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Abstract—This work discusses the lithogeochemical consequences of Late Paleocene sea level fluctuations in
alarge water basin in the southem territory of the former Soviet Union (FSU). The sharp growth of phytoplank-
ton bioproductivity against the background of a rapid eustatic transgression resulted in the accumulation of sed-
iments that are highly enriched in organic matter. These sediments are characterized by increased concentra-
tions of V, Ni, Cu, Pb, Cr, Zn, Mo, Se, Ag, Au, etc., decreased contents of CaCO, and Mn, and passive behavior
of Ti, Zr, Nb, Sc, Hf, Y, and REE. The hydrosulfuric contamination of the basin water, which had a negative
impact on the benthic fauna, governed the geochemical signature of sediments. The organic matter and carbon-
ates in sapropelite unit were simultaneously enriched in light carbon isotope. The organic matter is of predom-
inantly marine origin. The model proposed for the formation of the sapropelite unit is based on the interaction
between the transgressing sea and coastal topography, inducing the supply of biophile elements and the bloom

of phytoplankton bicproductivity in the basin.

INTRODUCTION

The Phanerozoic record of the Earth displays sev-
eral relatively short periods such as Late Devonian,
early Toarcian, Cenoman-Turonian, etc., when the
organic-rich sediments were accumulated over very
large (occasionally, global-scale) territories; the
benthic and adjacent sediments strongly differed from
each other in geochemical signatures; and anoxic con-
ditions, including the hydrosulfuric contamination,
were common in the water column. These anomalous
conditions exerted an appreciable influence on the
biota, promoting the disappearance of one group of
species and the appearance of another group of species.
The reasons for the origination of such geological
events, the mode of their manifestation in sedimentary
sections, as well as the associated changes in biota were
widely discussed by geologists (Arthur et al., 1990;
Jenkyns, 1988; and others).

The Late Paleocene episode is among geological
events of this kind. It is traced as a thin (decimeter- to
meter-scale) layer of the organic-rich clayey and clayey
marl] rocks that are developed over a large territory of
the southern Russia and adjoining regions from Crimea
to Central and South Asia. Hereinafter, this layer will
be labeled the sapropelite unit. The unit is not continu-
ous; nevertheless, some of its structural features coin-
cide in sections that are thousands of kilometers apart.
Sapropel sediments were deposited in a single basin
(Fig. 1); however, the basin was very large, and its var-
ious sectors were likely characterized by different

facial conditions. In an effort to elucidate the con-
straints of the accumulation of these sediments in dif-
ferent sectors of the basin and reveal the possible mech-
anisms of the formation of organic-rich sediments, we
carried out a lithogeochemical study of a series of
Upper Paleocene sections (Fig. 1). The results obtained
are presented in this work.

Before describing the sapropelite unit features, let
us briefly dwell upon the environment at the ocean and
epicontinental seas that prevailed during the accumula-
tion of the sapropelite unit sediments. In synchronous
or subsynchronous Late Paleocene sediments of the
ocean, the oxygen isotopic composition was strongly
shifted toward the negative values in benthic and plank-
tonic foraminifera of higher latitudes and in benthic
foraminifera of other areas. Many researchers relate
this phenomenon to the intense but short-period warm-
ing that was a most dramatic event in the geological his-
tory (Rea et al., 1990; Kennett and Stott, 1991; and oth-
ers). This event was responsible for the large-scale
mortality of benthic foraminifera and extinction of up
to 50% species of foraminifera. It was also accompa-
nied by a distinct change in the global carbon cycle,
which is determined from the carbon isotopic composi-
tion in carbonate shells of benthic and planktonic fora-
minifera (Kenneth and Stott, 1991; Thomas, 1990).
Thomas believes that the species composition of the
oceanic benthic foraminifera in the Late Paleocene
time suggests a substantial increase of the organic mat-
ter supply into sediments and possible depletion of
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Fig. 1. Late Paleocene paleogeographic scheme (modified after Arlas..., 1966) and location of the sapropel unit sections studied.
Sections: (/) Kheu River; (2) Baksan River; (3) Settlement of Medani; (4) Cape Aktumsuk; (5) Torangly area; (6} Kurpai area;
(7) Guru Fat'ma area; (8) Lower Volga region. (1) Land; (2) sea; (3) oil shale zone; (4a) location of sections studied; (4b) position

of boreholes, from which the sapropel core was collected.

oxygen in the water column or, at any rate, at the sedi-
ment—water interface (Steineck and Thomas, 1996).
However, other researchers argue that the extinction of
living organisms is related to environmental changes:
the site of abyssal water formation shifted from the
high-latitude zone to the subtropic one, resulting in the
increase of water temperature, the decline of oxygen
concentration, and the large-scale extinction of fora-
minifera (Pak and Miller, 1992; Kaiho, 1994; and oth-
ers). Ostracodes also experienced a biotic crisis (Stei-
neck and Thomas, 1996); benthic organisms disap-
peared not only in deep-water sectors, but also in shelf
zones of oceans (Schmitz e# al., 1996).

In addition to temperature changes, the available
data on the lithology and geochemistry of oceanic sed-
iments made it possible to reveal the growth of biopro-
ductivity (Kenneth and Stott, 1990, 1991) and varia-
tions of the pCQ, values in the Late Paleocene ocean
(Stott, 1992). This time interval was also characterized
by a rather intensive volcanism (Morton and Knox,
1990).

Hence, the Late Paleocene stage was characterized
by noticeable rearrangements in the biosphere, hydro-
sphere, and, possibly, lithosphere. At the end of Pale-
ocene, the ocean level was about 200 m above the
present-day level (Haq et al., 1987); large epicontinen-
tal basins were formed owing to the occupation of a
major part of land by sea; and the ocean level fluctua-
tions were as much as 50-100 m. It should be noted that
the aforesaid stratigraphic level within Paleocene sec-
tions of various continental blocks incorporates the
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organic-rich units that are similar to the sapropelite unit
studied. Hence, the sapropelite unit formation coin-
cided with the timing of a series of global events and
represented a regional process.

STRATIGRAPHIC POSITION
AND GENERAL CHARACTERISTICS
OF THE SAPROPELITE UNIT

The organic-rich unit is mentioned in several publi-
cations on the regional stratigraphy and lithology of
Paleogene deposits of Central and South Asia, Caspian

rtegion, Ciscaucasus, and Transcaucasus. However,

these data were not systematized, and the stratigraphic
position of the dark-colored clays or marls were not
always properly identified.

Our comprehensive stratigraphic studies (Muzylev
et al., 1989, 1994) made it possible to attribute the
organic-rich interlayers to a single, narrow stratigraphic
interval. The stratigraphic position of the sapropelite
unit is identified with a high precision, because the
boundary between the subzone Chiasmolithus bidens
and the subzone Campylosphaera eodela of the zone
Discoaster multiradiatus is drawn on the basis of nan-
noplankton. The stratigraphic interval of this unit cor-
responds with the foraminifer zone Acarina acarinata
(layers with Globorotalia aequa).

The sapropelite unit area is characterized by both
latitudinal and longitudinal variations of the sapropelite
fabric and host rocks. The strongest differences are
noted between the southern (Crimea—Caucasus—Cen-
Vol, 32
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tral and South Asia) and northern (Volga region) sec-
tions. The southern zone section consists of dominant
clay—carbonate rocks without notable coarse admix-
ture, whereas the northern type is mostly composed of
sand-silt varieties. The southern Paleocene zone is
divided into two subzones: the western subzone
stretches from Crimea to the Aral-Kopet Dagh merid-
ian, and the eastern subzone corresponds with the Cen-
tral and South Asian territory. In the western subzone,
variations of the OM content in sapropelite sections are
notable, and the maximum C,,, content does not exceed
8-10%. The eastern subzone is characterized by the
accumulatlon of highly organic-rich sediments with a
content of up to 25% or more (e.g., the Suzak oil

ies)

The Kheu River (Kabardin—Balkaria) section
(Fig. 1, I) is a representatwe example of Paleocene
sapropelite sections in the Ciscaucasus {Gavrilov and

Muzylev, 1991). The sapropelite unit, 0.45 m thick, is

located in the upper part of about 50-m-thick, monoto-
nous, marl clay sequence consisting of greenish gray,
nonstratified layers with numerous and diverse (in
shape and size) traces of bioturbation (Gavrilov and
Muzylev, 1991). The sapropelite unit interval here is a
transitional type formation: relatively low-carbonate
(CaCO, < 10%) clays with siliceous rock layers appear
5 m above the sapropelite interval. The dark brown
sapropelite unit is clearly distinct in the host rock
matrix. The unit is underlain and overlain by interlayers
(8-12 cm) that are less intensively colored but still
darker than host rocks. The sapropelite unit is not
homogeneous: its color is deepest in the lower part; the
lower part of its upper section contains a layer {10 cm)
of pale-colored carbonate clays. The bedding planes of
sapropelite unit contains fish scales, shark teeth, and
the occasional fish skeleton. The rocks incorporate sul-
fide nodules and rarely, pyritized wood fragments.
The upper section of the aforesaid layer (near its roof)
contains worm trails in the form of lensoid patches
(0.3-1 x 0.5~4 cm).

In the Baksan River section situated 35 km north-
westward from the Kheu River counterpart, the
sapropelite unit is represented by a single 25-cm-thick
layer. The OM concentration is noted in the lower part
(10 cm) of the layer; the upper part is darker in color,
but depleted in C,y . The lower boundary is sharp,
whereas the upper one is vague. The host rocks are
composed of greenish gray silt clays with numerous
traces of bioturbation. This layer is characterized by the
lack of its lowermost part (corresponding to the nanno-
plankton subzone CPS8a); i.e., the upper part of the
sapropelite unit here disconformably overlies the older
deposits. In the more westerly sections of the Northern
Caucasus (in Stavropol, for example), the position of the
sapropelite unit is highly similar: the reduced sapropelite
unit disconformably overlies the silt clay bed.

In Transcaucasus, near the settlement of Medani,
Western Georgia (Fig. 1, 3), the sapropelite-hosting
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section is composed of the following beds (from the
bottom to the top): alternating, decimeter-scale inter-
layers of compact white limestones and obscure-bed-
ded marls (total thickness 21 m); conformably (but with
a sharp contact) overlying, light gray, vague-bedded
marls (6 m) with rare, more compact interlayers; rela-
tively soft, obscure-bedded marls (3.5 m); overlying
sapropelite unit (2.3 m) characterized by a distinct floor
but less distinct roof and consisting of dark brown, lam-
inated clay—carbonate rocks that are finely foliated dur-
ing weathering; and a monotonous sequence of green-
ish gray obscure-bedded marls.

In the Eastern Ustyurt (Cape Aktumsuk, Fig. 1, 4),
the sapropelite unit is distinctly observed along the
western coastal cliffs of the Aral Sea. The unit is
located within the sequence of grayish white, some-
times reddish, massive sandy limestones (Fig. 2). One
can observe here at least two sapropelite sections at a
distance of 1.5-2 km.

At Aktumsuk-1, the sapropelite unit is represented
by a thin (20-25 cm) interlayer. The erosion surface is
traced 1 m below this unit. The overlying 16-m-thick
limestones include several levels of brecciation and
erosion surfaces. The Aktumsuk-2 section is character-
ized by a thicker sapropelite unit (up to 1.2 m) with a
more sophisticated structure: a light-colored interlayer
in the middle zone separates it into two parts. In this
respect, the Aktumsuk-2 section is similar to the Kheu
River counterpart in the Ciscaucasus. It should be noted
that the lower part of the Aktumsuk-2 sapropelite unit
is characterized by a low-angle cross-bedding. It is dif-
ficult to determine whether its pinchout along the strike
is related to facial changes or syndepositional erosion
of sapropel rocks. The specific features of the
sapropelite unit here are likely induced by the accumu-
lation of sediments in the proximal zone of an uplift
under a relatively active hydrodynamic regime.

In the Torangly, Kizil Cheshme, Sumbar, and other
sections of the Western Kopet Dagh region (Fig. 1, 5)
and Lesser Balkhan, Turkmenistan, the upper Pale-
ocene sapropelite unit is represented by the so-called
“first fish layer” within the Danatin Formation com-
posed of dark brown foliated clays. The lower and
upper boundaries of the layer, about 1.5 m in thickness,
are sharp.

Southeast of the Aral Sea in the Central and South
Asian region, the sapropelite unit is highly enriched in
OM, and rocks of this unit can be considered oil shales.
The oil shale zone encompasses a large area of the
Turan Plate and its framework, i.e., the Southern Kyzy!
Kum region, the Bukhara-Karshin region, and the
Tajikistan—-Afghanistan Depression (Fig. 1). It should
be mentioned that the sapropelite unit in shallow-water
deposits is facially replaced by the phosphorite-bearing
rocks. In general, the phosphorite zone occupies a
greater age interval than oil shales; however, the
sapropelite unit is associated with a quite definite
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Fig. 2. Photograph of the sapropelite unit section, Cape Aktumsuk, western coast of the Aral Sea (courtesy of E.A. Shcherbinina).

gravel-pebble layer identified as the “fourth phospho-
rite layer” (Rasulov et al., 1990).

In the Tajik Depression (Guru Fat’ma and Kurpai
sections, Fig. 1, 6, 7), the sapropelite unit, which is reg-
istered as a layer (about 1 m) of black-colored lamu-
nated rocks with appreciable silt admixture within the
light gray marls (Givar layers), is characterized by a
distinct bottom and obscure top. The Kurpai sapropelite
unit has a three-member structure, and its middle inter-
layer is OM-depleted. In the Guru Fat’'ma section, an
erosion surface is registered below the sapropelite unit.
In the relatively shallow-water zones of the Tajik
Depression, the sapropelite unit is underlain by coarser,
locally gritstone-type rocks. In the Fergana Depression
characterized by shallow-water sedimentation, oil
shales are represented by the so-called “fish layers”
(=10 m) composed of gray, low-carbonate clays with
fish detritus in rare, yellowish brown, laminated inter-
layers.

In the northern zone of the Upper Paleocene depos-
its, the sapropelite unit of southern Russia is repre-
sented by the lower part of the Lower Kamyshen sub-
formation (lower Volga region, Fig. 1, 8). The 5-7-m-
thick sandy and clayey siltstones are composed of deci-
meter-scale interlayer alternations with variable con-
tents of OM represented mostly by plant detritus. The
disconformably underlying Lower Saratov bed is also
composed of sand—clay rocks.

Based on the foregoing, we can conclude that the
sapropelite unit is elsewhere distinguished by a darker
color and often by typical foliation of rocks after
weathering. Its lower boundary is always sharp,
whereas the upper one, while also distinct, is more
gradual. Several sections are characterized by the pres-
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ence of an erosion surface at some depth below the unit,
while some sections reveal a transgressive unconform-
able contact of the unit with the underlying layer.
Toward the coastal-facies zone, the sapropelite unit is
OM-depleted; locally, it is replaced by layers with
abundant fish detritus; and, occasionally, it is replaced
by or spatially associated with phosphorite-bearing
rocks.

LITHOLOGY AND GEOCHEMISTRY
OF THE SAPROPELITE UNIT

The objective of our research was to estimate the
impact of geological events that triggered the drastic
growth of bioproductivity and accumulation of
organic-rich sediments in the basin on the geochemical
signature of rocks. The research was based on the study
of a wide range of elements and sensu stricto the
geochemistry of OM, including the carbon isotopic
composition, in particular. The sapropelite unit sections
in various sectors of the Late Paleocene basin were
examined for the content and distribution of the follow-
ing components: C_,, CaCOj, S, P, Fe, and Ti (chemi-
cal methods), as well as V, Cr, Ni, Co, Pb, Cu, Ga, Ge,
Mo, Ag, Zn, and Sn (quantitative spectral analysis).
Additionally, two representative sections in the western
and eastern sectors of the basin (Kheu River section in
the Northern Caucasus and Guru Fat’ma section in the
Tajik Depression) were examined for the following ele-
ments; Nb, Zr, Rb, Sr, and Ba (X-ray fluorescence anal-
ysis), as well as Sc, Se, Br, Sb, Cs, Hf, Au, Th, Y, La,
Ce, Nd, Sm, Eu, Tb, Yb, and Lu (neutron activation
analysis). The results obtained are given in Table 1 and
Fig. 3.
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Table 1. Contents of chemical elements in the sapropelite unit and host rocks

Ciscaucasus, Kheu River

p?:';‘c‘). Corg (C2COsf Fe | Mn | Ti | P S Cr | Ni{ V | Cu| Co|Pb| Gal| Ge | Mo | Zn | Sn | Ag As
9 <01 | 136 | 336026 [ 044|005 | 078 | 122] 97} 140 68 | 33| 26 | 19 | 20 | 20| 60 | 1.8 [ 0.08 8
10 051 1.6 | 4191002 | 047 (007 | 026 | 150 423 | 205 120 | 104 | 33 | 32 | 24 | 54| 280 | 27 1 0.09] n.a
lla 790| 0.1 |595 016 | 041|031 | 273 | 740|338 {1100| 172 | 53 | 69 | 21 | 35 1231|175 | 2.7 | 65 32
11b 630] 129 | 582 |0.14 | 033 1026 | 399 | 235| 310 [ 1650| 106 | 45| 26 | 16 | 53 | 635|250 | 27 | 270 | 110
llc 1.01] 258 | 363 (007 [ 036|011 | 073 | 1671 260 | 247|103 25| 36 | 22 | 20 | 66| 280 | 2.7 | 0.35 6
11d 6000 1.1 | 474 [ 0.007| 038 1024 | 082 {1200 395 | 338 118 | 46 | 48 | 21 | 28 | 52| 360 | 2.0 | 7.00 6
12 022] 26.1 | 346 (012 1035|0101 | 047 | 145|518 | 225| 77| 38| 25 | 20 { 22 | 49| 245 | 3.0 | 0.54 20
14 0.14| 17.8 | 4.58 |0.26 | 0.41 |0.066| 023 | 115|150 | 147 | 40 | 21| 26 | 19 | 27 | 16| 80 | 2.1 { 0.14 6
Kheu River (contd.)
psljr:(')_ Nb | ZzZr | Rb| St | Ba| Sc | Se | Br | Cs | Hf | Au | Th | La | Ce | Nd | Sm | BEu | Tb | Yb Lu Y
9 32 | 160 | 90 | 920 [ 6300| 18 23| 16| 52| 41 |0004] 10 43 | 93 | 42 | 73] 16 | 1.3 ] 30 040 |61
10 86 | 120 | 100 { 290 { 440| 23 98| 58 : 93 | 34 |0012| 96 | 27 | 48 | 21 | 39| 081 059 18 026 |19
1la 62 | 110 | 110 | 780 | 6300 18 |280 |27 78 | 27 [0.024| 73] 63 | 93 | 50 |12 24 | 1.6 | 438 065 |54
11b 651 94| 76 | 810 [1600| 14 [190 |17 58| 22 |0.021| 62| 59 | 83 | 51 |13 21 | 1.5 | 4.3 072 |52
11c 66 | 100 | 95| 840 [4200] 18 | 26 |10 |10 3.1 |0016) 81| 34 | 51 | 20 | 59| 1.2 | 086 2.5 036 |24
11d 68 | 120 | 105 | 740 | 6500 18 | 140 |35 88 | 32 (0025 86| 35 | 57 | 30 | 56 | 12 | 087] 26 | 036 |37
12 87 | 90 | 88 | 720 [8900| 15 | 13 28| 77| 27 Jooi6] 76| 31 | 53 | 28 | 54| 1.2 | 089] 2.2 0.35 |18
14 7.2 | 100 | 120 | 780 | 2100 | 18 2 | 19] 91| 30 |0007] 80| 35 | 64 | 29 | 56| 1.2 | 0.87| 24 034 |18
Baksan River
ps]:r:(-). Cog [CaCOy| Fe | Mn | Ti P S Ctr | Ni| V | Cu | Co!l Pb | Ga| Ge | Mo | Zn | Sn | Ag As
50 0333643298 013032002 na | 115} 80 ] 120 45| 23 | 16 | 15 { 15| 1.0 | 8 | 45 {012] n.a
51 <0.1 |17.371348 1011 [032]004 | na ! 120 115115 | 25| 27| 11 | 13 | 15| 10| 60{ 45 |0.12]| n.a
52 0.17117.82| 337 | 008 | 035 [ 0.04 | n.a. | 190 | 165 | 170 { 300 | S5 | 31 | 20 | 1.8 | 1.0 | 260 | 54 | 0.18 | n.a
53 0.1 | 897)|265!1006| 045|008 | na | 95| 165 ] 135 | 43 [ 100 | 18 | 10 [ 14 | 05 | 120 | 26 | 030 | n.a.
54a 1.07) 987|263 005|044 {029 n.a | 385 | 220|305 110 (100 | 37 | 18 | 32 | 1.4 [ 260 | 59 | 225]| n.a
54b 03 | 1964|324 011|044 | 007 | n.a | 125 140 | 145 | 24| 32! 14 | 10 | 1.4 | 05 | 130 | 34 [ 020 n.a
54c 0.1212253] 259 012043007 (na | 70| 100| 95| 15 20| 8 6 | 14| 05| 175 24 | 025| n.a
55 <0.1 [ 1090|423 |005] 049|004 | na | 130 | 58| 210 27| 10| 13 | 13 | 22|05 | 70| 35 |030]| n.a
56 <0.1 | 3524371003 038|004 | na |25 | 110]270 60| 23| 28 { 22 110 | 10| 9| 60 016 na
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Table 1. {Contd.)

Western Georgia, settlement of Medani

Sample no.| C,, {CaCO;| Fe Mn Ti P S Cr Ni v Cu Co Pb Ga Ge | Mo | Zn Sn Ag | As
1 <0.1 |66.06] 1.79 | 0.13 | 0.29 | 0.028 | n.a 51 43 25 31 14 6 4 1.0 1.0 30 [ 1.2 1 003 |n.a
3 <0.1 |61.86| 229 | 0.09 ;| 031 ;0.044  n.a 62 63 45 24 | 30 8 5 1.0 | 1.5 30 | 1.2 1 003 |n.a
4 <0.1 |43.36| 3.13 | 006 | 040 | 0.049 | n.a 65 | 150 50 35 | S8 11 6 1.0 | 35 60 | t.2 | 0.03 {n. a
5 048 12043 | 390 | 0.04 | 046 | 0.036 | n.a 70 | 105 85 55 | 32 13 13 1.2 1.0 | 135 | 1.3 [ 006 |n.a
6 0.5 |11.24| 4.19 | 0.04 | 041 | 0.031 | n.a 85 | 15 90 55 | 30 9 8 1.2 1.7 | 125 1.6 | 0.11 [n.a
8 1.92149.03 | 278 | 0.04 | 0.32 | 0.15 n.a | 270 90 {1200 37 14 7 5 1.0 | 11.5 | 105 1.3 | 095 [n.a

10 2.65|40.07 | 3.89 | 0.04 | 032 | 0.19 n.a | 250 80 | 130 43 10 6 6 1.0 | 61 65 | 1.3 [ 075 |n.a
11 33013201 335 | 003 | 0.36 | 0.14 n.a 340 | 180 | 185 65 13 | 8 10 1.4 | 52 ¢ 130 [ 1.5 | 230 |n.a
12 3303746 279 | 0.03 | 033 | 0.14 n.a. | 410 | 130 | 180 85 12 9 11 1.5 7 35 | 165 | 1.8 |20 |n.a
13 0.82(5335] 279 | 004 | 0.29 | 0081 | n.a 80 ; 105 55 25 14 7 4 1.0 | 3.5 50 | 1.2 | 012 |n.a
15 0.29 16594 | 234 | 004 | 023 [0.050 | n.a 80 30 32 20 5 5 3 1.0 § 3.0 30 | 1.0 | 0.18 |n.a
16 1.20 [ 69.80 | 2.23 | 0.04 | 028 (0053 | n.a 95 80 70 30 14 6 5 1.0 | 2.6 40 | 1.3 | 0.17 |n.a
17 0.23 15698 | 2.8 | 0.06 | 0.31 | 0058 n.a 105 65 80 30 16 8 6 1.0 1.7 30 ( £3 (010 In.a
18 <0.1 6753 1.67 | 0.07 | 027 | 0026 | n.a 45 28 35 19 7 5 3 1.0 1.0 30 { 1.0 | 0.03 |n.a
19 <0.1 |71.73; 1.78 | 0.09 | 0.27 | 0.027 | n.a. 50 40 30 20 16 5 3 1.0 1.0 |10-15; 1.0 | 0.05 |n.a
20 <0.1 [69.80} 1.56 | 0.09 | 0.27 | 0.036 | n.a. 35 23 20 16 4 5 3 1.0 1.0 |10-15{ LO ! 0.03 |n.a
Western Aral region, Cape Aktumus-k-l

54 <0.1 | 87.17] 0.71 | 1.41 | 0.17 | 0.19 | 0.20 16 54 38 12 23 5 5 1.0 | 24 15 1.1 | 0.10 | 7

56 3.80 [59.02| 530 | <0.1 | 0.80 | 0.54 | 1.05 | 415 | 680 | 710 | 130 | 155 13 4 1.0 | 6.3 20 1.0 | 4.30 | 35
57 241 {57.09) 1.74 | 036 | 021 | 0.63 | 0.68 | 555 | 560 | 450 | 165 | 130 14 5 1.0 { 37 85 1.0 {170 | 8

58 0.62 | 76.05| 1.87 | 0.88 | 0.18 | 0.29 | 0.65 | 252 | 280 | 400 | 130 | 165 | 25 5 1.0 | 39 65 1.0 | 0.60 | 22
59 <0.1 | 8513 099 | 1.08 | 0.18 | 0.32 | 0.40 | 57 36 65 16 18 5 5 1.0 1.7 20 1.0 | 0.09 | 1

60 <0.1 |9262 069 | 0.61 | 0.16 | 0.06 | 1.85 12 11 20 12 5 6’ 5 1.0 1.5 12 1.0 | 0.07 | 1

(454
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Table 1. (Contd.)

Cape Aktumusk-2

Sample no.| C,, [CaCO,| Fe Mn Ti P S Cr Ni v Cu Co Pb Ga Ge Mo Zn Sn Ag | As
100 <0.1 |77.18( 1.04 | 0.07 | 0.15 | 0.10 | 0.62 | 520 20 45 10 6 5 3 1.0 20| 40 1.0 1 023 17
101 0.9556.07( 1.36 | 0.05 | 0.17 { 047 | 1.72 | 400 | 105 |1500 65 11 12 3 1.0 | 220 40 | 1.0 [ 095 | 34
103 65015754 136 | 0.05 | 020 { 0.61 | 1.00 | 280 | 115 | 615 | 115 10 11 3 1.0 | 15.2 40 | 1.0 | 065 | 17
14 0.54 | 89.67| 1.23 | 0.06 | 0.21 | 066 | 1.05 45 95 | 385 80 9 9 3 1.0 | 125 40 1.5 | 0.60 | 16
106 3.40(71.51| 1.15 | 0.07 | 015 | 0.23 | 1.25 15 75 | 315 30 9 5 3 1.0 8.8 40 | 1.0 | 065 | 17
107 <0.1 [85.13| 0,50 | 0.11 | 0.13 | 0.27 | 0.52 | 100 25 35 25 6 10 3 1.0 2.2 40 | 1.0 ;1 033 | 14
108 <0.1 {9091 1.09 { 0.18 | 0.09 | 0.07 | 0.72 } 175 55 15 15 17 5 3 1.0 2.5 40 1.0 | 0.14 | 12

Western Kopet Dagh, Torangly area

3 <0.1 {17.03| 4.11 | 0.12 | 040 | 0.01 | 0.10 | 110 60 | 135 65 13 19 16 1.0 1.1 100 | 25 | 0.10 |n.a.

6 <0.1 (22704 331 | 0.18 | 0.37 | 0.02 | 0.10 | 112 65 | 135 35 10 18 17 20 0.8 115 | 35 | 0.16 |n.a.

8 <01 |1986| 243 | 0.12 | 0.39 | 0.01 | 0.10 } 132 75 | 140 35 8 15 20 23 08] 130 | 40 | 0.28 |n.a.

9 <{.1 885] 5.09 | 0.10 § 038 | 0.02 | 054 | 112 S0 | 160 60 23 18 20 23 | 3201 215 | 45 | 0.24 |n.a.

10 1.81| 568 3.29 | 0.08 | 045 | 0.11 | 0.27 | 275 | 160 {3200 [ 110 10 | 130 25 3.0 [360 850 | 5.0 | 2.40 In.a.
11 1.021 1,70| 390 | 0.08 | 0.36 | 0.08 | 3.65 | 325 90 | 515 35 17 40 21 30 | 245 280 | 55 | 2.10 |n.a.
13 1.42] 9.65¢( 498 } 0.14 | 037 | 012 | 0.10 | 560 50 (2300 75 15 65 27 23 | 250 (1100 | 6.0 | 450 |n.a.
14 0.75 <04 | 470 | 0.10 | 041 | 0.06 | 0.10 | 165 75 | 375 40 13 43 34 3.0 45| 330 | 5.0 | 085 [n.a
15 032 874| 373 | 0.12 | 040 | 0.05 | 0.10 | 192 75 | 200 35 20 30 29 20 0.8] 250 | 5.0 | 0.45 |n.a.
22 <0.1 [11.92} 3.19 | 0.11 | 041 | 0.04 | 0.10 | 120 55 | 155 5 10 16 21 23 14| 130 | 3.5 | 0.28 |n.a.

Amu Darya region (Suzak) oil shales

29/77 1440 | 21.68 [ 2.59 | 0.04 | 022 | 0.38 4,73 | 335 | 350 |3700 | 115 30 13 7 4.5 700T 105 } 90 | 1.0 [n.a
33/71 350!50.85] na. | ma. | n.a | n.a | n.a | 550 | 110 [1420 95 15 19 8 1.0 301 135 | 40 | 3.8 In.a
7173 18.00 | 14.07 | 391 | 0.04 | 0.21 | 0.21 497 | 215 | 430 |3400 | 140 30 18 7 7.0 | 1760 | 200 |14.0 | 1.0 [n.a.
72/74 9708558 | n.a. | na. | na | n.a. | ma | 165 | 140 ;2200 80 | 25 10 4 1.0 175 65 1 25 | 09 (n.a
80/71 13.90 | 51.87 | 4.27 | 0.04 | 0.18 | 0.39 5.72 | 230 | 350 |3500 | 105 27 14 5 4.8 650 40 | 80 | 1.2 in.a
82/72 .10 4131} 265 | 0.04 | 0.17 | 1.28 390 | 160 | 180 |3000 | 110 20 13 4 3.5 300 40 | 40 | 1.1 |n.a
96/76 15.20 | 30.42 | 238 | 004 | 0.15 | 0.35 456 | 215 | 185 [3500 | 130 23 14 6 23 280 80 | 45 | 1.0 |n.a.
Urt-1 2250(10.78 { 2.85 | 0.04 | 0.19 | 0.67 6.04 | 280 | 490 {5400 | 180 27 14 6 6.5 | 1260 ( 145 (130 | 1.4 |n.a
Urt-2 2020 | 17.48 | 247 | 0.03 | 0.18 [ 0.75 5.04 | 300 | 340 |5800 | 110 27 12 6 35 810 | 145 | 8.0 | 13 |n.a
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Table 1. (Contd.)

Tajik Depression, Kurpai area

Sample no. Corg CaCO;| Fe | Mn Ti P S Cr Ni A% Cu Co Pb Ga Ge Mo Zn Sn Ag As
13 <0.1 522 1285/005{041}001  n.a | 205 | 62 | 302 26 18 30 18 1.7 50, 97 ] 43 {007 | na
14 <0.1 227 1152]005)|035]001 | na | 139 | 58 | 242 36 13 47 13 1.7 | 27.0}, 900 | 28 }0.10 | n.a
15 7.45( 10.22 | 2.22 (| 0.07 | 021 (030 { n.a. | 114 | 168 | 431 98 26 48 9 1.3 1110 55| 46 | 021 | na
17 1.16 7.26 1493 |0.12 (045|014 { n.a | 122 | 100 | 298 54 18 44 23 1.7 { 159 165 | 54 | 0.10 | n.a
18 1330 386 1463)|0.15]|0.16049 [ n. a 87 | 350 | 900 93 [ n.a 78 5 27 | 157 64 | 43 {030 | n.a
19 17.00 | <04 | 6.65]0.14{0.11 {101 [ n.a 68 | 385 | 1050 120 | n.a 82 5 2.2 1220 190 | 5.6 | 049 | n. a
20 0.10| 31.78 | 2.71 | 0.13 | 0.37 | 0.07 | n. a. 96 56 | 185 29 | n.a 23 12 2.0 67 40 | 24 ;005 | n.a
Guru Fat'ma area
5 0.11| 1044 | 3.06 | 0.12 | 038 ;1 0.04 | 0.97 | 115 52 | 228 26 12 14 17 1.2 | 116 72 ] 46 | 003 | na
6 0.16| 11.69 | 3.90 | 0.08 { 0.38 | 0.09 | 1.81 | 248 69 | 492 30 16 16 17 1.5 | 290| 66 | 48 ;005 | n.a
7 1550 15.10 | 3.87 | 0.00 | 0.20 | 0.32 ! 3.80 | 140 | 220 [1550 | 110 29 9 6 1.5 {188 40 | 48 [ 057 | n.a
Ta 6.40 | <0.4 |[3.90|0.08| 041|015 1.67 | 125 | 102 | 345 80 14 20 19 1.5 | 625} 45| 46 | 035 n.a
7b 2.04|<0.4 |3.82]0.02{048|0.10| 1.02 132 89 | 232 60 16 16 25 22 | 154] 70 | 26 | 0.12 | n.a
8 212 3.75{3.69{002|045;0.13 1093 60 38 | 100 26 8 6 10 1.2 52| 45| 20 | 030 n.a
Sample no.| Nb Zr | Rb Sr Ba Sc Se Br Cs Hf Au Th La Ce Nd [ Sm Eu Tb Yb Lu Y
5 11 150 | 120 | 150 [ 720] 16 351 03 | 11 4.1 10.001| 10 23 45 19 34 | 068 061 1.8 | 028 |22
6 13 150 | 130 { 160 | 510 15 13 0.8 | 11 43 10.011| 99 28 57 29 4.1 1.0 | 0.86] 23 | 0.37 {28
7 9.7 94 71 | 360 {6100 8.8 81 4.1 64| 25 |0025; 6.3 34 56 25 5.4 1.1 087 2.7 | 042 |39
Ta 12 120 | 150 | 150 | 970} 18 13 08 | 11 3.2 |0.004 92 30 55 30 6.7 1.3 1.1 3.0 | 043 |28
7b 16 150 [ 160 | 130 | 750 20 60 1.2 | 14 3.3 10.029] 12 33 62 28 6.1 1.2 1.0 [ 3.0 | 048 |31
8 14 140 | 150 | 190 | 730/ 19 63| 0.7 | 12 39 (0011} 11 32 64 30 6.4 1.2 1.0 | 26 | 038 |33

Note: Cypp, CaCO;, Fe, Mn, Ti, P, and S are given in %; other elements, in ppm; n. a.—not analyzed.
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Organic matter. As is evident from Table 1 and
Fig. 3, the OM content in the sapropelite unit is highly
variable at different sites. In the Caucasus, the highest
Corg concentrations (up to 10%) are registered in the
Kheu River section. The C,, content is up to 1.1% in
the Baksan River section characterized by the presence
of only the upper part of the sapropelite unit; as much
as 3.3% in the Medani section, Transcaucasus; and up
to 3.8% at Cape Aktumsuk, Aral Sea region. The C,,
content in the Tajik Depression is up to 15-17% (Kur-
pai and Guru Fat’'ma sections) and more than 20% in
the Suzak oil shale zone, Amu Darya region. Hence, the
OM content in sapropel rocks of the Central and South
Asian region is significantly higher than in its western
counterparts. For example, the C_, content in the Volga
region section does not exceed 1%.

It is worthy of mention that, irrespective of the facial
position, sapropel rocks in almost all sections are char-
acterized by fine bedding owing to the presence of mil-
limeter-scale OM-rich laminas that may be continuous
or discontinuous. In the latter case, one can observe a
series of brown (with various shades) small lenses.
Generally, the organic matter is represented by an
amorphous mass (colloalginite). Locally, we can also
observe foraminifer shells, which are concentrated as
separate bands that are not connected with the organic-
rich laminas. The development of lamination owing to
the stratal distribution of OM was likely induced by the
seasonal phytoplankton bloom. At the same time,
locally, in the Kheu River section, for example,
sapropel rocks contain small fragments of wood.

Calcium carbonate is among the major rock-form-
ing components in Paleogene deposits, therefore, its
distribution in the sapropelite unit and host rocks is of
specific interest. The CaCO; distribution is variable in
different sectors of the basin. In the Caucasus and Aral
Sea region sections (Kheu River, settlement of Medani,
and Cape Aktumsuk), where the sapropelite unit is
organic-rich, the C, content is negatively correlated with
CaCO, (Fig. 3). In the shallow-water and subcoastal facies
zones (Kuban and Malyi Zelenchuk rmvers), the
sapropelite unit rocks are C-depleted (0.5-0.7%); nev-
ertheless, they contain 4—80% more carbonates than the
host rocks. The sapropelite unit rocks of Central and
South Asia, strongly differ in carbonate content. As is
evident from Fig. 3, the C_,, concentration in the rocks
may be locally accompanied by the relative minor
growth of CaCO; in sapropelites; however, the compar-
ison of contents of carbonate and C, in sapropelites
demonstrates a similar inverse correlation between
them. The microscopic study did not reveal any evi-
dence of intense solution of carbonate shells of organ-
isms (foraminifers and coccoliths); hence, the CaCO,
variation observed in Paleogene rocks likely indicate
the changes in bioproductivity of the Ca-generating and
rock-forming species of plankton and benthos.

Phosphorus content is steadily high in all the
sapropelite units studied (Table 1, Fig. 3). It is partly
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concentrated in numerous organic remains (fish scale
and small bone detritus) and partly scattered in rocks.
Sapropelites (oil shales) of the Central and South Asian
sections occasionally contain small (up to 1 cm), light
gray to cream-colored, oval nodules and lenses of phos-
phate. The P,O5 content in rocks is as much as 2-3%
(Oleinik, 1969).

The understanding of processes leading to forma-
tion of the sapropelite unit requires the examination of
the mode of phosphate distribution in host sequences.
Paleogene deposits of the Central and South Asian
region contain abundant phosphorites at various strati-
graphic levels, such as Middle Eocene, Lower Eocene,
and Upper Paleocene (Rasulov et al., 1990), but we are
interested, above all, in Upper Paleocene Suzak rocks
that host the sapropelite unit. In Tajikistan, only the
lower part of the Suzak unit (10~40 m) contains phos-
phorite. Phosphorite concretions (1-5 cm, occasionally
10 cm in length), which are more or less uniformly
scattered in clays, are locally concentrated in interlay-
ers and lenses that are strongly variable in thickness
along the strike. One can distinguish one to six units,
10-30 c¢m in thickness. The chemical composition of
phosphorite concretions is rather monotonous (P,0;
22-27%). The phosphorite-bearing rocks contain rela-
tively high C, (up to 0.1-1%) and iron sulfides (Oleinik,
1969). In the central Kyzyl Kum region, the sapropelite
unit is underlain by a gravel-pebble phosphorite layer
(Rasulov et al., 1950).

Paleocene phosphorites are known in the lower
reaches of the Don River (Veshen deposit) of the Rus-
sian Plate. Host deposits here, however, cannot be reli-
ably correlated with the stratigraphically similar
sapropelite unit because of the lack of proper faunistic
study.

Iron is among the elements that are unevenly con-
centrated in the sapropelite unit rocks, except for the
Guru Fat’'ma section where it is uniformly distributed.
The thin sections studied reveal rather numerous pyritic
segregations that are occasionally encountered as large
nodules in the layer’s lower part (Gavrilov and
Muzylev, 1991).

In sapropelite rocks of the majority of sections (¢.g.,
Kheu, Medani, Aktumsuk, and Guru Fat'ma) studied,
manganese is relatively slightly depleted. The simulta-
neous decrease of CaCQO; could suggest that the afore-
said depletion is induced by the isomorphic introduc-
tion of Mn into the calcite structure. However, the lack
of positive correlation between Mn and CaCO; within
the sapropelite unit probably testifies to their autono-
mous nature. This inference is also corroborated by the
following observation: in sections with overall high
content of carbonates in rocks (e.g., the Aktumsuk sec-
tion), the CaCQ, content is only slightly reduced (about
20%), but Mn is practically absent; this situation could
have hardly been possible if carbonates were the main
concentrator of Mn. The specific distribution mode of
Mn in the Kurpai section is likely related to the diage-
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Fig. 3. Distribution of chemical elements in the sapropelite unit sections. Gy, CaCOj, P, Ti, Fe, Mn, and S are given in %; other elements, in ppm. (1) Shales; (2) silt clays;
(3) siltstones; (4) marl clays; (5) marls; (6) limestones.
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netic redistribution of this element in the threc-member
clayey siltstone unit.

The common negative correlation between Mn and
Cory evidently indicates that Mn was diagenetically
removed from sediments with the highest concentra-
tions of OM.

Sulfur is markedly increased in all the sapropelite
unit sections studied, relative to the host rocks. The sul-
fur content is as much as several percent. This phenom-
enon is quite natural, inasmuch as the sulfate-reducing
and sulfide-forming processes were intense in the
sapropelite unit muds. At the same time, it is highly
probable that a part of S occurs in the nonsulfide form,
as suggested by the infrequent lack of correlation between
S and Fe. The highest concentrations of S (4-6%) are
observed in the Suzak oil shales characterized by rela-
tively low Fe content, indicating the presence of sulfu-
roorganic compounds in the sapropelite unit rocks.

Minor elements registered in the sapropelite unit
rocks can be divided into two groups. The first group
includes elements, which are generally concentrated to
a variable extent in the sapropelite unit, are represented
by V, Cu, Mo, Ni, Ag, Au, Se, Co, Zn, Cr, Sn, Ga, Ge,
Br, and possibly Ba. The second group incorporates the
following elements that are characterized by very low
fluctuations and even minor depletion at the transition
from the host rocks to the sapropelite unit: Ti, Zr, Nb,
Rb, Sr, Sc, Cs, Hf, and probably REE. The first group,
which is of prime interest for estimating the formation
conditions of the sapropelite unit, can be further subdi-
vided into two subgroups: the first subgroup elements
are characterized by the ubiquitous growth of content,
while the second subgroup elements are only increased
in particular regions.

The vanadium content is steadily high in the
sapropelite unit, occasionally exceeding the content in
clays by more than one order of magnitude; e.g., the
maximum content of V in the sections studied is as fol-
lows (in ppm): Kheu 1650, Guru Fat’ma 1550, and Tor-
angly 3200. Some Suzak oil shale samples contain
more than 5000 ppm V (Table 1). At the same time, the
vanadium distribution within the sapropelitc unit does
not always correlate with the C,, content (Fig. 3, Kheu
section).

Another constant minor element in the sapropelite
unit is molybdenum. The content of Mo is as much as
60 ppm in the Ciscaucasus sapropelite unit, whereas its
maximum concentration in the Central and South Asian
counterparts is markedly higher (in ppm): Torangly
360, Guru Fat’'ma 188, Kurpai 220, and Suzak oil
shales 1760 (Table 1). The selenium concentration is
also conspicuous (more than one order of magnitude
higher than in host rocks), particularly in the Kheu
River section, where the selenium content rises from
2.9 ppm in the underlying rocks to 2800 ppm at the base
of the sapropelite unit (Table 1). In the Suzak oil shales
of other regions, the coefficient of selenium concentra-
tion ranges between 68 and 110, while the selenium
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content varies from 17 to 80 ppm (Poplavko et al.,
1978). Based on the available published data, the aver-
age concentration of Se is 4.1 ppm in host rocks and 60
ppm in oil shales (Vorob’ev, 1969). In some samples from
the middle part of the Suzak shale layer, the selenium con-
tent is as much as 200-400 ppm; a part of the clement is
present as native Se, but the overwhelming part is included
in ferrosilite, sulfide nodules, and various OM fractions
(Ivanov and Yushko-Zakharova, 1982).

Elements such as Cr, Ag, Au, etc., are regularly con-
centrated in the sapropelite unit. However, the regional
distribution factor is more essential for these elements
in the study area. The behavior of chromium testifies
to this inference. In the Kheu River section, the chro-
mium content is high (740 and 1200 ppm) and is corre-
lated with C,,,. In the Baksan River scction, a minor
growth of Corg (1 07%) is accompanied by the increase
of Cr up to 385 ppm. Meanwhile, in the organic-rich
(Copg up to 17%) sapropelite rocks of the Kurpai sec-
tion, Tajik Depression, the chromium content is low,
relative to the host rocks. In the sapropelite rocks of the
basin’s remaining territory, the chromium content 1s
increased but still lower than the Kheu River parameters.

In the Suzak oil shales analyzed (Table 1), the chro-
mium concentration in samples with very high Corg
content (more than 20%) does not exceed 300 ppm
whereas it is as much as 550 ppm in sample 33/71 with
only 3.5% C,; i.e., in contrast to the Ciscaucasus pattern,
chromium here is not distinctly correlated with C,,
Hence, the behavior of Cr during the accumulation of
sapropels differed in various parts of the basin. Proba-
ble reasons for the Cr-enrichment of these sediments
have been discussed in our earlier work (Gavrilov and
Muzylev, 1991).

An analogous pattern is typical for silver. Its con-
centration is 1-2 orders of magnitude higher in the
sapropelite unit than in the host rocks, whereas the con-
centration growth is insignificant for both Tajik sec-
tions. The behavior of zine is also similar. It is con-

stantly present in the sapropelite unit, but the maximum

concentration is observed in the Torangly section (850
and 1100 ppm). As is seen from Table 1, the host rocks
are also characterized by rather high background values
of Zn. Therefore, we can presume that the anomalous
high concentrations of Zn in the Torangly sapropelite
rocks have an inherited nature and above else are typi-
cal for this region. It is also pertinent to note that, usu-
ally, cobalt is only slightly concentrated in the
sapropelite unit; an exception is provided by the Cape
Aktumsuk section sapropelites, in which the cobalt
content is appreciably greater (Table 1, Fig. 3). More-
over, it is worth noting that the cobalt content in another
section located at a distance of 2 km is as usual, i.e.,
very low. Such drastic changes in the cobalt behavior
are likely induced by the local facial features of sedi-
mentation.

Bromium is quite distinct from the above-described
elements in geochemical properties. In both sections
Vol. 32
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studied, the concentration of this element in the
sapropelite unit is one order of magnitude higher than
the background value in the host rocks; e.g., the respec-
tive values of Br are equal to 27-35 and 1.6-1.9 ppm
for the Kheu River section and 4.1 and 0.3-0.7 ppm for
the Guru Fat’ma section. Hence, the bromium content
markedly differs in various parts of the region. Numer-
ous data are available, suggesting the lifelong concen-
tration of this element in organisms, such as phy-
toplankton, in particular (Selivanov, 1946; Saenko,

1992; and others). Saenko reported that the increased
concentration of Br in the environment is an essential
factor for the assimilation of this element by plants;
moreover, plants of one species but from different sites
may strongly differ in bromium content. According to
Barashkov (1972), the bromium content in marine
algae ranges between 0.01 and 3.0%; particularly rich
in Br are red and brown algae. Presumably, these cir-
cumstances were responsible for the contrast distribu-

tion of this element in different sections of the
sapropelite unit.

As for some elements that were not determined by
us but were reported by other researchers, the following
observations should be pointed out. The rhenium con-
tent is generally high in sapropelites. Numerous data
are available, suggesting the presence of Re in the
Suzak oil shales of Central and South Asia (Basitova
etal., 1972 and others). For instance, according to
(Poplavko et al., 1977, 1978), the coefficient of rhe-
nium concentration in shales ranges between 881 and
4471, while its content varies from 0.24 to 3.2 ppm.
Nishankhodzhaev er al. (1974) reported that the mean
rhenium content in 39 samples is equal to 1.5 ppm, but
some samples contain as much as 18 ppm, which is one
order of magnitude higher than the mean value for Re
in shales and four orders of magnitude higher than the
clarke value. According to other researchers, the rhenium
content in the Suzak shales vary from 0.2 to 21 ppm, while
the content in separate deposits range between 6 and
10 ppm (Metallogeniya..., 1987). Based on the study
of rhenium behavior in the Suzak shale area (Tvanov
and Poplavko, 1982), the basin’s central sector is more
enriched in Re than the marginal ones; within the spec-
ified shale deposits, the rhenium content is rather stable
but depends on the OM concentration. High concentra-
tions of Re are also observed in shales of Kazakhstan
(Kalinin et al., 1985). In the Suzak oil shales of Central
and South Asia, the coefficients of concentration of
other elements relative to host rocks are as follows (in
ppm): Te from several hundreds up to 3000, Tl 7.4-35,
Bi 20-300, Sb 4.6-5.7, and Cd 187-680 (Poplavko
et al.,, 1978).

The barium behavior is variable in two sections
studied. In the Tajik section, the barium content in host
rocks is low, and it is clearly correlated with C,,, in the
organic-rich interlayer. In the Kheu River scctlon the
barium content is higher in host rocks than in the
sapropelite unit. This phenomenon is likely related to
the diagenetic redistribution of Ba, as evidenced by the
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Table 2. The isotopic composition of organic and carbonate
carbon in Paleogene rocks from the Kheu River

Age of sedi- p?:';‘(;. Corge % | 81%Corg. %o | 813C gy, o
Lower Eocene 64a <0.1 =279 0.4
64c 33 -27.8 0.2
64e 0.1 -27.8 0.8
59a | <0.1 -27.5 0.3
59b 37 -27.5 0.1
5% 02 -28.2 0.0
55a <0.1 -27.2 0.3
55b 2.0 =275 0.5
55¢ 0.3 -27.7 0.1
55e <0.1 -28.8 0.3
Upper Paleocene| 14 0.2 -27.4 0.5
12 0.3 =279 -0.2
lle 9.2 -30.8 -1.7
11c 1.6 -27.3 -0.6
11b 10.6 -30.3 -1.8
11a 8.5 -30.5 -1.8
9 0.1 -27.2 0.3

presence of pyrite and barite nodules. Hence, this ele-
ment can be included into the group of elements that are
concentrated in the sapropelite unit.

Elements such as Ti, Zr, Nb, Sc, Cs, Rb, Hf, Th, Sr,
and B are passive in relation to the sapropelite unit. The
majority of these elements belong to the typical litho-
phile elements, whose distribution is governed by alu-
minosilicate components of the sediment. The REE
group elements are rather close to the above-mentioned
elements in the distribution mode. In the two sections
studied, REE and Y were rather passive in relation to
the organic-rich sediments (Fig. 3, Table 1). In the
Kheu River section, the lower part of the sapropelite
unit is characterized by a slight increase of REE and Y,
whereas the upper part contains clarke-level concentra-
tions of these elements. In the Guru Fat’'ma section,
REE and Y are at normal level in the sapropelite unit but
relatively increased in the underlying layer. Special atten-
tion must be given to the lack of comrelation with P. The
REE distribution in Paleocene deposits, in general, is
similar to that in sapropels and host rocks of the Black
Sea (Fomina and Volkov, 1970).

Hence, in addition to C,,, a large group of elements
are concentrated in the sapropehte unit. However, we
do not observe any distinct correlation between C,,
and the majority of the minor elements within the layer
or over the area. Some of these elements are character-
ized by conspicuous variations over the sapropelite area
irrespective of the OM content. The regional-scale,
possibly inherited-type increase of concentrations of
these elements in the sapropelite unit may be induced
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by specific features of the geological setting of particu-
lar regions. It may be governed, in particular, by the
typc of weathering in the coastal denudation zones and
the specific conditions of sedimentation.

Evidently, the concentration of various clements in
the sapropelite unit was a complex process affected by
different factors, such as the accumulation of ccrtain
elements in tissues of living organisms during metabo-
lism, the sorption of elements by remnants of atrophied
organisms and hydroxides of Fe and Mn during sedi-
mentation, the diagenetic processes of the accumula-
tion or removal of clements, the dircct precipitation of
sulfides of certain metals from suspcnsion in the
H,S-contaminated basin waters, etc. Obviously, the
passive attitude of a group of elements (Ti, Hf, Sc, Nb,
Zr, and others) in relation to sapropel sediments was
mainly dictated by the terrigenous sedimentary mate-
rial, and the role of the above-mentioned factors was
insignificant.

The comparative analysis of the ranges of elements
that are intensely or weakly concentrated in the Thane-
tian sapropelite unit and sapropels of the Black Sea
(Volkov, 1973 and others) and Mediterranean Sea (Cal-
vert, 1983, 1990; Pryusers e al., 1991; and others) indi-
cates that these ranges are generally similar, although
one can observe certain differences in the behavior of
separate elements and the degree of their concentration.

GEOCHEMISTRY OF ORGANIC MATTER
IN THE SAPROPELITE UNIT SECTIONS

The isotope analysis of carbon and characteristic
molecular structure of organic matter may be crucial
for respective paleoreconstructions. With this objective
in mind, we studied two sections in the following two
sectors of the Late Paleocene basin: the Kheu River
section in the Ciscaucasus and the Kurpai section in
Tajikistan.

In the Kheu River section, we studied the isotopic
composition of organic and carbonate carbon in the
Upper Paleocene-Lower Eocene deposits, as well as
the pyrolitic characteristics of OM. The bitumoid
extracted from rocks with the application of a benzene—
methanol mixture (9 : 1 v/v) was used to analyze the
distribution of n-alkanes and porphyrine pigments by
chromatography and optical spectroscopy, respectively.
We also obtained the IR spectra and distribution of car-
bon isotopes in different-polarity bitumoid fractions.

The Isotopic Composition of Carbon

Based on data on the Upper Paleocene-Lower
Eocene section including the sapropelite unit and the
less organic-rich sapropel interlayers of Lower Eocene
(Table 2), we can deduce the following regularities in
the distribution of carbon isotopes (81°C,, values).
First, the isotopic composition of organic carbon is
homogeneous along the entire time interval studied: the
8‘3C0,g values for all samples except those of the Pale-
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ocene sapropelite unit fall within the -27 to -28%
range, which characterizes Cretaceous marine sedi-
ments (Dean et al., 1986; Kodina, 1987). The higher
content of light carbon isotope in Cretaceous and older
marine sediments, relative to Late Cenozoic and
present-day sediments of seas and oceans, is attributed
to the influence of climatic variations in the Earth’s his-
tory on the global carbon cycle (Galimov, 1995). The
isotopic composition of organic carbon suggests that
the sedimentation here in Paleocene and at least Early
Eocene occurred under an environment of warm cli-
mate that is typical of the first half of the Tertiary
period.

Second, the sapropelite unit is enriched in light car-
bon isotope, relative to the host rocks. For instance, the
carbon isotopic composition of the sapropelite unit
with a C ., content equal to 8-10% ranges from -30.3
to ~30.8%o.

Third, the sapropelite unit with the lightest carbon
isotope contains carbonates that are also enriched in
this isotope (8!3C up to —1.8%o). Consequently, the sec-
tion is characterized by the presence of a parallel trend
of isotope values of both organic and carbonate carbons
(Fig. 4). More often, one can observe the following sit-
uation in nature: during the intensified bioproductivity
and accumulation of organic-rich sediments, the carbon
pool is depleted in light isotope owing to the isotopic
fractionation at the stage of bioassimilation and prefer-
ential involvement of '2C isotope in organic matter.
Consequently, the carbonate carbon is enriched in
heavy isotope. This phenomenon has been reported in
several publications.

Hence, the above-described regularity, which was
revealed by us, likely represents an exception from the
general trend, and the reasons should be searched for in
specific features of the sedimentational environment in
the basin studied. An analogous isotope anomaly has
been reported in Carboniferous black shales of Kansas
and Oklahoma (Wenger and Baker, 1986) and Lower
Toarcian (Posidonian) shales of southerm Germany
(Kuspert, 1982; Moldovan et al., 1985). In the latter
case, the concentration of organic carbon in bituminous
shales and the parallelism of isotopic compositions of
the organic and carbonate carbons were attributed to
the participation of organogenic carbon dioxide in the
assimilation cycle under the conditions of highly pro-
ductive stagnated basin and anaerobic diagenesis.

The adequate appraisal of the geochemical environ-
ment in the intracontinental, relatively shallow-water
basin studied requires the elucidation of the nature of
organic matter in sapropel interlayers with the applica-
tion of autonomous research methods. Based on mod-
ern concepts about the invariability of the carbon isoto-
pic composition in terrestrial plants over the geological
history and the isotope value for these plants at the level
of =26%. (Galimov, 1995; Pope et al., 1989), we should
acknowledge that even if the contribution of terrestrial
biomass was conspicuous, it could not have served as
Vol. 32
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Table 3. Pyrolitic parameters of organic matter in the Ciscaucasus and Tajikistan sections

Sample no. S, S, TOC HI o)1 Sampling site
64c 5.46 1.40 3.28 166 42 Kheu River section
59c¢ 6.36 1.48 3.51 181 42 ’
55b 2.68 1.02 1.96 136 52 ”

12 0.46 042 0.51 90 82 ”
1le 25.23 3.31 9.17 275 36 ”
¢ 2.04 0.72 1.62 125 44 “
11b 24.62 2.48 8.49 289 29 ”
lla 29.86 3.02 10.65 280 28 ”
20 113.37 5.57 21.52 526 25 Kurpai section
19 91.54 5.14 17.62 519 28 "
17 2.88 1.12 1.33 216 82 ”
15 51.95 3.08 9.37 545 32 ”
13 043 0.72 0.28 153 257 ”

Note: 8, is given in mg OM/g rock; S3, mg CO,/g rock; (H1) hydrogen index; (OI) oxygen index; (TOC) total organic carbon, %.

the sole factor for depletion of the isotope value of
organic carbon in sapropels up to —30%eo.

The express pyrolitic analysis of rocks with the use
of Rock-Eval Il device coupled with the isotope analy-
sis of carbon, the chromatography, and the molecular
mass-spectrometry provided additional information
about the nature of organic matter, its geochemical
maturity, and sedimentational environment. Table 3
presents summarized results of the pyrolitic investiga-
tion of samples with C,, > 0.2% (indications of the
detector below this value are nonlinear).

Based on the hydrogen index (HI), i.e., the function
of the H/C ratio in kerogen, which is an essential
parameter of pyrolysis, the organic matter is divided
into three facial and genetic types (Table 3). In the
Kheu River section, the maximum values of HI (275-

SamPle no. Cypp
-r_r - o 14 >

- -

7 T l2

CaCO3

289 mg) are noted in the Upper Paleocene interlayer
with the highest content of OM. However, it is worthy
of noting that the absolute value of HI here is below the
limit (HI = 300) set for organic matter of the genetic
type II (Tisso and Welte, 1978) associated with the phy-
toplankton biomass. Therefore, the Kheu River variety
should be classified as a mixed II-1II-type organic mat-
ter with appreciable terrigenous admixture. According
to the interpretation of facial affinity of shales in
(Demaison and Moore, 1980), rocks with the aforesaid
HI value are identified as bituminous shales that are
accumulated in anoxic near-bottom waters and regu-
lated by the contribution of plankton biomass.

The HI versus TOC plot demonstrates a correlation
at the 1-8% interval (Fig. 5). Above the 8% concentra-
tion level, the HI value remains constant. The aforesaid
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and CaCQ; (%) and 813C (%o) in organic matter and carbonates from the Kheu River sapropelite unit

1997



442

0 2 4 6 8 10 12
TOC, %

Fig. 5. The hydrogen index (HI, mg CM/g Cypp) vs. C
{TOC, %) correlation in the Kheu River rocks.

org

correlation testifies to the mixed composition of
organic matter. Above the 1% TOC level related to the
terrigenous admixture with HI < 100, the TOC value
increases on account of the supply of H-rich, plankto-
nogenic organic matter. The lesser the organic matter in
rock, the higher the oxygen index (OI) and, conse-
quently, the higher the proportion of terrigenous or
recycled material.

The study of IR spectra of bitumeoids and their separate
fractions in slides with the aid of Specord-75 IR-spec-
trometer revealed that the sapropelite OM (samples 11a,
11d, 64c) is generally aliphatic, as indicated by intense
absorption bands of long aliphatic chains and esters in all
the low-polar fractions. The characteristic bands of aro-
matic structures are weakly developed.

The chromatograms of hydrocarbon fraction con-
tain n-alkanes from C,5 to C,,; it is likely that the low-
molecular n-alkanes C;s—C,;q, wWhich are observed as
minor spikes on an appreciable peak, were partially lost
owing to biodegradation. The alkane spectrum is char-
acterized by equal numbers of even and odd homo-
logues, the maximum concentration being for n-Cos.

The porphyrine metal complexes were detected in
bitumoids of all the sapropelite unit samples studied on
the basis of the characteristic optical absorption spec-
tra. The presence of porphyrine pigments in the
sapropel OM is an indicator of reductive diagenesis of
the planktonogenic OM. The positions of maximum
absorption (396, 516, 552, and 585 nm) make it possi-
ble to suppose the presence of two types of nickel com-
plexes: the low-polar DPEP- and etio-type and the
more polar rhodo-type. The lack of vanadyl-porphy-
rines in bitumoid, despite the high concentration of V in
sapropelites, is natural for the geochemically immature
rocks. As i1s well known (Baker and Louda, 1986),
vanadyl-porphyrines are incorporated into the kerogen
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matrix and are only released during its thermic destruc-
tion,

The Kurpai Section, Tajikistan

Organic matter of the Kurpai sapropelite unit retains
certain features of the Caucasian sapropelites but dis-
plays a contrast planktonogenic pattern.

Organic matter was more intensely accumulated in
this basin. Based on the pyrolysis data (Table 3), as well
as chromatographic and mass-spectrometric investiga-
tions of biomarkers, the plankton biomass served as the
source of OM. The terrigenous contribution was mini-
mum; the amorphous OM contains microscopic inclu-
sions of spores, pollen, and vitrinite (Kodina et al.,
1995). In contrast to the Caucasian counterpart, the HI
value here, however, is as much as 545; the OI value is
low (25-32); and the share of the pyrolized carbon is
two times more than in the Kheu River section. The
Kurpai variety definitely belongs to the genetic type II.
Samples 319 and 315 are characterized by the preva-
lence of the typical (for the planktonogenic OM) low-
molecular n-alkanes with maximums in the C;,-Cq
zone and Ni-porphyrines. The sapropel OM is enriched
in biomarkers, such as triterpanes and, especially, ster-
anes. Steranes are typical of ecucaryote biomass,
whereas C,;-homologue (cholestene) is a geochemical
marker of algal biomass. Based on the mass-spectrom-
etry (Kodina er al., 1995), the Kurpai sapropels are
dominated by cholestene with the bioconfiguration
aoo-20R.

Relative to host rocks, sapropels were accumulated
under a reductive environment and a higher preserva-
tion of components of the alga-producer biomass. This
conclusion is based on several parameters of the molec-
ular composition of OM, e.g., the increased values of
phitane/pristane, moretane/gopane, and less stable tris-
norgopane (Ty)/more stable tris-norneogopane (Tg)
ratios, as well as the presence of gopanes with biocon-
figuration 17B(H), 21B(H). Besides, sapropelites are
almost devoid of diasteranes that are abundant in host
rocks. Diasteranes are developed during the diagenetic
transformations of OM as a result of the interaction
between steranes and clay minerals in an oxidative
environment (Moldovan et al., 1985).

The isotope anomaly in the Kurpai sedimentary sec-
tion is somewhat distinct from the Kheu counterpart: it
is detected at the molecular level, i.e., in the isotopic
composition of individual n-alkanes. Alkanes are isoto-
pically lighter in sapropel interlayers than in host rocks.
Relative to samples 313 and 317, samples 319 and 315
are characterized by a lighter carbon isotopic composi-
tion in the C;s—C,y alkane series. The isotopic effect
value ranges from +0.5 to —4.3%o (average —1.27%¢),
irrespective of the number of carbon atoms in the
alkane molecule; the averaged value of 8'°C is —30.6%.
for sapropel alkanes and -29.3%o for host rocks. As in
the case of enrichment of the total organic carbon in
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light isotope in the Kheu sapropels, the manifestation
of isotopic effect here at the scale of individual
n-alkanes is evidently related to the assimilation of iso-
topically light carbon dioxide. The question to be
resolved concerns the nature of the source of isotopi-
cally light carbon dioxide.

Based on general notions and the concrete paleo-
geographic situation in the basin during sea transgres-
sion, the light carbon dioxide could have two sources:
(1) the supply from coastal waterlogged soils during
sea transgression and (2) the recycling of organogenic
carbon dioxide during the possible development of
anoxic conditions in the marine basin.

The first model can be observed in the Caucasian
part of Peri-Tethys where the planktonogenic, sedimen-
tary organic matter bears distinct signs of extensive
supply of terrigenous material. Naturally, terrigenous
supplies consisted not only of remains of plants or
humus of waterlogged soils. A large amount of carbon
dioxide dissolved in coastal waters was also introduced
into the basin. Unlike the typical marine counterpart,
the carbon dioxide of terrestrial ecosystems is enriched
in light carbon isotope. According to Galimov (1966,
1981), the isotopic composition of pedogenic carbon
dioxide is similar to that of plant biomass (-23 to
—21%o0); the isotopic composition of the suprasoil CO,
is -8 to 11%ec; and the isotopic composition of bicarbon-
ate, which is dissolved in fresh waters, is up to —14%e.
The supply of carbon dioxide and its additional gener-
ation due to the mineralization of the bog biomass
could strongly affect the carbon isotopic signatures of
both the plankotonogenic organic matter, which devel-
oped under a large-scale supply of biogenic material
during sea transgression, and the carbonates,

The second mechanism likely prevailed in the Cen-
tral and South Asian part of the basin, as is evidenced
by the detection of trimethyl benzenes in the aromatic
fraction of sapropelite OM (Keodina et al., 1995). Now-
adays, the presence of these biomarkers is recognized
as evidence of the hydrosulfuric contamination of the
basin’s water body up to the lower boundary of the
photic layer (Summons and Powell, 1986, 1987). The
biopercursor of alkyl-trimethylbenzene homologues is
represented by isorenieraten carotenoid, which is one of
the components of pigment complex of the photosynthetic
alga of the species Chiorobium (Damste et al.,, 1993,
1995). In addition to the characteristic molecular struc-
ture, these biomarkers have a specific isotopic signature
represented by the heavy isotopic composition of car-
bon. Chlorobiwm assimilates carbon dioxide according to
the mechanism of anoxigenic photosynthesis, i.e., in the
absence of oxygen and with the application of hydrogen
sulfide as the reducer of CO,. The ecological niche for
these bacteria is provided by the lower boundary of the
H,S-contaminated photic layer of water column,

The finding of the specific biomarkers, isorenieraten
derivatives, in the Kurpai sediments suggests that the
sedimentational paleoenvironment was characterized
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by a short-period stagnation of the basin, hydrosulfuric
contamination of the water column, and consequent
geochemical and isotopic alterations.

Obviously, the present-day analogue of such an
environment is the Black Sea, where the typical biom-
arkers Chlorobium have been found in the suspended
material and sediments (Damste et al., 1993; Repeta
and Simpson, 1991; Repeta er al., 1989), and the
organic matter in Holocene sediments are enriched in
light carbon isotope (Kodina and Bogacheva, 1991).

Several works are devoted to the description of OM
in the Suzak oil shales from other regions of Central and
South Asia. Based on the analysis of the composition of
n-alkanes and fatty acids in shales, Bondar’ et al. (1991)
concluded that the organic matter is predominantly
planktonogenic, but locally (e.g., at the Dzham shale
occurrence) it contains a significant amount of terres-
trial higher plant. V. Oleinik and E. Oleinik (1979)
reported that the organic matter in cil shales of the
Hissar Range and Tajik Depression is mainly com-
posed of the yellow amorphous substance (colloalg-
inite); the tissue element, if it is present, accounts for
not more than 10—-15%; other subordinate components
include spores, pollen, microscopic fragments of plant
tissue, and rather abundant remains of peridinids;
remains of acritarchs are also encountered. Based on
these observations and the fact that peridinids were
among the main producers of OM in the Late Paleocene
basin of Central and South Asia, these resecarchers
inferred that the origin of organic matter in oil shales is
mostly sapropelic.

The recent analysis of phytoplankton from the
sapropelite unit sections of Torangly and Medani (Akh-
met’'ev and Zaporozhets, 1996) also revealed that
sapropelites are highly saturated in organic-walled phy-
toplankton, although usually phytoplankton is dis-
tinctly subordinate to amorphous OM. It is worth not-
ing that layers underlying and overlying the sapropelite
unit are depleted in phytoplankton. The thick-walled
cysts, which represent specific forms or autonomous
species and doubtless endemics of the Crimean-Cauca-
sian zone and Central and South Asia, play an extraor-
dinary role in the sapropelite complex. Beyond the
sapropelite unit, the thick-walled cysts are one order of
magnitude less abundant; moreover, the thickness and
color of their walls are decreased. These observations
suggest the following conclusions: phytoplankton and
dinoflagellates, in particular, were indeed among the
main producers of OM during the accumulation of
sapropels; the basin waters were characterized by eco-
logically extreme conditions; and morphologically
anomalous cysts were consequently developed with
very thick shells.

Hence, the comprehensive investigation of organic
matter in the sapropelite unit indicates that the organic
matter was of predominantly marine origin and it
acquired a mixed structure in sites with terrestrial sup-
ply of material. The chief marine source of OM was the
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organic-walled phytoplankton with a perceptible con-
tent of dinoflagellates. However, the major forms were
represented by green algae, cyanobacteria, and other
species of microphytoplankton, whose decomposition
during diagenesis produced abundant colloalginite
material in sapropel sediments.

FORMATION MODEL
FOR THE UPPER PALEOCENE
SAPROPELITE UNIT

The paleoreconstruction of formation conditions of
the sapropelite unit requires the elucidation of pro-
cesses that were responsible for the intensification of
bioproductivity of the organic-walled phytoplankton
and the accumulation of a great amount of OM in sedi-
ments.

The upwelling is a well-known and rather scruti-
nized mechanism for the supply of biophile elements
into the zone with a very high bioproductivity of marine
organisms, It is manifested in relatively narrow oceanic
shelf zones and induced by the ascent of abyssal waters
from zones having markedly different pressure and
temperaturc.

The large and relatively shallow-water Late Pale-
ocene basin was remote and separated by a system of
archipelagoes from zones where one could suppose the
existence of fairly deep sectors required for the func-
tioning of the upwelling mechanism. Therefore, we do
not have strong grounds for applying the upwelling
mechanism to elucidate the sapropelite unit formation.
Besides, it is extremely difficult to imagine that the
upwelling mechanism could function during the rela-
tively short period of sapropel accumulation and that it
did not exist before and after the accumulation episode.
Difficulties emerge when we attempt to explain the
sapropelite formation with the aid of other mechanisms
that have been proposed by some researchers (Kidd
et al., 1978; Calvert, 1983; Sutherland et al., 1984; and
others) for the genesis of the eastern Mediterranean
sapropels.

Strakhov (1971) proposed the following model for
the origin of sapropel sediments in the Black Sea
(Holocene Euxinian sediments): As a result of the
breakthrough of the heavy, saline Mediterranean waters
into the relatively brackish basin and flow along the
bottom, the Euxinian waters, which were enriched in
biophile elements, were forced upward. The ascent of
Euxinian waters into the photic zone resulted in the
activization of plankton bioproductivity and the accu-
mulation of organic-rich sediments. After the exhaus-
tion of the biophile element reserve, the intense phy-
toplankton bloom was terminated, and the OM content
in sediments was reduced. However, this scheme is
inapplicable for the Late Paleocene basin, because it
existed in a basically different geological and paleogeo-
graphic environment.
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Based on the foregoing, we believe that the model of
the sapropelite unit formation should consider the fol-
lowing circumstances: Sapropel sediments were accu-
mulated in a large, relatively shallow-water, epiconti-
nental basin against the background of rapid transgres-
sion that mirrored the custatic rise of the sealevel at the
end of the Thanetian age. The transgression was pre-
ceded by a regressive cpisode, which is traced in some
sections on the basis of respective hiatuses and ero-
sional overlapping of older deposits by the sapropelite
unit. Along the latitude, the sapropelite unit stretches for
more than 2500 km with local gaps. The highest concen-
tration of OM in the sapropelite unit is registered in Cen-
tral and South Asia, where the organic matter associates
with phosphorite-bearing rocks. The sapropelite unit sed-
iments are enriched in several minor elements that are
irregularly distributed over the area and are not com-
monly correlated with C,... The OM-enrichment was
basically induced by the intensification of various types
of organic-walled phytoplankton; i.e., the organic mat-
ter was predominantly marine but, locally, the fraction
of land-derived OM was increased. Various sectors of
the basin substantially differed in facial respect; never-
theless, the transgression was accompanied elsewhere
by the formation of sapropel sediments.

In our case, the model for the accumulation of
organic-rich sediments, which is in best agreement with
the available factual data, can be based on the mecha-
nism of biophile element supply into the basin from
coastal land during a rapid custatic transgression
(Gavrilov, 1992, 1994; Gavrilov and Kopaevich, 1996).

The sapropelite unit formation was governed not
only by the transgressive stage, during which sapropel
sediments were accumulated, but also by the preceding
regressive stage of the basin development, as well as
the type of sediments that were mainly accumulated
along the basin periphery and in interior rises during
the “pre-sapropel time.” As a result of the regression,
large areas, which generally represent flattened (by
marine erosion and sedimentation) lowlands, were
developed along the periphery of a relatively shallow,
epicontinental sea and around archipelagoes. It is perti-
nent to note that a noticeable peneplanation of the
topography occurred during Late Cretaceous and
Paleogene (Gerasimov and Meshcheryakov, 1964;
Gorelov, 1971; Troitskii, 1974; and others); conse-
quently, even minor fluctuations of the sea level
resulted in substantial displacements of the coast line.
The sector, which was released from sea, was covered
by loose nonlithified sediments that recently were
marine sediments, and specific coastal landscapes were
developed. Nonlithified and usually reduced sediments,
which contained sulfide and authigenic phosphate min-
erals, were subjected to subacrial weathering. The oxi-
dation of sulfide minerals resulted in the formation of
sulfuric and sulfonic acids that actively reacted with
host rocks and significantly intensified the weathering.
Occasionally, during the warm climate, in particular,
phosphates could accumulate on carbonate rocks as a
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result of the supergenic weathering. In some places of
Central and South Asia, under the conditions of sea-
level drop owing to erosion of the underlying bed, the
gravel-pebble unit was formed.

As was noted earlier (Oleinik, 1969), the lower part
of the Suzak layer, which underlies the oil shale unit,
contains abundant phosphate concretions, suggesting
that a high concentration of P in mud waters of sedi-
ments was accumulated before the formation of the
sapropelite unit. The degree of phosphorus concentra-
tion was naturally variable in different sectors of the
basin. It should be pointed out that, in specific cases,
supergenic weathering leads to the formation of differ-
ent-scale phosphate deposits. In Central Russia, for
example, phosphate eluvium is widespread on the out-
crops of Cretaceous carbonate deposits (Mikhailov,
1986).

Territories, which were released from sea, were
characterized by the formation of lakes and water-
logged sectors (lacustrine bog landscape) on newly
developed coastal plains. Judging from the present-day
analogues (Timofeev and Bogolyubova, 1997 and oth-
ers), peat bogs were formed very rapidly. The analysis
of mineralogical and geochemical environment in
present-day bog systems makes it possible to conclude
that the peat-forming process promotes the geochemi-
cal activity of P, which is an essential agent of the bio-
logical cycle. In general, the bog-forming process can
be considered a typical mode of phosphorus migration
in the supergenic zone (Kovalev, 1985). The aggressive
medium of bog systems stipulated reworking of the
imported sedimentary material and alteration of the
underlying sediments; several terrigenous minerals,
which were relatively stable in weathering conditions,
were dissolved in peat bogs; and bog waters were
enriched in many microelements. In addition to the
solid phase OM, the waterlogged basins contain abun-
dant dissolved OM, which formed as a result of decom-
position of the constantly regenerating reserves of OM.
The accumulation and partial transfer of OM into the
dissolved state were constantly proceeding during the
whole life period of the aforesaid landscapes. Phytoge-
nic accumulations of OM in this environment were
characterized by the relatively light isotopic composi-
tion of carbon, which is known to be typical of terres-
trial plants.

Obviously, large territories of coastal-marine plains
were occupied by soil-forming processes, and soils
inherited various elements, including biophile ones,
from the underlying nonlithified or weakly lithified
sediments,

Hence, it is quite probable that coastal lowlands,
which were formed during the sea regression, were
characterized by landscapes where diverse geochemi-
cal processes were highly active owing to the eluvial,
soil-forming, and bog-forming processes that were
responsible for the accumulation of various, primarily
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biophile elements and their conversion into the mobile
reactive state.

The Late Paleocene basin was very large; therefore,
the coastal terrestrial landscapes were distinguished by
specific features. First, the geomorphologic factor gov-
ermmed the development or absence of large coastal
plains. The steep seafloor slope was devoid of the wide
coastal zone even at a substantial drop of the water
level, whereas the low-angle seafloor, which was the
most widespread situation, promoted the formation of
such a zone. Second, the pattern of coastal landscapes
was strongly influenced by climatic variations. As the
mode of these variations is insufficiently studied, we
can only assume that the basin’s eastern sector had an
arid-type climate. Third, coastal landscapes differed in
the geochemical specialization owing to differences in
the older marine sediments, which in turn were charac-
terized by specific geochemical signatures inherited
from the older rocks of the terrigenous provenance.

The regression was dynamically replaced by trans-
gression, against the background of which the organic-
rich sediments were accurmulated. The sealevel rise was
quite significant, i.e., not less than dozens of meters; a
similar estimate is given in (Haq er al., 1987). Despite
the rapid transgression, the occupation of the previ-
ously abandoned territories by sea was not immediate.
In the Baksan River section, Northern Caucasus, for
instance, the sea covered the previously existing rise
only at the end of the transgression; therefore, the
eroded older surface was only overlain by the topmost
part of the sapropelite unit, whereas the lower part is
absent (Muzylev et al., 1996).

The transgressive sea dynamically interacted with
coastal-marine landscapes. Under the conditions of a
flat coastal plain, even a relatively minor rise of the sea-
level resulted in flooding of large territories. The
organic matter, which was concentrated in peat bogs
and soils, was transported into the sea. The solid phase
OM was rewashed and redeposited in marine muds,
leading to the C,-enrichment of the muds. The dis-
solved OM, which was abundant in peat bogs, was uti-
lized by plankton during a new biological cycle, pro-
moting the activization of plankton bioproductivity.

In addition to OM, several biophile elements,
including, above all, P, were transported from coastal
landscapes into the basin. As was mentioned above, rel-
ative to host rocks, majority of the sapropelite unit sec-
tions are enriched in P. The introduction of P into the
basin stipulated a drastic intensification of bioproduc-
tivity of diverse organic-walled phytoplanktons that
served as the main supplier of OM in sediments. At the
same time, the productivity of the Ca-generating plank-
ton relatively declined. The role of the additional sup-
ply of P into the Late Paleocene sea was likely crucial
for the growth of phytoplankton bioproductivity. This
inference is supported by the following fact: the basin’s
Central and South Asian sectors, where the sapropelite
unit is closely associated with the phosphate-bearing
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rocks and phosphorite units, are the sites, where one
can encounter the maximum concentration of OM; e.g.,
the C,,, content in the Suzak oil shales is as much as
20% or more (Table 1).

The model proposed by us for the sapropelite unit
formation is also corroborated by the artificial reser-
voir-filling data that simulate the cvolution of trans-
gression at a microscale. It was reported that, during the
initial reservoir-filling period, the phytoplankton bio-
productivity is found to be extremely intensive owing
1o the high concentration of biogenic elements that
were washed off from flooded soils (Petrova, 1990 and
others). Actually, this phenomenon represcents a model
of processes during the development of the full-scale
sea transgressions.

The role of bogs in the supply of biophilc substances
into transgressive sea and the consecutive intensifica-
tion of the marine alga bioproductivity is believed to be
essential for the genesis of the Pennsylvanian black
shales of Kansas and Oklahoma (Wenger and Baker,
1986).

As is cvident from Fig. 3 and Table 1, the sapropelitc
unit sections are often enriched in Fe. In this connec-
tion, it is pertinent to emphasize the following: The
recent experiments in the Pacific Ocean (Martin er al.,
1994; Coale et al., 1996; Frost, 1996) revcaled that the
import of Fe into the surficial layer of water column
leads to the introduction of this element into the chlo-
rophyll structure and intensifies the plankton biopro-
ductivity. Thus, Fe can behave as a biophile element in
certain circumstances. In our situation, the existcnce of
lacustrine bog systems in Late Paleocene could serve as
a powerful factor for the supergenic migration of Fe, its
export into the marine basin (Strakhov, 1962 and oth-
ers), and subsequent participation in the biological
cycle, which would promote the phytoplankton biopro-
ductivity.

The mechanism of the supply of biophiles into sea
and intensification of phytoplankton bioproductivity
was analogous in various sectors of the Late Paleocene
basin that could appreciably differ in facial environ-
ment and predominant sediment type. The regional spe-
cific feature, however, strongly governed the geochem-
ical signature of the sapropelite unit. The North Cauca-
sian sections, for example, are characterized by a high
content of Cr, while the South Turkmenian sections are
distinguished by high contents of Pb, Zn, etc. The pos-
sible reasons for the Cr-enrichment of sediments have
been discussed in our previous work (Gavrilov and
Muzylev, 1991). Here, we shall only recall that, obviously,
the geochemical signature of the sapropelite unit in differ-
ent areas was significantly governed by local sources of
the sedimentary material. However, this was not a simple
washout—transportation—deposition scheme. Most likely,
the system included optional members that were largely
regulated by biogenic processes.
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ANOXIC CONDITIONS IN THE WATER COLUMN

The accumulation of abundant OM in sediments
triggered the generation of a large amount of H,S that
diffuscd into the suprabottom water and stipulated the
hydrosulfuric contamination of the basin. Since the
basin was relatively shallow, the contamination prima-
rily occupied the bottom part of water column and
locally the photic zonc as well, as evidenced by the
geochemistry of OM (Kodina et al., 1995).

The development of anoxic conditions is responsi-
ble for the lack or suppressed state of benthic fauna and
foraminifera, in particular (Muzylev et al., 1996). As
was mentioned above, sapropel sediments were OM-
enriched to a variable extent in different sectors of the
sca. Anoxic conditions, likely a widespread phenome-
non at the Late Thanetian sea, were not, howevcr, per-
vasive, and wcre developed as large spots (lenses)
stretching over hundreds of kilometers, depending on
the geomorphology of the basin floor. The degree of
anoxia could strongly vary; its attenuation promoted
the origination of some forms of benthic organisms that
were able to withstand the unfavorable suboxic envi-
ronment.

Anoxic conditions in the Late Thanetian basin ren-
dered a negative influence not only on the benthic
fauna, but on planktonic organisms as well, whose life
cycle required submergence into deeper zones of the
water column at certain stages of their development.
This circumstance could induce the origination of
anomalous thick-walled species of dinoflagellates in
the sapropelite unit rocks (Akhmet'ev and Zapor-
ozhets, 1996). At the same time, one should not exclude
the alternative possibility of the origination of anoma-
lous plankton forms owing to the development of the
so-called ‘red tides,” including toxic ones, in seas
(Gavrilov and Kopaevich, 1996).

The hydrosulfuric contamination of basin waters
was among the essential factors controlling the
geochemical signature of sediments. Special attention
must be given to the following fact: all the sapropelite
unit sections, where one can suppose a rather intense
development of the hydrosulfuric contamination of
suprabottom waters, contain very high concentrations
of Mo (maximum values, in ppm): Kheu 63, Torangly
360, Suzak oil shales 300-500, Kurpai 220, Guru
Fat’'ma 188, and Amu Darya region oil shales 1760.
Based on the available data on some sections, the
sapropelite unit rocks are one order of magnitude more
enriched in Se than the host rocks. It should be noted
that Mo and Se form insoluble sulfides within the
H,S-contaminated water column and are precipitated
on the seafloor along with other sediments (Volkov and
Sokolova, 1976 and others), promoting the rise of their
concentration in rocks. This mechanism functioned in
combination with other mechanisms of the concentra-
tion of minor elements in sediments. This group of
minor elements also includes Re, which is anomalously
high (hundreds and thousands of times higher, relative
Vol. 32
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to the content in host rocks) in the Suzak oil shales, and
some other elements. At the same time, anoxic condi-
tions were unfavorable for the precipitation of Mn;
therefore, its concentration is decreased in the
sapropelite unit, relative to host rocks. Hence, the
hydrosulfuric contamination of seawater actively regu-
lated the geochemical signature of the sapropelite unit
sediments.

The Late Thanetian transgression was rapid but rel-
atively short-lived. How long was the duration of the
accumulation of sapropel sediments? Since the
sapropelite unit is characterized by small thickncss and
the methods of zonal stratigraphy do not offer the
required “resolution,” it is rather difficult to unambigu-
ously answer this question. The duration can be only
approximately estimated by comparing it with analo-
gous formations. According to (Vinogradov er al.,
1962; Degens and Ross, 1972), the similar (in thick-
ness) sapropelite unit at the Black Sea was accumulated
over a period of about 4-5 ka. The carbon isotope esti-
mates of the duration of the Mediterranean sapropels of
analogous thickness also yield values of several thou-
sand years, and the accumulation rate of sapropels is 3—
5 times greater than the rate of host sediments (Suther-
land er al., 1984). Obviously, the Thanetian sapropelite
unit was accumulated during a similar or slightly longer
period of time, however, not exceeding 10 ka.

After the culmination of transgression and the ces-
sation of biophile element supply into the basin, the
intense bloom of diverse forms of phytoplankton and
the consequent concentration of OM in muds was ter-
minated. Owing to the inherent conservative nature of
the basin (as a system) and the gradual evolution of the
final stage of transgression, the termination of the
sapropel-accumulating process was less abrupt than its
starting period. Several factors, including the relatively
shallow-water basin, the lack of density stratification of
waters, the cessation of generation of great amounts of
H,S in sediments, and the diffusion of H,S into
suprabottom waters, promoted a rather rapid oxidation
of H,S in the seawater and disappearance of anoxic
conditions. Therein lies the essential difference
between the “postsapropel” stages of evolution of the
Late Paleocene basin and the Black Sea. In the latter
case, thanks to the basin-type morphology and density
stratification of waters, the hydrosulfuric contamina-
tion did not disappear after the cessation of sapropel
accumulation, but continued to exist as a result of both
the generation of H,S in prescnt-day sediments and the
sulfate-reducing processes within the water column.

CONCLUSION

In a large territory of the epicontinental sea located
in the southern part of the FSU, the Late Thanetian time
was characterized by the accumulation of organic-rich
sediments against the background of a rapid eustatic
transgression. The abundance of organic matter in the
sedimentary material balance was mainly induced by a
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drastic boost of bioproductivity of the organic-walled
phytoplankton, presumably including the bacterial
variety, as evidenced by the geochemistry of OM and
paleomicroflora data. Simultaneously with the accumu-
lation of OM, sediments were enriched in a wide and
similar range of elements over the entire basin; some of
these elements are likely more concentrated in certain
areas owing to specific facial features and different sed-
imentary provenances. The sapropelite unit is charac-
terized by the prescnce of OM and carbonates with a
light isotopic composition of carbon as a result of the
origination of isotopically light CO, and its participa-
tion in the bioassimilation process. This carbon dioxide
could be supplied by both terrestrial ecosystems and
products of the biogeochemical decomposition of
planktonic OM associated with the hydrosulfuric con-
tamination of water column.

The concentration of OM in muds created anoxic
conditions that were unfavorable for biota in the basin
and responsible to a certain extent for the increase of
concentrations of Mo, Se, Re, etc. and the decrease of
Mn and other minor elements. Anoxic conditions were
terminated after the cessation of accumulation of the
sapropelite unit sediments in the basin.

The drastic enhancement of bioproductivity in the
basin was induced by the supply of an optional amount
of biophile elements in connection with specific fea-
tures of the dynamics of its evolution. The sapropelite
unit accumulation was predated by regression that
exposed a large territory of the seafloor composed of
“geochemically active” landscapes, such as soil cover,
lacustrine bog systems, and zones of supergene weath-
ering of phosphate-bearing sediments. At the rapid
transgression stage, biophile elements derived from the
aforesaid landscapes migrated into the sea and partici-
pated in the biological cycle, resulting in the activiza-
tion of phytoplankton bioproductivity. The bioproduc-
tivity of the organic-walled phytoplankton abruptly
decreased after the termination of transgression and
removal of biophile elements from the aqueous system.

The sealevel fluctuations over the entire territory of
the Late Paleocene basin created prerequisites for the
accurnulation of sapropel sediments in this region;
however, differences in the geomorphology of the basin
bed and coastal land, the geochemical features of
coastal landscapes, the fabric of older sediments, the
regional climatic features, etc. stipulated local devia-
tions in sedimentation and, consequently, variations in
composition and structure of the sapropelite unit in dif-
ferent sectors of the basin; and the sapropelite unit dis-
appeared in certain places.

The accumulation of the sapropelite unit sediments
in the Late Thanetian time was a synchronous or sub-
synchronous reflection of the global, predominantly
biotic and abiotic events.
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