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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 a number of factors
affecting the uranium accumulation during sedimentation and further geological history. Using
uranium data for studies of unconventional reservoirs and source rock productivity remains
limited and are mainly used for 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 the uranium accumulation
in oil source rocks and highlight the relationship between the 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 Russian Arctic shelf and in the
Black Sea), the study of factors controlling uranium content in the Bazhenov source rock
Formation, and the analysis of relationship between the uranium concentration and the oil rocks

saturation using the data of gamma-ray spectrometry and Rock-Eval pyrolysis.

The research allows us to clarify the main factors affecting on uranium accumulation in marine
source rocks, including concentration of uranium in sea water, accumulation of uranium in
marine organisms, continental run-off and sedimentation rate, redox conditions, mineral
composition of rocks and other. 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 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 are
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usually characterized by low productivity index and low oil saturation index (except 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. The patterns of the spatial and vertical variations of uranium concentration differ
significantly for different formations and geological sections. These variations are associated
with a number of factors affecting the accumulation of uranium during the formation of the
deposits and further geological history. Despite the obvious connection between variations in
the uranium content and the conditions of hydrocarbon formation processes, uranium
concentration data are mainly used for identification of source rock lithological boundaries,
well-to-well log correlation (in combination with other logging data), as well as for core-to-log
data integration [Fertl, Rieke, 1980; Gudok N. S., Bogdanovich N. N., 2007; Parfenova, T. M.,
Melenevskij, V. N., Moskvin, 1999; Serra, 1964]. Using uranium data for studies of
hydrocarbon formation and source rock productivity remains limited [Dudaev, 2011; Kulyapin,
2016; Mann, Miiller, 1988]. 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 analyse the factors influencing the uranium accumulation
in oil source rocks and highlight the relationship between the 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 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. The study of published results allow us to clarify the main
factors affecting on uranium accumulation in marine source rocks, including uranium

concentration in sea water, accumulation of uranium in marine organisms, continental run-off
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and sedimentation rate, redox conditions, mineral composition of rocks and other. The
conclusions made on results of literature review helped us to establish the main goals, select

geological objects and methods of research.

The study of uranium accumulation in marine sedimentation are 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 in 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 uranium forms in a water-sediment system under

different conditions in the Chapter 3 (section 3.5).

The results of the uranium variations study, factors controlling behavior of uranium in source
rocks and 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 the North parts of the West Siberia Petroleum
Basin (section 4.1). Analytical methods include Rock-Eval pyrolysis, gamma spectrometry on
core, the thermal core logging, IRMS, XRF and other (section 4.2). The data on uranium
content and TOC variations allowed us to obtain and analyze continues 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 of uranium content and oil productivity of intervals
have been studied for 13 wells using the data of gamma spectroscopy of core and data of Rock-
Eval pyrolysis (section 4.5). Main results are summarized in the Chapter 5. The detailed
measurements results (uranim, TOC determining based on the thermal core logging results and
U/TOC ratios) of the Bazhenov Formation rocks for 9 wells are presented in the 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; Swanson,
1961]. In this work, the main processes and factors influencing the uranium accumulation are
analyzed. In the future, uranium research continued and is reflected in the following works
[Bastrakov et al., 2018; Khaustova et al., 2019; Liining, Kolonic, 2003; Zubkov, 2015]. 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. Some researchers noted uranium enrichment in carbonated fragments
and in sulfide aggregates. Uranium is contained in minerals such as zircon and sphene [Hurley,
Fairbairn, 1957] and interacts with organic matter, with iron hydroxides and clay minerals. In
addition, uranium can be sorb 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 shales constituents. Modified after [Swanson, 1960;
https://intl.siyavula.com/read/science/grade-9/the-lithosphere/24-the-lithosphere?id=toc-id-
3]

Factors defining U content and U/TOC ratios are shown in Figure 2. And these factors include:
initial urnium 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.

\
| Initial uranium concentration and accumulation of uranium by marine organisms

humic)

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 the 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, diagenetic processes.

The factors controlling U content and U/TOC ratio include [Bastrakov et al., 2018; Cumberland
et al., 2016; Khaustova et al., 2019; Kizil’shtejn, L. YA., CHernikov, 1999; Liining, Kolonic,

2003; Partin et al., 2013; Swanson, 1960; Swanson, 1961; Zubkov, 2015]:
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, 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
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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 the

uranium migration and accumulation in marine environments. The following conditions are

distinguished — oxic, dysoxic, sub-oxic, and anoxic [Tyson, 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).

Table 1. Oxygen regime and marine environments.

Oxygen, ml/l Environments Biofacies Phy5|o_log|cal
regime
8-2 Oxic Aerobic Normoxic
2-0.2 Dysoxic Dysaerobic
. i- Hypoxic
0.2-0 Suboxic Quasi . ypoxi
anaerobic
0 (H2S) Anoxic Anaerobic Anoxic
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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, Christe, 1965]. The
boundaries of the solid fields are drawn at a total uranium-containing components activity,
equal to 10,

The schemes of sedimentation condition under oxic and anoxic conditions [Demaison, Moore,
1980] are presented in Figure 5 and Figure 6. According to Figure 5, the main organic 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 aerobic 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). However, the organic matter 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.O.C.)
Lower quality organic matter

Oxygen O,
consumption Biological reworking is
enhanced by:
* Presence of animal
scavengers at interface.
Sulfate * Bioturbation by worms
_rgd_u_{:t_iqn_,_ : facilitates diffusion of
Bacterial CO, oxidants (O, SO,) in
reduction

sediments.
* Lesser organic complexation
with toxic metals.

Figure 5. Degradation of organic matter under an oxygenated (oxic) water column. Modified
after [Demaison, Moore, 1980].
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Figure 6. Degradation of organic matter under anoxic water column. Modified after
[Demaison, 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 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 environment. The 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]. The lifetime uranium accumulation

by organisms occurs both in clarke uranium concentration and at a significantly increased
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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. 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.

4500
4000
3500

3000 B Phytoplankton

Unicellular marine algae and

freshwater algae
2500

Benthic algae

2000 B Mollusc shell

U/Uwater

M Fish
1500

B Corals

1000

500

-—_hh

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
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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 owithin the sediments

Uranium dissolved in sea water is reduced to insoluble uranium oxide UO2 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 form studying in the Black Sea
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,(COs)s™ is capable of being reduced to UO> solid.

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

Theoretical distribution of humic and sapropelic materials, accumulating organic matter,
estimated uranium and oil content in a shallow sea are presented in Figure 8. This scheme
shows us that different combinations of humic and sapropelic organic matter and the organic

matter content (TOC) influence the uranium concentrations.

— G
) Sapropelic matter increases Humic matter increases cj et Sea water P
et b o .t d e f " Lowland -~
_ ,,J Sea water L [ D ——
- T phkmudlyer L ——
a b [ c, c3 (A d e f
Organic 30 25 20 17 15 10 15 10 5
matter, %
Humic, % 15 25 50 50 50 50 75 85 95
Saprf;!’ehc‘ 85 75 50 50 50 50 25 15 5
o
.
Uranium, 30 41 63 64 48 31 70 54 31
ppm
oil,
gallons per 266 203 125 10.6 9.4 6.2 6.6 35 1.4
ton
0 10 20 miles
L | |

Figure 8. Theoretical humic and sapropelic materials distributions, accumulating organic
matter, estimated uranium and oil content in a shallow sea. Modified after [Swanson, 1960].

For example, the Umax concentration = 70 ppm in the point «d» where TOC = 15%, and organic

matter consists of 75% of the humic and 25% of the sapropelic. Umin concentration = 30 ppm
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in point «a» where TOC = 30% organic matter consists of humic and sapropelic in the
following ratio 15% to 85%. The points ci1, C2, C3, C4 have characterized the same ratio of
sapropel and 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 humic ratio is 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.

100
|

80
|

60
|

U (ppm)

20

R IS I -

Slow High Maximum

Sedimentation rate

Figure 9. Relationship between U concentrations and sedimentation rates. Modified after
[Zanin, Zamirajlova, Eder, 2016].

We can observe Umax concentration when slow sedimentation rate and Umin concentration is
characterized for 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]. 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.
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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, U/TOC ratio and organic
carbon, 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, 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. The uranium

concentration in sediments almost does not change along with this facies profile and remains,
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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.

The above factors determine the high potential of informative data on the uranium content.
When working on each geological object, the selection of factors determining the uranium

content and assessment of their influence complicates interpretation.

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 [Kasimov,
Vlasov, 2015; Kuznetsov, 1984; Rihvanov, 2019; Zamirailova, Eder, 2016]. 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.
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Table 2. The average content in the Bazhenov Formation and bulk earth values of chemical
elements according literature review [Kasimov, Vlasov, 2015; Rihvanov, 2019].

. Average content of
Chemical Bulk earth elements in the Bazhenov
elements, values of the N .

Formation with standart
ppm elements deviati
eviation
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
Th 13 6.24+0.47
U 2.5 38.29+4.05
\Y/ 121 347+121
Zn 75 447+49

The weighted average uranium and thorium content in the Bazhenov Formation is 38 and 6
ppm, respectively, with the ratio Th/U = 0.16. The total uranium resources in the Bazhenov
Formation are colossal and various from 1 to 3 billion tons [Nesterov, 2011]. Rocks type
classification is presented in the 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 | ldiogenous 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 were 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 own mineral species

as coffinite and uranium oxide [Rihvanov, 2019].
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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.

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 uranium with productivity should be carried out taking into
account the formations characteristics 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 of the Arctic and Black Seas.
For redox conditions effects analyzing 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.
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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.

In order 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 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 are 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 sedimentations. 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, and mineral
composition sediments, and others [Bastrakov et al., 2018; Khaustova et al., 2019; Liining,
Kolonic, 2003; Swanson, 1961; Zubkov, 2015]. 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 are mainly used to delineate the
oil source rock formations and cross-sections with other logging data [Fertl, 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 [Chappaz, Gobeil, Tessier, 2010; Mangini, Jung, Laukenmann,

2001; Rolison et al., 2017; Sklyarov, 2010; Vosel, 2016].

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 station from literature review are

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

Table 4. Coordinates of 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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Figure 16. Location of the object of study. Stations 7 and 8 of the Black Sea sampling.
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Figure 17. Location of the Black Sea Deep Well. Modified after [Neprochnov, 1980].

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,
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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.

Literature data were used to study deep-sea hydrogen sulfide contamination. The data, which
describe the geological and geophysical researches 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 Shirshov Institute of Oceanology of 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 sediments sampling from the White and Black Seas was carried out using a
gravity steel pipe (Figure 18). Bottom sediments of the Laptev Sea and the East Siberian Sea
were sampled using a multicorer (Figure 19). A twenty cm to four-meter-long core was

lengthwise split.

Lo, Mol - ’ e
Figure 18. A sampling of bottom sediments by a gravitational steel pipe.

Figure 19. A sampling of bottom sediments by multi-corer sediment.
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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-150MU). 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/]. 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 «Hanna» and the redox potential meter «ORP-200». Table 6
shows the samples numbers, a selection step, 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 ) ’ ’ T ) ) o
Ne station Composition Composition
Number | Sampling | Number | Sampling | Number | Sampling
of interval, of interval, of interval,
samples cm samples cm samples cm
! (thsee\a’l\)’h”e 10 |185275| 11 18,529 4 66+71.5
2 (the White R
Sea) 33 5 31 5 4 35+50
3 (the N -
Laptev Sea) 6 376 6 376
4 (the N
Laptev Sea) 18 2 18 2 4 8+12
5 (the East-
Siberian 6 4 6 4
Sea)
6 (the East-
Siberian 11 2 11 2
Sea)
7 (the Black N "
Sea) 14 5+85 8 30+85
8 (the Black o "
Sea) 8 30+85 8 30+85

Unfortunately, we could not conduct our own 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
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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) are 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
nitrogen, CDT for sulfur. The accuracy of isotopic composition determination defined by
measurements on the reference samples was +£0.2%o for carbon, +0.5%. 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

were added to 1 g of a crushed rock sample to remove calcite and dolomite from the rock and
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obtain the correct concentration of organic carbon. After twenty-four hours of treatment in acid,
the solution was filtered, the samples were washed with distillated water many times and then
dried in a drying cabinet at 50°C. 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: CHN628, 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.

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.

Station 1, Station 2, Station 3, Station 4, Station 5, Station 6, The station
the White the White the Laptev the Laptev the East- the East- of the Black
Sea Sea Sea Sea Siberian Sea Siberian Sea Sea
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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 the Arctic Seas comprise sorted pelite/siltstone, siltstone/pelite, and pelite sediments.

Lithological description

Oxidized aleuropelitic silt, of flowing
consistency, creamy, homogeneous.

Aleu.rope]ili:; silt of flowing consistency,
creamy, homogeneous. Hyvdrotroilite
content gradually increases downwards
along the layer, which affects the change

in color.

Aleuropelitic silt of flowing consistency,
creamy, homogeneous. It is intensely
saturated with hydrotroilite; due to this,
the sediment is of black color. Texture is
indistinct, horizontal, due to rare thin (h
up to 1 oun) interlayers of silt, whose
color is not changed by hydrotroilite.
Multiple gas seepage textures are noted.
A large whole bivalve shell is located at
the depth of 40 cm.

Depth (cm)
top bot
0 5
5 15
15 60
60 285

Alettropelitic silt of flowing/plastic
consistency. It is intensely saturated
with hydrotroilite; due to this, the
sediment is of black color. The layer
contains infrequent whole bivalve shells
1-1.3 cm in diameter, as well as
fragments of unchanged flora (long,
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

—
uno'[

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

bot

Lithological description

0

5

Aleuropelitic silt of creamy consistency,

homogeneous.

40

Viscous clayey aleuritic silt with rare
lenses of hydrotoilite

40

100

Clayey oily silty silt with spotted texture

due to hydrotroilite-saturated spots. The

fresh penetrated surface has voids up to
3 mm in diameter. Rare fauna

fragments are also noted.

100

173

Oily silty clay with thin
lenticular/spotted texture due to small
lenticular hydrotroilite-saturated spots.
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.

—
wa(|

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
Potassium
feldspar 135 12 i
Montmorillonite 9 10 -
Kaolinite 6 8 2.2
Chlorite 3.5 4 -
Ilit 4 4 11.3
Pyrite - - 1.8
Mica - - 1.3
Pyroxene 3 traces -
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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 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 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 the Table 8.

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

Slice Lithology ThICr|:]I"IESS, Age
1 Terrigenous silt 171 Holocene
la Aleurites and sands 9.5 Pleistocene
2 Carbonate sediments 2 Eopleistocene
3 Silt enriched Wlth diatoms and 112 Pleiocene
coccoliths
4 Carbonate _sedl_ments 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
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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.
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
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(qut)h (nE(]/) pH
1 89 7.27

35 88 7.17

9.5 -70 7.47

2 15.5 -33 7.44
20.5 -42 7.13

235 -85 7.41

1.5 6.62

7.05

3 7.05
7.54

10 7.13

12 6.98
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Table 11. Stations 4 and 5 of the East-Siberian Sea. Measurements of redox potential (Eh)

14 7.45
16 7.47
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

and pH on fresh bottom sediments.

Station [zgr%t)h Eh(mV) | pH
2 25 7.64
6 -63 7.05
. 10 -95 7.06
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 1130 8.07
9 172 8.18
5 11 191 8.2
13 223 8.26
15 -184 7.63
17 1167 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 the

Table 12 and Table 13 according to the literature review [Gurskij, 2019; Lisitsyn, Gursky,

2003].

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

Station Easting Northing dWart]er P pH
epth, m (cm) (mV)
Bottom 160 7.8
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
bottom sediments along the profile in the southeast of the Kerch Strait. Modified after [Gurskij,

2019].
Age
b ¢ Modern sediments +
arameter ; ; .
Ancient sedl_m_ents * Modern sediments Ancient sediments Novoguxmlan
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 the Table 14.

Table 14. 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

+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.
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The Eh negative values in the underlying layers 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 is accompanied by hydrogen sulfide H2S (a characteristic

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

The measured pH values of the East Siberian Sea and the Laptev Sea pore waters (Table 10
and Table 11) are characterized: 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 bottom sediments of the Black Sea station are characterized 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 avarege for different ages bottom sediments are 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 sediments temperatures in the Laptev Sea +0.4°C were found on the
continental slope (the depth 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 -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,
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

distribution in the marine sediments. Unfortunately, it was not possible to measure the uranium

and other chemical elements concentartions 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. The uranium distribution in the Black Sea sediments is

presented in the Table 19 according to the deep sea drilling results [Neprochnov, 1980].

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 1.42
110 1.33
136.5 121
156.5 1.21
181.5 1.16
201.5 1.24
220 1.36
2475 1.87
267.5 1.34

Table 16. The uranium and other metals concentration in the White Sea bottom sediments from

station 2 (ppm).

D‘;Fr’rfh' U Fe |cr| v | zn| Nilcol b | T | cd | ThU
25 | 189 | 35721 95 | 94 | 66 | 37 | 27 | 20 | 623 | 0122 | 3.296
75 | 1.69 | 35078 | 97 | 95 | 66 | 39 | 15 | 13 | 6.08 | 0119 | 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 | 85 | 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 Diﬁgh’ P \Y 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 | 19.5 | 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 | 209 | 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 | 894 | 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 - 148 | 7.65 | 1.250 | 76348 | 6.12

23 2301 | 104.7 | 80.6 | 268 | 32348 | 9.82 | 30.6 20 96 | 1.263 - 152 | 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 0.15 | 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

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 0.24 | 178 | 9.02 | 2.4 | 85943 | 3.758
20 179 | 113 55097 | 26 62 37 115 0.21 | 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

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 0.21 | 16.4 | 845 | 2.08 | 86770 | 4.063

32 191 96 58698 | 22 52 30 94 0.15 | 159 | 8.35 | 2.15 | 88995 | 3.884
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34 192 | 95 56892 | 22 52 30 92 017 | 157 | 8.16 | 2.27 | 81527 | 3.595
36 194 | 90 56066 | 21 50 30 90 023 | 156 | 8.08 | 2.36 | 84782 | 3.424
Instrumental
delt;ang]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
Table 18. The uranium and other metals concentration in the East-Siberian Sea bottom sediments from stations 5 and 6 (ppm).
Station Df:f’r':'h' P Vv | cr | Mn| Fe | co | Ni | cu| zn | Mo | cd | Po | Th u Al | ThU
2 895 | 70.3 | 52.2 | 268 | 23766 | 8.38 | 21.5 | 8.43 73 3.213 | 0.086 6.7 5.89 | 0.975 | 64917 | 6.041
6 5685 | 90.4 | 724 | 323 | 29040 | 957 | 26.4 | 17.8 84 4.416 - 11.98 | 6.07 | 1.051 | 67899 | 5.775
10 1801 | 89.9 | 658 | 294 | 27728 | 9.64 | 256 | 143 87 2.269 - 10.97 | 5.74 093 | 69276 | 6.172
> 14 3102 | 95.8 | 72.2 | 284 | 31205 | 10.16 | 27.6 | 23.3 90 2.014 - 1421 | 6.84 | 1.027 | 70179 | 6.660
18 1710 | 947 | 734 | 277 | 25784 | 951 | 26.1 | 17.3 86 2.379 - 13.04 | 7.73 | 1.227 | 63019 | 6.300
22 1091 | 78.1 | 62.8 | 245 | 23194 | 833 | 232 | 127 76 2.029 - 9.24 6.46 | 1.134 | 61830 | 5.697
1 1040 | 111.4 | 58.8 | 842 | 31066 | 11.79 | 243 | 105 96 3.419 - 1236 | 545 | 0.766 | 69895 | 7.115
3 1587 | 111.4 | 605 | 263 | 30627 | 10.77 | 24.2 | 128 93 1.459 - 9.69 553 | 0.877 | 69711 | 6.306
5 534 | 1158 | 64.2 | 282 | 31707 | 1231 | 264 | 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 | 286 | 148 | 100 | 20.450 - 11.98 | 6.37 | 0.966 | 74124 | 6.594
6 11 718 | 119.1 | 66 277 | 30555 | 13.13 | 26.4 | 158 | 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 | 17.4 | 108 | 6.142 | 0.077 | 1427 | 6.75 | 1.093 | 75506 | 6.176
15 1059 | 129.2 | 66.2 | 637 | 36859 | 1361 | 264 | 153 | 107 | 4.287 - 1343 | 6.16 | 0.878 | 73377 | 7.016
17 949 142 | 71.7 | 620 | 37397 | 1531 | 283 | 155 | 114 | 10.970 - 1207 | 6.03 | 0.857 | 72126 | 7.036
19 962 140 | 69.1 | 509 | 37443 | 1351 | 263 | 151 | 108 | 1.850 - 12.74 | 592 | 0.866 | 73360 | 6.836
21 864 134 | 69.7 | 362 | 35276 | 12.96 | 26.7 | 155 | 107 | 1.921 - 11 578 | 0.884 | 71628 | 6.538
Instrumental
detection 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
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, 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, 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, ZHilin, 2016; Sevast’yanov, 2020], an 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 chemical elements distribution along the profile from south to north from
Billings Cape to the Mendeleev submerged ridge in the East Siberian Sea sediments [Novikov,
2017; SHakirov, R. V. Sorochinskaya, A. V. Obzhirov, 2012; SHakirov, 2010], 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), Zn (2 times) are observed,;

the contents of Mg, Sc, V, 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, Hf concentration factors are
less than 1,

the content of Fe, V, 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 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 1 cm-21 cm.

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

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

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

60


Admin
Highlight


e Sediments were enriched 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 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 concentration such as P, V, Cr, Mn,

Fe, Co, Ni, Cu, Zn, Mo, Cd, Pb, Th and Al. These elements’ distribution and concentration

were taken into account because the sediments of the intensive planktonogenic sapropelic
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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 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 is 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
own expedition 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, S element composition in the bottom sediments samples of stations

are shown in Table 20,
Table 21,

Table 22 and

Table 23. The carbonate concentartion 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, | Ty | HW% | S.% | CIN | U/TOC
(0] (0]
425 035 | 277 | 007 0.79 0.72 |7.91
715 0.33 | 2.68 075 | 0.76 |8.12| 0.49
91.5 036 | 2.76 119 | 072 | 767 | 051
110 038 | 289 | 011 0.8 086 |7.61| 0.6
136.5 034 | 258 071 | 067 |759| 047
1 156.5 0.3 2.36 071 | 055 |7.87| 051
1815 029 | 229 | 0.03 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 | 0.05 036 | 021 |7.76 | 0.73
267.5 0.3 2.29 065 | 063 |7.63| 0.59
2 2.5 031 | 231 0.4 015 |7.45| 0.82
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7.5 0.3 2.21 0.5 018 | 737 | 0.76
12.5 0.25 1.9 0.46 026 | 7.6 0.94
175 0.24 1.76 0.42 0.26 | 7.33 1.03
225 0.23 1.68 0.42 0.2 7.3 1.13
275 0.24 1.79 0.45 0.21 | 7.46 1.07
325 0.24 1.77 0.44 029 | 7.38| 0.99
37.5 0.23 1.7 0.44 0.26 | 7.39 1.08
47.5 0.18 1.45 0.38 0.33 | 8.06 1.32
52.5 0.15 1.22 0.3 0.28 | 8.13 1.57
57.5 0.21 1.6 0.38 0.27 | 7.62 1.30
62.5 0.19 1.39 0.33 0.32 | 7.32 1.53
67.5 0.22 1.57 0.37 033 | 714 | 132
72.5 0.2 1.55 0.37 04 | 7.75 1.33
77.5 0.21 1.59 0.38 0.41 | 7.57 1.34
82.5 0.19 1.69 0.48 0.41 | 8.89 1.36
87.5 0.21 1.61 0.36 0.44 | 7.67 1.30
92.5 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 0.43 051 |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
1375 0.22 1.65 0.44 051 | 75 1.34
1425 0.2 1.53 0.4 0.65 | 7.65 1.58
1475 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 | 845 1.29

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

Elemental composition

Station Diﬁ:h’
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
3 135 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
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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
12 0.17 1.11 0.86 0.03 6.40 1.41
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 5.51 1.94
22 0.19 1.13 0.05 0.81 0.02 5.86 1.64
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

Elemental composition

Station Di‘:ﬁh’ ToC
N, % % | H,% S,% | C/N | U/TOC
2 0.12 0.85 0.19 0.01 454 | 1.15
6 0.18 1.84 0.42 0.03 435 | 0.57
10 0.15 1.18 0.29 0.02 407 | 0.79
° 14 0.21 2.21 0.51 0.04 431 | 0.46
18 0.14 1.21 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
6 3 0.10 0.67 0.20 0.02 3.37 131
5 0.10 0.72 0.18 0.03 400 | 1.14

Table 22. Stations 5 and 6 of the East-Siberian Sea. Results of elemental composition (CHNS)
measurements of bottom sediments.
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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
11 0.10 0.77 0.20 0.03 3.85 1.13
13 0.11 0.83 0.22 0.05 3.76 1.32
15 0.14 0.83 0.25 0.03 3.31 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 3.58 1.09

Table 23. Stations 7 and 8 of the Black Sea. Results of elemental composition (CHNS)
measurements of bottom sediments.

Elemental composition
Station Diﬁh, TOC, | Carbonates

N, % C,% % % H, % S, % CIN
25 0.30 453 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 5.21 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
212.5 0.27 4.36 211 2.25 1.11 1.41 7.93
2425 0.28 4.45 2.28 2.16 1.10 1.39 8.12
2725 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 0.42 151 1.55 10.08
362.5 0.46 491 451 0.40 1.42 1.42 9.90
367.5 0.44 4.77 4.41 0.36 1.37 1.38 10.06
2.5 0.26 2.29 2,95 0.79 0.33 8.96
8 415 0.22 1.36 2,73 0.43 151 6.20
64 0.10 0.68 2,52 0.21 1.10 6.54
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84 0.43 4.03 2,58 0.96 191 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 northern seas sediments 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.
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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.

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 seas 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 reach 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 - 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 reservoirs history, to develop geochemical tools for studying
the conditions for the sediments 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 sediments samples isotopic compositions results
are discussed in this section of the report which were taken without disturbing the stratigraphic
sequence from the Laptev, White and Black Seas. Samples were taken from the board during
expeditions of the last 5 years. Despite the limited number of samples and the geodistance, an
attempt was made to generalize the obtained results and establish general patterns in the light
elements’ isotope ratios distribution, reflecting with 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 [Belyaev, 2015; Lein, 2004, Lisitsyn, Gursky, 2003; Rozanov,

A.G.; Kokratskaya, N.M.; Gursky, 2017] and a number of 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.

81°C ppB 8°C poB
Station Depth, cm 3N Air, %o %S coT, %0

org., %o carb.,%o

425 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

2475 5.0 -23.5 —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
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Table 25. Station 4 of the Laptev Sea. Results of isotopic composition measurements of

bottom sediments.

Station Depth, 615([\1 A, 813C ppB 813C ppB 8180 ppB 534§ oI
cm %o org., %o carb.,%o carb.,%o | P %o

15 12.6 -25.2 -6.2 -8.9 17.5 6.54

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.

815N | 8Cros | 8Cros | 8O ros | §%S
Station Depth, A, 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, higher - to more positive
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d13C values. The trend between 8C and TOC is more stable for the Black Sea sediments

(Figure 24).

¢ Station1
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Station 7
Station 8
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*
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Figure 24. The correlation between isotopy 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 lighter isotopic composition is
characteristic of continental origin organic matter brought into the Kara Sea water by the Ob
and Yenisei rivers. The marine plankton is characterized a heavier organic carbon isotopic
composition. The average isotopic composition of organic matter, which is a product of
terrestrial photosynthesis 8'3Cppg = —25%o. Aquatic plants absorb carbon directly from
dissolved bicarbonate and carbonate. The carbon of bicarbonate and carbonate is noticeably
heavier than atmospheric carbon COs. As a result, TOC in aquatic plants should theoretically
be approximately 10%o isotopically heavier than in terrestrial plants [Udovich, 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 §'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
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by high values of §*°N. The correlation between 6°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 isotopy 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 “lighter” isotopic composition of nitrogen and a “heavier” 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.
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The sulfur isotopic composition varies widely, 'S 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
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conditions at the stages of sedimentation and diagenesis. The total sulfur was analyzed in the
studied sediments, which is significantly difficult for interpretation, because it is necessary to
analyze separately reduced and oxidized sulfur for a correct redox conditions reconstruction.
The high 5*S values and low sulfur contents in the upper layers of the Laptev Sea sediments
show an oxidizing environment of sedimentation. 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 53*S decreasing with depth in the bottom
sediments of station 2 show the development of reducing conditions. The upper part of the
Black Sea bottom sediments is characterized negative %S values. The bottom part of the Black
Sea sediments is characterized positive 3%*S values with depth reflecting an increase in the
sulfate reduction intensity from the initial stages — “light” values to a significant depletion of
pore water sulfate at values higher than the values of the initial sulfate 53*S +20 %o. The
cyclicity of changes in redox conditions is shown in the Black Sea sediments (station 7), since
below 200 cm the §**S values are the same as for the upper part of the sediment: “lightening”
and again “heavier” 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 813C =-9,1 to -1,6 %o and 880 = -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 §*C = 0,2 to 2,0 %o and §'80 = -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 80 =-1,2 to 0,9 %o, but four samples have relatively “light” isotopic
composition - 33C = -3,5t0 0,7 %o and 5'80 = -5,4 to -3,2 %o which is closer to carbonates of

the northern water basins sediments.
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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
534S values reflect differences in the bacterial sulfate reduction intensity, which depends on
redox conditions. More oxidizing conditions are typical for the northern seas bottom sediments
and more reducing conditions are typical for the Black Sea sediments. The increasing in §**S
values with the depth in the Black Sea bottom sediments is observed, and this behavior is
indicating the sulfate reduction intensity with the reducing conditions development. The carbon
and oxygen isotope composition of carbonates indicates the presence of carbonates with low
580 and 8'°C values in addition to normal marine carbonates. These carbonates are
allochtonous 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.
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3.4 Behaviour of Uranium in Bottom Sediments under Reducing Conditions in
the Example of Black Sea

In contrast with the White Sea, 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) [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; Gursky, 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 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.

TOC, % in the Black
Sea bottom sediments
<1
1-2
2-3
>3
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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) 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 [Anderson, Fleisher, LeHuray, 1989; Barnes,
Cochran, 1991; Baturin, 1975; Gursky, 2003; Gursky, 2019; Neprochnov, 1980; Rozanov,
A.G.; Gursky, 2016; Rozanov, A.G.; Kokratskaya, N.M.; Gursky, 2017; Shnyukov, E.F;
Bezborodov, A.A.; Melnik, V.1.; Mitropolsky, 1979] 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].

Depth, m pH Eh, mV HS, mg/l Compounds and concentration of uranium

Seaw|
ater

0-200 7.85-7.95 —140..-160 0.08-0.83 0.00093-0.00324 ppm
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[UOZ(CO3)3]47, Uconcentration in seawater = 0.00095-0.00261

200-1500 7.74-78 —176...—-194 2.39-10.18 opm
10.40- [UO2(COs3)3]*, U(OH)4, UOx, the concentration of
1500-2000 7.64-7.73 —200...—203 11' 66 uranium in water decreases U concentration in seawater=
) 0.00029-0.00299 ppm

ﬂ MOdern 64—85 _80_230 0—12124 U(OH)4, UOZcr, Uconcen[ration = 17_20 ppm
c . Maximum uranium concentration in
) _ — — _
£ Ancient 6.2-8.2 80...—220 50-60 sapropel, Usoncenyation = 1.1-35 ppm
g . Novoelxinian 6.9.8.0 _108 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 contens, as
well as Th/U and U/TOC ratios for the Black Sea Deep Well [Neprochnov, 1980].

Derﬁ’]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 .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 9.77 389 | 5162 | 113 222
278 273 7.46 273 | 4108 | 213 128
28581 | 277 3.93 142 | 4513 | 165 168
3135 | 174 | 1222 | 702 | 6136 | 117 1.49
3156 | 527 6.67 127 | 6136 | 123 4.30
3267 | 399 | 1324 | 332 | 5096 | 580 0.69
33948 | 343 | 1024 | 299 | 3837 | 164 2.09
43855 | 371 | 1296 | 349 | 7312 | o072 5.18
4467 | 353 16.1 456 | 7097 | 1.16 3.04
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