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INTRODUCTION

A comprehensive lithological, geochemical, and
paleoecological study is required for the reconstruction
of formation conditions for organic-rich sequences that
often host various mineral deposits. Sediments depos-
ited at the stages transitional from normally aerated
basins to anoxic ones attract the most interest. Such
transitions are generally accompanied by the following
processes: (1) abrupt variations of chemical element
contents in sediments; (2) appreciable changes in
geochemistry of buried OM; (3) intense negative and
positive trends in the behavior of stable isotopes, first of
all, 

 

δ

 

13

 

C and 

 

δ

 

18

 

O; and (4) substantial variations of
biota in the basin. Such variations bear not only
regional but also global character and display certain
rearrangements in biosphere. Problems of anoxic envi-
ronments in paleobasins were discussed in (Strakhov,
1962, 1976; Kholodov and Nedumov, 1991; Kholodov,
2002; Gavrilov 

 

et al.

 

, 1997; Jenkyns, 1980; Arthur 

 

et al.

 

,
1988; Tyson, 1995; Brumsack, 1980; Hild and Brum-
sack, 1998; and others).

Lower Aptian sedimentary rocks of the Russian
Plate are interesting as a regional manifestation of the
so-called global oceanic anoxic event 1 (OAE-1) (Jen-
kyns, 1980; Arthur 

 

et al.

 

, 1988). Aptian rocks are char-
acterized by a terrigenous type of sedimentation,
whereas the middle Eocene Kuma (anoxic) basin in
southern Russia is mainly filled with carbonate rocks.
In the Phanerozoic history of the central Russian Plate,
the early Aptian basin with carbonaceous sediments
was probably the single basin with a rather stable
anoxic environment, and this also attracts the special
interest to its formation conditions. This work is
devoted to the lithological and geochemical character-

istics of the lower Aptian sequence and the reconstruc-
tion of its formation environment.

The Aptian bituminous shale unit was studied along
the profile that transects its present-day domain extend-
ing from Ul’yanovsk to Saratov. The complete sections
were studied at scarps on the right bank of the Volga
River in Ul’yanovsk, Sengilei, north of Khvalynsk near
the Fedorovka and Yershovka villages, and in open pits
of the brick yard at northern outskirts of Saratov
(Guselka).

The chemical analyses were performed in the Labo-
ratory of physicochemical analysis at the Geological
Institute, RAS; C

 

org

 

, CO

 

2

 

, Fe, Mn, Ti, and P were deter-
mined by chemical analysis, while other elements were
determined by emission spectroscopy (PGS-1 spec-
trometer). Results of the OM pyrolysis were obtained
with a Rock-Eval II device at the Vernadsky Institute of
Geochemistry and Analytical Chemistry, RAS.

STRATIGRAPHIC POSITION OF LOWER APTIAN 
ORGANIC-RICH SEDIMENTS

The Aptian bituminous shale unit was known in the
Russian Plate rather long ago (Arkhangel’skii, 1923;
Sazonov, 1953; Sazonova, 1954, 1958, 1962; Sazonova
and Sazonov, 1967; and others). It includes calcareous
concretions locally merging into a common layer
defined as the Aptian plate (Sazonova and Sazonov,
1967; Gerasimov 

 

et al.

 

, 1962). It is traced almost con-
tinuously along the Volga River from Ul’yanovsk to
Saratov and serves as a good reference horizon.

Sazonova and Sazonov (1967) published the
detailed Aptian paleogeographic map showing sea
boundaries and carbonaceous shale domain that
extends from the Oka–Tsna Arch in north to the latitude
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of Saratov in south and further toward the northern Cas-
pian Lowland.

In the 1980s and 1990s, the stratigraphy of Lower
Cretaceous sedimentary rocks of the Russian Plate was
studied in detail by Baraboshkin. The obtained results
are reported in (Baraboshkin, 1998, 2001; Baraboshkin

 

et al.

 

, 1999). He proposed a refined paleogeographic
scheme for the evolution of this province in the early
Aptian (Baraboshkin, 2001). The scheme was compiled
with the consideration of new information concerning
the facies distribution and biostratigraphic data (Fig. 1).
Boundaries of the domain of carbonaceous rocks
within the marine paleobasin of the Russian Plate are in
good agreement with the data reported by Sazonova
and Sazonov (1967).

In most works published before the 1990s, the bitu-
minous shale unit of the Russian Plate was traditionally
referred to the 

 

Deshayesites deshayesi

 

 ammonite zone
(Sazonova, 1958; Sazonova and Sazonov, 1967; Gla-
zunova, 1973; 

 

Stratigrafiya SSSR...

 

, 1986–1987). In
recent years, the biostratigraphy of this interval has
been substantially revised (Mikhailova and Barabosh-
kin, 2001). It is currently referred to the 

 

Deshayesites
volgensis = Deshayesites forbesi

 

 ammonite zone
(Casey, 1961). This provides a closer correlation with
an episode of the global OAE-1 event known as OASE-
1a subevent (

 

Deshayesites forbesi/deshayesi

 

), which
was marked by the deposition of C

 

org

 

-rich sediments in
epicontinental marine basins of Germany (Kemper and
Zimmerle, 1978; Mutterlose and Böckel, 1998), Italy,
France, and Pacific Ocean (Arthur 

 

et al.

 

, 1988).
The biostratigraphic position of the shale unit traced

from Ul’yanovsk to Saratov varies to some extent
within the same ammonite zone (Fig. 2). Variations in
the structure, thickness, and certain lithogeochemical
parameters are also recorded. Thus, the lower boundary
of the Aptian bituminous shale unit turns out to be
slightly diachronous.

The calcareous nannoplankton was also studied in
the sections near Ul’yanovsk and Sengilei. In both
localities, it was found only in sediments of the bitumi-
nous unit and completely lacking in host rocks. In the
first section, the bituminous unit base contains a rather
diverse assemblage including 

 

Rhagodiscus angustus

 

and 

 

Eprolithus floralis

 

, which serve as markers of the

 

Rhagodiscus angustus

 

 Zone base (Thierstein, 1976;
Roth, 1978), and 

 

Braarudosphaera hockwoldensis

 

. At
the same time,

 

 E. floralis

 

 appears somewhat higher than

 

R. angustus

 

 in many sections of the world (Erba, 1994;
Cobianchi 

 

et al.

 

, 1997; Bischoff and Mutterlose, 1998;
and others), suggesting that the sediments containing
this assemblage in the studied area are related to the
upper 

 

Rhagodiscus angustus

 

 Zone.
The absence of nannoplankton in the middle part of

the bituminous unit (at the Aptian plate level) is appar-
ently caused by the calcium carbonate dissolution and
redistribution. Dissolution was probably the main pro-
cess that was responsible for the formation of mono-

type nannoplankton assemblage. In sediments sur-
rounding the Aptian plate (sample U-8, Ul’yanovsk
section; sample S-30, Sengilei section), the nanno-
plankton assemblage is dominated, for example, by the
least soluble forms of 

 

Watznaueria

 

 spp. (

 

W. barnesae,
W. britannica, W. ovata

 

) (>90%). Clear indications of
dissolution and the predominance of 

 

Watznaueria

 

 spp.
(>50%) were also noticed in nannoplankton assem-
blages at higher levels. All species of 

 

Watznaueria

 

genus are oligotrophic forms, and their ubiqutuous
prevalence over the eutrophic group (

 

Zeugrhabdothus

 

spp., 

 

Biscutum

 

 spp.) likely indicates a deficiency in
nutrients for nannoplankton in the basin (Roth and
Krumbach, 1986; Bischoff and Mutterlose, 1998;
Fisher and Hay, 1999). The relative abundance of 

 

Rha-
godiscus

 

 spp. (

 

R. angustus, R. splendens, R. asper

 

) is
an indicator of a rather warm surface water (Erba 

 

et al.

 

,
1992; Bischoff and Mutterlose, 1998). At the same
time, the absence of nannoconids, which are commonly
interpreted as warm-water oligotrophic species (Bis-
choff and Mutterlose, 1998), is characteristic of the
studied assemblages.

LITHOLOGICAL AND PALEONTOLOGICAL 
CHARACTERISTICS OF SECTIONS

The most complete section of the bituminous shale
unit crops out north of Ul’yanovsk near the new bridge
across the Volga River (Fig. 3).

The base of exposed Aptian section is composed of
the banded member (apparent thickness 1.5 m) with a
frequent intercalation of wavy lenticular bands (0.5–
1.5 cm) consisting of greenish gray clay and friable
light gray siltstone. In some intervals, the sediments are
affected by bioturbation. The roof of the banded mem-
ber is deeply penetrated by large wormtrails filled with
dark green friable fine-grained micaceous sand locally
cemented by siderite.

The overlying unit (about 9.5 m) consists of dark
gray clay with an admixture of silty material along with
rare and small lenticular carbonate concretions at the
base. The clay is generally massive and significantly
affected by bioturbation (Fig. 4a). The siltstone inter-
layers within the clay are up to 10–15 cm thick and
locally cemented by massive pyrite. At the roof, the
clay is substantially enriched in a coarse silty material
and shell fragments. This clay unit underlies the bitumi-
nous shale and belongs to the upper 

 

Deshayesites
tenuicoststus

 

 Zone with a predominance of the mainly
boreal ammonite assemblage.

The overlying unit (3.8 m) consists of dark brown
thin-laminated rocks that are megascopically fairly uni-
form from the base to roof. These rocks are separated
from the clay unit by a sharp, severely limonitized
uneven boundary with indications of erosion. At the
fresh fracture, the rock reveals a olive color and distinct
thin horizontal bedding with laminae 1–5 mm thick.
The perfectly preserved bedding with almost complete
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Fig. 2. 

 

Correlation of lower Aptian sections in the Ul’yanovsk–Saratov Trough, the Russian Plate.
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lack of bioturbation (Figs. 4b, 4c) indicates that the fos-
sorial bottom organisms were not active during the dep-
osition of these sediments. The thin bedding is caused
by a nonuniform distribution of organic, calcareous,
and terrigenous materials. The background bedding is
stressed by frequent but nonuniformly distributed light
interlayers, a few millimeters thick, clearly seen with
the naked eye. The bedding planes of fresh interlayer
surfaces exhibit clusters of flattened and heteromorphic
ammonite conchs and phosphate remains of fish detri-
tus. Some surfaces are almost completely covered by
numerous embrional ammonite conchs.

Remains of benthic fauna are extremely rare and
represented by small shells of ecologically tolerant
bivalves

 

 Nuculana, Cymbula

 

, and 

 

Neocomiceramus.

 

The light concretion massive limestone (so-called
Aptian plate), which lies 1.2 m above the shale unit
base, makes up a chain of closely spaced and tens of
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Fig. 3. 

 

Bituminous shale unit in the Ul’yanovsk section.
(a) (1) Calcite lenses of the Aptian plate; (2, 3) large concre-
tions localized above the Aptian plate; the hammer (indi-
cated by arrow) is 0.5 m long. (b) Foliation of bituminous
shale along thin horizontal bedding.

 

Fig. 4. 

 

Microstructures of the lower Aptian bituminous
shale and host rocks. (a) Clay underlying the bituminous
shale unit (primary sediment structure is strongly disturbed
by bioturbation); (b) bituminous shale (thin horizontal bed-
ding without signs of bioturbation); (c) distribution of
organic matter (colloalginite) in bituminous shale; (d) bio-
turbated clay overlying the bituminous shale unit (black
spots are cross sections of pyritized tubular wormtrails).
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meters long lenses. In the Ul’yanovsk section, the con-
cretions attain 0.7–0.8 m in thickness. Upward the sec-
tion, three other levels of smaller carbonate concre-
tions, 0.15–0.20 m thick and 0.3–0.8 m in diameter, are
traced at a distance of a few meters from each other.

Below and slightly above the Aptian plate, the bitu-
minous shale includes thin (few centimeters) siltstone
interlayers completely cemented by microgranular
pyrite. These interlayers are rather systematically
spaced with an interval of 0.3 m.

The bituminous shale is overlain by dark gray mas-
sive monotonous and strongly bioturbated clay with an
apparent thickness of 3.5 m (Fig. 4d).

The shale unit and the overlying clay member are
referred to the 

 

Deshayesites volgensis–Volgoceratoides
schilkovkensis

 

 Zone. They contain the assemblage of
mainly boreal ammonites including heteromorphic spe-
cies. The Tethyan ammonite species, which are close to
those reported by Bogdanova (1991, 1999) from Aptian
sediments of Turkmenistan, first appear at this level. It
should be mentioned that the overlying clays of the

 

Deshayesites deshayesi–Ancyloceras matheronianum

 

ammonite zone clearly correlate with the synonymous
zone in Turkmenistan, northern Caucasus, England,
Germany, and France. The clays contain similar ammo-
nite assemblages, indicating the existence of a broad
marine communication between basins of the Russian
Plate and Tethys.

A similar (in structure and thickness) section of car-
bonaceous shales was studied at scarps along the Volga
River down- and upstream the Sengilei area (thickness
4.5 m; C

 

org

 

 3.2–7.8%). The visual appearance of car-
bonaceous shales is the same as in Ul’yanovsk.

A somewhat different structure of this interval was
observed in the southern Ul’yanovsk–Saratov Trough,
particularly, in the Fedorovka section. Aptian sedimen-
tary rocks crop out here at the scarps along the Volga
River, 20 km upstream the Khvalynsk area (south of the
Fedorovka Village).

The underlying unit is composed of dark gray silty
clay (apparent thickness ~10 m) with interlayers of
gray friable siltstone up to 0.1 m thick. Signs of erosion
are noticed at the roof. The unit includes several levels
of small lenticular carbonate concretions. The first

 

Deshayesites volgensis

 

 ammonites were found in car-
bonate concretions 4 m below the base of the shale unit.

A sharp boundary separates these rocks from the
overlying thick-platy, in places coarse-laminated,
brownish gray clayey rocks attaining 10.5 m in thick-
ness. Although these rocks look lighter-colored in com-
parison with varieties observed near Ul’yanovsk and
Sengilei, the C

 

org

 

 content remains approximately at the
same level. The primary bedding is locally disturbed by
bioturbation. The bioturbated shales occur as thin inter-
layers at the unit base and roof. The rocks are rather
uniformly enriched in a fine silty material, which also
makes up thin laminae (< 1 mm) as particular elements
of the thin bedding. Therefore, the weathered Fedor-

ovka shale has a more massive appearance than the
rocks occurring at the same level in Ul’yanovsk and
Sengilei (i.e., fine foliation is atypical for the Fedor-
ovka shale).

Large carbonate concretions (Aptian plate) are
absent in the Fedorovka section. However, a horizon of
much smaller concretions (up to 0.3 m in diameter),
which most likely corresponds to the Aptian plate, is
locally traced in the lower part of the shale unit.

Two more horizons of small lenticular carbonate
concretions closely spaced in vertical direction occur
within the platy clay with 

 

Deshayesites volgensis

 

. Het-
eromorphic ammonites were not found here.
Mikhailova and Baraboshkin (2001) suggested that this
section was located closer to the paleobasin shore. Thin
interlayers (up to 0.1 m) of light fine-grained sandstone
sporadically occur in the bituminous shale above the
concretions.

The shale grades into the dark gray silty clay (7.5 m)
with a splintery parting and rare thin (up to 0.25 m)
interlayers of friable cross-bedded fine-grained sand-
stone near the base. This part of sequence is related to
the 

 

Deshayesites deshayesi

 

 ammonite zone. Hetero-
morphic ammonites are not found here. This structure
of the Aptian bituminous shale unit is retained up to the
Khvalynsk and Shirokii Buerak Village areas on the
right bank of the Volga River.

Southward, this interval was studied at outskirts of
Saratov in small open pits of the brick yard (Guselka
section). The clay unit, 6.5 m thick, is exposed here
above the massive limestone of the Aptian plate. The
biostratigraphic position of the clay is determined by
numerous findings of 

 

Deshayesites volgensis

 

 and
clearly correlated with that of carbonaceous shales
elsewhere. The clay is generally massive; the primary
thin bedding is almost completely destroyed by biotur-
bation; and the relict bedding can only be observed at
high magnification in thin sections.

The lower part of the unit (1.5 m) is composed of the
greenish gray locally brownish sandy clay. A layer with
small (a few centimeters) light spherical carbonate con-
cretions occurs in the roof of this unit.

The rocks in the upper part of the section are darker
and consist of finer-grained silty clay. The pelitic frac-
tion content gradually increases upsection.

In all of the lower Aptian sequences of the Russian
Plate, the shale unit with elevated C

 

org

 

 content is clearly
recognized by a dark color and symptomatic sedimen-
tological features. As a rule, the lower boundary of the
unit is sharp and bears indications of erosion, whereas
the upper boundary is gradual and distinct.

As can be seen from the data mentioned above, the
thickness of the carbonaceous shale unit (up to 10.5 m)
is maximal in the vicinity of Khvalynsk and gradually
decreased both southward and northward. When mov-
ing to the south toward Saratov, the bituminous sedi-
ments are increasingly enriched in silty and sandy
materials. They pinch out in zones of near-shore sedi-
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mentation. When moving to the north toward
Ul’yanovsk and Sengilei, they become finer-grained
(pelagic), and this is mirrored in the ammonite fauna. In
addition, only the bituminous shale unit is related to the

 

Deshayesites vogensis

 

 Zone in the north (Ul’yanovsk
and Sengilei), whereas the underlying clay unit is also
attributed to this zone in the south (Fedorovka and
Ershovka sections). This implies that the upper part of
the sequence below the shale unit could be eroded in
some sections.

LITHOLOGICAL, MINERALOGICAL, 
AND GEOCHEMICAL FEATURES 

OF APTIAN SEDIMENTS

Aptian sediments of the Russian Plate are composed
of the terrigenous material. As was shown above, pelitic
fractions largely dominate in the lower Aptian, whereas
silty and sandy fractions mainly occur as an admixture
in clayey rocks. The mineral assemblage of the clayey
fraction remains practically unchanged both in bitumi-
nous shales and in host sediments. It almost does not
vary in vertical and lateral directions over the whole
investigated area. Based on XRD data, smectite and
mixed-layered (smectite–mica) minerals with 20–40%
of mica layers, kaolinite, and hydromica with 5–10% of
swelling layers are major constituents of the <0.001-mm
fraction. Chlorite with various degrees of structural
defectiveness is always present in a subordinate
amount. Quartz and feldspar are noticed as admixtures.

Relationships between chlorite and kaolinite reflec-
tions (3.53 and 3.57 Å, respectively) suggest the trend
of some enrichment of bituminous shale in kaolinite
relative to host rocks. The amount of kaolinite and
quartz markedly increases in the Guselka section (Sara-
tov), which is situated closer to the paleobasin shore in
comparison with other sections.

Fine silty fractions occur in the bituminous shale as
an admixture (up to 5% in Ul’yanovsk and Sengilei, as
much as 20–30% in the Fedorovka section, and 50% or
more in Saratov). The coarser silty and fine sandy mate-
rials make up separate interlayers. The composition of
silty and sandy fractions is similar and practically con-
stant in both vertical and lateral directions. As a rule,
quartz and various micas are predominant; feldspar is
present in a lesser amount; epidote and garnet are
accessory minerals. In general, the composition of
admixture in clayey sediments did not substantially
vary during the deposition of organic-rich sediments.

The content of 

 

carbonate material

 

 in Aptian clayey
rocks is low. As can be seen from Table 1, the CO

 

2

 

 con-
tent in rocks hosting the bituminous shale unit and in
the clay of coastal zone (Guselka) is commonly not
higher than 0.

 

n

 

 %. Let us mention that siderite concre-
tions are abundant beyond the bituminous unit.

The rock-forming significance of carbonate material
in bituminous shales is especially appreciable in the
Ul’yanovsk and Sengilei areas (Table 1). The carbonate

is mainly composed of calcite, as indicated by the typ-
ical reflection (

 

d

 

 = 3.03 Å) on X-ray patterns for sam-
ples from bituminous shales taken from Ul’yanovsk
and Sengilei. In samples from host rocks and from the
bituminous shale of the Fedorovka section, such reflec-
tions were not recorded. The abrupt increase both in
CaCO

 

3

 

 and C

 

org

 

 contents is noticed in transitional zones
between host rocks and bituminous shales. However,
calcite is distributed nonuniformly within the shale unit
and mainly concentrated in intervals below the Aptian
concretion plate (CaCO

 

3

 

 up to 21–22% in Ul’yanovsk
and as much as 15–17% in Sengilei). Above this level,
the calcium carbonate content gradually decreases to
the background values near the section roof. At the
same time, the highest C

 

org

 

 contents are commonly
attained in the bituminous shale above the Aptian plate.
Thus, an inverse relationship between calcium carbon-
ate and C

 

org

 

 contents is established. Near Ul’yanovsk
and Sengilei, the calcium carbonate in bituminous
shales is mostly related to remains of calcareous nanno-
plankton that enriches the Aptian sediments at this
level.

It is evident that the observed distribution of dis-
persed carbonate material in bituminous rocks differs
from the pattern in primary sediments of the Aptian
paleobasin. This is evident from the presence of several
levels of large carbonate concretions formed due to dis-
solution and redistribution of the primary biogenic car-
bonate material during the early diagenesis.

In thin sections of samples from the lower part of
sections with the highest carbonate content (i.e., below
the Aptian plate), one can observe clots of pelitomor-
phic calcite material in the form of strongly flattened
oblong lenses grouped into discontinuous laminae.

Petrographic data indicate that the 

 

organic matter

 

 is
ubiquitous throughout the Aptian rocks; however, its
forms and content are variable. In the clay hosting the
bituminous shale, the elevated C

 

org

 

 contents (up to 1–
2%) are often related to the presence of kerogen as a
finely dispersed carbonized plant detritus (5–20%),
whose amount and size increase in samples with
coarser-grained terrigenous fractions.

In passing from host rocks to the bituminous shale,
the C

 

org

 

 content abruptly increases up to 4.0–9.6% (6–
8% on the average). The C

 

org

 

 content in bituminous
shales from different sections does not change mark-
edly. The organic matter is largely related to the struc-
tureless OM (colloalginite, after Ginzburg, 1991)
occurring as a system of thin lenses elongated parallel
to the bedding (Fig. 4c). Solitary spore and pollen
remains are also noticed. As can be seen under a micro-
scope, the plant detritus is also always present in bitu-
minous shales being oriented along the bedding. Its
amount does not exceed a few percents in shales of the
Ul’yanovsk and Sengilei sections and increases up to
10–20% in the Fedorovka shale.

Results of the microscopic examination are consis-
tent with the data obtained from the pyrolytic analysis.
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Table 1.  Contents of chemical elements in lower Aptian sedimentary rocks of the Russian Plate
A

m
m

on
ite

zo
ne

M
em

be
r

no
.

Sample 
no. Corg CO2 Fe Mn Ti P S Cr Ni V Cu Co Pb Ga Ge Mo Zn Se Sn Ag As Hg

Ul’yanovsk section

D
es

ha
ye

si
te

s
te

nu
ic

os
ts

tu
s

II U-1 1.22 0.015 5.4 0.059 0.58 0.07 0.50 85 45 130 45 14 29 24 1.4 1.4 140 0.7 3.7 0.1 12 0.19

III

U-4 1.38 0.40 6.2 0.14 0.6 0.08 0.32 80 48 120 65 16 26 24 1.2 0.8 180 0.7 3.3 <0.10 1 0.10

U-4B 1.24 0.30 5.1 0.19 0.56 0.08 0.24 90 55 170 38 13 28 25 1.4 0.5 185 n.d. 3.5 <0.10 34 0.07

U-4S 1.16 0.50 4.8 0.037 0.54 0.08 0.46 125 52 195 60 23 24 26 1.6 0.8 115 0.7 4.2 <0.10 6 0.17

U-4L 1.27 <0.30 5.3 0.042 0.3 0.08 0.57 85 55 140 65 16 28 25 1.2 2.4 140 0.7 4.0 0.11 14 0.17

U-5B 0.99 <0.30 4.8 0.04 0.47 0.08 1.79 100 53 180 35 14 24 23 2.5 0.5 115 n.d. 4.3 0.08 10 0.06

U-5 1.39 <0.30 5.6 0.031 0.53 0.08 2.34 120 60 200 100 18 26 30 1.4 3.8 130 2.5 4.2 <0.10 4 0.08

D
es

ha
ye

si
te

s 
vo

lg
en

si
s

IV

U-6 2.27 9.65 3.9 0.05 0.38 0.06 1.83 120 78 250 85 19 19 14 1.4 50 60 6.0 3.7 0.13 7 0.13

U-6-1 4.70 9.50 4.4 0.07 0.31 0.1 2.67 115 88 290 90 35 15 11 1.4 85 60 5.8 5.0 0.11 3 0.10

U-7B 4.20 2.75 4 0.05 0.58 0.1 2.23 140 70 440 55 14 18 17 1.4 <0.8 80 n.d. 6.0 <0.10 1 0.04

U-8 6.40 3.55 5.8 0.056 0.36 0.09 3.94 125 93 375 100 38 19 18 1.4 100 70 7.0 5.3 0.13 17 0.12

U-8-1 6.80 6.90 4.8 0.06 0.36 0.1 3.45 125 90 360 90 25 17 18 1.6 130 65 6.2 5.5 0.15 11 0.12

U-12a 6.60 1.20 6.8 0.042 0.35 0.09 5.17 150 100 400 110 45 17 17 2.1 61 65 6.0 5.5 0.15 20 0.13

U-12b 6.30 0.95 6.4 0.035 0.37 0.1 4.92 125 90 300 120 43 20 18 2.1 45 90 5.8 5.8 0.23 18 0.08

V

U-15 3.00 0.60 5.6 0.028 0.51 0.07 2.23 130 60 175 110 14 24 23 1.6 3.8 95 1.7 4.2 <0.10 16 0.10

U-15-1 1.28 <0.30 5.5 0.033 0.54 0.03 2.18 110 60 160 100 18 27 27 1.4 3.2 150 1.7 4.5 <0.10 2.5 0.15

U-15-1B 1.55 <0.30 5.1 0.05 0.58 0.03 1.84 125 65 220 55 18 25 25 2 2 160 n.d. 5.0 <0.10 30 0.04

Fedorovka section

D
es

ha
ye

si
te

s
vo

lg
en

si
s

IV F-9/1 2.25 0.50 3.24 0.012 0.64 0.03 0.18 107 107 155 65 10 23 17 1.1 11 96 4.4 4 0.14 5.7 n.d.

F-9/3 2.25 0.25 4.19 0.018 0.6 0.04 0.22 100 100 210 65 15 21 16 1.2 17 152 7.2 3.7 0.14 9.1 n.d.

F-9/4 1.58 <0.25 3.54 0.014 0.59 0.03 0.49 115 115 300 75 14 23 19 1 27 125 9.0 3.6 0.17 9.5 n.d.

F-9/6 3.35 <0.25 5.58 0.044 0.54 0.07 0.68 125 125 300 95 25 17 20 1.1 81 145 9.5 4 0.10 7.7 n.d.

F-9/9 5.20 0.25 4.57 0.01 0.59 0.05 1.25 140 140 325 72 12 21 15 1.2 47 84 17 3.9 0.16 6.7 n.d.

F-9/12 9.60 0.25 2.79 0.008 0.58 0.03 0.53 115 115 245 72 10 21 17 1.4 49 78 13 3.7 0.19 5.7 n.d.
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Table 1.  (Contd.)
A

m
m

on
ite

zo
ne

M
em

be
r

no
.

Sample 
no. Corg CO2 Fe Mn Ti P S Cr Ni V Cu Co Pb Ga Ge Mo Zn Se Sn Ag As Hg

D
es

ha
ye

si
te

s 
vo

lg
en

si
s

IV

F-9/16 5.30 0.25 5.2 0.02 0.54 0.07 0.97 118 118 300 65 25 20 19 1.4 81 122 12 3.7 0.13 13 n.d.

F-9/18 4.70 <0.25 3.09 0.039 0.48 0.03 2.96 110 110 290 52 33 19 26 1.7 110 105 14 3.1 0.13 14 n.d.

F-9/22 6.40 0.45 2.48 0.008 0.57 0.04 0.96 140 140 180 88 12 14 30 1.1 25 78 5.0 3.6 0.16 8.4 n.d.

F-9/24 5.40 <0.25 2.52 0.013 0.54 0.04 1.03 115 115 185 84 12 18 25 1.4 25 78 4.5 4 0.17 6.2 n.d.

F-9/26 4.80 1.05 3.34 0.018 0.5 0.05 2.32 155 155 220 62 22 17 30 1 19 76 4.5 3.3 0.13 8.1 n.d.

F-9/29 5.00 0.65 2.34 0.012 0.54 0.04 1.23 130 130 170 88 12 19 28 1.4 24 69 5.6 3.7 0.19 13 n.d.

F-9/35 6.50 0.70 2.81 0.023 0.5 0.06 1.69 140 140 165 62 12 18 26 1.5 20 58 4.5 3.4 0.13 12 n.d.

V
F-9/36 7.00 1.40 3.66 0.038 0.52 0.02 1.48 125 125 160 67 27 18 25 1 1.4 140 1.5 4 <0.08 9.2 n.d.

F-9/40 1.77 1.15 3.4 0.029 0.62 0.04 0.89 140 140 180 72 30 18 27 1.3 1.5 124 1.2 3.8 <0.08 5.2 n.d.

Sengilei section

D
es

ha
ye

si
te

s 
vo

lg
en

si
s

IV

S-1 1.38 <0.30 3.8 0.009 0.6 0.03 0.20 90 28 175 35 7 25 31 2.8 4.4 52 0.8 3.8 0.12 18 0.06

S-2 4.2 <0.30 2.6 0.007 0.53 0.02 0.40 125 53 315 170 9 13 29 2.3 14 49 10.0 4.4 0.47 18 0.05

S-4 3.6 <0.30 4.6 0.023 0.53 0.07 0.46 140 78 315 72 30 21 22 1.3 63 155 10.0 3.6 0.16 22 n.d.

S-10 3.65 <0.30 4.4 0.019 0.51 0.04 0.55 140 53 265 95 17 20 23 1.3 50 132 10.0 3.4 0.17 21 n.d.

S-13 5.7 <0.30 3.1 0.009 0.51 0.04 0.57 125 68 320 80 14 18 28 2.0 68 98 6.3 3.8 0.25 18 0.06

S-14 4.7 <0.30 4.0 0.013 0.49 0.06 0.58 110 75 298 110 17 19 24 1.4 75 122 7.3 4 0.2 22 0.04

S-15 5.8 <0.30 3.6 0.011 0.5 0.05 1.00 115 80 310 90 19 18 24 2.0 74 165 8.0 4 0.23 28 0.05

S-16 4.7 <0.30 4.3 0.013 0.51 0.05 0.51 90 68 310 90 19 13 26 1.4 68 140 5.5 4 0.20 30 0.04

S-17 4.3 <0.30 5.8 0.023 0.48 0.07 1.66 55 75 125 30 13 9 20 1.0 56 78 5.5 2.8 0.08 38 0.05

S-18 6.2 <0.30 5.6 0.027 0.44 0.08 0.92 100 290 310 70 30 19 18 1.2 110 275 7.2 4.4 0.12 36 0.05

S-19 6.0 <0.30 6.0 0.032 0.41 0.10 0.86 105 280 350 70 36 19 19 1.4 130 350 6.2 4.5 0.14 38 0.04

S-21 7.0 0.55 7.4 0.140 0.43 0.10 0.61 105 115 345 80 47 19 21 1.2 112 280 5.6 4.9 0.12 28 0.04

S-22 6.5 0.90 8.9 0.120 0.43 0.11 0.69 115 125 340 80 52 20 22 2.0 125 140 5.0 5 0.1 34 0.05

S-23 6.3 1.00 7.4 0.039 0.43 0.10 0.65 115 100 350 70 32 20 22 1.4 110 122 7.3 4.5 0.12 30 0.05

S-24 7.3 4.25 9.8 0.260 0.45 0.09 0.81 105 120 320 50 60 17 20 1.2 105 110 4.8 5.0 0.10 36 0.07

S-25 7.8 1.15 8.4 0.120 0.39 0.10 2.15 110 105 345 60 42 17 18 1.4 115 82 6.7 5.0 0.12 36 0.06

S-26 6.4 0.50 6.6 0.068 0.4 0.09 1.50 120 105 375 70 46 19 23 1.4 110 118 6.1 5.0 0.12 38 0.06
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Table 1.  (Contd.)
A

m
m

on
ite

zo
ne

M
em

be
r

no
.

Sample 
no. Corg CO2 Fe Mn Ti P S Cr Ni V Cu Co Pb Ga Ge Mo Zn Se Sn Ag As Hg

D
es

ha
ye

si
te

s 
vo

lg
en

si
s

IV

S-27 6.5 0.50 6.6 0.068 0.41 0.09 1.34 110 95 345 60 40 20 22 1.4 112 142 5.6 4.4 0.12 36 0.05

S-28 5.7 6.50 7.1 0.130 0.4 0.09 3.08 95 100 305 50 44 16 17 1.2 92 85 7.2 4.5 0.1 34 0.06

S-29 5.7 5.00 6.7 0.098 0.4 0.09 2.29 105 90 310 50 38 16 16 1.0 88 102 7.5 4.5 0.1 32 0.05

S-30 6.8 3.70 6.9 0.063 0.42 0.11 0.95 105 100 340 70 44 18 19 1.4 105 155 7.2 4.5 0.12 26 0.06

S-31 7.8 4.70 6.2 0.051 0.44 0.1 0.75 100 85 310 50 32 19 20 1.4 100 135 6.7 4.0 0.12 24 0.06

S-32 5.8 7.60 6.2 0.087 0.41 0.08 2.15 85 80 235 50 30 16 15 1.4 78 92 7.1 4.0 0.12 24 0.05

S-38 6.35 0.15 4.1 0.023 0.47 0.05 1.26 140 61 375 62 17 9 17 1.5 100 105 10 3.6 0.12 31 n.d.

S-46 7.1 0.15 4.4 0.024 0.51 0.06 1.41 140 56 355 72 21 16 19 1.5 100 96 9.7 4.0 0.11 33 n.d.

S-50 5.2 0.75 2.4 0.011 0.56 0.03 0.90 120 53 278 35 14 17 26 2.5 22 98 5.2 3.5 0.15 8 0.07

S-51 5.5 1.15 2.3 0.007 0.51 0.04 0.89 135 55 330 140 15 15 30 2.7 32 100 4.2 3.8 0.3 18 0.10

S-52 4.8 0.15 2.4 0.006 0.52 0.03 1.03 110 50 245 80 14 18 25 2.3 30 88 4.7 3.5 0.32 16 0.10

S-53 5.2 0.70 3.7 0.006 0.53 0.02 2.00 135 48 250 140 14 16 30 2.2 19 72 5.0 4.5 0.38 14 0.10

S-54 5.2 0.50 3.4 0.006 0.54 0.03 1.34 145 50 240 120 13 14 28 2.2 16 78 4.0 3.8 0.35 5 0.12

S-55 5.2 0.90 3.8 0.008 0.51 0.04 1.50 115 45 198 160 13 20 26 2.3 11 88 3.4 3.5 0.28 6 0.21

V
S-56 3.6 0.50 3.6 0.012 0.53 0.05 1.05 120 48 195 120 12 18 25 2.2 6.5 90 2.7 3.5 0.24 6 0.25

S-57 3.2 2.00 3.4 0.012 0.55 0.05 0.75 100 48 155 100 12 22 27 2.0 2.5 80 0.05 3.4 0.14 8 0.14

Guselka section

D
es

ha
ye

si
te

s 
vo

lg
en

si
s

IV

2319/2 0.14 <0.25 3.29 0.010 0.69 0.03 0.05 95 36 140 62 10 16 27 1.2 1.1 88 0.7 3.7 <0.08 5.4 n.d.

2319/4 0.42 <0.25 2.85 0.014 0.68 0.02 <0.05 107 39 135 34 10 15 30 1.3 1.5 83 0.5 3.7 <0.08 5.0 n.d.

2319/5 0.60 <0.25 3.78 0.016 0.65 0.06 <0.05 109 45 140 31 13 20 25 1.1 0.8 110 0.7 4.0 <0.08 6.0 n.d.

2319/8 0.52 <0.25 3.60 0.017 0.61 0.04 <0.05 95 40 140 39 13 20 24 1.2 <0.8 106 0.8 3.6 0.08 11.0 n.d.

2319/12 0.47 <0.25 2.90 0.011 0.58 0.03 0.12 89 35 123 34 10 16 20 1.3 0.8 80 0.4 2.9 0.08 7.6 n.d.

2319/13 0.68 <0.25 3.41 0.018 0.57 0.04 0.06 85 35 110 37 10 18 19 1.0 <0.8 78 0.6 3.1 <0.08 8.1 n.d.

2319/16 0.19 <0.25 3.35 0.018 0.53 0.04 0.19 82 43 123 28 10 15 21 1.2 0.8 95 0.6 3.4 <0.08 9.3 n.d.

2319/18 0.47 <0.25 4.08 0.027 0.52 0.07 0.16 107 52 137 28 13 21 20 1.3 0.9 96 0.9 3.4 <0.08 13.0 n.d.

2319/20 0.65 <0.25 4.20 0.035 0.52 0.05 0.30 95 46 135 34 20 16 19 1.0 0.8 115 0.7 3.1 <0.08 12.0 n.d.

2319/23 0.52 <0.25 3.88 0.024 0.55 0.05 0.15 100 44 123 28 17 21 19 1.0 0.8 108 1.1 3.7 <0.08 15.0 n.d.

Note: Corg, CO2, Fe, Mn, Ti, P, and S contents are given in wt %; other elements, in ppm.
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The organic matter in both bituminous shales and host
rocks is characterized by a low degree of thermal matu-
rity. The temperature of maximal hydrocarbon (HC)
extraction during the heating of samples in an inert
atmosphere is below 430°C (Table 2). The OM genera-
tion potential is commonly determined from the S1 + S2
sum that corresponds to the total HC amount released
from OM as a result of heating to 300°C (S1) and in the
range of 300–600°C (S2). The potential of bituminous
shale generation is relatively high (40.37 mg HC/g),
whereas the clay yields a low value (1.16 mg HC/g).
The total organic carbon (TOC) is a sum of the pyro-
lyzed and residual organic carbon (in % of rock). The
absolute value of the hydrogen index (HI = S2/g TOC)
for kerogen from the bituminous shale is equal to 406 mg
HC/g TOC and indicates its marine origin (Tissot and
Welte, 1984). The biomass of marine plankton was a
major source of this kerogen. On the Van Krevelen dia-
gram in HI–OI coordinates (Tissot and Welte, 1984;
Tyson, 1995), the kerogen from bituminous shales falls
into the field of the mixed type II–III due to some
admixture of terrestrial OM. Kerogen from the host
clay is confined to the field of the terrestrial kerogen in
good agreement with the petrographic data. The
organic carbon in bituminous shales is enriched in light
carbon isotope relative to the clay (Table 2), providing
an additional evidence for different forms of the origin
of kerogen in bituminous shales and host clays.

The distribution of various chemical elements was
also studied in Aptian rocks of the Russian Plate
(Table 1; Fig. 5). It was established that the Aptian bitu-
minous shale is enriched in many elements in compari-
son with both host rocks and mean contents in clayey
rocks (Turekian and Wedepohl, 1961; Wedepohl, 1991)
(Fig. 6).

The chemical element distribution in Aptian rocks
reveals a substantial variation in both vertical and lat-
eral directions. The most conspicuous difference in ele-
ment distribution between the bituminous unit and host
rocks is displayed in the Ul’yanovsk section. As can be
seen from Table 1 and Fig. 5, the Corg content markedly
increases up to 6–8% in the bituminous unit and is only
1.0–1.5% in the host rocks. The latter value is, however,
somewhat higher than the mean for clayey rocks
(Turekian and Wedepohl, 1961; Wedepohl, 1991).

The host rocks are practically carbonate-free; how-
ever, bituminous shales contain the biogenic CaCO3 up
to 20% in some beds.

Like for Corg, a distinct tendency to concentrate in
bituminous shales is revealed for S, P, Cr, Ni, V, Cu, Co,
Mo, Se, and Ag. The highest degree of concentration is
mostly typical of Mo, Se, and Ag; Fe, As, and Mg
behave in the same way; however, the degree of their
concentration is not high. At the same time, bituminous
shales display a slight depletion in Ti, Ga, Pb, and Zn.
This is likely related to the diluting effect of Corg and
CaCO3 in the case of Ti and Ga. However, the cause of
such behavior of Pb and Zn remains obscure so far.

Figure 6 shows coefficients of the concentration of
different elements in bituminous shales versus the host
clay and the host clay versus the mean contents in
clayey rocks (Turekian and Wedepohl, 1961; Wede-
pohl, 1991). The coefficient were calculated from
chemical analyses for the sections near Ul’yanovsk and
Fedorovka. The highest coefficients of concentration
are typical of Mo, Se, and S.

The same patterns are observed in the Sengilei sec-
tion; however, some elements behave in a somewhat
different way. For example, Cu, Ag, and partly Hg con-
tents increase at the base and roof of the bituminous
unit, while the middle of the section is characterized by
the lowest concentrations.

The distribution of chemical elements in the Fedor-
ovka section, in turn, is somewhat different from the
Ul’yanovsk and Sengilei sections. The relatively thick
Fedorovka section is characterized by a high Corg con-
tent and more or less uniform distribution in rocks.
However, only Ag clearly correlates with Corg; Mo, Se,
and V are mostly concentrated in the lower part of the
bituminous unit. In the upper part of the section, their
contents are much lower, though they remain above the
background level. Such behavior of elements-indica-
tors of anoxia degree reflects various geochemical con-
ditions during the deposition of carbonaceous sedi-
ments in this part of basin.

In sediments deposited close to the coast (Guselka
section near Saratov), all elements are distributed more
or less uniformly throughout the entire Aptian
sequence. The organic-rich sediments were not depos-
ited here, and offshore geochemical environments in
deep-water regions of the basin did not affect the distri-
bution of elements. Therefore, their contents are close
to the mean values in clayey rocks (Turekian and Wede-
pohl, 1961; Wedepohl, 1991). The relative decrease of
chemical elements in some cases is caused by a diluting
effect of the sandy–silty admixture in the sediments.

Table 2.  Pyrolytic and isotopic parameters of organic matter in samples from lower Aptian rocks, Ulyanovsk section

Rock, sample no. S1, mg HC/g 
of rock

 S2, mg HC/g 
of rock Tmax, °C TOC, %

of rock
HI, mg HC/g 

TOC
OI, mg CO/g 

TOC
13Corg, ‰

Clay, sample U-5 0.13 1.03 403 2.41 42 52 –26

Bituminous shale, 
sample U-8

1.56 38.81 413 9.55 406 32 –28
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Ul’yanovsk 

Sengilei 

U–15–1B

U–15–1
U–15

U–12B
U–12Ä

U–8–1

U–8

U–6–1

U–6
U–5

U–5B

U–4L

U–4S

U–4B
U–4

U–1
0 4 8 0 20 0 4 80 2 4 6 0 0.1 0.2 0 0.5 0 0.1 0 100 0 100 0 500 0 100 0 20 40 0 20 40 0 20 40 0 100 0 4 8 0 100 0 50 0 0.1 0.2 0 0.2 0.4

HgAgAsZnSeMoGaPbCoCuVNiCrPTiMnSFeCaCO3Corg

HgAgAsZnSeMoGaPbCoCuVNiCrPTiMnSFeCaCO3Corg

0

1

2

3

S–57

S–50

S–46

S–38

S–32

S–13
S–4
S–2
S–1

0 2 4 6 8 0 10 20 2 6 10 0 2 4 0 0.1 0.3 0 0.5 0 0.1 0 100 02000 200 0 100 0 40 80 0 20 40 0 20 40 0 100 0 4 8 0 200 500 0 0.50 0.10.2

section

section

Fig. 5. Distribution of chemical elements in lower Aptian sections (Ul’yanovsk, Sengilei, Fedorovka, and Guselka areas). See Fig. 2 for legend. Dashed lines show mean contents
of elements in clayey rocks (based on Turekian and Wedepohl, 1961; Wedepohl, 1991).



322

L
IT

H
O

L
O

G
Y

 A
N

D
 M

IN
E

R
A

L
 R

E
SO

U
R

C
E

S      V
ol. 37      N

o. 4      2002

G
A

V
R

IL
O

V
 et al.

Fig. 5. (Contd.)

AgAsZnSeMoGaPbCoCuVNiCrPTiMnSFeCaCO3Corg

AgAsZnSeMoGaPbCoCuVNiCrPTiMnSFeCaCO3Corg
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DISCUSSION

The first question, which arises in the discussion on
formation conditions of the Aptian bituminous unit,
concerns the causes that were responsible for the depo-
sition of organic-rich sediments. There are different
views on the contribution of various factors to the dep-
osition of carbonaceous sediments. Some researchers
suppose that the burial of a considerable amount of OM
in sediments was caused by anoxic conditions, which
hamper the OM decomposition, in water reservoirs
(see, for example, Demaison and Moore, 1980, 1991).
Other researchers attribute it to the bioproductivity of
basin (Pedersen and Calvert, 1990, 1991). Based on the
study of the Holocene history of the Black Sea, Stra-
khov (1937, 1976) showed that the hydrosulfuric con-
tamination does not play a crucial role in the burial of
considerable OM amount in sediments, although this

factor can control the OM composition. The increase in
bioproductivity of paleobasin is the major factor pro-
viding the enrichment of sediments in OM.

We also regard the formation of Aptian organic-rich
sedimentary rocks in the Russian Plate as a result of
increased bioproductivity of the early Aptian basin. In
particular, this interpretation is favored by the OM
geochemistry that records an abrupt increase in basinal
OM during the deposition of carbonaceous sediments
in comparison with the preceding stage when the terres-
trial OM was predominant. However, this brings up the
question concerning the causes that led to the outbreak
of phytoplankton and bacterioplankton bioproductivity
and the accumulation of considerable OM mass in sed-
iments.

It is known that the upwelling is the most effective
modern mechanism of biophile element supply to the
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zones of high productivity of marine organisms. How-
ever, this mechanism could not be realized in the paleo-
geographic environment of the deposition of bitumi-
nous sediments. In addition, it is difficult to imagine
that the upwelling functioned only during a relatively
short period of bituminous sediment accumulation and
did not work before and after this time.

The genetic model of the Aptian bituminous unit
should take into account the following conditions. The
sedimentation proceeded in a vast and relatively shal-
low-water epicontinental basin during the rapid trans-
gression caused by the eustatic sealevel rise in the early
Aptian. The transgression was preceded by a regressive
episode, which is proved by an onlap of Aptian bitumi-
nous shales on the eroded surface of underlying rocks.
An outbreak of bioproductivity of diverse bacteri-
oplankton and organic-walled phytoplankton served as
the main cause of OM-enrichment of sediments. In
other words, organic matter was mainly derived from
the basin; however, the terrestrial OM also played a cer-
tain role in the total budget.

The formation of the bituminous shale unit is best
agreed with the model of organic-rich sediment deposi-
tion controlled by the supply of biophile elements into
the basin from the coastal landscapes during the rapid
eustatic transgression as shown in Fig. 7 (Gavrilov,
1994; Gavrilov and Kopaevich, 1996; Gavrilov et al.,
1997).

An important role in the formation of Aptian bitumi-
nous sediments was played not only by the transgres-
sion, when the organic-rich sediments were deposited,
but also by the previous regressive stage of the basin
evolution, when the related sediments accumulated
along the basin margins and at internal uplifts. The
regression resulted in the emergence of vast territories
along margins of a shallow-water sea and around island
archipelagoes. These territories existed as lowlands
flattened by marine erosion and sedimentation. There-
fore, even insignificant sealevel fluctuations gave rise to
a substantial shift of the coastal line. The area exposed

after regression was covered by friable nonlithified
marine sediments. Thus, specific coastal landscapes
were created. The nonlithified and generally reduced
sediments, which contained sulfides and occasional
authigenic phosphate minerals, underwent a subaerial
weathering. Sulfides were oxidized to produce sulfuric
and sulfonic acids that readily interacted with sedi-
ments and enhanced the weathering.

Yasamanov (1978) pointed to an important conse-
quence of the sea recession under a humid climate:
lakes and coastal marshes were developed on the newly
formed coastal plains. Judging from the modern coun-
terparts, the peat bogs were formed with a high rate.
The mineralogical and geochemical environments in
the present-day bog systems indicate that the peat for-
mation promotes the geochemical activity of phospho-
rus, which is an important element for the biological
cycle. In general, the swamp-forming process may be
regarded as one of the characteristic processes that
favored phosphorus migration in the supergene zone
(Kovalev, 1985). The aggressive medium of bog sys-
tems provided the reworking of sedimentary material
supplied into the basin and affected the underlying
rocks. Many terrigenous minerals, which are com-
monly stable during weathering, were dissolved in peat
bogs. Thus, the water was enriched in microelements. It
is important to note that the swamped basins contained
not only solid OM but also abundant dissolved OM pro-
duced as a result of the breakdown of permanently
regenerated plant materials. The gain in OM and its
conversion into dissolved state continuously proceeded
over the whole period of the existence of such land-
scapes. The plant-derived OM accumulated in this envi-
ronment was characterized by an enrichment in the
light carbon isotope, which is generally typical of the
land vegetation.

The soil was undoubtedly formed over vast territo-
ries of coastal-marine plains. Various chemical ele-
ments (including the biophile ones) inherited from
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Fig. 7. Model of organic-rich sediment deposition during the sea transgression, after Gavrilov (1994). Sealevel: (I) before the regres-
sion, (II) during the transgression, (III) during the maximal regression.
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underlying nonlithified or slightly lithified sediments
were absorbed by soils.

Thus, we can suppose with a strong probability that
the landscapes, which were formed on coastal lowlands
during the regression, served as a place of active and
diverse geochemical transformations related to eluvial
and soil- and bog-forming processes. They provided the
accumulation of various (first of all, biophile) chemical
elements and their conversion into the labile state.

The area of the early Aptian basin on the Russian
Plate was very large (Fig. 1). Therefore, different
regions of coastal landscapes were characterized by
special features. The geomorphological factor played a
critical role in the development (or absence) of vast
coastal plains. In regions with a steep slope of seafloor,
even a substantial sealevel fall could not result in the
emergence of wide coastal zone, whereas a gentle slope
(most typical situation) was favorable for such an emer-
gence.

The regression was succeeded by a rapid transgres-
sion and deposition of organic-rich sediments. The sea-
level rise was not less than several tens of meters. A
similar estimate was given by Haq et al. (1987).

The invading sea readily interacted with coastal-
marine landscapes. On the flat coastal plain, even a rel-
atively small rise of the water level led to flooding of
large territories, and the organic matter accumulated in
peat bogs and soils were transported to the sea. The
solid OM was eroded and redeposited in marine mud.
Thus, the mud was enriched in Corg. The dissolved
organic matter, which was abundant in peat bogs,
entered a new biological cycle as a result of utilization
by plankton and fostered the bioproductivity. In addi-
tion to OM, biophile elements (first of all, phosphorus)
were supplied into the basin from the coastal land-
scapes. As was shown above, most of the studied sec-
tions are characterized by elevated phosphorus contents
in comparison with host rocks. The supply of phospho-
rus into the basin provoked a burst of bioproductivity of
organic-walled phytoplankton and bacterioplankton,
which was the main source of OM in sediments (see
above).

Observations during the filling of artificial water
reservoirs, which serves as a reduced model of trans-
gression, support the reality of the proposed model of
Aptian bituminous shale formation. In particular, the
initial period of filling is marked by an extremely vig-
orous phytoplankton productivity due to enrichment in
biophile elements washed out from the flooded soil
(Petrova, 1990, etc.). In its essence, this phenomenon is
similar to processes during the large-scale marine trans-
gressions.

The important role of swamps in the supply of bio-
phile matter into the invading sea and the respective
growth of marine algae productivity was emphasized
by Wenger and Baker (1986) in the discussion concern-
ing the origin of Pennsylvanian black shales in Kansas
and Oklahoma.

The Aptian bituminous shale is often enriched in Fe.
In this connection, it should be mentioned that experi-
ments in the Pacific Ocean (Martin et al., 1994; Coale
et al., 1996; Frost, 1996) have recorded an increase in
phytoplankton bioproductivity after the introduction of
this element into the surface water layer owing to the
participation of Fe in the chlorophyll structure. Thus,
Fe can behave as a biophile element in certain cases. In
the situation under discussion, the existence of the
Early Cretaceous lacustrine–bog system could strongly
stimulate the supergene migration of Fe and its supply
into the marine basin (Strakhov, 1962) with its subse-
quent involvement into the biological cycle and
increase in phytoplankton bioproductivity.

The mechanism of biophile element supply to the
sea and the growth of phytoplankton bioproductivity
acted in a similar way in different parts of basin, except
for some distinctions in particular facies environments.
Therefore, regional specific features of sedimentation
within a paleobasin were responsible for some discrep-
ancies in the geochemical signature of lower Aptian
sediments from different sections.

The accumulation of a considerable amount of OM
was responsible for the generation of significant masses
of H2S that diffused into the bottom water layer giving
rise to the hydrosulfuric contamination of certain basin
sectors. Since the basin was relatively shallow, the con-
tamination first embraced the bottom water column and
occasionally rose up to the euphotic zone. This is indi-
cated by traces of large-scale death of young ammo-
nites of the plankton ontogenetic stage.

The lack or oppressed state of the benthic fauna is
related to the development of anoxic environments in
the basin. The degree of anoxia could be markedly vari-
able. The low anoxia was accompanied by an appear-
ance of some benthic organisms (bivalves Nuculana
and Neocomiceramus) that can survive under unfavor-
able anoxic environments.

After the transgression and termination of the sup-
ply of biophile elements into basin, the intense bloom
of various plankton forms stopped and the OM-enrich-
ment of mud ceased. Due to the conservative character
of the basin system and the gradual cessation of trans-
gression, the final stage of carbonaceous sedimentation
was not so abrupt as its onset. The relatively shallow-
water character of the basin, the termination of intense
H2S generation in sediments, and its diffusion in the
bottom water—all this provided a rather fast oxidation
of hydrogen sulfide contained in seawater and cessation
of anoxic environments. It is not ruled out that in some
basin sectors situated close to river deltas, the density
stratification could arise due to the partial freshening of
surface water layers. The presence of fresh-water green
algae in sediments evidences in favor of this suggestion
(Baraboshkin and Smirnova, 2002).

From our point of view, the enrichment of bitumi-
nous shale unit in kaolinite is consistent with the model
of interaction between marine and coastal landscapes
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against the background of sealevel fluctuations. Indeed,
the coastal landscapes with a rapidly forming soil cover
and swamp systems under a stable humid climate were
favorable for the kaolinite formation. The kaolinite-rich
soil was eroded along with other continental sediments
during the transgression. Thus, kaolinite was removed
into the sea to enrich the carbonaceous sediments in
comparison with underlying units.

The elevated OM content in accumulating sedi-
ments of the early Aptian basin induced a high intensity
of diagenesis therein. As was mentioned above, silty
interlayers cemented by pyrite occur within the bitumi-
nous shale unit; the dispersed pyrite is also abundant.
This points to the extensive sulfide formation, and
hence, to the active sulfate reduction and generation of
a considerable mass of H2S. Additionally, the above
processes provided a substantial redistribution of the
carbonate material in sediments. In particular, diage-
netic processes were responsible for the formation of
several levels of carbonate concretions within the bitu-
minous shale unit including giant lenticular concretions
of the Aptian plate (Fig. 2).

In principle, interlayers enriched in biogenic car-
bonate material can be formed in sites subsequently
occupied by lenticular concretions during the sedimen-
tation, for example, owing to the periodically enhanced
bioproductivity of the calcareous plankton. However,
the obligatory similar distribution of concretion layers
in different sectors is not observed in our case. We sup-
pose that both the concretions and host interlayers
appeared in Aptian carbonaceous sediments as a result
of the intense diagenetic redistribution of the biogenic
carbonate material, which was initially dispersed in
sediments much more uniformly.

The formation of interlayers of carbonate concre-
tions followed the model proposed for the diagenetic
origin of carbonate layers and rhythms (Gavrilov,
1979). This is supported by the following facts. The dis-
solution of carbonate shells of marine organisms,
including numerous ammonite conchs and nannoplank-
ton, was very intense. Therefore, one can now observe
only nacreous remains of ammonite conchs. Moreover,
only casts of dissolved conchs are often found in bitu-
minous shales. At some levels, the nannoplankton is
completely dissolved. In places where it is retained, the
signs of corrosion are observed. Bicarbonate com-
pounds formed as a result of biogenic CaCO3 dissolu-
tion could diffuse and precipitate in near-surface sedi-
mentary layers due to lower concentrations of diage-
netic CO2 in the mud water. As a result, the CaCO3-rich
sedimentary layer was formed. With the deposition of
next portions of sediment, this process was resumed to
produce several concretion levels.

As was shown above, the deposition of organic-rich
sediments was accompanied by their enrichment in
many chemical elements. It is important to note that the
coefficients of concentration vary from 1.5 to 3.0 for
most of these elements. However, the relative concen-

tration of Se and especially Mo may increase by one or
even two orders of magnitude in some samples. The
main mechanisms of sediment enrichment in V, Ni, Co,
Cr, and other elements were the sorption, first of all, on
particles of dead OM and the diagenetic diffusion of
elements into the sediment from the bottom water. The
sorption on clay particles was of subordinate impor-
tance, because the bituminous unit-hosting rocks are
also composed of clayey sediments but lack an appre-
ciable enrichment in minor elements.

Some elements probably concentrated in still living
organisms. However, the anomalously high Mo and Se
contents (relative to other elements) in bituminous sed-
iments indicate that other enrichment mechanisms also
existed. Most likely, the high concentration of these ele-
ments was additionally created by the hydrosulfuric
contamination of the bottom water in the basin. Indeed,
a very high Mo content (up to 130 ppm) is recorded in
all of the sections probably marked by a rather strong
hydrosulfuric contamination of the bottom water. In the
sections where Se was determined, its content in bitu-
minous shales is more than one order of magnitude
higher than in host rocks. The specific feature of Mo
and Se consists in their ability to precipitate as insolu-
ble sulfides from the water contaminated by hydrogen
sulfide along with other sedimentary materials (Volkov
and Sokolova, 1976). It is evident that just this mecha-
nism provided anomalous contents of these elements in
sediments.

We compared our geochemical data with the results
obtained for Lower Cretaceous Corg-rich sediments in
the northern Atlantic and northern Germany (Brum-
sack, 1980; Hild and Brumsack, 1998) showed that
both spectra of elements accumulated in anoxic basins
of that age and the sequence of concentration are gen-
erally similar.

It is important to emphasize that the deposition of
lower Aptian carbonaceous shales on the Russian Plate
was a regional manifestation of the Early Cretaceous
Oceanic Anoxic Event-1 (OAE-1), which was accom-
panied by the accumulation of organic-rich sediments,
more precisely, an expression of its early Aptian epi-
sode defined as Oceanic Anoxic Subevent-1a (OASE-
1a), in different parts of the Earth. Deposits corre-
sponding to this event were found in the Pacific, Italy,
Germany, and elsewhere (Arthur et al., 1988).

The so-called fish shale (Fischschiefer) in north-
western Germany (Kemper and Zimmerle, 1978; Mut-
terlose and Böckel, 1998) is among the sediments clos-
est in facies environments to the Aptian rocks of the
Russian Plate. The fish shale unit, which varies in thick-
ness from a few decimeters to 8 m and covers a consid-
erable area, is composed of thin-bedded carbonaceous
sediments (3.6–7.0% Corg). Up to 90–95% of OM in the
fish shale is of marine origin (Littke et al., 1998). This
rock exhibits the highest degree of enrichment in the
autochthonous basinal OM in comparison to other
Lower Cretaceous rocks in northwestern Germany. The
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spectrum of chemical elements and Corg distribution in
this rock are very close to that established for lower
Aptian sediments of the Russian Plate. Investigators of
the fish shale came to a unanimous opinion that the dep-
osition of organic-rich sediments in Germany was
accompanied by the development of anoxic environ-
ments in the paleobasin water (Mutterlose and Böckel,
1998; Hild and Brumsack, 1998; Littke et al., 1998). As
can be seen, lower Aptian sediments of the Russian
Plate and northwestern Germany are very similar in
sedimentological and geochemical aspects. Hence, for-
mation mechanisms considered above can be applied to
both regions.

Relatively thin (usually a few meters thick, occa-
sionally >10 m) organic-rich units, commonly extend-
ing over a great distance as a continuous strip (or a dis-
continuous zone confined to the same stratigraphic
interval, were formed in the Phanerozoic many times.
In addition to the early Aptian episode, early Toarcian
(Jenkyns, 1988), Senomanian/Turonian (Jenkyns,
1980), late Thanetian (Gavrilov et al., 1997), and some
other episodes also correspond to the anoxic events.
Despite the fact that regional factors strongly affected
the lithology and geochemistry of these rocks, they also
reveal the general typical features. The synchronism of
these rocks in different regions of the Earth and their
common sedimentological and geochemical character-
istics should be controlled by some universal con-
straints of their formation. All of the black shale units
mentioned above were formed during eustatic trans-
gressions that provided the conditions needed for the
deposition of organic-rich sediments. However, not all
transgressions resulted in the deposition of such sedi-
ments. It required the combination of certain condi-
tions, such as high rate of transgression preceded by
regressive episodes, favorable climatic conditions,
appropriate topography of paleobasin and surrounding
land, and so on.

CONCLUSIONS

(1) The stratigraphic setting of lower Aptian bitumi-
nous shales of the Russian Plate indicates that they are a
regional manifestation of the global geological episode
defined as Oceanic Anoxic Subevent-1a (OASE-1a).

(2) Based on petrography and geochemistry of
organic matter, the rocks hosting the bituminous shale
unit contain mainly terrestrial OM, whereas the basinal
OM is predominant in the bituminous unit. The enrich-
ment in OM was caused by a bloom of bioproductivity
of various marine plankton species including the bacte-
rioplankton and phytoplankton. The contribution of ter-
restrial OM to the total OM budget was very insignifi-
cant.

(3) Many chemical elements, in particular, biophile
elements (C, P, and Fe) and elements typical of anoxic
environments (Mo, Se, S, and other) are concentrated in
bituminous shales.

(4) The clay mineral assemblage in the Aptian sedi-
mentation basin in the Russian Plate was composed of
mixed-layered smectite–mica, hydromica, chlorite, and
kaolinite, which tends to be more abundant toward the
paleocoast. The kaolinite content is also somewhat
higher in the bituminous shale than in host sediments.

(5) The abundance of authigenic minerals serves as
evidence for a high intensity of diagenetic processes in
lower Aptian carbonaceous sediments.

(6) The thin lamination of bituminous shales with-
out signs of bioturbation, the lack or extremely rare
occurrence of high-tolerant benthic fauna, and the
geochemical signature testify to the sedimentation in an
anoxic marine basin.

(7) The bituminous shale unit was formed during the
fast eustatic transgression (Haq et al., 1987) that fol-
lowed the regressive episode. Geological, mineralogi-
cal, and geochemical characteristics of bituminous
shales are consistent with a model that supposes the
deposition of carbonaceous sediments as a conse-
quence of interaction between the invading sea and
coastal landscapes (Gavrilov and Kopaevich, 1996;
Gavrilov et al., 1997).

ACKNOWLEDGMENTS

This work was supported by the Russian Foundation
for Basic Research (projects nos. 00-05-64593, 01-05-
64642, and 01-05-64805) and the Federal Special Pro-
gram “Integration.”

REFERENCES
Arkhangel’skii, A.D., Vvedenie v izuchenie geologii
Evropeiskoi Rossii (Introduction in the Study of the Geology
in European Russia), Moscow: Gosgeoltekhizdat, 1923.
Arthur, M.A., Jenkyns, H.C., Brumsack, H.-J., and Shlan-
ger, S.O., Stratigraphy, Geochemistry and Paleoceanography
of Organic Carbon-Rich Cretaceous Sequences, Cretaceous
Resources, Events and Rhythms. Background and Plans for
Research, Ginsburg R.N. and Beaudon B., Eds., NATO ASI
Series C, 1988, vol. 304, pp. 75–121.
Baraboskhin, E.Y., The New Data on the Aptian Zonation in
the Ulyanovsk (Simbirsk) Region, Russian Platform, Zentral-
blatt Geol. Palaeont., 1998, vol. 1, issues 11/12, pp. 1131–1147.
Baraboshkin, E.Yu., The Lower Cretaceous of East European
Platform and Its Southern Framework (Stratigraphy, Paleo-
geography, Boreal-Tethic Correlation), Extended Abstract of
DSc. (Geol.–Min.) Dissertation, Moscow: Mos. Gos. Univ.,
2001.
Baraboshkin, E.Yu. and Smirnova, S.B., Paleogeography and
Distribution of Palynomorphs in Sections of the Upper Hau-
terivian–Albian in the Russian Plate, Melovaya sistema
Rossii (The Cretaceous System of Russia. Abstracts of
Papers), Moscow: Mosk. Gos. Univ., 2002, pp. 13–14.
Baraboshkin, E.Yu., Guzhikov, A.Yu., Leervel’d, Kh., and
Dundin, I.A., To the Stratigraphy of the Aptian Stage in
Ul’yanovsk Volga Region, Trudy Nauchno-Issledova-
tel’skogo Instituta geologii Saratovskogo Geologicheskogo
Upravleniya, novaya seriya (Transactions of the Research



328

LITHOLOGY AND MINERAL RESOURCES      Vol. 37      No. 4      2002

GAVRILOV et al.

Institute of Saratov Geological Management, New Series),
Saratov: “Kolledzh,” 1999, pp. 44–64.
Bischoff, G. and Mutterlose, J., Calcareous Nannofossils of
the Barremian/Aptian Boundary Interval in NW Europe: Bio-
stratigraphic and Paleoecologic Implications of a High Reso-
lution Study, Cretaceous Res., 1998, vol. 19, pp. 635–661.
Bogdanova, T.N., New Species of Ammonites from the
Lower Aptian in Turkmenia, Ezhegodnik Vsesoyuznogo
paleontologicheskogo obshchestva (Year-Book of All-Union
Paleontological Society), Leningrad: Nauka, 1991, vol. 34,
pp. 77–98.
Bogdanova, T.N., The Lower Aptian of the Mountainous
Mangyshlak (Stratigraphy, Correlation, Ammonites),
Stratigr. Geol. Korrelyatsiya, 1999, vol. 7, no. 3, pp. 40–53.
Brumsack, H.-J., Geochemistry of Cretaceous Black Shales
from the Atlantic Ocean (Deep Sea Drill. Progr., Legs 11, 14,
36, and 41), Chem. Geol., 1980, vol. 31, pp. 1–25.
Casey, R., The Stratigraphical Palaeontology of the Lower
Greensand, Palaeontology, 1961, vol. 3, pp. 487–621.
Coale, K.H., Jonson, K.S., Fitzwater, S.E., Gordon, R.M.,
Tanner, S., et al., A Massive Phytoplankton Bloom Induced
by an Ecosystem-Scale Iron Fertilization Experiment in the
Equatorial Pacific Ocean, Nature (London), 1996, vol. 383,
no. 6600, pp. 395–501.
Cobianchi, M., Luchiani, V., and Bosellini, A., Early Creta-
ceous Nannofossils and Planktonic Foraminifera from
Northern Gargano (Apulia, Southern Italy), Cretaceous Res.,
1997, vol. 18, pp. 249–293.
Demaison, G.J. and Moore, G.T., Anoxic Environments and
Oil Source Bed Genesis, AAPG Bulletin, 1980, vol. 64/8,
pp. 1179–1209.
Demaison, G.J. and Moore, G.T., Anoxia vs. Productivity:
What Controls the Formation of Organic Carbon-Rich Sedi-
ments and Sedimentary Rocks?: Discussion, AAPG Bull.,
1991, vol. 75/3, pp. 499–500.
Erba, E., Nannofossils and Superplumes: The Ealry Aptian
“Nannoconid Crisis,” Paleoceanography, 1994, vol. 9,
pp. 483–501.
Erba, E., Castradori, D., Guasti, G., and Ripepe, M., Calcar-
eous Nannofossils and Milankovitch Cycles: The Example
of the Albian Gault Clay Formation (Southern England),
Palaeogeogr., Palaeoclimatol., Palaeoecol., 1992, vol. 93,
pp. 47–69.
Fisher, C.G. and Hay, W.W., Calcareous Nannofossils as
Indicators of Mid-Cretaceous Paleofertility along an Oceanic
Front, U.S Western Interior, Geol. Soc. Am. Spec. Pap., 1999,
vol. 332, pp. 161–180.
Frost, B.W., Phytoplankton Bloom on Iron Rations, Nature
(London), 1996, vol. 383, no. 6600, pp. 475–476.
Gavrilov, Yu.O., On Diagenetic Rythm Formation, Litol.
Polezn. Iskop., 1979, no. 4, pp. 132–143.
Gavrilov, Yu.O., On Possible Causes of Accumulation of
Sediments, Enriched in Organic Matter, in Connection with
Eustatic Oscillation of the Sea Level, Problemy evolyutsii
biosfery (Problems of the Biosphere Evolution), Moscow:
Nedra, 1994, pp. 305–311.
Gavrilov, Yu.O. and Kopaevich, L.F., On Geochemical, Bio-
chemical, and Biotic Cosequencies of Eustatic Oscillations,
Stratigr. Geol. Korrelyatsiya, 1996, vol. 4, no. 4, pp. 3–14.
Gavrilov, Yu.O., Kodina, L.A., Lubchenko, I.Yu., and
Muzylev, N.G., The Late Paleocene Anoxic Event in Epicon-

tinental Seas of Peri-Tethys and Formation of Sapropelitic
Horizon, Litol. Polezn. Iskop., 1997, no. 5, pp. 492–517.
Gerasimov, P.A., Migacheva, E.E., Naidin, D.P., and Ster-
lin, B.P., Jurassic and Cretaceous Sediments of the Russian
Platform, Ocherki regional’noi geologii SSSR (Essays of
Regional Geology of the Soviet Union), Moscow: Mosk.
Gos. Univ., 1962, no. 5.
Ginzburg, A.I., Atlas petrograficheskikh tipov goryuchikh
slantsev (Atlas of Petrographic Types of Pyroschists), Lenin-
grad: Nedra, 1991.
Glazunova, A.E., Paleontologicheskoe obosnovanie strati-
graficheskogo raschleneniya melovykh otlozhenii Po-
volzh’ya. Nizhnii mel (Paleontological Grounds of the Strati-
graphic Subdivision of the Cretaceous Sediments), Moscow:
Nedra, 1973.
Haq, B.U., Hardenbol, J., and Vail, P.R., Chronology of Fluc-
tuating Sea Level since Triassic, Science, 1987, vol. 225,
no. 4793, pp. 156–1167.
Jenkyns, H.C., Cretaceous Anoxic Events: from Continents to
Oceans, J. Geol. Soc. (London), 1980, vol. 137, pp. 171–188.
Jenkyns, H.C., The Early Toarcian (Jurassic) Anoxic Event:
Stratigraphic, Sedimentary and Geochemical Evidence, Am.
J. Sci., 1988, vol. 288, pp. 101–151.
Kemper, E. and Zimmerle, W., Die anoxishen Sedimente der
Pröberaptischen Unterkreide NW-Deutschlands und Ihr
Paléogeographisches Rahmen, Geol. Jahrb., 1978, issue A 45,
pp. 3–41.
Kholodov, V.N., On the Role of Hydrogen Sulfide Basins in
Sedimentary Ore Formation, Litol. Polezn. Iskop., 2002,
(in press).
Kholodov, V.N. and Nedumov, R.I., On Geochemical Crite-
ria of Occurrence of Hydrogen Sulfide Pollution in Waters of
Old Basins, Izv. Akad. Nauk SSSR, Ser. Geol., 1991, no. 12,
pp. 74–82.
Kovalev, V.A., Bolotnye mineralogo-geokhimicheskie
sistemy (Bog Mineralogical-Geochemical Systems), Minsk:
Nauka i Tekhnika, 1985.
Littke, R., Jendrzejewski, L., Lokay, P., Shuangqing, W., and
Rullkötter, J., Organic Geochemistry and Deposition History
of the Barremian–Aptian Boundary Interval in Lower Sax-
ony Basin, Northern Germany, Cretaceous Res., 1998,
vol. 19, pp. 581–614.
Martin, J.H., Coale, K.H., Jonson, K.S., et al., Testing the
Iron Hypothtesis in Ecosystems of the Equatorial Pacific
Ocean, Nature, 1994, vol. 371, pp. 123–129.
Mikhailova, I.A. and Baraboshkin, E.Yu., First Finds of
genus Lithancylus Casey, 1960 (Ammonoidea, Ancylocer-
atidae) in the Lower Aptian of Ul’yanovsk Volga Region,
Paleontological. Zh., 2001, no 4, pp. 32–42.
Mutterlose, J. and Böckel, B., The Barremian–Aptian Inter-
val in NW Germany: A Review, Cretaceous Res., 1998,
vol. 19, pp. 539–568.
Pedersen, T.F. and Calvert, S.E., Anoxia vs. Productivity:
What Controls the Formation of Organic Carbon-Rich Sedi-
ments and Sedimentary Rocks?, AAPG Bull., 1990, vol. 74/4,
pp. 454–465.
Pedersen, T.F. and Calvert, S.E., Anoxia vs. Productivity:
What Controls the Formation of Organic Carbon-Rich Sedi-
ments and Sedimentary Rocks?: Discussion, AAPG Bull.,
1991, vol. 75/3, pp. 500–501.



LITHOLOGY AND MINERAL RESOURCES      Vol. 37      No. 4      2002

THE EARLY CRETACEOUS ANOXIC BASIN OF THE RUSSIAN PLATE 329

Petrova, N.A., Suktsessii fitoplanktona pri antropogennom
evtrofirovanii bol’shikh ozer (Successions of Phytoplankton
in Anthropogenic Eutrophication of Great Lakes), Lenin-
grad: Nauka, 1990, pp. 52–57.
Roth, P.H., Calcareous Nannoplankton Biostratigraphy and
Oceanography of the Northwestern Atlantic Ocean, Proc.
Ocean Drill. Program: Init. Rep., 1978, vol. 44, pp. 731–759.
Roth, P.H. and Krumbach, K.R., Middle Cretaceous Nanno-
fossil Biogeography and Preservation in the Atlantic and
Indian Oceans: Implications for Paleoceanography, Mar.
Micropaleontol., 1986, vol. 10, pp. 235–266.
Sazonov, N.T., Stratigraphy of the Jurassic and Lower Creta-
ceous of Sediments in the Russian Platform and in Dniepr-
Donets and Caspian Basins), Byull. Mosk. O–va Ispyt. Prir.,
Otd. Geol., 1953, vol. 28(5), pp. 57–101.
Sazonova, I.G., Stratigraphy of the Aptian Sediments in Cen-
tral Regions of Russian Platform, Byull. Mosk. O–va Ispyt.
Prir., Otd. Geol., 1954, vol. 29(4), pp. 97–101.
Sazonova, I.G., The Lower Cretaceous Sediments of Central
Regions of the Russian Platform, Mezozoiskie i tretichnye
otlozheniya tsentral’nykh oblastei Russkoi platformy (Meso-
zoic and Tertiary Sediments of the Russian Platform), Fle-
rov, O.V., Ed., Moscow: Gostoptekhizdat, 1958, pp. 31–184.
Sazonova, I.G., Lithologo-Paleogeographic Maps of the
Early Cretaceous, Atlas litologo-paleogeograficheskikh kart
Russkoi platformy i ee geosinklinal’nogo obramleniya (Atlas
of Lithologo-Paleogeographic Maps of the Russian Platform
and Its Geosynclinal Framework), Vinogradov, A.P., Ed.,
Moscow: Gosgeoltekhizdat, 1962, vol. 2.
Sazonova, I.G. and Sazonov, N.T., Paleogeografiya Russkoi
platformy v yurskoe i rannemelovoe vremya (Paleogeogra-
phy of the Russian Platform in the Jurassic and Early), Len-
ingrad: Nedra, 1967.
Strakhov, N.M., On the Significance of Hydrogen Sulfide
Basins as Regions of Depositions of Bituminiferous and Oil-
Producing Formations, Izv. Akad. Nauk SSSR, Ser. Geol.,
1937, no. 5, pp. 893–917.

Strakhov, N.M., Osnovy teorii litogeneza (Principles of the
Lithogenesis Theory), Moscow: Akad. Nauk SSSR, 1962,
vol. 2.
Strakhov, N.M., Problems of Geochemistry of the Recent
Oceanic Lithogenesis, Trudy GIN Akademii Nauk SSSR (Pro-
ceedings of Geological Institute of the USSR Academy of
Sciences), Moscow: Nauka, 1976, issue 292.
Stratigrafiya SSSR. Melovaya sistema (Stratigraphy of the
Soviet Union. The Cretaceous System), Moskvin, M.M., Ed.,
Moscow: Nedra, 1986–1987; Half-Tomes I and II.
Thierstein, H.R., Mesozoic Calcareous Nannoplankton Bio-
stratigraphy of Marine Sediments, Mar. Micropalaeontol.,
1976, vol. 1, pp. 325–362.
Tissot, B.P. and Welte, D.H., Petroleum Formation and
Occurrence: A New Approach to Oil and Gas Exploration,
Berlin: Springer, 1984.
Turekian, K.K. and Wedepohl, K.H., Distribution of Ele-
ments in Some Major Units of the Earth’s Crust, Bull. Geol.
Soc. Am., 1961, vol. 72, no. 2, pp. 175–192.
Tyson, R.V., Sedimentary Organic Matter. Organofacies and
Palinofacies, London: Chapman and Hall, 1995.
Volkov, I.I. and Sokolova, E.G., Geochemistry of Selen in
Sediments of the Black Sea, Litol. Polezn. Iskop., 1976,
no. 1, pp. 38–56.
Wedepohl, K.H., The Composition of the Upper Earth Crust
and the Natural Cycles of Selected Metals, Metals and Their
Compounds in the Environment, Merian, E. et al., Eds.,
Weiheim: VCH-Verlagsgesellscaft, 1991, pp. 3–17.
Wenger, L.M. and Baker, D.R., Variation in Organic
Geochemistry of Anoxic-Oxic Black Shale–Carbonate
Sequences in the Pennsylvanian of the Midcontinent, U.S.A.,
Org. Gechem., 1986, vol. 10, nos. 1–3, pp. 85–92.
Yasamanov, N.A., Landshaftno-klimaticheskie usloviya yury,
mela i paleogena yuga SSSR (Landscape-Climatic Condi-
tions of the Jurassic, Cretaceous, and Paleogene in Southern
USSR), Moscow: Nedra, 1978.


