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INTRODUCTION

Prospecting and exploration works, and subse�
quent development of hydrocarbon fields in the Black
Sea Region requires the integration of geological data
on the Crimea, Caucasus, and Black Sea. In order to
compile diverse information, it is necessary to reinter�
pret historical data and to make an additional
appraisal of the geological structure with detailed
study of sedimentation conditions and reconstruction
of paleogeographic settings at the modern scientific
level. Complex lithological and geochemical study of
Maastrichtian sediments of the Crimean Mountains is
topical in terms of stratigraphy, sedimentology, and
paleogeography. In our opinion, the obtained results
are of practical scientific and educational interest for
geological field works of the students of Moscow State
University and other universities, as well as for the
geological survey in the Black Sea Region, construc�
tion, and infrastructure development in the Crimean
Peninsula.

The Research Method

Our research works were mainly carried out in the
Bakhchisaray area of the Crimean Peninsula (Fig. 1)
within the Kacha uplift in the interfluve between the
Kacha and Bodrak rivers. The study area is located
within the geological practice ground of second�year
students of the Department of Geology of Moscow

State University and at the boundary between sheets
L�36�XXVII and L�36�XXIX of the 1 : 200000 Geo�
logical Map of Russian Federation.

The training facilities of students of St. Petersburg
State University (SPSU) and the Russian State Geo�
logical Prospecting University (RSGPU) are also
within the study area.

Apart from the above training facilities of three uni�
versities within the educational and scientific ground
of MSU and sheet L�36�XXIX there is a training facil�
ity of Sternberg State Astronomical Institute (SSAI
MSU) in the Nauchny settlement.

As a locality for additional appraisal the Belbek
river valley (Fig. 1, Sevastopol area), where the upper�
most Maastrichtian sequence was previously studied,
the vicinity of the villages of Maloe Sadovoe (Gabdul�
lin, 2002) and Tankovoe (Gabdullin, 2008) was chosen.

The aim of our research is to study the upper
deposits of the Kudrino Formation (K2kd, Upper San�
tonian–Maastrichtian), which correspond to the
Maastrichtian. The sheet L�36�XXVII includes sec�
tions of Staroselie (section no. 1, environs of the town
of Bakhchisaray), plateau Besh�Kosh (section no. 2),
the Chakh�Makhly ravine (section no. 3, environs of
village Skalistoe, the left bank of the Bodrak river).
Sheet L�36�XXIX includes the Tokma ravine section
on the right bank of the Bodrak river in vicinity of vil�
lage Skalistoe (section no. 4).
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In section 1 (Staroselie) nine samples of upper
Maastricht–lower Danian were collected. The results
from studying four samples from this section are pre�
sented in this work, except for the greatest part of the
Lower Danian deposits. In section 2 (Besh�Kosh)
9 samples (Maastrichtian–lower Danian) were col�
lected. To interpret the results the literature data (Ale�
kseev and Kopaevich, 1997; Gabdullin, 2002) on this
section were used. In section 3 (the Chakh�Makhly
ravine) the previously published data on 20 sampling
sites (Gabdullin, Pervushov, and Tolstova, 2007) were
not reinterpreted, but this section is necessary for
layer�by�layer correlation with section 4 (Tokma
ravine) and to clarify the sedimentation conditions of
unit XXI (lower Maastrichtian). The previously stud�
ied Tokma ravine section (Sizanov, Rudakova, and
Gabdullin, 2006) was a site of additional appraisal. As
a result, the geochemical features of 62 samples of
lower Maastrichtian deposits (unit XXI) were studied.

Sections 2–4 were previously studied to varying
degrees with a complex of petrographic, chemical,
physical, petromagnetic, and paleontological meth�
ods. A description of the methods and the results were
given in (Alekseev and Kopaevich, 1997; Gabdullin,
2002; Sizanov, Rudakova, and Gabdullin, 2006; Gab�
dullin, Pervushov, and Tolstova, 2007).

The geochemical analysis of 80 samples (predomi�
nantly carbonate, and, to a lesser degree, terrigenous�
carbonate rocks) was first made on the MARC.GV X�ray
fluorescence spectroscan (NGO Spectron, St. Peters�
burg) at the Faculty of Engineering Geology, Depart�
ment of Geology, Moscow State University (analyst
E.N. Samarin). In total, 62 samples from section 4
(Tokma ravine), 9 samples from section 2 (plateau
Besh�Kosh), and 9 samples from section 1 (Staroselie)
were analyzed. In addition, the data on four samples
from the Staroselie section (Maastrichtian and lower
Danian) were taken into consideration.

The ratios of contents of several chemical elements
that indicate variations in sedimentation conditions (a
depth of the water, fluid dynamics, climate, etc.) were
then calculated. The ratio values we obtained allowed
us to clarify the previously formulated understanding
of the sedimentation conditions in the study area.

Analysis of Oxygen and Carbon Isotopy
in Carbonates and Paleothermometry

Oxygen� and carbon�isotope compositions were
determined using a Thermo Delta V Advantage iso�
tope�ratio mass spectrometer. Dried and ground sam�
ples were treated with 10.5% polyphosphoric acid

using a GasBench II (GB) sample preparation device
coupled to an isotope ratio mass spectrometer. We
analyzed the oxygen (δ18O) and carbon (δ13C) stable
isotope compositions of carbon dioxide released as
result of the acid–carbonate reaction. The measure�
ment accuracy was controlled by the international
NBS�19 standard. Isotope values are given in parts per
million (ppm) relative to the VPDB.

All the samples were analyzed twice. The standard
deviation did not exceed 0.1 ppm. Variations in
18O/16O ratio can be measured with a mass spectrom�
eter with an accuracy of ±0.01%. However, due to fact
that the sample preparation methods for the analysis
did not allow one to achieve such a level of accuracy,
the paleotemperature values were determined with an
accuracy of up to 1°C, rarely up to 0.5° (Verzilin, 1979;
Hefs, 1983).

If the carbonate skeletons of organisms (or
chemogenic carbonate) formed in isotope equilibrium
with the surrounding water at a constant isotope com�
position of the water in the carbonate substance, then
the 18O/16O ratio depends greatly on the temperature
variations, since the isotope equilibrium constant
depends on the temperature. The dependence between
the temperature and the 18O/16O ratio values for
chemogenic and organogenic (shells of some marine
invertebrates) calcites was experimentally determined.

The obtained equation of the paleotemperature
scale is as follows:

where, t °C is the temperature of the water where the
calcium carbonate formed; δ18Oc is the oxygen isotope
composition in carbon dioxide released due to decom�
position of calcium carbonate with 10.5% polyphos�
phoric acid and measured relative to the PDB stan�
dard, and δ18Ow is the oxygen�isotope composition of
carbon dioxide, equilibrated with water, from which
CaCO3 precipitates, and measured relative to SMOW
(Faure, 1986; Kaplin and Yanina, 2010). However,
when studying marine carbonates, there are a number
of key tasks that must be achieved for a sufficient accu�
racy of paleotemperature determinations. First, one
must know the δ18O value of the sea water that is in
equilibrium with a sample. Secondly, the CaCO3 that
is produced by some organisms is not in equilibrium
with the water; therefore, the equation is unaccept�
able. Third, the oxygen�isotope fractionation is signif�
icantly influenced by the mineralogical composition.

t °C 16.5 – 4.3 δ
18Oc – δ

18Ow( )=

+ 0.14 δ
18Oc – δ

18Ow( )
2
,

Fig. 1. A geological map of the study area (a) and geochemical characteristics of the Maloe Sadovoe section (b): 1, location of the
section and its number; 2, human settlements, training facilities; 3, a stratigraphic index of a formation; 4, geological boundaries;
5, dislocations (a, proven, b, proposed); 6, intrusions; 7, sandstones; 8, sandy marl; 9, clayey marl; 10, marl; 11, 12, arenaceus
limestone; 13, Pecten; 14, Chlamys; 15, Ostrea;16, Pholadomya; 17, Nucula; 18, Belemnoidea; 19, Ammonoidea; 20, Anthozoa
(corals); 21, Textularia (foraminifera); 22, Porifera (Sponges); location of samples in the section, collected for: 23, geochemical
analysis, 24, isotope paleothermometry (a, our data, b, archival data).
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In addition, the equations for aragonite, calcite, Mg
calcite, and dolomite were established. It is also neces�
sary to take variations in isotope composition after the
burial of carbonate as a result of dissolution and rede�
position into account.

Thus, it should be noted that the δ18O values in
CaCO3�unsubstituted skeletons are determined not
only by the seawater temperature, but also the isotope
composition of the water, the mineral composition of
shells, and, probably, metabolic effects. In total,
13 whole�rock samples of biogenic carbonate (marl
and limestone) and carbonate (clay marl, sandy marl,
sandy limestone) rocks (4 from section 1 and 9 from
section 2) were studied (except for a sample from sec�
tion 1).

The Characteristics of Maastrichtian Deposits
of the Crimean Mountains

Maastrichtian deposits, which extend as a narrow
zone along the second range of the Crimean Moun�
tains, unconformably rest on upper Campanian
deposits with signs of a short stratigraphic hiatus and
are overlain by an unconformity that varies in ampli�
tude by Paleocene (Danian) limestones and calcare�
ous sandstones (Alekseev, 1989).

In southwestern Crimea the lower Maastrichtian
deposits compose two zones: a lower Belemnella lan�
ceolata zone (sub�units XX�1 and XX�2 of unit XX)
and upper Belemnella sumensis Zone (sub�unit XX�3
of unit XX and unit XXI). Upper Maastrichtian depos�
its are characterized by a Neobelemnitella kazimirovi�
ensis zone (table). The thickness of predominantly
carbonate (with a small fraction of terrigenous mate�
rial) Maastrichtian deposits in southwestern Crimea
varies from 0 to 150 m (Alekseev, 1989).

Based on foraminiferal assemblages, the zones of
Brotzenella complanata (sub�units of XX�1, XX�2,
and the lower part of sub�unit XX�3 of unit XX), Gav�
elinella midwayensis (the upper part of sub�unit XX�3
of unit XX and the lower part of unit XXI), and
Brotzenella praeacuta (the upper part of unit XXI)

were distinguished in Lower Maastrichtian deposits of
the Besh�Kosh plateau section (Alekseev and Kopae�
vich, 1997). In Upper Maastrictian deposits of Mt.
Besh�Kosh zones of Brotzenella praeacuta (the base
to the upper part of unit XXII) and Hanzawaia
ekblomi (the upper part of unit XXII, unit XXIII) were
distinguished. The most complete Maastrichtian suc�
cession among those considered in this work is located
on the Besh�Kosh plateau. The thickness of lower
Maastrichtian deposits (units XX–XXI) is consistent
and is usually 75–80 m (Alekseev, 1989).

The Besh�Kosh section (Figs. 1 and 2) has a thick�
ness of Lower Maastrichtian deposits of 94 m (Alek�
seev and Kopaevich, 1997).

Unit XX (66 m, plateau Besh�Kosh). Marl and
limestone, dark gray to pale gray, sometimes clayey at
the base, low silty. The lower Maastrichtian age of this
unit is confirmed by the occurrence of ammonites:
Hoploscaphites constrictus, Hauericeras sulcatum, and
Diplomoceras cylindroceum, as well as, rare belemnites:
V. lanceolata and V. sumensis occidentalis.

The unit contains a rich assemblage of pelecypods:
Chlamys, Entolium, Nucula, Lopha, Pycnodonte, Acu�
tostrea, and Pholadomya (Alekseev, 1989). Unit XX is
subdivided into three sub�units (Alekseev and Kopae�
vich, 1997):

Sub�unit XX�1. Pale gray spotted marl. The content
of insoluble residue increases from bottom (7%) to top
(14–20%) of the section. The unit is poorly exposed.
Rhythmicity is not visible. The thickness in the Besh�
Kosh section is 20 m.

Sub�unit XX�2. Pale gray and yellowish sandy
marly limestones. The content of insoluble residue is
10–28%. The thickness in the Besh�Kosh section is 23 m.

Sub�unit XX�3. Gray sandy marl with pyrite nod�
ules. Thickness of 23 m. The content of insoluble res�
idue is 17–22% (Alekseev and Kopaevich, 1997).

The middle and upper sub�units of unit XX contain
trace fossils Thallassinoides.

Unit XXI is exposed in a rocky ledge. Marl, dark
gray to pale gray, weakly silty, with pyrite nodules,
thickness of 25–30 m. The thickness of the unit in the

The stratigraphic scheme of Maastrichtian deposits of the Bakhchisaray area, southwestern Crimea (after (Alekseev, 1989))

Stage Sub�stage Zone Unit Lithology
M
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an Upper Neobelemnitella 

kazimiroviensis

XXIV
Marl, silty, glauconite�rich, with numerous belemnite rostra and 
pectenid shells. Locally preserved in sections in the Belbek river 
valley: Maloe Sadovoe, Tankovoe, Fig. 1). Thickness is 0–5 m

XXIII Aleurolites, limestones, sandstones, usually glauconite�rich. 
Thickness is 20–30 m

XXII Marl, yellow–gray, with sparse silification. Thickness is 25–50 m

Lower

Belemnella 
sumensis XXI Marl, gray, with sparse silification. Thickness is 25–50 m

Belemnella 
lanceolata XX Marl, gray, sometimes clayey, low�silty. Thickness is 50 m
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section on the plateau Besh�Kosh is 28 m (Alekseev
and Kopaevich, 1997). The unit contains trace fossils
Thallassinoides.

Units XX and XXI contain a rich assembalage of
gastropods (Haustator sp., Athleta sp., etc.), hexacorals
(Parasmilia biseriata, etc.) and octocorals, brachio�
pods, crustaceans, and sponges. There are findings of
hexacorals fish scales and fish bones. Fossil echinoids
Echinocorys sp., starfishs, and sea lilies are rare (Alekseev,
1989).

Upper Maastrichtian deposits, represented by units
XXII–XXIII, were studied in the Mt. Besh�Kosh sec�
tion and beyound the training facility of MSU in the
environs of the villages of Maloe Sadovoe and Tanko�
voe (units XXII�XXIV) in the Belbek river valley
(Gabdullin, 2002, 2008). They are conformably over�
lain by lower Maastrichtian deposits. Thickness is 40–
80 m (Alekseev, 1989).

The Besh�Kosh section (Fig. 2): the thickness of
upper Maastrichtian deposits is estimated to be 48 m
(Alekseev and Kopaevich, 1997).

Unit XXII. Gray to yellow–gray sandy marls with
fragments of sponges and silicified trace fossils (Thal�
lassinoides). There are several distinct layers of dense
marl in the weathering profile.

The content of terrigenous admixture reaches 32–
38%. The thickness of the unit is 25–50 m (Alekseev,
1989); in the Mt. Besh�Kosh section it is 26 m (Alek�
seev and Kopaevich, 1997).

Unit XXIII. Limestone, yellowish�gray, sandy,
glauconite�rich, with frequent layer surfaces of the
“hard bottom” type, lenses with oysters (Exogyra,
Gryphaeostrea, Pycnodonte, Lopha, etc.) and pect�
enids (Chlamys, Entolium, Camptonectes). There are
pelecypods of genus Pholadomya. The unit contains
belemnite rostra Neobelemnella kazimiroviensis and
ammonite cores Pachydiscus ex. gr. neubergicus, which
confirms its Late Maastrichtian age. The deposits of
unit XXIII contain a rich assemblage of macrofossils.
A section of the unit is crowned by greenish�gray glau�
conite carbonate (up to 65% carbonate) sandstones
(Alekseev, 1989). The thickness of the unit is 20–30 m,
in the section on the Besh�Kosh plateau it is 22 m
(Alekseev and Kopaevich, 1997). There are trace fos�
sils Thallassinoides.

Unit XXIV. Marl, yellowish to purple, silty, glauco�
nitic, with numerous belemnite rostra of Neobelem�
nella kazimiroviensis and large pectenid shells Ento�
lium sp.

The thickness of the unit is 0–5 m (Alekseev, 1989),
in the section on the Besh�Kosh plateau this unit was
not identified (Alekseev and Kopaevich, 1997).

Sections in the Environs of the Villages 
of Maloe Sadovoe and Tankovoe

(Fig. 1) are located to the north of these villages in
the Belbek river valley (Bakhchisaray area of south�

western Crimea) and described in the geological lite�
rature (Naidin and Benyamovsky, 2000; Gabdullin,
2002, 2008).

Unit XXIV. Marl and calcareous marl, yellowish�
greenish�gray, silty, glauconitic, with numerous
belemnite rostra Neobelemnella kazimiroviensis. Iden�
tification of the Maastrichtian�Danian boundary in
the terminal part of the upper Maastrichtian of this
unit is problematic due to the presence of two hiatal
surfaces. Both upper and lower hardground surfaces
contain belemnite rostra. The distance between the
erosional surfaces in the section is 2.3–2.4 m. The
thickness of the section is 3.5–5.9 m.

The geochemical features of the Maastrichtian
succession in the Crimean Mountains allowed us to
calculate the concentrations (ppm) of 29 elements and
compounds, as well as six ratios (modules), which are
necessary to clarify the sedimentation conditions and
genesis of rhythmicity (Figs. 2–11). This technique
has been widely discussed (Sklyarov, 2001; Klimat…,
2004; Engalychev and Panova, 2011). Sometimes
some of the parameters are contradictory in terms of
their paleogeographic interpretation, which requires
further consideration.

Below, we briefly and selectively discuss the varia�
tions in the concentrations of elements, their com�
pounds and ratios.

In order to analyze variations in paleotemperatures
(Figs. 2, 6, 9, 11), following concentrations of ele�
ments and their ratios have been used: V, Ca, Ni,
Ca/Sr, the titanium module (TM), Mn, and Si/Al.
Variations in paleotemperature can also be evaluated
with the following ratios: Ca/Mg, Sr/Ba, Zn/Nb, and
(Ce, Nd, La, and Ba)/Yb (Y and Zr).

An increase in Ca, Sr, and Mg concentrations may
indicate arid climatic conditions; an increase in Sc,
Ni, Zn, Y, W, U, C, V, and rare earth elements (REEs)
may mean humid sedimentation conditions.

Titanium module (TM) is the TiO2 vs Al2O3 ratio,
which depends both on the dynamic facies sedimenta�
tion and teh titanium module of the provenance area.
Accordingly, if we regard the facies factor as a con�
stant, the TM is a good indicator of basic or acid rocks
in a provenance area. The difference between TM values
indicates variations in climatic conditions. Humid cli�
mate sandy�silt deposits are characterized by higher
TM values than those of arid climate deposits. The
same tendency is noted for clayey rocks. It is possible
to use this module to reconstruct climatic sedimenta�
tion conditions only if a permanent provenance area is
established. In some cases, dynamic sorting of terrige�
nous material and the composition of the provenance
area affect the TM value much more than the climatic
index. In summary, the TM value tends to increase
with the arid�humid zone; within the humid zone, TM
increases following from abyssal to coastal marine and
continental zones (Engalychev and Panova, 2011).
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The Fe/Mn and Ti/Mn ratios, titanium module
(TM), sodium module (SM), and potassium module
(PM), as well as variations in the contents of Zn, Pb,
Al, Mn, Cu, Sr, and Ba, constraining the shift in facies
boundaries, characterize the depth variations in a sed�
imentary basin (Figs. 4, 7, 10).

The Fe/Mn ratio. The decrease in the Fe/Mn ratio
is related to an increase in depth, as well as shelf to
pelagic facies transition. This trend is due to the
absorption of manganese by the sediments from
marine water, which is increasing in deep�water con�
ditions. According to the Fe/Mn ratio, sedimentary
rocks can be subdivided into deep (<40), shallow
(~80) and shallow�water coastal with predominantly
terrigenous provenance areas (>160).

The Fe/Mn ratio can also be applied to classifying
clayey or clay�containing deposits, and, to a lesser
extent, to carbonate deposits (Sklyarov, 2001).

The Potassium module (PM = K2O/Al2O3) is deter�
mined by the intensity of chemical weathering pro�
cesses in an erosion area. Potassium, which is a con�

stituent of feldspars, accumulates during their decom�
position in continental sediments under arid climatic
conditions. Under humid climatic conditions of sedi�
mentation, potassium is transferred in the form of
solutions, suspensions, and concentrates in marine
and lacustrine sediments. Aluminum is associated
with the clayey constituent of rocks; its contents in
sediments increases towards the open sea. Low PM
values are typical for continental sediments, while in
the littoral and pelagic sediments its value increases
(Engalychev and Panova, 2011).

The sodium module (SM = Na2O/Al2O3). Sodium
is usually transferred in the form of solutions and sus�
pensions; the maximum Na concentration is charac�
teristic of continental sediments under arid climatic
conditions, as well as of marine and lacustrine sedi�
ments under humid climatic conditions. Coastal�
marine sediments are characterized by the lowest con�
tents of sodium (Engalychev and Panova, 2011).

Sr and Ba contents. The increase in the Sr content
indicates the distance of terrigenous material from a
provenance area; in contrast, an increase in the Ba
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Fig. 3. The lithological, paleontological, and geochemical characteristics of the section of the Besh�Kosh plateau in connection
with variations in salinity. See the symbols in Fig. 3.
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content indicates the closeness of a provenance area.
With increasing depth of the sedimentation basin, Ba
goes increasingly into solution. At a depth of 4–5 km,
however, its concentration can reach the maximum
value, as it reacts with the environment and precipi�
tates.

Pb and Zn contents. The increase in Pb and Zn
contents is caused by the proximity to a provenance
area and/or the increase in salinity of the sedimenta�
tion basin.

In order to analyze variations in salinity (Figs. 3, 8, 10),
we considered the Sr/Ba and Ca/Sr ratios. In the case
of the violation of the physical and chemical equilib�
rium of a saline solution, because of its burial some
minerals in the system dissolve (for example, calcite),
while others precipitate (dolomite). As a result, an
essential transformation of brine composition with
selective concentration of chemical elements, includ�
ing Ca, Sr, and Ba, takes place.

The same tendency is evident for over�saline solu�
tions, where Ca concentration decreases to almost
zero with increasing salinity, as it is replaced by Mg

contained in sediments. Consequently, an increase in
Sr/Ba and Ca/Sr ratios indicates the higher salinity of
solution. The concentrations of B, Ba, S, Cr, Cu, Ga,
Ni, and Y in marine sediments are higher than those in
freshwater sediments.

Zn and Cu are also indicators of the salinity of solu�
tion; the mobility of these elements depends on the
salinity.

The Cu content in river waters is almost always
constant. Due to this, when river and sea waters are
mixed, the precipitation rate of Cu in sediments
decreases with increasing salinity of the resulting solu�
tion. The Zn mobility also decreases with increasing
the salinity.

Discussion of Geochemical Data

The data we obtained allowed us to reconstruct the
sedimentation conditions in the Maastrichtian in the
Crimean Mountains.

Climate. In general, analysis of the geochemical
data in the Mt. Besh�Kosh section (Fig. 2) shows a
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tendency towards climate warming and humidization
(except for unit XXIII). Cyclical climatic variations
are correlated with the elemental rhythmicity in
Maastrichtian deposits, which includes nine cycles of
dilution, that is, an increased offshore drift of the ter�
rigenous material (Gabdullin, 2002). In the section
(from bottom to top) this is confirmed by the sanding

of carbonate rocks (marl) and an increase in the con�
centration of insoluble residue from 5% for the Early
Maastrichtian to 35–40% in the Late Maastrichtian
(Alekseev and Kopaevich, 1997).

This cyclicity is also correlated with cyclical varia�
tions in relationship between planktonic and benthic
foraminifera (Alekseev and Kopaevich, 1997), which
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indicates variations in the paleodepth. There are two
trends in distribution of geochemical parameters along
the section. The concentration curves for V, Ca and
TM are similar and show an increase in temperature
and climate humidization; the distribution curves of
the Sr/Ba ratio and Ni concentration, in contrast,
show an inverse dependence, viz., successive cooling

and climate aridization. The occurrence of thermo�
philic corals and Bulimina foraminifera, which is
common for temperate waters, allows us to suggest the
presence of warm or warm�temperate waters in the
Belemnella sumensis zone.

According to the isotope data, this period was char�
acterized by an increase in the seawater temperature
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from 14.6°C (Teiss and Naidin, 1973) at the top of unit
XX (zone Br. Complanata) to 37.5°C (our data) in unit
XXIII (zone N. ekblomi). The minimum paleotem�
peratures (20.6°C) were obtained for the boundary

between units XX and XXI, as well as the middle part
of unit XXII (20.5°C). The relatively low temperatures
at the beginning of Early Maastrichtian were also pale�
ontologically confirmed by the occurrence of corals,

X
X

X
X

II
X

X
I

B
r.

 c
om

pl
an

at
a

B
r.

 p
ra

ea
cu

ta
G

lo
bo

tr
un

ka
na

 m
id

w
ay

en
si

s
B

el
em

ne
lla

 s
um

en
si

s

2

10

0 m

30

29

28

27

26

25

24

23
22

21

20

19

18

17

16

15

14

13

12
11

10
9
8
7
6
5
4
3
2
1

0.5

0.65

0.5

0.7

0.76

0.35

0.6
0.3

0.55
0.27
0.27
0.3

0.25

0.5

0.8

0.74

0.57

0.6

0.95

0.75

1.35

1.3

0.65

0.6

0.7

1.35

0.74

1.2

0.63

0.8 20

25
N

.k
.

U

0 0.10.02 0.04 0.06 0.08

20 300 10 40

Ti/Mn

Cu, ppmFe/Mn

80 70 60 50

TM

47
53

57
61

59
55

51
49

31
37

41
45

40
39

35
33

15
21

25
29

27
35

19
17

5
9

13
11

7
3

TM

SH

SH

SH

SH

SH

SH

SH

0.05 0.07 0.09 0.11
0.06 0.08 0.10 40 35 25 2030 150 200 300 350250

Depth, m

70 60 50 40
30

40 30 20

Fe/Mn Cu

S
ub

st
ag

e

S
ta

ge

Z
on

e
U

n
it

T
h

ic
k�

(s
ub

�u
n

it
)

n
es

s 
(m

)

B
ed

, 
n

o

Tokma
M

aa
st

ri
ch

ti
an

L
ow

er

Offshore
distance/depth

Bioturbation, %
(Sizanov, Rudakova,
and Gabdullin, 2006)

Magnetic
sustainability,

SI units (Sizanov,
Rudakova, and

Gabdullin, 2006)

Fig. 7. The lithological, paleontological, petromagnetic, and geochemical characteristics of the Lower Maastrichtian section
(unit XXI) in the Tokma ravine in connection with variations in a depth. See the symbols in Fig. 1.



124

MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 70  No. 2  2015

GABDULLIN et al.

Pholas and Textularia foraminifera, which indicate the
temperature range from 15 to 20°C. The occurrence of
vegetal spores in Hanzawaia ekblomi Zone (the top of
Belemnitella kazimiroviensis Zone) enables the
reconstruction of the coastal vegetation. The flora was
represented by mangroves, which are typical of a warm
tropical climate (Alekseev, 1989).

The uppermost Maastrichtian deposits (units
XXIII, XXIV) are characterized by the occurence of

pectenid banks, which generally inhabit waters that do
not exceed 23.5°C. The temperature range of 23–
26°C was determined for unit XXIV (section Maloe
Sadovoe, Crimea). The relatively small dataset for this
section only makes it possible to talk about fundamen�
tal variations in temperature (warming), in comparison,
for example, with the detailed characterized section in
the Tokma ravine. This is the reason that we chose the
geochemical model of warming and humidization that

X
X

X
X

II
X

X
I

B
r.

 c
om

pl
an

at
a

B
r.

 p
ra

ea
cu

ta
G

lo
bo

tr
un

ka
na

 m
id

w
ay

en
si

s
B

el
em

ne
lla

 s
um

en
si

s

2

10

0 m

30

29

28

27

26

25

24

23
22

21

20

19

18

17

16

15

14

13
12
11

10
9
8
7
6
5
4
3
2
1

0.5

0.65

0.5

0.7

0.76

0.35

0.6
0.3

0.55
0.27
0.27
0.3

0.25

0.5

0.8

0.74

0.57

0.6

0.95

0.75

1.35

1.3

0.65

0.6

0.7

1.35

0.74

1.2

0.63

0.8
20

25
N

.k
.

U 0 0.10.02 0.04 0.06 0.08

20 300 10 40

V, ppm

Cu

47
53

57
61

59
55

51
49

31
37

41
45

40
39

35
33

15
21

25
29

27
35

19
17

5
9

13
11

7
3

Zn

SH

SH

SH

SH

SH

SH

SH

1.4 1.2 0.8 0.61.0

70 60 50 40 30 20

Sr/Ba

40000 30000
35000 25000

20000
Sr/Ba

S

S, ppm0.4 0.2 0

V

70 60 50 40 30 20

18 16 14 12 10 8Cu, ppm Zn, ppm

108090100

S
u

bs
ta

ge

S
ta

ge

Z
on

e
U

n
it

T
h

ic
k�

(s
ub

�u
n

it
)

n
es

s 
(m

)

B
ed

, 
n

o

Tokma
M

aa
st

ri
ch

ti
an

L
ow

er

Magnetic
sustainability,

SI units (Sizanov,
Rudakova, and

Gabdullin, 2006)

Bioturbation, %
(Sizanov, Rudakova,
and Gabdullin, 2006)

Salinity

Salinity

Fig. 8. The lithological, paleontological, petromagnetic, and geochemical characteristics of the Lower Maastrichtian section
(unit XXI) in the Tokma ravine in connection with variations in salinity. See the symbols in Fig. 1.



MOSCOW UNIVERSITY GEOLOGY BULLETIN  Vol. 70  No. 2  2015

THE LITHOLOGICAL–GEOCHEMICAL AND PALEOECOLOGICAL CHARACTERISTICS 125

was confirmed by the paleotemperature data. The
uppermost Maastrichtian (the deposition time of unit
XXIV) is characterized by a range of sea�water temper�
atures from 23 to 26°C (Gabdullin, 2002).

Salinity. Analysis of the distribution curves of Zn
and Ba concentrations (Fig. 3) shows a weak, almost
background variation in salinity. The V and Cu con�
centrations increase up the section. The Sr/Ba ratio
decreases to the top of the Maastrichtian deposits. In
unit XX, euryhaline bivalves of genus Chlamys that
exist in a wide salinity range of 2–38% were found
(Gabdullin, 2002). The obtained Foraminifera�based
cyclic variations in salinity in the rhythmic section of
Belemnella lanceolata Zone indicate fluctuations in
salinity (Gabdullin, 2002). Interlayers with Cibicides
and Bolivina foraminifera (normal salinity, favorable
conditions) alternate with those that are enriched by
Textularia foraminifers (unfavorable conditions).
Units XXI and XXIII contain euryhaline oysters of the
genus Ostrea that lived in water with a relatively
smaller range of water salinity, 12–30% (Gabdullin,

2002). Having compared paleontological and
geochemical data, we constructed a local halinometric
synthetic curve that shows that the ocean water salinity
gradually decreased with certain episodes of saliniza�
tion at the boundary between units XX and XXI, at the
top of unit XXII, and at the boundary between units
XXIII and XXIV.

Depth. The distribution curves of geochemical
parameters (Fig. 4) are difficult to interpret. It is evi�
dent that there were variations in these parameters.
Combination of these curves enables us to construct a
local paleobathimetric curve with fixed paleodepth
ranges that were established based on molluscs�indi�
cators in units XX, XXI, and XXIII. Unlike units XX
and XXIII, in which there are complexes of bivalves
Pecten and Pholadomya, as well as Chlamys (unit
XXIII) and Nucula (pack XXI), that coexisted
together in a depth range of ≤40–50 m, unit XXI con�
tains nektonic molluscs, viz. ammonites and belem�
nites, indicating a relatively great paleodepth. Depos�
its of Belemnella lanceolata Zone are characterized by
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the Cibicides–Bolivina foraminiferal assemblage, reg�
ularly distributed in the rhythms. Layers with Cibicides
and Bolivina foraminifera (relatively less deep) alter�
nate with Bolivina foraminifera layers (relatively
deep). The composition of the paleocenosis includes
plankton with carbonate skeletons. The benthic mac�
rofossils predominate (more than 30 genera, 42 spe�
cies) over nekton macrofossils (3 genera and 3 spe�
cies). A significant proportion of pelecypods (Alek�
seev, 1989) in the biocenosis (15 genera, 24 species)
are evidence of a relatively shallow basin (Gabdullin,
2002). The Brotzenella complanata Zone (the base of
Belemnitella kazimiroviensis Zone) contain deep�
water Cibicides–Bolivina foraminiferal assemblage.
There were variations in a basin depth that follows
from a cyclic distribution of foraminifera in the rhyth�
mic section. Interlayers with Cibicides foraminifera
(relatively shallow) alternate with interlayers Bulim�
ina–Bolivina foraminiferal assemblage (relatively
deep) and subordinate Cibicides. Pelecypods are
absent; there are rare ammonites and belemnites.

The structure of the paleocenosis in sediments of
the Hanzawaia ekblomi Zone (the top part of Belem�
nitella kazimiroviensis Zone) includes plankton with

carbonate skeletons; benthic macrofossils predomi�
nate (20 genera, 29 species) over the nekton ones
(2 genus, 2 species). In addition, the composition of
paleocenosis includes the following macrofauna: pele�
cypods, brachiopods, crustaceans, belemnites, and
ammonites (Alekseev, 1989), which is evidence of the
relative shallowness of the basin. These deposits
include a large number of pelecypods, which are usu�
ally regarded as depth indicators: Pecten, 10–50 m,
Chlamys, 2–50 m, Ostrea, 40–100 m, and Phola�
domya, 1–10 m. The estimated depth of the basin was
10–40 m, which confirms the variations in the pale�
odepth of the sedimentation basin.

Based on geochemical and paleontological data we
have constructed the local paleobathymetric curve,
which is well correlated with a most part of the
regional paleobathymetric curve. The regional paleo�
bathymetric curve (Nikishin et al., 2006) shows a
decrease in eustatic ocean level during the Maastrich�
tian with a short transgressive phase during the forma�
tion of unit XXI (Gk. midwayensis Zone). Taking the
summarized dataset into account the synthetic paleo�
bathymetric curve was constructed. A fragment of this
curve can be constructed in more detail using the
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detailed studied section of unit XXI in the Tokma
ravine. The paleodepth in the Maastrichtian through�
out the Crimea varied from 10 to 400 m.

Sections in the Tokma and Chakh�Makhly Ravines.
The sections of deposits of unit XXI were studied in the
Tokma ravine (Sizanov, Rudakova, Gabdullin, 2006)
and Chakh�Makhly ravine (Gabdullin et al., 2007),
which are located on the opposite banks of the Bodrak
river in the environs of the village of Skalistoe. The
location scheme of these sections is shown in Fig. 1
and the correlation scheme is given in Fig. 5. The unit
is presented by rhythmically interbedded marls, some
of which contain a large number of sponges (so�called
sponge horizons (SH). Sponge horizons may vary
from a few decimeters to several meters in thickness.
The correlation scheme shows that the thicknesses of
the layers (or groups) are almost always similar in these
two sections. In section of the Tokma ravine gray marl
with single layers of black (layer 17), pale gray (layer
30), and white (layer number 28) marls occurs. In the
section of the Chakh�Makhly ravine one can distin�

guish limestone layers (1, 4, and 6) in the thick marl
unit XXI. The content of insoluble residue, as calcu�
lated from thin sections, the CaCO3 concentration,
determined by the chemical method, as well as biotur�
bation area in deposits of the Chakh�Makhly ravine
section vary insignificantly.

An analysis of the complex of physical, chemical,
paleontological, and petrographic data together with
macroscopic observations allowed us to establish that
there are no fundamental differences between the
sponge and sponge�free horizons in the Chakh�Makhly
ravine. Such rhythmicity is explained by a periodic
additional supply of allochtonous sponges from the
shallower parts of the basin against the background of
eustatic variations in sea level and/or reorientation of
the bottom currents (Gabdullin et al., 2007).

Based also on similarities of the sponge and
sponge�free layers in the Tokma ravine section, Siza�
nov et al. (2006) proposed a new method for identify�
ing reservoir cyclites, which correspond to transgres�
sive and regressive events and phases of climate war�
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ming and cooling. Owing to this method, transgressive
(layers 1, 3–7, 8–12, 14–16, 17–20, etc.) and regres�
sive (layers 2, 13, 21–25, etc.) stages, as well as the
stages of relative warming (layers 2–3, 8–12, 15–16,
17–20, 21, etc.) and cooling (layers 1, 3–7, 12–14,
etc.) were established (Sizanov et al., 2006).

Sponge horizons are related to the beginning of the
warming and climate humidization (Fig. 6). The cor�
relation of the SH with an increase in the admixture of
terrigenous material and volume of bioturbated depos�
its is ambiguous. Climatic variations are geochemi�
cally confirmed by variations in the Si/Al ratio, as well
as the TM and Ca concentration.

The Si/Al ratio distribution curve is regarded as a
key curve for estimating the climatic variations. Hav�
ing compared the sampling sites for which there are
paleotemperature data, in the section of unit XXI on
Mt. Besh�Kosh and in the Tokma ravine section, we
were able to determine the range of seawater pale�
otemperature variations (from 20.5 to 22°C). As a rule,
the beginning (base) of the sponge horizon corre�
sponds to the warming; its end (top) corresponds to
the cooling.

Variations in the Paleodepth (Fig. 7) were con�
firmed by the character of the distribution of Cu con�
centration, as well as the TM, Fe/Mn and Ti/Mn ratio
values. The Fe/Mn ratio distribution curve is the most
representative. In order to construct a local paleo�
bathymetric curve, we used depth values from the
regional curve (Nikishin et al., 2006) and the previ�
ously published data.

The beginning (base) of the SH usually coincides
with the relative submergence of the basin and/or the
possible weakening of drift of terrigenous material; the
termination (top) coincides with the relative shallow�
ing and/or possible intensification of drift. Variations
in the paleodepth are also confirmed by the shape of
the magnetic�susceptibility distribution curve in the
section (Fig. 7).

The decrease in the magnetic susceptibility is
related to the transgression stage and the offshore dis�
tance (a source of ferromagnetic minerals) and the
increase is related to the regression stage and the prox�
imity of a provenance area. The good correlation
between the magnetic susceptibility and Fe/Mn ratio
curves should be emphasized.

Variations in Salinity are correlated with variations
in Zn, V, Cu, as well as the Sr/Ba ratio (Fig. 8). The
distribution curve of the Cu concentration is regarded
as the most representative curve for estimating the
variations in salinity. The beginning of the formation
of the SH is correlated with an increase in salinity; the
end of the formation is correlated with a decrease in
salinity. As a result, the sponge horizon is related to a
single climatic cycle (cooling–warming), a single
eustatic cycle (transgression–regression), and single
cycle of variations in salinity (salinity–desalination).

The Staroselie section is a low�thickness section of
terminal Maastrichtian and basal Danian deposits
(Fig. 9), which was investigated in the area of the
former village of Staroselie, the northeastern outskirts
of Bakhchisaray (Fig. 1, section 1).

Climatic and temperature variations are confirmed
by rhythmic variations in Ca, V, and Ni concentra�
tions, as well as Sr/Ba and TM values. Only the Ni
concentration and TM values are off of the general
trend of the distribution of the other parameters listed
above. Having summarized the distribution of Ca and
V and the Sr/Ba ratio, we constructed a local paleocli�
matic curve based on geochemical data (Fig. 9a). We
then correlated the results we obtained with data on
the distribution of fossils, indicators of environmental
conditions (pectenids, for example) and paleotemper�
ature data (32.3–34.1°C) and constructed a synthe�
sized local paleotemperature curve (Fig. 9b), taking
the literature data into account (Gabdullin, 2002). As
follows from the analysis of this curve, the Creta�
ceous–Paleogene boundary deposits in the Staroselie
section is related to the stage of cooling to 23°C.

Variations in the basin paleodepth in this section at
the end of Maastrichtian are constrained by variations
in the Pb and Zn concentrations, as well as the values
of the Mn/Ni and Ti/Mn ratios and the TM, PM, and
SM modules. However, the distribution of the KM
module and the Mn/Ni ratio are characterized by a
trend that is opposite to that of the above�listed
parameters. Taking the identified bivalves into
account, indicators of environmental conditions
(Pecten, Chlamys, Ostrea, Pholadomya), that coexist in
a depth range of 10–40 m, as well as the regional pale�
obathymetric curve (Nikishin et al., 2006), we con�
structed a local paleobathymetric curve for the Sta�
roselie shallow�seawater section. Salinity in this mar�
ginal part of the Tethys Ocean increased in the late
Maastrichtian (Fig. 10b), but it did not exceed 30 ppm
(the critical value for oysters of the genus Ostrea). This
tendency was established based on variations in the dis�
tribution of V, Cu, and Zn, as well as the Sr/Ba ratio.
Thus, the dataset we obtained by studying four sections
in the Bakhchisaray area and taking data on the Sevas�
topol area into account allows us to clarify the pale�
otemperature estimates that are given in Fig. 11.

The calculated paleotemperature values for the ter�
minal Maastrichtian deposits in the Staroselie and
Besh�Kosh sections are well correlated with each
other.

CONCLUSIONS

Based on a comprehensive study of Maastrichtian
deposits in four sections (Staroselie, Besh�Kosh,
Chakh�Makhly, and Tokma) in the Bakhchisaray area
and two sections in the Sevastopol area (Maloe
Sadovoe and Tankovoe) the sedimentation conditions
on the southern margin of the Tethys Ocean were
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specified (Fig. 12). For this purpose, we used the geo�
chronological scale from (Hardenbol et al., 1998).

We propose models of the variations of tempera�
ture, salinity, and depth in the waters of the marginal
part of the Tethys Ocean in the Maastrichtian.

In general, the temperature of the oceanic water
from the Early to Late Maastrichtian increased from
14.6°C to 37.5°C, respectively. The warming of the cli�
mate took place against the background of a short�
term regressive stage in the Early Maastrichtian, fol�
lowed by successive transgression, which lasted until
the Middle Maastrichtian. In the second half of the
Maastrichtian Stage transgression was followed by
regression with a short transgressive pulse at the end.

The variation in the depth range was different by an
order of magnitude, approximately from 40 to 400 m.
Transgression was accompanied by an increase in the
salinity of oceanic waters (to 30 ppm); regression was
accompanied by a decrease in the salinity (to about
12–24 ppm).

The strong paleotemperature variations and high
Tvalues at the end of the Maastrichtian could be con�
nected with global planetary events: the fall of an
asteroid with a diameter of about 11 km into the Atlan�
tic Ocean (Chicxulub crater) and the outpouring of
the Deccan trap basalts in India (Fig. 12).

In addition, the δ18O variations can be connected
with variations in the composition of accumulated
carbonates and water salinity that eventually resulted
in an increase in the temperature.

A detailed study of the nature of the rhythmicity in
the deposits of unit XXI, which contains sponge and
sponge�free interlayers, showed that, as a rule, the
beginning (base) of the sponge horizons is related to
the relative warming, submergence, and/or a possible
weakening of the drift of terrigenous material and an
increase in the salinity of the Tethys ocean waters; the
end (top) is related to the cooling, relative shallowing
and/or a possible intensification of the drift of terrige�
nous material and a decrease in the salinity of the
waters of the Tethys Ocean.

Based on the data that are available on the sections
of Staroselie, Besh�Kosh, and Maloe Sadovoe, con�
solidated regional curves of δ18O and δ13C variations
were constructed for Maastrichtian deposits in the
Crimean Mountains (Fig. 12).

Owing to correlation of these curves with curves of
δ18O and δ13C variations in the Moulinex�1 section
(Texas, United States (Keller et al., 2009), we obtained
a good correlation with the hemostratigraphic
scheme. The results we obtained allow us to determine
the stratigraphic position of an impact event at the end
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of the Maastrichtian Stage in the sections of the
Crimean Mountains, as well as to compile a hemos�
tratigraphic correlation scheme of sections of the
Crimean Mountains and other regions.
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