 2.50 15
2890.49 3.73 4.00 11
2890.59 4.07 4.60 11
2890.69 5.13 5.50 11
2890.79 2.74 4.60 1.7
2890.89 2.85 4.30 15
2890.98 4.40 1.80 0.4
2891.08 6.52 3.80 0.6
2891.18 6.57 5.10 0.8
2891.28 7.31 1.70 0.2
2891.38 7.56 2.20 0.3
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2891.48 7.08 4.20 0.6
2891.58 5.10 7.30 1.4
2891.67 4.77 7.40 15
2891.77 4.94 5.30 11
2891.87 4.97 4.30 0.9
2891.97 3.86 4.60 1.2
2892.07 3.11 5.10 1.6
2892.19 3.52 6.20 1.8
2892.29 4.70 7.20 15
2892.39 3.73 6.90 1.8
2892.49 2.77 5.80 2.1
2892.59 7.77 3.80 0.5
2892.69 20.09 5.10 0.3
2892.78 21.49 6.90 0.3
2892.88 17.07 5.00 0.3
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Table A 2. The distribution of the uranium concentration (U), the organic carbon (TOC), and the ratio U/TOC for wells 9, 1, 10.

TOC
Depth, m th:ronial, U, ppm thJI/e-Ir-ggl Depth, m th-le—rorrc,;h U, ppm tLI'JéTquSl Depth, m the(l;/mal, U, ppm tﬂgg'\;:l
% % .
Well 10 Well 1 Well 9
2606.43 14.369 9.110 0.63400 | 3040.35 2.93 23.57 8.0 3005.05 14.69 10.94 0.7
2606.48 12.327 12.690 1.02945 | 3040.55 6.98 60.90 8.7 3005.15 15.14 12.90 0.9
2606.58 2.546 13.380 | 525451 | 3040.65 9.21 69.38 75 3005.25 17.94 14.98 0.8
2606.67 0.000 15980 | 35.36204 | 3040.75 9.20 58.50 6.4 3005.35 28.25 12.67 0.4
2606.78 4.342 18580 | 4.27888 | 3040.85 7.18 50.58 70 3005.45 26.57 12.29 05
2606.88 | 12.099 22130 | 1.82914 | 3041.05 7.06 3255 46 3005.55 16.18 19.72 12
2606.98 7.235 22.280 3.07949 | 3041.15 5.78 31.18 54 3005.65 14.16 21.81 15
2607.08 | 19.665 22640 | 115129 | 3041.27 6.45 38.65 6.0 3005.75 11.25 20.21 18
2607.164 | 17.378 21.210 | 1.22054 | 3041.37 8.42 45.38 54 3005.85 8.88 23.87 2.7
2607.258 | 15.229 12.300 | 0.80765 | 3041.47 9.69 48.78 5.0 3005.95 9.27 30.55 33
2607.45 | 17.754 27.770 1.56415 | 3041.57 9.90 51.02 5.2 3006.05 11.55 37.05 3.2
260755 | 20.162 27.460 1.36199 | 3041.67 6.11 51.41 8.4 3006.15 10.61 33.97 32
2607.65 | 17.150 24780 | 1.44493 | 304177 4.45 58.20 131 3006.25 10.90 34.65 3.2
2607.715 | 4712 22660 | 4.80936 | 3041.87 8.62 61.83 72 3006.45 10.57 23.16 22
2608.15 | 14539 26.580 | 1.82816 | 3041.97 8.18 58.98 72 3006.55 11.18 21.00 19
2608.25 4.739 21.620 | 4.56197 | 3042.07 7.99 54.69 6.8 3006.65 11.00 16.71 15
2608.35 6.599 19.730 | 298982 | 304225 7.28 61.52 85 3006.85 7.51 11.20 15
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2608.46 | 17.129 | 13790 | 0.80507 | 3042.35 8.11 69.36 8.6 3006.95 7.92 10.33 1.3
260856 | 9.838 | 13100 | 1.33161 | 3042.45 8.14 67.18 8.3 3007.05 9.41 14.62 1.5
2608.66 | 10505 | 17.550 | 1.65641 | 3042.55 459 50.78 11.1 3007.15 9.47 11.40 1.2
2608.78 | 15385 | 20650 | 1.34222 | 3042.65 8.24 60.11 7.3 3007.35 7.25 4.00 0.6
2608.86 | 13827 | 21.050 | 152236 | 3042.75 6.83 83.86 123 | 300745 .79 4.34 0.6
2608.96 | 14.806 | 22.360 | 151022 | 304285 | 1130 86.15 76 3007.55 8.59 5.47 0.6
260006 | 15424 | 24290 | 157483 | 3042.95 7.16 92.76 130 | 3007.65 | 1037 6.75 0.7
260917 | 16923 | 23550 | 1.30157 | 304305 | 1091 100.52 9.2 3008.05 9.43 511 0.5
2609.26 | 10083 | 25660 | 2.54495 | 3043.25 8.20 88.35 10.7 3008.15 712 3.92 0.6
2609341 | 11924 | 30040 | 251930 | 304335 7.85 62.12 7.9 3008.25 .97 4.25 0.5
260946 | 10897 | 33770 | 3.00908 | 304345 7.95 40.78 5.1 3008.35 7.69 4.84 0.6
260956 | 19575 | 36.260 | 1.85233 | 304355 8.01 4527 5.6 3008.45 9.27 6.37 0.7
2609.66 | 20230 | 39.030 | 1.92930 | 304365 | 1071 53.84 5.0 3008.55 9.18 8.22 0.9
260076 | 16985 | 37.440 | 220431 | 3043.75 8.94 67.94 7.6 3008.65 | 10.84 7.51 0.7
2609.86 | 10214 | 30.750 | 3.01053 | 3043.85 8.70 63.86 7.3 3008.75 9.85 7.85 08
260096 | 20344 | 25870 | 127160 | 3044.05 7.45 6.44 0.9 3008.85 | 10.71 8.95 08
261006 | 20436 | 27.600 | 1.35495 | 3044.25 7.44 44.89 6.0 3008.95 | 11.95 6.06 0.5
261016 | 15738 | 28900 | 1.83635 | 3044.35 9.08 63.74 7.0 3009.05 | 11.10 8.41 08
261028 | 18435 | 31050 | 1.68427 | 3044.45 9.35 78.26 8.4 3009.25 | 1042 6.32 0.6
261038 | 18695 | 29050 | 155302 | 304455 | 1002 80.94 8.1 3009.35 | 12.21 9.712 08
2610434 | 16115 | 36140 | 224260 | 304465 | 1002 77.14 7.7 300945 | 12.21 11.47 0.9
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261058 | 9740 | 40050 | 4.11178 | 3044.75 9.99 69.11 6.9 3009.55 | 12.38 8.68 0.7
26107 | 19176 | 41130 | 2.14488 | 3044.85 9.11 62.18 6.8 3009.65 9.45 5.36 0.6
2610793 | 20736 | 46710 | 225257 | 304495 | 10.21 54.07 5.3 3009.75 9.45 6.97 0.7
26109 | 19553 | 43590 | 222032 | 304505 8.82 59.95 6.8 3009.85 | 10.93 8.48 08
2611 18825 | 43340 | 230224 | 304515 8.46 63.02 7.4 3009.95 | 12.65 8.24 0.7
26111 | 18543 | 45520 | 245483 | 304525 8.6 71.99 8.3 3010.05 9.25 13.49 1.5
26112 | 18738 | 37450 | 109861 | 3045.45 8.66 68.46 7.9 3010.25 | 11.97 18.89 1.6
261131 | 22700 | 26680 | 1.17532 | 3045.55 9.87 65.46 6.6 3010.35 | 15.23 34.06 2.2
261148 | 11049 | 37.650 | 3.40764 | 3045.65 9.3 50.84 5.4 301045 | 14.53 40.66 28
261158 | 19110 | 48.130 | 2.51860 | 3045.95 9.90 57.32 5.8 3010.55 | 10.82 31.48 2.9
2611.68 | 20829 | 53430 | 2.56514 | 3046.05 7.94 63.33 8.0 3010.65 | 17.53 18.59 11
2611765 | 21512 | 47.080 | 218859 | 3046.15 7.91 70.39 8.9 3010.75 | 17.53 17.72 1.0
261188 | 19442 | 40180 | 2.06670 | 304625 | 10.10 68.10 6.7 3010.85 | 17.03 20.66 1.2
261197 | 28659 | 43580 | 152062 | 3046.35 9.82 58.57 6.0 3010.95 | 16.39 21.82 1.3
26121 | 17026 | 38840 | 228122 | 304645 | 7.27 40.60 5.6 3011.05 | 16.18 21.12 1.3
26122 | 12861 | 35700 | 2.77587 | 3052.99 | 10.66 58.44 55 3011.15 | 16.87 20.07 1.2
26123 | 21583 | 30090 | 143585 | 305316 | 10.78 65.04 6.0 3011.25 | 16.60 19.39 1.2
2612468 | 0000 | 32.840 | 12591400 | 305325 | 10.16 56.04 55 3011.35 | 14.02 19.55 1.4
261257 | 10662 | 37.440 | 351154 | 3056.77 7.01 48.74 6.2 301145 | 15.54 33.96 22
261266 | 17.649 | 41340 | 2.34234 | 3056.87 8.86 35.67 40 3011.55 | 14.73 75.90 5.2
261277 | 21607 | 42560 | 1.96974 | 3056.97 7.76 34.58 45 3011.65 | 12.80 53.10 4.1
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2612.87 | 18114 | 40450 | 223307 | 3057.07 | 7.3 4143 5.9 301175 | 1329 41.50 31
261297 | 1661 | 33650 | 2025352 | 3057.17 | 465 43.72 9.4 301185 | 1228 28.00 2.3
261307 | 4725 | 38630 | 817495 | 305727 | 474 60.02 126 | 801195 | 10.62 14.86 1.4
261317 | 26014 | 40070 | 154034 | 305737 | 552 67.09 122 | 801205 | 10.08 8.81 0.9

26133 | 19044 | 52970 | 278147 | 3057.47 | 520 68.20 131 | 801215 9.56 7.98 0.8
2613377 | 21227 | 55660 | 2.62208 | 305757 | 522 63.80 122 | 801225 | 10.79 10.76 1.0
261348 | 16557 | 34800 | 2.10186 | 3057.77 | 2.3 24.21 114 | 301235 9.25 12.40 1.3
261358 | 9562 | 32920 | 344263 | 3057.87 1.97 32.22 164 | 301245 9.41 9.58 1.0
261368 | 30999 | 35110 | 1.13263 | 3057.97 | 353 45.47 129 | 301255 | 1001 9.89 1.0
2613.78 | 27.452 | 34340 | 125091 | 305807 | 7.43 48.63 65 3012.65 | 1041 12.21 1.2
261386 | 12064 | 33420 | 277033 | 305817 | 7.89 45.02 5.7 3012.75 9.51 11.99 1.3
261398 | 10309 | 34270 | 177487 | 305827 | 656 45.82 7.0 301285 | 841 749 0.9
261408 | 8346 | 38530 | 461677 | 305837 | 5.8 43.90 75 301295 | 1053 0.40 0.0
261418 | 7.235 | 42110 | 582034 | 305847 | 551 41.37 75 301305 | 6383 7.23 11
2614278 | 16699 | 45670 | 273492 | 305857 |  6.26 48.87 7.8 3013.15 7.30 11.29 15
261438 | 8626 | 47500 | 551716 | 3058.67 | 5.74 33.55 5.8 3013.35 | 11.38 13.46 1.2
261448 | 13477 | 46150 | 342429 | 305879 | 6.76 16.79 25 301345 | 11.26 16.29 1.4
261462 | 27859 | 59700 | 2.14203 | 305889 | 847 22,82 27 3013.55 9.10 15.45 L7
2614.663 | 26710 | 69330 | 259562 | 305899 | 8.84 36.34 41 3013.65 8.21 12.04 L5
2614.83 | 18221 | 75110 | 412222 | 305919 | 817 50.87 6.2 301375 | 951 14.07 L5
2614.861 | 11561 | 76.640 | 6.62945 | 3059.49 | 803 39.40 49 301385 | 722 10.74 L5
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261498 | 6790 | 76140 | 11.21367 | 3059.79 | 6.8 22,08 32 301395 | 471 9.31 2.0
2614984 | 9083 | 69.130 | 761123 | 305999 | 7.1 16.54 23 3014.05 |  6.40 8.37 1.3
261519 | 21607 | 68650 | 317722 | 306009 |  7.09 15.85 22 3014.15 8.78 5.48 0.6
261528 | 6497 | 61960 | 9.53704 | 306019 | 7.13 16.70 23 3014.25 7.54 8.02 11
261538 | 13846 | 58650 | 4.23507 | 306029 | 822 17.35 2.1 3014.35 6.84 6.89 1.0
261548 | 17.817 | 59380 | 333271 | 306039 | 872 17.29 2.0 3014.45 5.78 5.28 0.9
261558 | 16537 | 62630 | 3.78737 | 306069 | 557 30,47 55 3014.55 .28 5.36 0.7
261568 | 17.083 | 63070 | 360095 | 306090 |  4.04 28.74 7.1 3014.65 8.23 4.48 0.5
261578 | 15385 | 58020 | 3.77122 | 306100 | 4.70 28.70 6.1 3014.75 5.88 6.93 1.2
261589 | 10579 | 54.430 | 514532 | 306110 | 4.70 32.95 7.0 3014.85 .74 5.68 0.7
261598 | 13994 | 55490 | 396518 | 306120 | 7.73 37.36 48 3014.95 .70 5.06 0.7
261607 | 16105 | 59.740 | 368891 | 306130 | 7.81 30.84 5.1 301515 | 712 3.79 0.5
261618 | 9338 | 63870 | 684008 | 306140 | 831 35.88 43 301525 | 826 5.26 0.6
261628 | 18008 | 60310 | 334911 | 306150 |  9.64 29.67 3.1 301565 | 11.97 7.61 0.6
261638 | 17.232 | 58600 | 340059 | 306170 | 1053 61.35 5.8 3015.75 6.47 13.29 21
261648 | 18178 | 59.970 | 3.20004 | 3061.93 | 10.74 49.48 46 3015.85 9.50 12.66 1.3
261658 | 7.220 | 58100 | 8.04706 | 306203 |  9.99 29.14 2.9 3015.95 3.00 11.21 3.7
261668 | 17.503 | 63.690 | 363890 | 306213 | 871 20.18 23 3016.05 1.34 13.07 9.8
261678 | 10044 | 59270 | 3.11228 | 306223 | 879 16.65 19 3016.15 | 11.56 17.84 L5
2616.88 | 15757 | 57.040 | 361987 | 306233 | 9.8 11.08 11 301625 | 11.50 28.69 2.5
261698 | 16862 | 57.780 | 342664 | 306243 | 9.02 6.21 0.7 301645 | 10.94 26.45 2.4
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2617.072 | 21275 | 58180 | 273472 | 306253 | 9.98 2.96 03 301655 | 1242 25.22 2.0
2617.196 | 0000 | 59580 | 200.90980 | 306263 | 1001 4.06 0.4 301675 | 1113 23.84 21
261728 | 27.022 | 54880 | 203094 | 306283 | 9.93 3.71 0.4 301685 | 12.37 26.26 2.1
261738 | 25767 | 48410 | 187877 | 306293 | 8.87 456 05 301695 | 11.53 26.63 2.3
2617.48 | 12169 | 54110 | 444666 | 306303 | 837 12.12 14 301705 | 14.32 21.36 19
261758 | 26263 | 65480 | 249326 | 306313 | 11.06 20.73 19 301715 | 14.46 21.08 19
2617.664 | 28510 | 76340 | 2.67770 | 306323 | 11.04 22,62 2.0 3017.25 | 13.72 29.87 22
2617.78 | 11.133 | 76270 | 6.85055 | 306333 | 10.04 25,64 26 3017.45 | 1354 26.22 1.9
2617.873 | 22577 | 74170 | 328524 | 306355 | 1143 17.92 16 301765 | 10.38 23.73 2.3
2617.98 | 15659 | 64.480 | 4.11776 | 306365 | 1130 26.69 2.4 3017.75 5.88 13.86 2.4
261808 | 23808 | 56850 | 238784 | 306375 | 10.69 19.90 19 3017.88 | 1254 25.70 2.0
261818 | 25767 | 57.770 | 224203 | 306385 | 9.63 20.09 21 3017.98 |  7.46 32.06 4.3
261828 | 20205 | 51350 | 175828 | 306395 | 5.81 24.90 43 3018.08 |  6.54 26.90 41
261849 | 23073 | 49.860 | 216093 | 306405 | 7.3 15.74 22 3018.18 | 11.52 21.74 24
261858 | 27.684 | 46020 | 1.66233 | 306415 | 5.82 5.49 0.9 3018.28 | 10.95 28.96 2.6
261868 | 27452 | 47410 | 172701 | 306425 | 732 3.41 05 3018.38 | 1147 33.58 2.9
2618.78 | 34064 | 41.400 | 121537 | 306435 |  4.80 2.78 0.6 301848 | 1214 30.29 2.5
261891 | 28450 | 38340 | 134763 | 306445 | 9.05 8.92 10 3018.58 | 11.81 32.65 2.8
261898 | 26069 | 37540 | 144003 | 306605 | 9.0 9.35 1.0 3018.68 9.52 32.77 34
261908 | 30548 | 36040 | 117977 | 306615 | 9.3 355 0.4 301878 |  8.97 30.25 34
2619.18 | 23680 | 39.760 | 167904 | 306625 | 9.6 3.43 0.4 301888 | 8.97 31.55 3.5
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2619244 | 34135 | 54170 | 158691 | 306635 | 1039 3.06 0.3 3019.18 4.81 22.15 46
261938 | 25225 | 55240 | 2.18989 | 3066.45 8.76 5.60 0.6 3019.28 1.56 17.63 11.3
261948 | 28901 | 46780 | 1.61865 | 3066.55 4.70 12.88 2.7 3019.38 1.26 15.02 11.9
261958 | 28361 | 41.660 | 1468904 | 3066.65 3.82 13.99 3.7 3019.58 3.01 19.28 6.4
2619.68 | 26767 | 45080 | 1.68417 | 3066.75 6.22 5.36 0.9 3019.68 2.12 26.73 9.8
2619.78 | 25333 | 43300 | 170926 | 3066.85 6.76 10.05 15 3019.98 1.96 15.03 A
2610.88 | 28539 | 41180 | 1.44201 | 3066.95 8.15 17.52 2.1 3020.18 4.48 23.80 5.3
261998 | 11941 | 36.800 | 3.08172 | 3067.05 8.03 16.27 2.0 3020.28 4.00 10.87 2.1
262000 | 22429 | 35640 | 158809 | 3067.15 9.52 17.13 18 3020.38 0.78 7.48 9.6
262018 | 26994 | 37.560 | 1.39144 | 3067.25 8.71 15.64 18 3020.48 1.27 9.67 7.6
262024 | 24958 | 39.860 | 150711 | 3067.35 8.38 17.32 2.1 3020.58 1.89 5.04 2.1
262038 | 19531 | 38890 | 199122 | 3067.45 | 7.76 15.88 2.0 3020.68 1.25 3.66 2.9
2620479 | 23274 | 45430 | 195193 | 3067.55 8.02 16.32 2.0 3020.78 1.36 5.31 3.9
2620574 | 27568 | 45470 | 164939 | 3067.65 | 6.8 23.79 3.9 3020.98 0.94 5.85 6.2

26207 | 26823 | 47.830 | 178315 | 3067.75 6.87 26.84 3.9 3021.08 1.25 8.95 71
262078 | 25001 | 49.660 | 1.97919 | 3067.85 4.03 26.43 6.6 3021.18 1.47 12.49 8.5
262088 | 17.503 | 46.860 | 2.67733 | 3067.95 4.77 25.43 5.3 3021.28 3.55 13.26 3.7
262098 | 26965 | 45560 | 1.68959 | 3068.05 5.86 28.43 49 3021.38 3.96 13.93 3.5
2621.08 | 31654 | 41790 | 1.32022 | 3068.15 6.76 26.50 3.9 3021.58 2.32 20.13 8.7
262118 | 28509 | 35160 | 1.22940 | 3068.25 5.99 24.73 41 3021.68 2.66 7.61 2.9
262128 | 28212 | 38580 | 1.36750 | 3068.35 3.97 18.60 47 3021.78 4.82 4.57 0.9
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262147 | 31.006 | 44.690 | 1.43716 | 3068.45 3.6 20,52 5.6 3021.88 4.35 12.57 2.9
262158 | 30389 | 47.330 | 155747 | 306855 2.47 21.23 8.6 3021.98 9.83 3157 3.2
2621.67 | 26014 | 43350 | 1.66642 | 3068.65 461 22.27 48 3022.08 6.69 16.18 2.4
2621.77 | 23224 | 20080 | 1.25215 | 3068.75 1.81 25.04 138 | 302218 6.39 15.31 2.4
2621.87 | 25414 | 19.780 | 077833 | 3068.85 4.87 25.32 5.2 3022.28 6.65 21.21 3.2
2621.97 | 21512 | 21620 | 1.00504 | 3068.95 419 21.37 5.1 3022.38 8.94 30.40 3.4
2622066 | 24299 | 21120 | 0.86916 | 3069.05 2.72 22.70 8.4 3022.48 9.14 33.88 3.7
262217 | 24404 | 5080 | 020817 | 3069.15 2.16 28.75 133 | 3022.58 9.89 29.38 3.0
262227 | 5.601 2730 | 047974 | 3069.25 2.83 32.03 113 | 3022.68 8.53 12.69 1.5
262237 | 8.037 6.960 | 0.86596 | 3060.35 3.03 17.61 5.8 3022.78 1.87 10.99 5.9
262249 | 16075 | 28890 | 179724 | 3069.47 4,03 15.52 3.8 3022.88 1.87 8.43 4.5
262258 | 13222 | 28120 | 2.12677 | 3069.57 4.90 17.21 35 3022.98 3.52 5.46 1.6
262268 | 7.611 | 23100 | 3.03515 | 3069.67 3.5 27.91 7.8 3023.08 3.35 4.65 14
262278 | 8548 | 24110 | 2.82063 | 3060.77 2.70 33.65 124 3023.18 3.98 381 1.0
262288 | 10148 | 22980 | 2.26441 | 3060.87 3.88 26.41 6.8 3023.28 4.34 3.55 08
262298 | 15777 | 23990 | 152055 | 3069.97 4.90 24.01 4.9 3023.38 4.66 3.34 0.7
2623.08 | 6908 | 25400 | 3.67691 | 3070.07 5.22 14.17 2.7 3023.48 4.06 2.49 0.6
262318 | 14.863 | 27.600 | 1.86209 | 3070.17 4.23 6.46 15 3023.58 4.20 1.97 0.5
262328 | 5225 | 26610 | 5.00266 | 3070.27 4.24 7.50 18 3023.68 3.06 1.47 0.5
262338 | 8579 | 26660 | 3.10761 | 3070.37 2.96 6.51 2.2 3023.98 4.83 4.60 1.0
2623.48 | 10629 | 29.890 | 2.81223 | 3070.47 1.68 5.21 3.1 3024.08 9.40 6.13 0.7
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262359 | 12451 | 30.820 | 247535 | 307057 | 1345 3.54 0.3 3024.18 9.59 5.42 0.6
262368 | 10629 | 29100 | 273790 | 307067 | 12.78 9.38 0.7 3024.28 8.52 4.81 0.6
262382 | 12081 | 21600 | 1.79537 | 3070.77 5.44 13.45 25 3024.38 .12 3.59 0.5
262388 | 13679 | 18910 | 1.38238 | 3070.87 2.83 18.74 6.6 3024.48 3.72 1.99 0.5
262398 | 13496 | 16820 | 124634 | 3070.97 | 4.48 18.21 41 3024.58 3.81 2.30 0.6
2624086 | 1509 | 18600 | 1163085 | 3071.07 | 496 14.33 2.9 3024.78 3.02 6.45 21
262418 | 13131 | 10040 | 1.44998 | 307155 3.01 18,57 47 3024.88 5.30 2.93 0.6
262428 | 14294 | 18.440 | 120007 | 307165 2.37 14.64 6.2 3024.98 4.36 1.16 0.3
262438 | 17523 | 19330 | 110310 | 307175 2.15 17.51 8.2 3025.08 5.44 2.18 04
262448 | 11252 | 14590 | 1.20661 | 3071.93 3.97 24.18 6.1 3025.18 5.63 4.29 0.8
262458 | 14219 | 9.660 | 0.67939 | 3072.03 2.76 19.07 6.9 3025.28 .37 4.96 0.7
262468 | 16862 | 5140 | 0.30483 | 3072.13 4.09 15.22 3.7 3025.48 8.74 4.19 0.5
262476 | 9.003 3160 | 035098 | 307223 173 14.54 8.4 3025.68 5.63 4.88 0.9
262492 | 5.601 3650 | 064142 | 307233 177 14.01 7.9 3025.88 9.04 3.86 0.4
2624.981 |  0.000 4000 | 7.46447 | 307243 2.62 8.91 3.4 3026.18 4.87 2.47 0.5
262508 | 9.870 2810 | 028469 | 307253 2.26 10.19 45 3026.28 5.98 2.68 0.4
262518 | 8.346 3250 | 038942 | 3072.63 3.26 11.87 3.6 3026.38 5.98 4.08 0.7
2625271 | 16275 | 6.000 | 037420 | 3072.77 2.92 10.01 3.4 3026.48 | 10.48 3.63 0.3
262538 | 13587 | 7.380 | 054315 | 3072.87 2.00 8.37 42 3026.58 555 4.29 0.8
262548 | 12735 | 6070 | 047662 | 3072.97 2.10 8.70 41 3026.68 5.55 4.37 08
262558 | 11.066 | 6530 | 050012 | 3073.07 1.59 9.44 5.9 3026.78 6.72 5.61 08
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262569 | 11785 8.240 069919 | 3073.17 3.07 11.43 37 3026.88 8.67 3.88 0.4
2625.78 7.991 8.100 1.01360 | 3073.27 3.62 9.54 26 3026.98 8.65 2.18 0.3
2625.88 9.067 6.490 0.71580 | 3073.37 2.97 7.72 26 3027.18 5.37 2.69 05
262598 | 12.029 7.080 0.58860 | 3073.47 2,91 4.40 15 3027.28 4.91 2.51 05
2626 9.919 7.790 0.78535 | 307357 3.02 1.82 0.6 3027.38 4.64 3.43 0.7
3073.67 296 1.12 0.4 3036.65 6.22 1.55 0.2
3074.08 352 14.05 40 3036.75 6.96 1.55 0.2
3074.18 3.19 13.82 43 3036.85 6.23 2.03 03
3074.28 2.68 16.59 6.2 3038.65 3.44 3.09 0.9
3074.38 1.35 18.26 135 3039.85 6.11 0.79 0.1
3074.48 2.40 16.00 6.7 3039.95 7.46 0.88 0.1
3074.58 3.01 10.16 3.4 3040.05 7.26 0.29 0.0
3074.68 4.22 7.30 17 3040.15 4.77 0.74 0.2
3074.78 3.16 6.60 21 3041.25 16.50 1.72 0.1
3074.89 2.77 12.02 43 3041.65 4.01 2.36 0.6
3074.99 3.77 10.23 57 3042.15 11.57 2.22 0.2
3075.09 3.02 10.35 3.4 3042.25 11.61 1.09 0.1
3075.19 2.66 9.62 3.6 3046.65 2.67 1.81 0.7
3075.29 4.20 12.28 2.9 3046.75 2.89 1.65 0.6
3075.39 361 9.70 97 3046.95 7.31 1.36 0.2
3075.49 3.36 9.30 238 3047.15 3.27 1.84 0.6
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207559 471 811 L7 3047.25 4.99 1.40 03
3075.77 464 16.36 35 3047.35 1.39 1.93 14
3075.87 3.72 17.19 46 3047.45 0.88 179 2.0
3075.97 2.79 15.07 5.4 3047.65 0.64 0.62 1.0
3076.07 464 15.86 3.4 3047.75 1.49 1.47 1.0
3076.17 4.69 15.25 33 3047.85 2.30 174 08
3076.27 3.09 13.29 43 3048.05 5.26 1.45 03
2076.37 261 6.54 L8 3048.15 526 1.88 04
2076.47 2 65 405 16 3048.35 6.28 158 03
2076.66 170 5 06 1 3048.45 6.28 150 02
07576 | 413 oot Lo | 304855 | 6.75 086 01
076,86 314 8 68 )8 3048.65 752 1.75 02
3076.96 3.03 12.10 4.0 3048.75 548 115 0.2
3077.06 2.84 14.71 5.2 3048.85 8.35 1.05 01
3077.16 4.08 15.72 38
3077.26 424 16.99 40
3077.36 4.42 13.73 31
3077.46 3.43 1159 34
3077.56 3.63 7.48 21
3077.67 5.60 5.73 1.0
3077.77 5.34 6.26 12
3077.87 3.76 7.46 2.0
3077.97 6.02 7.95 13
3078.07 476 6.09 13
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3078.17 5.62 3.08 0.5
3078.27 5.96 1.37 0.2
3078.37 242 1.43 0.6
3078.47 1.24 1.28 1.0
3078.67 2.87 7.62 2.7
3078.77 1.40 6.81 4.9
3078.87 1.93 7.14 3.7
3078.97 5.01 8.53 1.7
3079.07 3.78 10.41 2.8
3079.17 341 7.67 2.2
3079.27 4.28 2.88 0.7
3079.37 511 0.00 0.1
3079.47 4.97 0.00 0.0
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Table A 3. The distribution of the uranium concentration (U), the organic carbon (TOC), and

the ratio U/TOC for wells 7, 8, and 6.

Depth, th:?n%I u, | uroc Derlath, th:?nill U, | umoc | Depth, ch?niL u. | urmoc
m o ' | ppm | thermal % ppm | thermal m % ppm | thermal
Well 7 Well 8 Well 6
3120.05 12.28 21.72 18 2777.2 7.3 14.58 2.0 2694.30 1.34 11.50 8.6
3120.15 12.49 26.14 21 2777.3 5.2 12.44 24 2694.50 2.79 14.60 5.2
3120.25 13.79 3256 2.4 2777.6 2.06 19.71 9.6 2694.70 9.19 26.50 2.9
3120.35 13.08 32.85 25 27177.7 3.47 14.73 4.2 2694.90 6.20 25.70 4.1
3120.45 12.33 2755 29 2777.86 3.46 16.26 4.7 2695.30 4.34 15.70 3.6
3120.55 11.79 2592 21 2777.96 8.08 21.14 2.6 2695.50 341 16.60 4.9
3120.65 11.55 25.73 29 2778.16 4.8 23.78 5.0 2695.70 4.42 17.50 4.0
3120.75 11.21 28.35 25 2778.26 7.05 28.57 4.1 2695.90 6.22 13.50 2.2
3120.85 12.95 33.40 27 2778.36 4.2 26.06 6.2 2696.30 4.13 17.60 4.3
312154 13.22 28.52 29 2778.46 3.83 20.69 54 2696.50 7.85 16.90 2.2
3121.64 11.61 32.08 28 2778.66 9.16 31.93 35 2696.70 5.24 18.30 35
3121.74 12.30 29.42 2.4 2778.76 8.7 40.63 4.7 2696.90 4.04 17.00 4.2
3121.84 13.07 3251 25 2778.86 8.12 25.66 3.2 2697.10 6.76 19.20 2.8
3122.04 13.01 30.74 2.4 2778.96 9.67 26.6 2.8 2697.50 7.14 16.70 2.3
3122.14 12.40 32.99 27 2779.06 7.88 36.56 4.6 2697.70 4.56 23.20 51
3122.24 11.42 35.08 3.1 2779.16 6.3 40.98 6.5 2697.90 491 23.80 4.8
3122.34 11.42 36.08 3.2 2779.26 7.81 45.97 5.9 2698.10 7.75 25.60 3.3
312254 12.51 34.78 28 2779.56 7.8 50.2 6.4 2698.30 4.07 21.40 5.3
3122.64 12.10 36.64 30 2781.45 9.27 54.12 5.8 2698.70 5.91 22.50 3.8
3122.74 8.46 36.71 43 2781.55 8.78 49.63 5.7 2699.30 5.08 17.60 35
3122.84 571 31.29 5.5 2781.95 9.73 45.93 4.7 2699.70 4.87 30.20 6.2
3122.94 4.70 30.72 6.5 2782.05 8.87 42.31 4.8 2699.90 3.51 25.60 7.3
3123.14 6.32 56.23 8.9 2782.15 8.48 40.94 4.8 2700.30 3.60 31.40 8.7
3123.24 9.53 84.65 8.9 2782.25 10.08 39.54 3.9 2700.50 7.13 33.80 4.7
3123.38 11.45 51.20 45 2782.35 7.35 40.79 5.5 2700.70 8.93 44.40 5.0
3123.58 11.90 37.85 32 2782.45 5.72 44.36 7.8 2701.10 6.91 32.40 4.7
3123.68 12.00 40.13 33 2782.55 12.63 42.49 34 2701.30 9.69 35.30 3.6
3123.78 11.71 41.64 36 2782.65 10.02 47.21 4.7 2701.50 9.22 37.80 4.1
3123.98 10.75 45.76 43 2782.85 9.76 52.46 5.4 2701.70 10.54 49.60 4.7
3124.28 6.34 37.01 5.8 2783.25 9.32 62.97 6.8 2701.90 11.65 57.60 4.9
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3124.49 13.31 36.68 28 2783.35 10.45 57 55 2702.30 7.99 38.40 4.8
312459 13.88 40.41 29 2783.65 12.08 68.7 5.7 2702.70 6.48 23.20 3.6
3124.89 13.69 31.87 23 2783.75 8.51 60.41 7.1 2702.90 7.83 23.30 3.0
312525 14.74 46.38 31 2783.85 12.37 66.68 54 2703.10 6.66 12.70 19
312536 12.32 40.03 3.2 2783.95 12.11 77.55 6.4 2703.30 8.85 10.90 1.2
3125.46 11.88 4224 3.6 2784.05 9.16 82.5 9.0 2703.50 9.18 13.20 14
312556 13.00 42 69 3.3 2784.15 8.41 76.08 9.0 2703.90 11.20 11.80 11
3125.66 11.27 4446 3.9 2785.88 12.48 57.52 4.6 2704.10 7.29 12.90 1.8
3125.96 13.11 45.70 35 2786.08 9.53 64.42 6.8 2704.30 8.00 13.00 1.6
3126.06 14.60 48.38 33 2786.18 11.54 83.16 7.2 2704.50 7.19 15.60 2.2
3126.26 13.91 53.55 3.9 2786.38 10.82 104.83 9.7 2705.10 8.69 17.30 2.0
3126.36 15.42 52.71 3.4 2786.58 20.96 69.39 3.3 2705.30 10.64 15.30 14
3126.46 15.99 56.60 35 2786.88 8.37 44.8 54 2705.50 8.88 8.60 1.0
3126.86 16.83 58.65 35 2786.98 7.51 4321 5.8 2705.90 14.66 14.50 1.0
3126.96 16.40 57.95 35 2787.08 5.27 36.15 6.9 2706.10 6.83 47.10 6.9
3127.06 17.76 64.70 3.6 2787.18 8.75 40.89 4.7 2707.10 1131 28.90 2.6
3127.26 17.75 60.93 3.4 2787.28 9.98 47.3 4.7 2707.30 15.12 25.60 1.7
3127.46 17.44 66.66 3.8 2787.38 9.29 41.36 4.5 2707.50 1411 21.40 15
312756 17.53 65.82 38 2787.48 6.77 37.15 55 2707.70 4.66 23.90 51
312766 16.70 62.31 3.7 2787.58 41 42.48 10.4 2707.90 13.57 26.60 2.0
3127.76 14.45 63.15 4.4 2788.08 3.82 24.73 6.5 2708.10 14.76 34.40 2.3
3128.06 15.29 65.96 43 2788.28 3.83 22.09 5.8 2708.30 13.20 35.60 2.7
3128.16 14.91 58.18 3.9 2788.38 7.46 16.74 2.2 2708.50 14.28 36.60 2.6
3128.26 4.04 50.64 11.9 2788.48 2.53 16.1 6.4 2708.70 11.32 43.00 3.8
3128.46 750 61.89 8.3 2788.58 7.28 17.28 24 2708.90 16.45 40.70 2.5
312856 975 57.19 59 2788.77 3.79 28.45 7.5 2709.10 7.95 122.40 15.4
3128.66 3.58 51.53 14.4 2789.07 10.03 45.26 4.5 2709.30 6.59 47.70 7.2
3128.76 458 4515 99 2789.17 11.41 41.68 3.7 2709.70 9.61 25.80 2.7
3128.86 1.93 44.26 22.9 2789.27 9.4 40.03 4.3 2709.90 9.09 34.80 3.8
3128.96 1.37 45.01 32.9 2789.47 11.41 37.74 3.3 2710.10 9.94 41.00 41
3129.06 3.76 39.63 105 2789.57 4.19 32.82 7.8 2710.30 9.84 32.80 3.3
312923 7.82 39.55 51 2789.97 5.85 20.28 3.5 2710.50 11.13 35.30 3.2
3129 33 250 37.88 15.2 2790.17 5.18 6 1.2 2710.70 8.95 42.00 4.7
3129 43 2.40 3452 14.4 2790.27 9.32 5.48 0.6 2710.90 3.32 37.20 11.2
312973 3.31 31.20 94 2790.37 8.04 10.55 13 2711.10 3.76 14.10 3.7
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3129 83 5.06 35.34 70 2790.47 6.42 24.19 3.8 2711.30 10.87 18.50 1.7
312993 6.94 31.66 46 2790.57 8.62 39.45 4.6 2711.50 8.50 27.70 3.3
3130.33 1.64 17.01 104 2790.67 8.31 39.21 4.7 2712.10 4.03 32.40 8.0
313053 0.94 14.66 15.6 2790.77 6.92 40.24 58 2712.30 9.17 34.30 3.7
313063 2.78 15.98 58 2790.87 5.99 37.59 6.3 2712.50 8.42 38.00 45
3130.73 1.80 20.57 115 2791.06 6.3 29.74 4.7 2712.70 8.73 39.10 45
3130.83 4.14 19.76 48 2791.16 412 28.61 6.9 2712.90 6.75 33.70 5.0
3130.93 1.33 16.77 12.6 2791.46 7.22 22.43 31 2713.10 10.97 38.10 3.5
3131.03 461 19.30 4.9 2791.76 7.88 37.35 4.7 2713.30 9.84 35.30 3.6
3131.13 254 20.34 8.0 2791.86 8.14 35.55 4.4 2713.50 9.08 41.20 45
3131.23 3.35 20.97 6.3 2791.96 8.91 35.66 4.0 2713.70 9.00 49.90 55
3131.33 3.27 27.26 8.3 2792.06 6.47 37.04 5.7 2713.90 11.26 47.40 4.2
3131.43 4.93 28.43 58 2792.26 8.33 36.17 4.3 2714.10 7.71 54.10 7.0
313153 450 2191 47 2792.36 7.67 35.92 4.7 2715.50 7.76 12.20 1.6
3131.63 4.20 19.90 47 2792.46 6.83 36.05 53 2715.70 8.53 12.50 15
3131.73 5.56 23.06 41 2792.56 6.93 34.1 4.9 2716.10 0.95 7.80 8.2
3131.83 4.49 20.37 45 2792.66 6.48 30.42 4.7 2716.50 3.23 10.80 3.3
3131.93 4.03 2298 57 2792.76 7.19 4477 6.2 2716.70 3.76 16.50 44
3132.03 287 26.21 91 2792.86 7.23 36.96 51 2717.10 4.23 9.60 2.3
3132.13 3.6 1958 6.0 2792.96 7.51 38.84 52 2717.30 3.12 13.40 43
313223 3.36 1954 58 2793.14 7.27 40.17 55 2717.50 7.06 11.70 1.7
313243 5.49 24.82 45 2793.24 7.26 42.56 59 2717.70 2.95 15.10 51
313253 213 34.32 16.1 2793.34 9.12 44.27 4.9 2717.90 5.60 33.00 59
313263 3.33 4152 125 2793.44 9.23 40.99 4.4 2718.10 1.19 10.90 9.2
3132.73 4.96 3455 7.0 2793.54 8.64 43.68 51 2718.30 4.02 10.50 2.6
313283 351 29.76 85 2793.74 8.82 44.7 51 2718.50 4.75 6.70 1.4
3132.93 2,69 21.75 8.1 2793.94 8.99 46.87 52 2718.70 6.69 7.70 1.2
3133.45 2.32 10.95 47 2794.04 8.75 47.74 55 2718.90 4.55 6.80 15
313355 212 10.60 50 2794.14 8.75 49.97 5.7 2719.10 5.70 7.10 1.2
3133.65 3.05 9.31 31 2794.24 8.52 48.08 56 2719.30 2.21 6.90 3.1
3133.75 3.17 9.85 31 2794.44 9.46 32.35 34 2719.50 2.72 6.40 2.3
3133.85 1.05 8.11 77 2794.59 8.19 44.4 54 2720.10 7.10 8.70 1.2
3134.05 216 8.57 4.0 2794.79 9.05 49.8 55 2720.30 6.11 7.40 1.2
3134.23 3.41 981 29 2794.89 9.33 48.23 52 2720.50 3.84 6.10 1.6
3134.33 3.95 9.72 25 2794.99 8.82 52.25 5.9 2720.70 4.28 6.90 1.6
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a13443 | 362 | 1085 | 29 [279509| 909 | 5454 | 60 |272090| 220 | 590 | 27
213253 | 370 | 1085 | 29 | 279529 | 979 | 4961 | 51 |272110| 576 | 340 | 06
21363 | 213 | ool | ap | 279539 | 1059 | 4750 | 45 | 272130 | 7.34 | 880 | 12
13273 | 381 | 875 | 23 | 279581 | 1015 | 516 | 51 |272170| 835 | 740 | 09
a1383 | 350 | 000 | 26 | 279591| 99 452 | 46 | 272190 | 324 | 630 | 19
213493 | 515 | oma | 1o | 279863 | 511 | 2534 | 50 | 272230 | 369 | 380 | 10
213503 | 529 | 1082 | 20 | 279893 | 581 | 2452 | 42 | 272250 | 506 | 580 | L1
13513 | 381 | 1057 | 28 | 279913 | 179 | 3037 | 170 | 272270 | 547 | 830 | 15
13503 | 440 | 1017 | 23 | 27933 | 307 | 2556 | 83 | 272290 | 315 | 550 | 17
13533 | 517 | 1180 | 23 | 279943 | 487 | 3116 | 64 | 272350 | 259 | 480 | 19
13547 | 497 | 1197 | 24 | 27953 | 271 | 3594 | 133 | 272370 | 346 | 480 | 14
13557 | 407 | 1024 | 25 | 280063 | 402 | 1435 | 36 | 272390 | 448 | 380 | 09
13567 | 208 | sos | 2, | 280083 | 308 | 15625 | 50 |272410| 575 | 460 | 08
a13577 | 380 | 775 | 20 | 280213 439 | 454 | 10 |272430| 191 | 370 | 19
13587 | 531 | 628 | 1o | 280223 | 631 | 311 | 05 |272450| 459 | 310 | 07
13597 | 571 | 700 | 12 | 280233 | 171 | 421 | 25 | 272470 | 360 | 350 | 10
313607 | 538 | 8m0 | 16 | 280273 | 177 | 959 | 54 | 272490 | 055 | 390 | 7.0
2313617 | 354 | 1140| 32 | 280323 | 053 | 852 | 161 |272510 | 216 | 550 | 25
313627 | 501 |1157| 23 |280333| 252 | 6.39 25

313637 | 491 |1324 | 27 |280353 | 437 | 801 18

313647 | 348 |1088| 31 |280383 | 505 | 506 1.0

313657 | 522 | 975 | 19 |280393 35 ) 522 15

313667 | 410 | 986 | 24 |280413| 33 1.83 2.4

313677 | 429 | 1054 | 25 |280453| 205 | 647 3.2

313687 | 447 |1279| 29 |?280493| 245 | 542 2.2

3137.07 | 422 | 594 | 14 |280533 398 | 167 0.4

313717 | 254 | 608 | 24 |2807.081 6.19 4.4 0.7

313727 | 090 |1065| 118 |2807.28| 322 | 313 1.0

313741 | 560 |1176| 21 |2807581 38 4.26 11

313751 | 371 | 1255| 34

3137.61 | 429 |1115| 26

3137.71 | 512 | 909 | 18

313781 | 454 |1017| 22

3137.91 | 446 |1043| 23

313801 | 618 | 976 | 16

313811 | 560 | 876 | 16

313821 | 585 |1066| 18
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3138.31 7.33 11.70 1.6
3138.41 6.37 12.88 2.0
3138.51 6.41 11.43 1.8
3138.61 6.39 10.20 1.6
3138.71 6.07 12.14 2.0
3138.81 4.68 12.05 2.6
3138.91 4.96 8.30 1.7
3139.01 3.70 8.22 2.2
3139.11 4.50 8.06 1.8
3139.28 6.91 10.91 1.6
3139.38 5.08 10.01 2.0
3139.48 5.22 10.73 2.1
3139.58 591 10.21 1.7
3139.68 5.27 10.95 2.1
3139.78 7.60 13.45 1.8
3139.88 5.65 8.64 15
3139.98 531 8.95 1.7
3140.08 531 10.23 1.9
3140.18 5.47 7.65 1.4
3140.28 5.77 7.57 1.3
3140.38 6.66 7.52 11
3140.49 5.08 5.26 1.0
3140.59 6.56 8.07 1.2
3140.69 5.43 5.71 11
3140.79 4.99 4.68 0.9
3140.89 7.05 5.05 0.7
3140.99 5.90 2.96 0.5
3141.05 5.09 5.88 1.2
3141.15 5.10 6.11 1.2
3141.25 4.58 5.20 11
3141.35 3.36 5.10 15
3141.45 4.73 6.72 1.4
3141.55 7.00 5.64 0.8
3141.65 5.64 6.32 11
3141.75 6.36 6.54 1.0
3141.85 8.52 7.04 0.8
3142.05 10.67 1041 1.0
3142.15 7.81 12.66 1.6
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