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Abstract—Upper Eocene and Lower Oligocene rocks in the northeastern Caucasus were examined in the
most representative Chirkei section (Sulak River basin). Sharp lithogeochemical distinctions between them
were revealed. The results of the study of nannoplankton demonstrated that the Eocene/Oligocene interface
occurs slightly below the boundary between the Belaya Glina and Khadum formations. The studied section
revealed a series of nannoplankton bioevents facilitating its stratigraphic subdivision. It has been established
that organic matter (OM) in rocks of the Khadum Formation is characterized by a relatively high degree of
maturity. Probably, the material of mainly marine genesis contains a terrigenous OM admixture. Positive oxy-
gen isotope anomaly in the upper part of the Belaya Glina Formation reflects global climate changes (cool-
ing) near the Eocene/Oligocene interface. Limitation of the anomaly by the upper boundary of the Belaya
Glina Formation is likely related to changes in water salinity variations in the Early Oligocene basin and
intense early diagenetic processes in rocks therein. Lithological, geochemical, and paleoecological data sug-
gest that the Khadum paleobasin was depleted in oxygen. Such environment was unstable with periodic inten-

sification or attenuation. Paleoecology in the Belaya Glina basin was typical of normally aerated basins.

DOI: 10.1134/50024490217060037

INTRODUCTION

Cenozoic marine sedimentary assemblages in Cis-
Caucasia accommodate sequences accumulated in
appreciably different sedimentation and geochemical
settings—both normally aerated basins and oxygen-
deficient above bottom waters. Transition of rock
types between these zones is accompanied by signifi-
cant changes in their lithogeochemical properties.
One of the most prominent intervals is represented by
the transition from rocks of the oxic Belaya Glina (Pri-
abonian) basin to the mainly anoxic Maikop basin,
more precisely, to its lower part identified as the
Khadum Formation (Lower Oligocene). Comparison
of these sequences unraveled the most typical features
of rocks deposited in geochemically different paleoba-
sins. The Khadum rocks are of great interest because
of their high oil-generation potential.

Upper Eocene—Lower Oligocene rocks were stud-
ied in the northeastern Caucasus (Fig. 1). Here, the
Sulak River basin shows the most complete section of
the Maikop sequence. Based on its examination,
N.S. Shatsky recognized several horizons, including
the Khadum Horizon at the base (Shatsky, 1925;
Shatsky and Menner, 1927). Later, numerous subse-
quent works addressed the stratigraphy and paleoge-
ography of Oligocene rocks in the Caucasian region
(Akhmetiev et al., 2017; Geologicheskie ..., 1998;

Muzylev, 1992; Popov et al., 1993, 2009; Somov, 1965;
Stolyarov, 1991; Stolyarov and Ivleva, 1999; Voronina
and Popov, 1984; Zhizhchenko, 1958; and others).
Consequently, the Khadum Horizon was divided into
two units: Pshekh and Solenov. The present paper con-
siders the Khadum sequence as a formation, which can
be divided into two (Pshekh and Solenov) subforma-
tions.

The Sulak River valley exposes two sections of the
Khadum Formation. The first (northern) section near
the Miatly village is characterized by small thickness
(about 40 m). The second (southern) section is located
on the bank of the Chirkei reservoir and confined to the
Chirkei depression. Here, the Khadum section is
appreciably thicker (more than 250 m) and is character-
ized by a more complete stratigraphic volume, as noted
previously by M.1. Saidov, K.I. Mikulenko, and V.F.
Sharafutdinov (Sharafutdinov, 2001). Our new data on
the Chirkei section, which also support this conclusion,
are discussed in the present paper.

OBJECT AND METHODS

The Belaya Glina (Upper Eocene) and Khadum
(Lower Oligocene) rocks were studied with various
analytical methods. During their study in outcrops, we
examined specific structural features of sequences and
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Fig. 1. Topography of the Greater Caucasus. The study area is encircled.

various properties that characterize sedimentation,
cyclicity, and other features. Their laboratory exam-
ination was devoted to scrutinization of the rock com-
position: the content of organic carbon (C,,,), propor-
tion of the terrigenous and carbonate components,
mineral composition of the carbonate and clayey
material, distribution of different chemical elements,
and behavior of carbon and oxygen isotopes.

Refinement of the stratigraphic position of forma-
tions with modern approaches and methods of bio-
stratigraphy (study of the behavior of nannoplankton)
is an important problem. Samples for studying nanno-
plankton were prepared from weighed rock portions
according to the standard procedure (Bown and
Young, 1998) using Norland Optical Adhesive 61 as
the optical medium. Nannoplankton was studied
under an Olympus BX41 polarization microscope,
with Unfinity X videocamera for photography.

The comprehensive mineralogical-geochemical
examination of rocks was accomplished in about 190
rock samples, with more than 170 analyses of the
chemical composition of rocks. The analyses were car-
ried out mostly in laboratories of the Geological Insti-
tute (Russian Academy of Sciences) using the chemi-
cal analytical, isotope geochemical and geochrono-
logical, and physical tools for the study of major
minerals.

Contents of C,,, and CO, were determined by the
chemical analysis with a Knopp-Fresenius apparatus
(Metody ..., 1957). The remaining elements were
determined with a S4 Pioner XRF spectrometer. Data
on the mineral composition of rocks were obtained
with a D8 Advance (Bruker) diffractometer. The fram-
boidal pyrite was examined with an MV 2300 scanning
electron microscope equipped with INCA energy
200 EDX system. The carbon and oxygen isotopic
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compositions in carbonates were determined with
Thermoelectron Corporation equipment system
including Delta V Advantage mass spectrometer and
Gas-Bench-II device. Decomposition of samples
along with KH-2, IAEA C-0O-1, and NBS-19 stan-
dards was accomplished with 100% H;PO, at 50°C.

Values of 6*C and 680 are given in per mille (%o) rel-
ative to standard V-PDB, with the accuracy (repro-
ducibility) of 8'®0 and 8"*C determination at +0.2%o
and £0.1%o, respectively. Pyrolitic analysis of organic
matter (OM) was carried out with different Rock-Eval
modifications.

STRATIGRAPHIC DIVISION OF UPPER
EOCENE AND LOWER OLIGOCENE ROCKS
BASED ON NANNOPLANKTON

Nannoplankton was studied in the lower 80-m-
thick sequence of the sampled part of the section
(Belaya Glina Formation—bottom of the Solenov
Subformation, Fig. 2). This part is characterized by
the presence of different concentrations of calcium
carbonate. The upper, certainly noncarbonate part, of
the Solenov Subformation is unsuitable for studying
nannoplankton.

Nannoplankton assemblages in the studied interval
show appreciable variations in population, species
diversity, and preservation grade. Assemblages of the
Belaya Glina Formation are mainly distinguished by a
low species diversity that slightly increases at some lev-
els (Table 1, Fig. 3), relatively high total population,
and sufficiently poor preservation. In the lower part of
the Khadum Formation, the total nannoplankton
population is slightly lower, but the preservation is
notably higher. Nannoplankton assemblages in the
Chirkei section are marked by appreciably lower Dis-
Vol. 52
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coaster abundance, probably, because of a rather
intense recrystallization of carbonate-rich rocks of the
Belaya Glina Formation. In rocks of the Khadum For-
mation, the low content of these warm water species is
likely related to climate cooling in the Early Oligo-
cene. In addition, the studied interval is rather
depleted in Reticulofenestra spp., which is usually
abundant in the Late Eocene nannoplankton assem-
blages. At the same time, virtually the entire section is
dominated by the consanguineous Dictyococcites.
Extreme rarity of species of the coldwater Chiasmo-
lithus, which are highly recrystallization-resistant,
suggests their initial low population.

The series of nannoplankton bioevents deciphered
in the section makes it possible to define stratigraphic
subdivision based on three scales proposed by E. Mar-
tini (Martini, 1971), H. Okada and D. Bukry (Okada
and Bukry, 1980), and C. Agnini and coauthors
(Agnini et al., 2014) that are coded as NP, CP, and
CNE/CNO, respectively. However, the lack or
extreme rarity of some stratigraphically important
species in the section hampers the identification of
some zonal subdivisions.

The presence of rare Chiasmolithus oamaruensis
and Isthmolithus recurvus at the base of the Belaya
Glina Formation makes it possible to define Upper
Eocene zones NP19 and CP15. Complexity of the
zonal division of the Late Eocene based on NP and
CP scales was repeatedly discussed in (Agnini et al.,
2014; Costa et al., 2013; Cotton et al., 2017; Fornaciari
et al., 2010; Strougo et al., 2013). The first occurrence
(FO) of Isthmolithus recurvus is used in these scales to
define the lower boundaries of zone NP19-20 and
subzone CP15b. However, earlier occurrence of rare
specimens of this species in the Middle Eocene rocks
in some sections considerably hampers the determina-
tion of these boundaries. In (Agnini et al., 2014), the
first level of the constant presence of this species (Base
common) was proposed to accept as the most reason-
able marker. However, the Chirkei section only con-
tains sporadic specimens of this species in the Upper
Eocene rocks, whereas their constant presence is
recorded in the Lower Oligocene part of the Maikop
Group (Pshekh Subformation). In addition, this sec-
tion is marked by extreme rarity of the rosette-shaped
Discoaster species (Discoaster saipanensis and D. bar-
badiensis with a similar disappearance level), whose
disappearance marked the base of zones NP16, CP21,
and CNE21 in the terminal part of the Late Eocene,
does not make it possible to recognize these subdivi-
sions.

The first occurrence of Cribrocentrum isabellae at
the level of 12 m (sample 204) records the base of zone
CNEI19, whereas the last occurrence (LO) of C. retic-
ulatum 20 m upward records the base of zone CNE20.
Beginning of the interval of high population (acme) of
Clausicoccus subdistichus, which is considered at pres-
ent as the closest one to the Eocene/ Oligocene inter-
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Fig. 2. Lithological structure, stratigraphic subdivision
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sition of assemblages of the Belaya Glina Formation and
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5 um 21 22 23

Fig. 3. Photomicrographs of the calcareous nannoplankton in the Upper Eocene—Lower Oligocene interval of the Chirkei sec-
tion. All images except 10 and 11 were taken under crossed nicols. (1) Bicolumnus ovatus Wei and Wise, sample 211; (2) Blackites
spinosus (Deflandre and Fert) Hay and Towe, sample 219; (3) Chiasmolithus oamaruensis (Deflandre) Hay, Mohler and Wade,
sample 219; (4) Coccolithus formosus (Kamptner) Wise, sample 203; (5) Clausicoccus subdistichus (Roth) Prins, sample 510;
(6) Cribrocentrum reticulatum (Gartner and Smith) Perch-Nielsen, sample 214; (7) C. erbae Fornaciari, Agnini, Catanzariti, Rio,
Bolla, Valvasoni, sample 204; (8) C. isabellae Fornaciari, Agnini, Catanzariti, Rio, Bolla, Valvasoni, sample 207; (9) Cyclicargo-
lithus floridanus (Roth and Hay) Bukry, sample 210; (10) Discoaster nodifer, sample 510; (11) D. saipanensis Bramlette and Riedel,
sample 207; (12, 13) Dictyococcites bisectus: (12) sample 217, (13) sample 210; (14) D. scrippsae Bukry and Percival, sample 215;
(15) Helicosphaera compacta Bramlette and Wilcoxon, sample 218; (16) Helicosphaera sp. 3 sensu Bown, 2005; (17) Lanternitus
minutus Stradner, sample 203; (18) Isthmolithus recurvus Deflandre in Deflandre and Fert, sample 214; (19) Reticulofenestra hillae
Bukry and Percival, sample 510; (20) R. umbilicus (Levin) Martini and Ritzkowski, sample510; (21) R. circus de Kaenel and Villa,
sample 467; (22, 23) R. ornata Miiller: (22) sample 552, (23) sample 553b; (24) Pontosphaera fibula Gheta, sample 552;
(25) S. pseudoradians Bramlette & Wilcoxon, sample 211.

LITHOLOGY AND MINERAL RESOURCES  Vol. 52 No. 6 2017
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face in its modern understanding based on the disap-
pearance of foraminifers Hantkeninidae (Vandenber-
ghe et al., 2012), corresponds to the base of zone
CNOQO. Termination of the bloom of this species cor-
responds to the base of subzone CP16b. Thus, the
Eocene/Oligocene interface likely occurs in the
uppermost part of the Belaya Glina Formation.

The last occurrence of Coccolithus formosus, which
is the common marker for all three scales, records the
base of zones NP22, CP16, and CN1 (Table 1, Fig. 3).
This event is established approximately 34 m above the
base of the Pshekh Subformation (sample 470) imme-
diately above the limestone interlayer. The last occur-
rence of Reticulofenesra umbilicus, which records the
base of zones NP23, CP22, and CNE2, is defined
approximately 14 m upward the section (sample 462).
This level is underlain by noncarbonate clays of upper
units of the Pshekh Formation. Therefore, the last
occurrence of R. umbilicus and, correspondingly, the
base of zones under consideration, cannot reliably be
determined.

The Ostracoda bed in the lower part of the Solenov
Formation includes an extremely poor nannoplankton
assemblage, which is characterized by the presence of
rare specimens of the endemic species of Paratethys
(Reticulofenestra ornata and Pontosphaera fibula) that
are widespread in the organic-poor sections (Baldi-
Beke, 1981; Krhovsky et al., 1992; Melinte-Dobri-
nescu and Brustur, 2008; Nagymarosy and Voronina,
1992; Roban and Melinte, 2005; Sachsenhofer et al.,
2017) and, probably, are adapted to salinity fluctua-
tions in the basin (Melinte, 2005). This is the recorded
uppermost nannoplankton level in the Chirkei sec-
tion.

LITHOLOGY OF UPPER EOCENE
AND LOWER OLIGOCENE ROCKS

Belaya Glina Formation. Rocks of this formation
(thickness about 40 m) are represented by an alterna-
tion of pale gray limestone and marl beds (Figs. 4, 5).
The CaCOj; content in rocks varies from 20 to 80%.
The marl/limestone intercalation makes up the small-
est (decimeter-scale) cyclothemes. Such beds are
grouped into sedimentary cycles of a larger order (1.5—
2.5 m thick) dominated by marls and limestones in the
lower and upper part, respectively (Figs. 5a—d). Rocks
of this formation show numerous traces of bioturba-
tion with the width varying from a few millimeters to
1 cm (Rhizocorallium and others, Figs. 5e, 5f) and they
lack traces of active currents (flows). The complex of
lithological, geochemical, and paleontological prop-
erties suggests that sedimentation in the Belaya Glina
epoch took place in a normally aerated large basin with
a relatively sluggish hydrodynamics (at least, below the
wave agitation zone). The top of the Belaya Glina For-
mation includes the limestone/marl intercalation bed
overlain by the Maikopian dark (mainly clayey) rocks
with a sharp boundary (Figs. 5b, 5¢).
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The microscopic examination of thin sections
shows that rocks of the Belaya Glina Formation lack
microlamination, but they include flattened ellipsoid
patches (tracks of ichnofaunas) and numerous inclu-
sions of foraminiferal tests.

The carbonate material is the major component in
rocks of this formation. Based on the XRF data, the
carbonate material is represented mainly by calcite,
with a notable variation in different parts of the Upper
Eocene sequence: from 37% in marl beds to 60—85%
in limestone beds. As is evident from Fig. 4, the high-
est variations in the carbonate material content are
typical of the lower half of the formation. The content
is slightly lesser (40—60%) upward the section and
again higher (up to 80—85%) toward the top of the
sequence.

Khadum Formation. This unit includes the Pshekh
and Solenov subformations. It is mainly composed of
dark gray (almost black and carbonate-rich at some
intervals) mudstones that differ sharply from the
Belaya Glina rocks (Fig. 6a).

Pshekh Subformation. The lower part of this
sequence includes several thick (~0.15—0.25 m) inter-
layers of fine-grained sandstones (Fig. 6b), with thick-
ness along the strike varying considerably up to the
point of pinchout. Their formation at the initial stage
of paleobasin evolution was triggered by the drastic
activation of basin hydrodynamics and the input of
sandy material.

The clayey rocks lack large traces of the vital activ-
ity of benthic organisms similar to those in the Belaya
Glina section. Relicts of shells are also missing. They
show a small-scale cyclicity composed of an intercala-
tion of layers (0.1—0.2 m) of foliated (thin platy) mud-
stones and clayey rocks represented by relatively thick
platy and more massive mudstones. The foliated and
thick platy mudstones lie in the lower and upper part
of the cyclothemes, respectively (Fig. 6¢). On the
whole, the sequence shows a relatively monotonous
structure.

The Belaya Glina-to-Pshekh sequence transition is
marked by a decrease of the carbonate content from
60—70 to n% in the lower part (6—7 m) and its increase
up to 30—40% in the middle part of the Pshekh
sequence. However, the carbonate content decreases
gradually upward the section and the Pshekh sequence
is composed of noncarbonate rocks in the upper part.
Analogous noncarbonate rock interval is also recorded
at this level in other areas of the Northern Caucasus
(Somov, 1965). As in the Belaya Glina Subformation,
the carbonate material in this sequence is mainly rep-
resented by calcite. However, the content of dolomite
in the limestone bed located 15 m above the Pshekh
sequence base (Fig. 4, sample 531) is comparable with
that of calcite. Some samples from this sequence also
contain the dolomite admixture (diffractograms show
reflections with slightly elevated d/n ~ 2.903 A).
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Fig. 5. Rocks of the Belaya Glina Formation. (a) Intercalation of limestone and marl layers in the formation; (b) upper horizons
of the Belaya Glina Formation and overlying rocks of the Pshekh Subformation; (c) contact of pale limestones at the top of the
Belaya Glina Formation and dark mudstones at the base of the Pshekh Subformation; (d) sedimentation cycles of the Belaya
Glina Formation (up to a few meters thick); (e, f) traces of the vital activity of diverse ichnofauna in rocks of the Belaya Glina
basin , (c) ceclites in the upper part of the subformation.

LITHOLOGY AND MINERAL RESOURCES  Vol.52 No.6 2017



456

GAVRILOV et al.

Fig. 6. Rocks of the Pshekh Subformation. (a) Rocks in the lower part of the Pshekh Subformation (Psh), contact with rocks of
the Belaya Glina Formation (Blg) is shown in the left, (b) fine-grained sandstone member 3 m above the sequence base,

(c) ceclites in the upper part of the subformation.

Issue of the sulfide mineralization in rocks of the
Khadum Formation is of particular interest. Although
the content of Fe, S and C,, in clayey rocks is suffi-
ciently high, the rocks lack relatively large (millimeter-
to centimeter-scale) sulfide concretions. At the same
time, the study of rocks with optical and electron
microscopic microscopes revealed a large amount of
the authigenic framboidal pyrite with diverse mor-
phology (Fig. 7). The pyrite is mainly observed as
rounded framboids composed of numerous small and
well-faceted pyrite crystallites. Framboids in the
clayey rocks can be grouped into framboidal aggre-
gates.

Solenov Subformation. The base of this subforma-
tion includes the Ostracoda Horizon, which com-
prises a limestone bed 0.35—0.4 m thick (Figs. 8a, 8c¢)

LITHOLOGY AND MINERAL RESOURCES

and carbonate—clayey rock layers (~1.5 m thick). The
limestone bed has a sharp contact with the underlying
rocks. The top of the bed is marked by distinct and
large ichnofauna traces similar to those in the Belaya
Glina rocks. Thin sections of clayey rocks from this
horizon show Ostracoda shells.

Rocks overlying the Ostracoda Horizon have a dif-
ferent appearance: almost complete lack of the car-
bonate admixture; appearance of horizons (up to 1.5 m
thick) dominated by thick platy mudstones that make
up terraces on the slope (Figs. 8a, 8b, 8d). At the same
time, these thick platy mudstone horizons comprise
several (up to 10) small cyclothemes of the type
described above but with a lesser thickness (Fig. 8e).
The topmost part of the section (Fig. 8b) is marked by
the thinning and decrease of these horizons up to the
No. 6
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Fig. 7. Photomicrographs of pyrite framboids in rocks of the Pshekh Subformation. (a) Clayey rock with abundant framboid

inclusions; (b, ¢) framboids.

point of their disappearance and their replacement by
sandy interlayers (10—20 cm). Here, the sandstone
interlayers make up several cyclothemes each up to 3 m
thick. They likely correspond to the Miatly sandstone
sequence, which distinctly overlies the Khadum
sequence in the northern section exposed along the
Sulak River. The overlying part of the section includes
a thick unit with large olistoliths of the pre-Maikopian
rocks.

Intercalation of the thin and thick platy mudstones
in the section produces a relatively coarse cyclicity,
with the thin platy and thick platy varieties dominating
in the lower and upper parts, respectively, of the cyclo-
themes up to a few meters thick (Figs. 8a—8e). Despite
these discrepancies, the Solenov mudstones are simi-
lar to clayey of the rocks Pshekh Horizon (thin bed-
ding, lack of benthic fauna, and so on). In addition,
rocks of both Belaya Glina Formation and Solenov
Subformation are characterized by similar structures
of sedimentary cyclothemes therein.

The Solenov Subformation includes several hori-
zons with the distorted primary sedimentary rock
structure (folding, mixing, jointing, local angular
unconformities, and others) related to paleoseismic
events in the region (Gavrilov, 2016, 2017).

Organic Matter Content in Rocks
of the Belaya Glina and Khadum Formations

Distribution of organic matter (OM) is appreciably
irregular in Eocene—Oligocene sedimentary assem-
blages of the northeastern Caucasus. For example, the
C, content is as much as 2 to 3% in rocks of the Bar-
tonian Kumsk Formation, but almost negligible in
rocks of the Belaya Glina Formation and, particularly,
in its lower part (Fig. 4). In the upper part of the
sequence, the C,, content is slightly higher (usually
0.n%) and as much as 1.27 and 1.48% only in two sam-
ples from the middle part of the sequence.

LITHOLOGY AND MINERAL RESOURCES  Vol. 52
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Transition to rocks of the Pshekh Subformation is
accompanied by a more regular distribution of Cg,
which varies from 0.5 to 1.5% and reaches 2% in some
samples.

In the Solenov Subformation, the Corg content
increases to 2—2.5% in rocks overlying the Ostracoda
bed at an interval of 4—5 m. On the whole, despite a
relatively irregular distribution of C,, in rocks, as
compared to rocks of the Pshekh sequence, this part of
the section includes much more intervals with the C,,,
content reaching 2.5% or more.

Petrographic study of the Khadum sequence indi-
cates a universal presence of OM therein. All types
(clayey—carbonate, clayey, silty—clayey) of studied
sediment are dominated by the amorphous OM
(AOM, colloalginite) with different tints of the brown
color. The subordinate coalified terrestrial plant detri-
tus, which is characterized by the fine (silt) dimen-
sion, generally accounts for a small fraction of total
OM. We should also mention a relative scarcity of the
terrestrial palynomorphic components. Morphology
of the AOM particles is controlled mainly by the tex-
tural-structural features of sediments, which, in turn,
depend upon the proportion of major sedimentary
components and upon the degree of the sediment bio-
turbation.

So, the more ore less homogeneous matrix of lime-
stones and marls, which are mainly composed of the
calcareous nannoplankton remains, usually contains a
relatively homogeneous finely dispersed and uni-
formly distributed amorphous OM. But the patchy
AOM distribution is more typical for the bioturbated
carbonate—clayey and silty—clayey sediments. In
rocks of the Khadum Horizon with the highest clay
content, i.e., fissile mudstones, which commonly
show a prominent lamination and only slightly dis-
turbed by small burrows (Chondrites), AOM usually
occurs as tiny (0.05—0.2 mm) flattened lenticles ori-
ented along the bedding or as numerous fine
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Fig. 8. Rocks of the Solenov Subformation. (a) Lower part of the Solenov Subformation showing the sedimentation cyclicity
(fancy arrow shows the position of limestone bed in Ostracoda Horizon, (b) upper part of the Solenov subformation, (c) structure
of the limestone bed, (d—e) horizon of thick platy mudstone with cyclic structure.

(0.01—0.02 mm) discontinuous laminas that are often  processing, are scattered within some intervals of the
impregnated with the framboidal pyrite. Pshekh Subformation.

As a typical, the dark reddish-brown organic inclu-
sions, resembling the freshwater algae (Prasinophytes)
in their morphology, but subjected to strong catagenetic

LITHOLOGY AND MINERAL RESOURCES  Vol. 52 No. 6 2017
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Rock Eval Parameters in Rocks
of the Khadum Formation

Pyrolitic parameters of the studied Khadum rocks
(31 samples) are presented in Table 2. The total
organic carbon content (TOC) detected by the Rock
Eval pyrolysis varies from 0.36 to 2.85%. An increased
TOC content (>1%) is typical for the majority of the
studied (23) samples. The highest TOC contents
(>2%) are recorded over the section more or less reg-
ularly in the clayey and carbonate—clayey rocks that
usually contain a very small silty admixture (<10%).
The low TOC content (<1%) is recorded usually in
rocks with a high content of the terrigenous silty mate-
rial as well as in some intensely bioturbated clayey and
carbonate—clayey rocks.

Values of the hydrocarbon (HC) generation poten-
tial (Table 2) characterize the major part of Khadum
rocks in the Chirkei section (21 samples) as oil source
rocks with the HC generation potential ranging from
the moderate (2—6 mg HC/g) to high (>6 mg HC/g)
category. Low values of the HC potential (<2 mg
HC/g) are recorded in the clayey—silty (intensely bio-
turbated in some places) rock interlayers.

Temperature of hydrocarbon yield was measured
by the thermal breakdown of samples. In most cases
(30 samples), the maximum temperature of hydrocar-
bon yield (7}, = 433—452°C) exceeds the boundary
value T,,,, = 430°C, which defines the initial stage of
OM maturity (Table 1, Fig. 9). This fact suggests that
rocks of the Khadum Formation contain mainly
mature kerogen, which underwent the catagenetic
transformation and reached the main zone of oil for-
mation. Values of the productivity coefficient or pro-
duction index (PI) determined for rocks of the
Khadum Horizon (0.09—0.55) and respective values
of their bituminosity (Table 2) define an interval
(0.1-0.4), which is typical of oil generation zones
(Tisso and Welte, 1978).

Values of the hydrogen index (HI) in rocks of the
Khadum Formation is currently characterized by low
values (52—351 g HC/g TOC). The oxygen index (OI)
values, in general, are fairly low and in the majority of
studied samples, correspond to the catagenetically
transformed OM. Based on the HI/OI ratio (Fig. 10),
these rocks can be assigned to the variety mainly con-
taining the marine kerogen (type 11, Table 2, Fig. 10).
The majority of studied samples is classified as con-
taining type III kerogen, genetically related to the ter-
restrial plant or marine OM but significantly trans-
formed by processes of oxidative decomposition.

To interpret correctly the origin of kerogen in sedi-
ments of the Khadum succession, we should take its
relatively high maturity into consideration. This
approach suggests the loss of a significant portion of
hydrocarbons during catagenetic processes and matu-
ration of kerogen. These processes were likely accom-
panied by a decrease of HI values. Thus, the initial HI
values for the kerogen in Khadum rocks, which were
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Fig. 9. Plot of hydrogen index (HI) versus temperature of
maximum hydrocarbon (HC) yield (7},,y) for rocks of the
Khadum Formation in the Chirkei section. Dots show
Thax = 430°C determining the kerogen maturity (Tissot
and Welte, 1978).

not subjected to catagenetic transformations, could
also be higher. Probably, such values more completely
reflected the genetic (aquagenic?) origin of OM in
rocks. This assumption is in agreement with the petro-
graphic observations indicating a low content of the
terrestrial organic components, but significant
amount of the amorphous OM, and presence of the
algal (hydrocarbon-rich leiptinite) components in the
OM of the Khadum Formation. However, one cannot
also rule out the transport of a dissolved terrestrial
organic (humic) matter into distal zones of marine
sedimentation, and its subsequent involvement in the
formation of kerogen.

Carbon and Oxygen Isotopes in the Chirkei Section

The behavior of carbon and oxygen isotopes in
Upper Eocene and Lower Oligocene rocks is of great
interest, because these rocks were accumulated in sig-
nificantly different geochemical settings. Moreover,
the Eocene/Oligocene boundary was marked by
global climate changes, which affected the behavior of
isotopes in rocks in other areas of the Earth.

To assess the behavior of 8'*C and 6'80 in rocks of
the Chirkei section, we analyzed 66 samples contain-
ing the carbonate material. Noncarbonate rocks of the
Solenov sequence overlying the Ostracoda Horizon
were not analyzed.

The total scatter of isotope values in carbonates
from the Belaya Glina and Khadum sequences is as
follows: 630 from —0.9 to 2.2%0 PDB and 8'®0 from
—6.9 to 1.4%0 PDB (Table 3). The carbon isotopic
composition in the main group is rather homogeneous
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Fig. 10. Classification of kerogen and determination of the OC transformation degree in rocks of the Khadum Formation on the
plot of hydrogen (HI) vs. oxygen (Ol) indexes corresponding to atom ratios H/C vs. O/C in different types of kerogen kerogens
on the modified Van Krevelen diagram (Tissot and Welte, 1978; Tyson, 1995). (R,) Coefficient of vitrinite reflectance (arrows
show directions of the structural evolution of kerogen with increasing depth of rock submergence.

and falls into the interval of 1 to 2%o except in rare
cases. Variations in the oxygen isotopic composition
are more significant and evidently related to certain
stratigraphic intervals.

The oxygen isotope curve is marked by a drastic
increase of 6'30 in the upper part of the Belaya Glina
Formation (10—12 m below its top). In the lower part
of the sequence, the average 60 value is —5.2 +
0.4%o. In the upper part, the value is more than 3%o
higher (up to 2.0 + 0.6%o0), but the carbon isotopic
composition remains virtually unchanged. Taking into
consideration the relatively homogeneous lithology of
the Belaya Glina rocks, which are appreciably
enriched in CaCO; (40—60% or more), the isotopic
anomaly can be attributed to a drastic cooling about
34 Ma ago (total effect of the decrease of water tem-
perature and 0 in the ocean due to the appearance of
ice sheet on Antarctica).

Average 6'*0 and 8"*C values in carbonates from
the Pshekh sequence are close to those in the lower
part of the Belaya Glina Formation. However, these
parameters show linear correlation in the Pshekh
sequence (Fig. 11), probably, related either to periodic
variation of water salinity in the basin or to irregular
postsedimentary changes in rocks. In either case,
maximum &'80 values should be considered the best
proxies for paleoclimatic reconstructions: these values
are higher in rocks from the lower part of the Belaya

LITHOLOGY AND MINERAL RESOURCES  Vol. 52

Glina Formation, but lower than in the upper part. Let
us note that the lower and upper parts of the Pshekh
Horizon lack any distinction in the §'%0—8*C plots
and show a virtually identical trend with similar values
of the correlation coefficient.

Chemical Elements in Rocks of the Chirkei Section

To assess the behavior of chemical elements in lith-
ologically and chemically different rocks in 130 sam-
ples from the Chirkei section, we determined a wide
range of elements: Al, Si, Fe, Mn, P, S, Ti, V, Cr, Ni,
Co, Zn, Pb, Cu, Ga, Rb, Sr, Ba, As, Th, U, and Mo.
Table 4 presents average contents of these elements in
stratigraphically and lithologically different sequences.
Analysis of the distribution of elements in different
sequences shows that variations of their concentration
along the section are regular, but their orientation is
not similar. Upward the section from the carbonate-
dominated rocks of the Belaya Glina Formation to ter-
rigenous rocks of the Khadum Formation, elements of
the major group demonstrate about 2 to 4 times
increase of concentrations that generally exceed aver-
age values of the respective elements (clarke values)
calculated for the specified rock type (Turekian and
Wedepohl, 1961; Vinogradov, 1962). As is evident
form Table 4, this group also includes elements
marked by much higher concentrations, e.g., As and

No.6 2017
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Table 3. Carbonate content in rocks, Cg,
and Lower Oligocene rocks in the Chirkei section

GAVRILOV et al.

content, and C and O isotopec compositions in carbonates from Upper Eocene

13 18 13 18
Sample | Con> % gjartzcr)lrtla ;eé ° P%]? o |° P%J;% " || Sample | Com, % g;t(r):a ;J ° P%B% °|° P%E;% ’

Solenov Subformation 513 0.51 26.00 1.4 -5.9
555a 1.04 14.89 1 —4.85 512 0.23 48.78 1.2 -5.0
554a 2.23 29.33 -0.1 —6.2 511 0.32 44.23 1.7 —4.5
553b 2.02 54.58 —-0.5 —6 Belaya Glina Formation
553a 2.39 34.45 -0.3 -5.9 510 <0.1 62.31 1.4 —-4.7
552 1.58 50.14 -1.0 —6.5 521¢c2 <0.1 68.79 2.1 —4.8
551 <0.1 50.37 -0.5 —4.8 521cl 0.7 51.85 1.9 -5.1
550 5.1 46.28 —0.8 —6.0 521b-2 <0.1 88.00 1.6 -5.0
550a 0.63 82.55 -0.5 -5.0 521b-1 <0.1 48.32 2 —4.6

Pshekh Subformation 521a 1.74 48.01 2.1 —-4.9
460 <0.1 7.62 1.6 —4.0 521d2 0.22 61.28 1.7 —-4.9
462 0.83 23.54 1.2 —4.0 521d1 <0.1 50.03 1.9 -4.9
463 0.2 18.99 1.7 -3.6 222 <0.1 84.02 1.1 -3.1
464 0.36 30.93 1.3 —4.5 220 0.22 67.08 1.2 -2.6
465 0.56 33.43 0.8 -5.5 219a 0.1 61.97 1.5 —1.8
466 0.29 29.86 0.5 —6.0 219 <0.1 79.48 1.5 -1.6
467 0.62 40.82 1.2 —5.4 218 0.96 50.71 1.5 —1.4
468 1.36 25.24 0.6 —6.0 217 <0.1 36.73 1.9 —1.4
469 0.48 42.64 0.9 -5.3 216 0.55 63.10 1.5 -2.0
470 0.64 37.63 1.5 5.2 215 <0.1 57.30 1.4 -2.1
531 1.21 67.31 1.5 -5.6 214 1.27 37.98 2 —-4.9
530 0.78 27.97 1.6 -5.0 213 1.48 39.80 1.3 54
529 0.38 19.44 0.8 —-6.9 212 0.38 59.92 1.4 —-4.9
528 ? 50.37 0 —6.4 211 0.73 52.19 1.7 —4.8
527 1.12 4.43 ? —6.5 210 0.33 64.47 1.1 —5.5
525 0.88 9.78 0.7 —6.1 209 <0.1 77.66 1.2 —4.8
524 0.55 39.23 1.3 —4.4 208 0.23 63.10 1.4 —4.8
523 0.58 14.33 1.4 —4.55 207 <0.1 69.13 1.6 -5.9
522 0.65 29.22 1.5 —4.7 206 <0.1 81.41 1.4 —5.8
520 0.64 25.81 1.9 —4.0 205 <0.1 74.81 2.1 —4.7
519 1.03 26.15 1 —4.6 204 <0.1 81.98 1.9 —4.8
518 0.60 32.06 1.8 —4.0 203 <0.1 75.38 1.8 5.4
517 1.57 36.73 1.2 -5 202 0.38 69.02 2.1 -5.1
516 0.52 27.63 1.6 -3.8 201c <0.1 85.84 2.2 =51
514 1.00 42.52 2.2 -3.1

Mo (almost 25 times higher) and S (50 times). Analysis
of sulfide framboids revealed that they often include
Mo (1 to 2%), but molybdenum sulfides are lacking.

The subordinate group of elements, which are
characterized by an opposite trend of concentration
variation along the section, includes Mn and Sr. Rela-
tively higher concentrations of these elements in rocks
of the Belaya Glina Formation are likely related to
their isomorphous presence in the calcite structure,

LITHOLOGY AND MINERAL RESOURCES

which is the main rock-forming mineral in these
rocks. Correspondingly, their concentrations are
decreased in noncarbonate rocks of the Khadum For-
mation. It should be mentioned that very low Mn con-
centrations can also be caused by specific sedimenta-
tion settings due to oxygen deficiency in rocks and
water column of the Khadum paleobasin.

Phosphorus, which does not enter any of these
groups, is marked by weak variations in rocks of differ-
Vol. 52
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ent age. Such behavior of P can likely be related to its
redistribution in rocks during active processes of the
reductive diagenesis.

Peculiarities of Late Eocene
and Early Oligocene Sedimentation Basins

The lithological and geochemical data presented
above suggest significantly different sedimentation
environments in Late Eocene and Early Oligocene
basins in the northeastern Caucasus. The presence of
numerous and diverse traces of the activity of organ-
isms (ichnofauna) in rocks of the Belaya Glina basin
testifies to a quite favorable habitat environment and
normal water aeration. Transition to rocks of the
Khadum basin was accompanied by a drastic decrease
in the species diversity of ichnofauna and even their
complete disappearance at some intervals. In such
cases, one can only see small (millimeter-scale) traces
of burrowing organisms (Chondrites?) and some
intervals of rather actively bioturbated sediments.
These organisms were adapted both to the reductive
setting in sediments of the Khadum basin and to the
anoxic conditions in near-bottom waters.

Application of the qualitative (mainly, lithological
and paleoecological) indicators of the hydrosulfuric
contamination does not make it possible to define
confidently local episodic variations in the gas regime
in the near-bottom water and to decipher precisely
levels of the appearance or disappearance of anoxic
conditions in specified sections. The presence or
absence of hydrosulfuric contamination in a basin
during sedimentation can quantitatively be assessed by
concentrations of some chemical elements that are
highly sensitive to gas regime variations in the near-
bottom water. For example, R.O. Hallberg (1974) pro-
posed to use the (Mo + Cu)/Zn ratio as the stagnation
coefficient. In works of E.M. Emel’yanov (1977,
1981), ratios of Mo, Cu, Se, Zn, and Mn concentra-
tions were used as the criterion. However, contents of
elements, such as Mo and Mn, in the sediment are
most sensitive to gas regime variations in the near-bot-
tom water. Therefore, geochemical reconstructions for
Paleogene basins in our work are based on the stagna-
tion coefficient proposed in (Kholodov and Nedu-
mov, 1991).

Choice of precisely these elements was dictated by
their diametrically opposite behavior in the oxic and
anoxic environment. For example, Mo actively enters
the sediment under conditions of the hydrosulfuric
contamination. Its active precipitation is related to
several reasons, coprecipitation with sulfides being the
major one (Korolev, 1958). The oxic environment is
favorable for the accumulation of Mo in the dissolved
state. In contrast, Mn is intensively accumulated in the
dissolved state in hydrosulfuric waters and it is depos-
ited almost completely in the sediment as oxides in the
case of oxic gas regime. Analysis of a large dataset on
the Mo and Mn concentration in deposits of the pres-
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Fig. 11. Isotopic composition of carbon and oxygen in the
Eocene/Oligocene transition sequences in the Chirkei sec-
tion. (1) Bottom of the Belaya Glina Formation; (2) top of
the Belaya Glina Formation; (3) Pshekh Subformation.

ent-day and ancient basins revealed that very low
(thousandths of a unit) values of the stagnation coeffi-
cient testify the oxic sedimentation setting. Increase of
the coefficient by hundredths or tenths of unit suffi-
ciently confidently suggest an anoxic sedimentation
setting. For illustrative purposes, Table 4 presents val-
ues of the stagnation coefficient multiplied by 100. In
this case, values >1 indicate the existence of an anoxic
environment in the paleobasin.

It should, however, be noted that the degree of
anoxia in the Khadum basin could change gradually
up to the point of its complete disappearance. First of
all, this scenario is related to the onset of the Soleno-
vian time marked by accumulation of sediments of the
Ostracoda Horizon. As rocks of the Belaya Glina For-
mation, the Solenov limestone bed also shows large
traces of fucoids. Stagnation coefficient here is esti-
mated at 0.04 (limestone) and 0.23 (clayey marl).
Thus, the results show that the geochemical setting in
basin changed immediately after the Pshekhian time,
and sediments of the Ostracoda Horizon were accu-
mulated in actively aerated waters.

In addition, the main part of rocks of the Khadum
Formation can demonstrate regular increase or
decease of Mo concentrations at different levels of the
sequence (Table 4). Such Mo variations also suggest
possible periodic changes in the degree of anoxia in
the paleobasin.

Enrichment of rocks with C,, promoted a high
intensity of diagenetic processes in rocks of the
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SEDIMENTARY ENVIRONMENTS AND GEOCHEMISTRY OF UPPER EOCENE

Khadum basin. First of all, this effect is reflected in
the abundance of sulfides as pyrite framboids. Dolo-
mite, a subordinate component in diffractograms of
calcareous mudstones, is likely a diagenetic product.
Processes of the reductive diagenesis were also respon-
sible for the low contents of elements, such as Mn and
P, in the rocks. During the evolution of the paleobasin
under anoxic conditions, these elements could diffuse
freely from the sediment to the near-bottom water and
disperse therein. It is quite probable that processes of
diagenesis affected the behavior of 8*C and, particu-
larly, 8'%0.

Possible Reasons for the Catagenetic Transformation
of Rocks in the Chirkei section

As noted above, the pyrolitic data on OM in rocks
of the Chirkei testify to a high degree of its maturity.
However, transformation of OM did not reach such
maturation degree in other sections of the Maikop
sequence. It is quite possible that the high maturity of
OM in the Khadum rocks in the specified section is
related to some local processes that intensified the cat-
agenetic transformation of rocks. Since rocks of the
Chirkei section did not subside to great depths relative
to other sections, the geostatic load did not likely play
a crucial role in the intensification of rock transforma-
tion. Intensification of these processes could be pro-
voked by the presence of a pluton near this section at a
relatively small depth, and the pluton could provide
the appearance of local zones with strong heat flows.
The high degree of OM transformation (maturation)
could also be provoked by high paleoseismicity in this
region of Dagestan (Gavrilov, 2016, 2017).

CONCLUSIONS

1. The results obtained indicate sharp lithogeochem-
ical distinctions between the Upper Eocene and Lower
Oligocene deposits in the northeastern Caucasus.

2. The nannoplankton data suggest that the
Eocene/Oligocene interface in the Chirkei section
occurs slightly below the Belaya Glina/Khadum
boundary. The series of nannoplankton bioevents
established in this section make it possible to accom-
plish its stratigraphic division based on three scales
proposed by E. Martini (Martini, 1971), H. Okada and
D. Bukry (Okada and Bukry, 1980), and K. Agnini
with colleagues (Agnini et al., 2014) that are coded as
NP, CP, and CNE/CNO, respectively.

3. Organic matter (OM) in rocks of the Khadum
Formation in the Chirkei section is characterized by
relatively high degree of maturity, which matches the
main zone of oil formation. Initially, the rocks could
be dominated by the marine OM with a terrigenous
OM admixture.

4. Positive oxygen isotope anomaly in the upper
part of the Belaya Glina Formation reflects obviously
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global climate changes (cooling) near the Eocene/Oli-
gocene interface. Limitation of the anomaly by the
upper boundary of the Belaya Glina Formation can be
attributed to water salinity variations in the Early Oli-
gocene basin and intense processes of early diagenesis
of sediments.

5. The lithological, geochemical, and paleoecological
data testify to oxygen deficiency in the Khadum paleoba-
sin in the northeastern Caucasus. Such environment was
unstable and periodically intensified or weakened. The
paleoecological environment in the Belaya Glina basin
was typical of normally aerated basins.
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