
Late Jurassic–Late Cretaceous is considered a time of 
increasing temperatures and “greenhouse conditions” 
(Scotese 2016). This period is marked by several episodes 
of widespread anoxia and enhanced productivity in the 
oceans (Jenkyns 2010, Scotese 2014), resulting in black 
shale deposits known in the Cretaceous as Oceanic Anoxic 
Events (OAE) (Schlanger & Jenkyns 1976). The Early 
Aptian OAE 1a (Selli Event, ~120 Ma) lasting ~1–1.4 
Ma (Li et al. 2008, Malinverno et al. 2010) coincided 
with both the beginning of significant warming and 
a short-term drop  in δ13C values in marine carbonates 
(e.g., Menegatti et al. 1998, Zakharov et al. 2013). The 
event could be caused by an activation of large igneous 
provinces (Larson & Erba 1999, Tejada et al. 2009, Keller 
et al. 2011, Percival et al. 2021) or release of methane gas 
hydrate trapped in oceanic sediments (e.g., Jahren et al. 
2001, Van Breugel et al. 2007) leading to sudden addition 
of isotopically light volcanic CO2 to the atmosphere and 
oceans. Similar events are known from the Jurassic, e.g. 

the Toarcian anoxic event (French et al. 2014) and the 
“Late Jurassic anoxic event” (Trabucho-Alexandre et al. 
2012, Nozaki et al. 2013). 

At the moment, deposits rich in organic matter (OM)  
are of increasing interest since they are a potential 
source of hydrocarbons and an indicator for climate and 
environmental changes, but also may comprise itself  
a source of greenhouse gases, such as methane (Maksyu-
tova et al. 2018). 

There is a general acceptance confirmed by the results 
from the Tethys, Atlantic, and Pacific oceans, North Sea, 
Russian Platform, Lower Saxony, and many other basins 
that major warming characterized OAE 1a (Selli Event), 
which began before and reached a maximum during initial 
OAE 1a (e.g., Erba et al. 2010, Zakharov et al. 2013, 
Bottini et al. 2015). The rest of the OAE 1a interval was 
marked by subsequent “cold snap”, and a further cooling 
took place when the uppermost part of the organic carbon-
rich level was deposited (e.g., Bottini et al. 2015).
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Considering the anoxic events have been well studied 
and described in many studies, the general presentation 
of the consequences of these events is characterized 
by temperature maximum, hydrothermal and volcanic 
driven ocean fertility increase, extensive transgressions, 
stagnation of hydrodynamic regime of basins, and stra ti - 
fication of water masses, decrease in dissolved oxygen in 
the water, biotic crisis, and conditions under which the 
OM does not oxidize and is preferably preserved in the 
sediments (Schlanger & Jenkyns 1976, Jenkyns 2010). 

The main feature of benthic foraminiferal assemblages 
during the OAE 1a in different regions of the Tethys Ocean 
is a dramatic decrease in both diversity and abund ance or 
their total absence (Premoli Silva et al. 1999, Friedrich 
2010, Moosavizadeh et al. 2014, von Bargen & Leh - 
mann 2014). Together with the above-mentioned oxygen 
decrease and wide-spread hydrogen sulphide contamin-
ation, the most pernicious outcome for benthic microfauna 
could be a contamination of sediments by toxic metals 
(TM) (Murray 2006, Galiakberov et al. 2018). 

The degree and extent of toxic-metal pollution in 
recent sediments as a result of human activities has been  
one of the main topics studied in environmental geo-
chemistry. In addition to anthropogenic metal inputs, 
high levels of potentially toxic elements are present in 
natural geochemical materials, such as Cd, Mo, and other 
heavy metals in black shales throughout the world (e.g., 
Atkinson 1967, Vine & Tourtelot 1970, Lund et al. 1981, 
Lee et al. 1998, Poňavič et al. 2006, Ketris & Yudovich 
2009). 

One of the problems to solve was to estimate the ex-
tent of anoxia and the degree of the TM contamination 

in the Lower Aptian OAE 1a-related black shales from 
the epeiric sea of the North-Eastern Peri-Tethys (Eastern 
Russian Platform) and to compare the results with those 
in the Late Jurassic OAE-related black shales and host 
mudrocks. The second one concerns the relationships be-
tween benthic foraminiferal abundance and diversity and 
black shales contamination in TM.

Bulk-rock samples of bituminous rocks from two 
anoxic levels (the Early Aptian Ulyanovsk Formation 
[Fm] and the Middle Volgian Promzino Fm) from the 
Tatar-Shatrashany borehole (Eastern Russian Platform) 
were studied, to address the problem under discussion.

Finally, to generalize the data obtained the task was 
to provide a paleoenvironmental model for the pre-OAE 
1a, OAE 1a, and post-OAE 1a conditions in the North-
Eastern Peri-Tethys, including paleoclimate and sea-level 
fluctuations.

Geologic setting and paleogeography

Twenty-nine cores of bituminous rocks from two anoxic 
levels and host mudrocks, 210 m in total thickness were 
studied from the Tatar-Shatrashany borehole which was 
drilled for geological survey purposes in the Republic of 
Tatarstan, Russian Federation. It is located in the eastern 
part of European Russia, 70 km northwest of the city of 
Ulyanovsk (E 47.383122°, N 54.554399°) (Fig. 1).

Rocks of the Tatar-Shatrashany borehole were depo s - 
ited on the North-Eastern Peri-Tethys (Eastern Russian 
Platform) within an epeiric sea acting as a marine strait 
connecting the Tethys Ocean with the Boreal-Arctic 
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Figure 1. Location of studied area: A – on the Early Aptian paleogeographic map (simplified from Scotese 2014); B – on the tectonic scheme of the 
Eastern Russian Platform (simplified from Olferiev et al. 2008).

A B



Sea during the Early Aptian (Fig. 1A) (Scotese 2014). 
Palaeolatitude of the site determined using http://paleo
latitude.org for the age of 120 Ma is 45.34° N. Seawater 
palaeotemperatures calculated from oxygen isotopic 
analyses of aragonite bivalve shells and hetero morphic 
ammonites from the Lower Aptian black shales of the 
Eastern Russian Platform showed extremely high values 
24–33.2 °C (Zakharov et al. 2013).

Tectonically, the section belongs to the Ulyanovsk-
Saratov Trough (Fig. 1B) which stretches in the eastern 
part of the Russian Platform for more than 850 km being 
filled with Middle Jurassic–Paleogene deposits (Olferiev 
et al. 2008). 

The Upper Jurassic–Lower Cretaceous strata of the  
Tatar-Shatrashany borehole consist of the Upper Kim-
meridgian–Middle Volgian (Upper Tithonian) and the 
Upper Hauterivian–Middle Albian successions (Zorina 

2014, 2016). The Upper Jurassic sequence comprises 
bluish-gray and light gray carbonate mudrocks and 
marlstones, up to 25 m in thickness (Upper Kimmeridgian 
Novikov Fm and Lower–Middle Volgian Trazov Fm) 
which are overlapped by black shales of the Middle Vol-
gian Promzino Formation. The Promzino Fm consists 
of dark brown thinly laminated bituminous shales and 
bituminous mudrocks, 6 m in thickness. Benthic foram - 
i nifers from the Upper Jurassic Lenticulina infravolgaen
sis – Saracenaria pravoslavlevi Zone are found in the 
Promzino black shales (Fig. 2). It is overlaid by greenish-
gray sandstones, with phosphorite pebbles, 0–1.5 m in 
thick ness (Upper Volgian Undor Fm) (Zorina 2007) (Fig. 2).

The total organic carbon (TOC) content in the Prom-
zino black shales varies from 8.4 to 27.3 % (Zorina 2009, 
2014) (Fig. 2). This organic carbon-rich formation is 
regarded as a manifestation of the Late Jurassic OAE, 
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Figure 2. Upper Jurassic–Lower 
Cretaceous strata of the Tatar-
Shatrashany Borehole (East-
ern Russian Platform) (Zorina 
2016) and TOC content of rocks 
(Zorina et al. 2020). Legend:  
1 – sandstones; 2 – mudrocks;  
3 – marlstones; 4 – black shales; 
5 – bituminous mudrocks; 6 – nor-
mal polarity; 7 – reverse polarity.
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the sedimentary expressions of which are reported from 
different regions of the world; in particular, the Bazhenov 
Fm of the West Siberian Platform (Ulmishek 2003) and 
voluminous sulphide deposition in Panthalassa (Nozaki  
et al. 2013).

The Lower Cretaceous (Upper Hauterivian–Middle 
Aptian and Middle Albian) deposits are presented by 
highly bioturbated dark gray, mostly carbonate-free 
mudrocks, with rare interlayers of quartz sandstones. 
The thickness of the Upper Hauterivian Klimov Fm is 
more than 60 m, of the Barremian Uren Fm is more than  
40 m, of the Aptian Khmelev, Ulyanovsk, Studenets, and 
Zarykley formations is about 90 m, and of the Albian Alov 
Fm is up to 130 m (Fig. 2, Tab. 1). 

Importantly, the Lower Aptian black shales (Ulya-
novsk Fm), 4.2 m in thickness (Fig. 2), are reported to 
correlate with OAE 1a (Gavrilov et al. 2002, Zorina et 
al. 2017). The Ulyanovsk Fm consists of dark brown 
thinly-laminated bituminous mudrocks (1–5 mm thick) 
with pyrite interlayers, composed of high-carbon closely-
packed pyrite framboids indicating dysoxic conditions 
(Zorina et al. 2017). The TOC values vary between  
6.1–10.0 %. The black shales are interbedded by con-
cretionary limestone, 1.2 m in thickness, with the TOC 
content of 1.3 % (Fig. 2) (Zorina et al. 2020). Benthic 
foraminifers are abundant in the succession studied, 
except the Lower Aptian black shales where they were not 
found (Fig. 2).

Methods
 

Trace element analyses (V, Ni, Cu, Zn, As, Se, Mo, Cd, 
W, Pb, U, and Th) of twenty-nine bulk-rock samples 
from the Tatar-Shatrashany core were undertaken using 
an inductively coupled plasma mass spectrometer iCAP 
Qc (ThermoFisher Scientific, Germany). The obtained 
concentration values were recalculated to the initial 
concentration considering the empty sample, sample mass, 
and dilution of the solution. Additionally, concentrations 
of Al were investigated in the same samples that were 
used for ICP-MS using the S8 Tiger X-ray fluorescence 
wave-dispersion spectrometer (Bruker, Germany). The 
obtained spectrum was processed by the fundamental 
parameter`s method, and automatic recognition errors.

Redox-sensitive element concentrations and their 
ratios (Mo, Mo/TOC, U/Th, Uau expressed as U – Th/3,  
V/Al, U/Al, Mo/Al, TOC/Ptot) were used for estimating 
the degree of the anoxic condition. 

Scanning electron microscope method was applied 
to determine pyrite framboids in six samples from both 
Ulyanovsk and Promzino black shales and when present, 
their size distribution was measured. The surface of the 
natural sample chip was examined with an XL-30 ESEM 

scanning electron microscope. Microprobe analysis of the 
element composition at selected points of the sample was 
carried out with an energy-dispersive X-ray spectrometer. 

The analyses were conducted at the Institute of 
Geology and Oil and Gas Technologies, Kazan Federal 
University (Russia).

The quantitative treatment of the diameters of pyrite  
framboids was used as an additional tool for the re con-
struction of the redox conditions of the marine environ-
ment (Wignall et al. 2005, Bond & Wignall 2010). 

To estimate the extent of sediment contamination in 
TM, ten trace elements identified as highly hazardous 
(As, Cd, Se, Pb, Zn), moderately hazardous (Ni, Mo, Cu), 
and low hazardous (V, W) metals according to Russian 
ecological Standard (Vodyanitskii 2012) were taken for 
further evaluation.

Geo-accumulation index (Igeo) is used as a quantitative 
measure of heavy metal pollution in aquatic sediments 
(Müller 1969) calculated by comparing current con-
centrations with geochemical background value metal 
in the Upper Continental Crust (Rudnick & Gao 2003), 
where, Cn – concentration of metal in sediment; Bn –  
background concentration of metal in the Upper Con-
tinental Crust (Rudnick & Gao 2003); 1.5 – a factor used  
to minimize the effect of possible variations in the back-
ground values which may be due to lithological variations 
in the sediments. 

According to Müller (1969) seven different classes of 
Igeo values are established (Tab. 1).

Measurement of foraminiferal abundance and diversity 
was provided using the results of microfaunal analysis 
(Zorina & Startseva 2010) of twenty-nine core samples 
from the same depth as those for geochemical analyses. 
The number of species of benthic foraminifers per 100 g 
of rock for each sample was taken from the microfaunal 
analysis performed by the paleontologist G.N. Startseva, 
and recalculated to the number of specimens per 1 m2. 
Both data were used in constructing quantitative curves 
in order to study foraminiferal abundance and diversity 
throughout the section.

Class Igeo values Sediment quality 

0 ≤ 0  Uncontaminated 

1 0–1 Uncontaminated to moderately contaminated 

2 1–2 Moderately contaminated 

3 2–3 Moderately to heavily contaminated 

4 3–4 Heavily contaminated 

5 4–5 Heavily to extremely contaminated 

6 ≥ 5  Extremely contaminated 

Table 1. Different classes of Igeo values (Müller 1969).
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Results

Trace elements redox proxies

Raw geochemical data including the concentrations of 
TM and Al for the Upper Jurassic–Lower Cretaceous 
rocks from the Tatar-Shatrashany section are given in 
Table 2. The black shales of the Promzino and Ulya-
novsk formations show considerable Mo and Mo/TOC  
enrichment (Tab. 3, Fig. 3), with Promzino shales having  
Mo values in the 22–24 ppm range, whereas the Ulya novsk 
shales have higher values, some in excess of 140 ppm.  
The lowest Mo concentrations (5.7 ppm or less) occur in 
the organic carbon-poor Novikov and Trazov marls and 
Klimov–Alov mudrocks. The Mo/TOC ratios of the Ulya-
novsk shales are of the highest values varying from 10.3 
to 41.6, whereas the Promzino shales display much lower  
values in the 0.8–2.9 range. The host organic carbon-
poor rocks have a wide range of values, thus mud rocks 
from the Lower Cretaceous formations show Mo/TOC  
values in the 0.4–3.1 range, the Upper Jurassic marls 
display the 3–9.1 range.

Both Promzino and Ulyanovsk black shales have  
U/Th ratios from 1.4 to 2.6, while the host marls and 

mudrocks show values in the 0.1–0.5 range (Table 3;  
Fig. 3).

The Uau content in the Promzino black shales is found 
in the 11.1–11.9 ppm range, while the Ulyanovsk black 
shales show 5.7–17.8 ppm. It is noteworthy that the 
organic carbon-poor rocks reveal consistently low values 
of the Uau about −2.4–2.8 ppm (Tab. 3, Fig. 3).

Both organic carbon-rich formations display V/Al,  
U/Al, and Mo/Al ratios in the 34.7–48.3, 1.8–4.5, and 
26.5–126.5 ranges, respectively, whereas organic carbon-
poor strata show these ratios in the 15.4–28.8, 0.2–1.0, 
and 2.2–72.2 ranges, respectively (Tab. 3, Fig. 3).

The Promzino and Ulyanovsk black shales show 
TOC/P ratio in the 74.6–112 and 26.5–125 ranges, re-
spectively whereas the host mudrocks display much lower 
values in the 2.2–72.2 range (Tab. 3, Fig. 3). 

Pyrite framboids shape and distribution

Pyrite framboids are found in both Promzino and 
Ulyanovsk black shales (Fig. 4). Most framboids have 
close-packed shape, but the Promzino black shales contain 
both close-packed and disintegrating framboids (Fig. 4). 

Figure 3. Stratigraphic variations of redox proxies for the Tatar-Shatrashany section. Gray stripes trace the organic carbon-rich intervals.



128

Bulletin of Geosciences • Vol. 97, 1, 2022

Sa
m

pl
e

D
ep

th
(m

)
Fo

rm
at

io
n

Li
th

ol
og

y
V

N
i

A
s

Se
M

o
C

d
W

U
Th

A
l 2O

3

(p
pm

)
(p

pm
)

(p
pm

)
(p

pm
)

(p
pm

)
(p

pm
)

(p
pm

)
(p

pm
)

(p
pm

)
(%

)

1/
3

43
D

ar
k 

gr
ay

 m
ud

ro
ck

18
8.

33
23

.8
0

3.
95

2.
24

0.
05

1.
64

2.
92

9.
34

13
.8

5

1/
4

48
D

ar
k 

gr
ay

 m
ud

ro
ck

19
7.

71
75

.6
2

3.
06

1.
51

0.
14

1.
57

1.
61

8.
82

13
.4

0

1/
5

54
A

lo
v

D
ar

k 
gr

ay
 m

ud
ro

ck
18

6.
96

34
.5

9
3.

73
2.

67
0.

18
1.

66
1.

70
9.

33
14

.7
3

1/
6

57
D

ar
k 

gr
ay

 m
ud

ro
ck

24
7.

65
39

.4
6

10
.6

3
3.

61
1.

20
0.

08
1.

64
2.

07
9.

67
12

.5
6

1/
7

67
D

ar
k 

gr
ay

 m
ud

ro
ck

21
6.

17
79

.3
8

10
.3

8
4.

19
1.

00
0.

26
1.

71
2.

16
11

.1
0

18
.3

4

1/
8

73
D

ar
k 

gr
ay

 m
ud

ro
ck

22
9.

55
59

.4
0

10
.4

2
5.

81
0.

68
0.

08
1.

75
1.

76
12

.4
3

18
.8

4

1/
9

76
D

ar
k 

gr
ay

 m
ud

ro
ck

19
6.

27
73

.6
2

17
.4

7
4.

93
0.

52
0.

12
1.

52
2.

52
11

.3
7

18
.5

5

1/
10

85
Za

ry
kl

ey
D

ar
k 

gr
ay

 m
ud

ro
ck

14
0.

59
39

.9
3

12
.2

3
4.

70
0.

35
0.

13
1.

41
1.

97
9.

38
17

.1
9

1/
11

91
D

ar
k 

gr
ay

 m
ud

ro
ck

26
2.

77
65

.8
5

19
.8

3
5.

10
0.

98
0.

15
1.

78
2.

59
13

.2
7

19
.6

5

1/
12

94
D

ar
k 

gr
ay

 m
ud

ro
ck

26
1.

76
68

.8
1

34
.9

9
5.

24
1.

83
0.

22
1.

57
3.

03
12

.5
1

17
.1

9

1/
13

10
0

St
ud

en
et

s
D

ar
k 

gr
ay

 m
ud

ro
ck

18
5.

00
63

.7
5

23
.3

7
3.

93
5.

72
0.

34
1.

83
4.

95
11

.1
8

15
.4

8

1/
14

10
5

B
ro

w
ni

sh
-g

ra
y 

bl
ac

k 
sh

al
e

68
.8

3
36

.9
9

27
.3

4
1.

02
99

.3
5

2.
04

0.
36

6.
56

2.
53

3.
75

1/
14

a
10

6
B

ro
w

ni
sh

-g
ra

y 
bl

ac
k 

sh
al

e
30

9.
07

11
9.

81
25

.9
7

16
.7

6
10

2.
96

2.
13

1.
08

12
.9

3
8.

69

1/
15

10
7

G
ra

y 
m

ar
ls

to
ne

80
.7

4
38

.3
6

7.
00

0.
00

53
.0

4
0.

46
0.

41
8.

22
2.

08
3.

42

1/
16

10
7.

8
U

ly
an

ov
sk

B
ro

w
ni

sh
-g

ra
y 

bl
ac

k 
sh

al
e

30
4.

88
13

3.
92

24
.9

5
4.

39
11

1.
89

2.
48

1.
33

12
.3

4
9.

08
12

.8
0

1/
16

a
10

8
B

ro
w

ni
sh

-g
ra

y 
bl

ac
k 

sh
al

e
26

3.
40

13
6.

10
27

.6
4

4.
26

10
6.

49
8.

74
1.

24
15

.2
4

9.
73

11
.1

2

1/
17

10
9

D
ar

k 
gr

ay
 m

ud
ro

ck
32

8.
99

14
4.

37
28

.9
2

3.
75

14
7.

34
5.

35
1.

95
21

.1
8

10
.2

8
12

.8
7

1/
18

11
5

K
hm

el
ev

D
ar

k 
gr

ay
 m

ud
ro

ck
19

9.
69

66
.5

6
16

.1
0

4.
98

2.
38

0.
11

2.
04

2.
59

13
.0

8
18

.1
4

1/
19

12
0

D
ar

k 
gr

ay
 m

ud
ro

ck
21

0.
85

60
.8

2
8.

27
4.

95
1.

55
0.

13
1.

75
2.

39
13

.3
8

18
.3

0

1/
20

13
0

D
ar

k 
gr

ay
 m

ud
ro

ck
20

5.
56

66
.9

7
18

.2
4

5.
36

0.
78

0.
22

1.
58

2.
31

12
.5

6
16

.4
3

1/
21

13
8

G
re

en
is

h-
gr

ay
 si

lts
to

ne
15

5.
66

26
.2

4
11

.7
6

4.
07

0.
46

0.
07

0.
87

1.
47

8.
70

15
.1

4

1/
22

14
8

U
re

n
D

ar
k 

gr
ay

 m
ud

ro
ck

15
8.

52
52

.2
5

9.
66

3.
65

0.
42

0.
13

1.
67

2.
05

10
.6

7
17

.3
5

1/
23

18
0

D
ar

k 
gr

ay
 m

ud
ro

ck
25

4.
96

66
.4

6
14

.2
9

5.
20

1.
04

0.
13

1.
86

2.
30

11
.6

7
17

.9
2

1/
24

19
0

K
lim

ov
D

ar
k 

gr
ay

 m
ud

ro
ck

26
7.

99
48

.0
2

26
.0

6
2.

44
1.

91
0.

11
1.

99
2.

35
11

.9
0

17
.6

3

1/
25

22
0

D
ar

k 
gr

ay
 m

ud
ro

ck
20

1.
45

59
.3

7
21

.8
0

3.
91

0.
58

0.
63

1.
62

2.
65

13
.4

4
17

.6
7

1/
26

24
0

Pr
om

zi
no

B
ro

w
ni

sh
-g

ra
y 

bl
ac

k 
sh

al
e

14
1.

68
15

9.
47

20
.1

4
3.

18
22

.4
8

1.
79

0.
75

13
.1

6
6.

20
6.

72

1/
27

24
1

B
ro

w
ni

sh
-g

ra
y 

bl
ac

k 
sh

al
e

14
2.

82
13

7.
06

28
.7

7
3.

42
24

.1
7

2.
21

0.
72

14
.0

9
6.

59
7.

45

1/
29

25
7

Tr
az

ov
B

lu
is

h-
gr

ay
 m

ar
ls

to
ne

12
0.

71
22

8.
37

9.
39

3.
41

3.
19

0.
83

1.
24

5.
08

10
.1

7
9.

66

1/
30

29
3

N
ov

ik
ov

B
lu

is
h-

gr
ay

 m
ar

ls
to

ne
15

8.
49

10
9.

69
11

.3
7

3.
52

1.
80

0.
13

2.
16

3.
12

13
.0

5
13

.2
0

Ta
b

le
 2

. R
aw

 g
eo

ch
em

ic
al

 d
at

a 
fo

r t
he

 U
pp

er
 Ju

ra
ss

ic
–L

ow
er

 C
re

ta
ce

ou
s r

oc
ks

 fr
om

 th
e 

Ta
ta

r-S
ha

tra
sh

an
y 

se
ct

io
n.



129

Svetlana O. Zorina • Early Aptian OAE 1a black shales in the Eastern Russian Platform

Pyrite framboid distributions are shown in Table 4 and 
their size is plotted in the graphic log (Fig. 4). The samples 
from the Lower Aptian OAE-1a reveal mean diameters of 
pyrite framboids between 6.8 μm and 8.1 μm and standard 
deviation 1.7–2.2 μm. Whereas, pyrite framboids found in 
the Middle Volgian black shales display higher mean dia m- 
eters (7.2–7.9 μm) and standard deviation (2.8–3.0 μm).

Geoaccumulation index

The obtained Igeo values revealed that all the samples 
from the organic carbon-poor host rocks fell within the 
uncontaminated to moderately contaminated categories 
by Pb, Zn, Ni, Cu, and V (Tab. 5, Fig. 5). But, the 
Middle Volgian Promzino black shales fell within the 

Sample
Mo 

(ppm)
Mo/TOC 
(ppm/%)

U/Th 
(ppm/ppm)

Uau
V/Al 

(ppm/%)
U/Al 

(ppm/%)
Mo/Al 

(ppm/%)
TOC/Ptot 
(%/%)

1/3 2.2 1.7 0.3 −0.2 25.7 0.4 0.3 38.7

1/4 1.5 0.9 0.2 −1.3 27.9 0.2 0.2 72.2

1/5 2.7 1.6 0.2 −1.4 24.0 0.2 0.3 18.3

1/6 1.2 0.8 0.2 −1.2 37.3 0.3 0.2 7.4

1/7 1.0 0.7 0.2 −1.5 22.3 0.2 0.1 16.5

1/8 0.7 0.4 0.1 −2.4 23.0 0.2 0.1 26.2

1/9 0.5 0.4 0.2 −1.3 20.0 0.3 0.1 17.1

1/10 0.4 0.4 0.2 −1.2 15.4 0.2 0.0 9.7

1/11 1.0 0.7 0.2 −1.8 25.3 0.2 0.1 25.6

1/12 1.8 1.1 0.2 −1.1 28.8 0.3 0.2 31.5

1/13 5.7 2.2 0.4 1.2 22.6 0.6 0.7 11.7

1/14 99.4 15.4 2.6 5.7 34.7 3.3 50.0 50.1

1/14a 103.0 10.3 1.5 10.0

1/15 53.0 41.6 4.0 7.5 44.6 4.5 29.3 26.5

1/16 111.9 14.8 1.4 9.3 45.0 1.8 16.5 125.0

1/16a 106.5 14.4 1.6 12.0 44.7 2.6 18.1 35.8

1/17 147.3 24.2 2.1 17.8 48.3 3.1 21.6 28.9

1/18 2.4 2.4 0.2 −1.8 20.8 0.3 0.2 3.6

1/19 1.6 1.4 0.2 −2.1 21.8 0.2 0.2 11.5

1/20 0.8 0.8 0.2 −1.9 23.6 0.3 0.1 16.3

1/21 0.5 1.5 0.2 −1.4 19.4 0.2 0.1 3.7

1/22 0.4 0.5 0.2 −1.5 17.3 0.2 0.0 10.2

1/23 1.0 0.8 0.2 −1.6 26.9 0.2 0.1 22.2

1/24 1.9 1.5 0.2 −1.6 28.7 0.3 0.2 40.6

1/25 4.0 3.1 0.5 2.8 25.3 0.8 0.4 50.5

1/26 22.5 0.8 2.1 11.1 39.8 3.7 6.3 112.2

1/27 24.2 2.9 2.1 11.9 36.2 3.6 6.1 74.6

1/29 3.2 9.1 0.5 1.7 23.6 1.0 0.6 2.2

1/30 1.8 3.0 0.2 −1.2 22.7 0.4 0.3 13.9

Table 3. Estimated redox proxies for the Upper Jurassic–Lower Cretaceous rocks from the Tatar-Shatrashany section. Gray intervals correspond to 
black shales.
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heavily to extremely contaminated categories by Cd and 
Мo (samples 1/26 and 1/27), while  the Lower Aptian 
black shales (samples 1/14–1/17) showed the extreme 
contamination by Cd and Мо as well (Fig. 5). 

Benthic foraminiferal diversity and abundance

A rich complex of benthic foraminifers was found in the 
study section (Zorina & Startseva 2010) for which a total 
number of specimens (per 1 m2) and a number of species 

in the sample are counted (Tab. 6, Fig. 5). The highest 
number of specimens and number of species (5680 and 14, 
respectively) occur in the organic carbon-poor Novikov 
marls and Klimov–Uren mudrocks (1400–3240 and 3–9, 
respectively). The Promzino and Ulyanovsk black shales 
show considerable low values of these two parameters 
varying for the number of specimens in the 0–1400 and 
0–520 ranges, respectively, and for the number of species 
in the 0–5 and 0–1 ranges, respectively. Noteworthy, most 
samples from the Ulyanovsk formation contain no benthic 
foraminifers.

Figure 4. Mean versus standard 
deviation plot of pyrite framboid 
data from the Lower Aptian and 
Middle Volgian black shales of the 
Tatar-Shatrashany section (Bond 
& Wignal 2010). SEM images and 
EDS of close-packed (samples 
1/14 and 1/26) and disintegrated 
(sample 1/26) pyrite framboid.

Substage Formation Sample Lithology Number 
of framboids

Framboid diameter (μm)

Max Min Mean
Standard 
deviation

Redox 
conditions

Lower 
Aptian Ulyanovsk

1/14 Black shales 38 8.6 7.9 8.1 1.7 Anoxic

1/16 Black shales 47 8.2 7.4 7.6 1.8 Anoxic

1/17 Black shales 55 7.1 6.2 6.8 2.2 Anoxic

Middle 
Volgian Promzino

1/26 Oil shales 25 9.4 6.5 7.2 2.0 Anoxic

1/27 Black shales 32 8.6 6.8 7.9 3.8 Dysoxic

1/27a Black shales 23 9.7 7.3 7.8 3.0 Dysoxic

Table 4. Pyrite framboid distributions in the upper Middle Volgian and Lower Aptian black shales from the Tatar-Shatrashany section.
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Figure 5. Distribution of dominant species of benthic foraminifers in the Upper Jurassic–Lower Cretaceous strata of the Tatar-Shatrashany borehole 
(modified from Zorina & Startseva 2010), foraminiferal abundance and diversity curves, and the Igeo curves for toxic metals.
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Discussion

Trace elements as indicators  
of redox conditions

As anoxic basins are widely thought to act as traps for 
stable sulphide-forming trace elements (e.g., Jacobs et 
al. 1985), specific elements must be located within  the 
sediments rather than in the water column (Emerson & 
Huested 1991). Several trace elements such as Mo, Cr, V, 

U, etc., are enriched in reducing sediments and are highly 
sensitive to redox changes, making them important proxies 
for paleo-redox reconstruction (Calvert & Pedersen 1993, 
Jones & Manning 1994, Crusius et al. 1996, Helz et al. 
1996, Algeo & Maynard 2004). 

U is stable in form of insoluble U4+ under highly red u- 
cing conditions, which leads to the U enrichment in 
sediments, whereas it exists as soluble U6+ under oxidiz-
ing conditions, leading to the U release from sediments 
(Wignall & Twitchett 1996, Guo et al. 2007). The U/Th  

Sample As Cd Pb Zn Ni Mo Cu V W

1/3 − −1.58 −0.65 −0.24 −1.57 0.44 −0.30 0.37 −0.80

1/4 − 0.08 −0.65 1.51 0.10 −0.12 0.51 0.44 −0.86

1/5 − 0.38 −0.72 0.16 −1.03 0.69 −0.55 0.36 −0.78

1/6 0.56 −0.67 −0.45 1.01 −0.84 −0.46 −0.57 0.77 −0.80

1/7 0.53 0.92 −0.10 2.13 0.17 −0.72 0.27 0.57 −0.73

1/8 0.53 −0.74 −0.22 0.85 −0.25 −1.28 0.28 0.66 −0.70

1/9 1.28 −0.17 −0.20 1.21 0.06 −1.66 −0.19 0.43 −0.90

1/10 0.76 −0.04 −0.53 0.67 −0.82 −2.22 0.70 −0.05 −1.01

1/11 1.46 0.18 −0.01 0.78 −0.10 −0.76 −0.02 0.85 −0.68

1/12 2.28 0.68 −0.10 0.86 −0.04 0.15 0.36 0.85 −0.86

1/13 1.70 1.32 −0.13 0.36 −0.15 1.79 0.93 0.35 −0.64

1/14 1.92 3.92 −2.30 0.08 −0.93 5.91 −0.80 −1.08 −2.99

1/14a 1.85 3.98 −0.50 0.08 0.77 5.96 0.85 1.09 −1.41

1/15 −0.04 1.78 −2.53 −0.52 −0.88 5.01 −0.66 −0.85 −2.80

1/16 1.79 4.20 −0.40 0.26 0.93 6.08 1.00 1.07 −1.10

1/16a 1.94 6.02 −0.37 3.18 0.95 6.01 0.89 0.86 −1.20

1/17 2.01 5.31 1.15 0.78 1.03 6.48 1.69 1.18 −0.55

1/18 1.16 −0.28 0.11 1.08 −0.08 0.53 0.37 0.46 −0.48

1/19 0.20 −0.06 −0.23 0.98 −0.21 −0.09 0.14 0.54 −0.70

1/20 1.34 0.73 −0.07 0.82 −0.07 −1.09 −0.11 0.50 −0.85

1/21 0.71 −0.99 −0.42 −0.24 −1.43 −1.83 −1.72 0.10 −1.71

1/22 0.42 −0.09 −0.40 0.68 −0.43 −1.96 −0.45 0.12 −0.77

1/23 0.99 −0.06 −0.40 0.77 −0.09 −0.67 0.23 0.81 −0.62

1/24 1.86 −0.32 −0.54 0.07 −0.55 0.21 −0.70 0.88 −0.52

1/25 1.60 2.22 −0.45 0.67 −0.25 −1.51 0.26 0.47 −0.81

1/26 1.48 3.73 −0.52 1.02 1.18 3.77 0.81 −0.04 −1.93

1/27 2.00 4.03 −0.69 1.48 0.96 3.87 1.13 −0.03 −1.99

1/29 0.38 2.62 −0.07 1.60 1.70 0.95 −0.24 −0.27 −1.20

1/30 0.66 −0.08 −0.29 0.50 0.64 0.12 −0.60 0.12 −0.40

Table 5. Index Igeo values for studied samples from the Tatar-Shatrashany section. Gray areas correspond to black shales.
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ratio has also been used as an indicator of redox condi-
t ions due to the different behavior of U and Th in terms 
of solubility (Rimmer et al. 2004). In contrast to U, Th 
is known to be a highly reactive-particle element being 
practically associated with clay minerals, insoluble debris, 
or heavy metals (Anderson et al. 1983). A ratio of U/Th  
higher than 1.25 marks an anoxic environment, and  
0.75–1.25 signals a suboxic to dysoxic environment, while 
a ratio less than 0.75 indicates an oxic environment (Jones 
& Manning 1994). In accordance with these assumptions, 

the Promzino and Ulyanovsk black shales are deposited 
in reducing environments of good preservation, while 
the host marls and mudrocks are deposited in the oxic 
conditions (Tab. 3, Fig. 3).

Wignall & Myers (1988) proposed the authigenic 
uranium content as an index of bottom water anoxia in 
ancient sedimentary sequences. The Uau content higher 
than 12.0 indicates anoxic conditions and 5.0–12.0 indi - 
cates suboxic to dysoxic conditions, while the Uau content  
lower than 5.0 indicates oxic conditions (Jones & Mann ing 

Table 6. Quantitative data on abundance and diversity of benthic foraminifers from the Upper Jurassic–Lower Cretaceous rocks of the Tatar-
Shatrashany section.

Samples
Stage/

Substage
Formation

Number of specimens 
per 100 gr

Number of specimens 
per 1m2

Number 
of species 

1/3

Mid Albian Alov

58 2320 5

1/4 63 2520 5

1/5 57 2280 6

1/6 37 1480 4

1/7

Mid Aptian Zarykley

19 760 3

1/8 32 1280 5

1/9 0 0 0

1/10 16 640 2

1/11 24 960 3

1/12 19 760 3

1/13 Studenets 21 840 2

1/14

Lower Aptian Ulyanovsk

13 520 1

1/14a 0 0 0

1/15 0 0 0

1/16 0 0 0

1/16a 0 0 0

1/17 3 120 1

1/18
Khmelev

8 320 1

1/19 13 520 8

1/20

Barremian Uren

35 1400 5

1/21 81 3240 7

1/22 44 1760 3

1/23 28 1120 6

1/24
Uper Hauterivian Klimov

45 1800 5

1/25 61 2440 9

1/26
Middle Volgian Promzino

0 0 0

1/27 35 1400 5

1/29 Lower Volgian Trazov 142 5680 14

1/30 Upper Kimmeridgian Novikov 41 1640 7
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1994). Our results mark mostly oxic conditions in which  
the host mudrocks are deposited. The Promzino black 
shales are formed in strongly dysoxic conditions, while 
the Ulyanovsk bituminous strata are deposited in the 
mostly dysoxic to euxinic conditions (Tab. 3, Fig. 3).

As trace element concentrations of marine sediment 
represent mixtures of both detrital and authigenic com po- 
 nents, it is only the concentrations of authigenic com-
po nents that vary in response to redox changes in the 
water column (Jiang et al. 2007). In order to minimize 
the effects of weathering and post-depositional alteration, 
it is customary to normalize trace element concentrations 
to Al contents (Tribovillard et al. 2006). The Promzino 
and Ulyanovsk black shales show distinctly high V/Al, 
U/Al, and Mo/Al ratios indicating reducing conditions, 
whereas organic carbon-poor strata show low values of 
these ratios marking oxic conditions in the basin (Tab. 3,  
Fig. 3).

Many researchers advocate the use of the TOC/P ratio  
as a robust proxy for productivity and bottom-water 
redox conditions (Tribovillard et al. 2006, Algeo & Ingall  
2007, Westermann et al. 2013). Increased levels of or-
ganic matter burial under anoxic bottom result in simul-
tan eous remobilization and escape of phosphorus from 
sediment into the water. Studies of modern marine en-
vi ron ments suggest that the TOC/P ratio of sediment 
that is deposited under permanently anoxic conditions 
is >150 whereas sediment that accumulated under oxic 
bottom-water conditions is characterized by TOC/P < 30. 
Intermediate values indicate dysoxic conditions (Algeo & 
Ingall 2007). Elevated TOC/P ratios in the organic carbon-
rich Promzino and Ulyanovsk Fms display that the strata 
were deposited under unstable oxic to anoxic conditions 
whereas the host mudrocks were formed mostly in oxic-
dysoxic conditions (Tab. 3, Fig. 3). 

Pyrite framboids as indicators  
of redox conditions

Pyrite framboids are well known as raspberry-shaped, 
spherical aggregates (2–50 µm in diameter) consisting of 
cubo-octahedral to octahedral, equimorphic microcrystals 
(0.5–2 µm) (Park et al. 2003, Cavalazzi et al. 2014). Pyrite 
framboids are very common in black shales being formed 
in weakly reducing euxinic conditions as synsedimentary 
precipitates due to bacterially driven iron- and sulfate-
reduction (Wignall et al. 2005, Oschmann 2011, Cavalazzi 
et al. 2014). 

There is no agreement on the origin of pyrite fram-
boids, probably because they could be formed under 
different environmental conditions. It has been assumed 
that magnetotactic bacteria could contain ferro mag- 
netic sulphides (Taylor 1983, Sawlowicz 1993). Farina 

et al. (1990) showed that a colony of magnetotactic 
bacteria is similar to framboids in appearance and size  
(5–10 µm). 

As homogenization of framboids usually spreads from  
the centre to the surface of the spherules, organic matter  
and clay particles may be captured as inclusions (Sawlo-
wicz 1993). The dense packing of the pyrite microgranules 
enveloping the organic matter in these fram boids sug-
gests a euxinic environment in the basin (Wang et al. 
2012). Thus, it would be appropriate to assume euxinia 
in the basin, a condition in which hydrogen sulphide 
concentrations increase to toxic levels (Meyer & Kump 
2008). Close-packed framboids found in both Promzino 
and Ulyanovsk black shales (Fig. 4) point to the strong 
deficiency of oxygen in the study basin during the Late 
Jurassic and Early Aptian OAEs (Zorina et al. 2017). But, 
disintegrating framboids identified in Promzino black 
shales (Fig. 4) indicate partial or complete dissolution of  
the organic matter inside the framboids, which resulted 
in their decay. In conjunction with the abundant faunal 
remains, this likely indicates an increasing water oxygen-
ation.

It has been established that abundant pyrite framboids 
can be found in areas of oxygen deficiency (dysoxic and 
anoxic conditions) and hydrogen sulphide contamination 
(euxinic conditions). In a basin with euxinia, due to the high 
density of framboids, their sizes remain uniformly small 
and do not vary over a wide range, whereas under con  - 
ditions of insignificant oxidization, the diameters of fram-
boids can differ markedly, while the standard deviation 
of their diameters is much larger than those formed under 
euxinic conditions (Bond & Wignall 2010). Consequently, 
the dependence of the mean diameters of framboids on 
their standard deviation makes it possible to reveal the 
distribution of framboids over the indicated areas on the 
Bond-Wignall diagram and to determine redox conditions 
in the basin (Wilkin et al. 1996, Wilkin & Barnes 1997, 
Wignall et al. 2010). 

The mean diameter versus standard deviation plot 
indicates anoxic or dysoxic depositional environments for 
studied organic carbon-rich levels. So, the samples from 
the Lower Aptian OAE-1a-related black shales plot within 
the field of anoxic conditions, whereas, samples from 
the Middle Volgian black shales plot within the fields of 
both dysoxic and anoxic conditions (Fig. 4). This could 
evidence for mutative conditions under which minor oxi-
dation alternated with periods of anoxia.

Benthic foraminiferal response to toxic metal 
contamination 

Benthic foraminifers from recent basins have been suc-
ces sfully used as proxies for studying the impact of 
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some pollutants, including heavy metals, chemicals, and 
oil, as well as thermal and organic contaminants. The  
development of test abnormalities is suitable for investi-
g ating the response of benthic foraminifers to stress in-
cluding pollution (Yanko et al. 1999, Frontalini et al.  
2009, Geslin et al. 1998). No malformations in the 
community of benthic foraminifers that could point to the 
toxicity of sediments were observed.

The response of benthic foraminifers to TM contam-
ination in the sea basins of the geological past is poorly 
discussed in scientific reports, but it is well observed for 
recent basins. As assemblages of benthic foraminifers 
are known to be continuously exposed to variable 
concentrations of TM in seawater (Begum 2012), they 
suffer a declining diversity as a response to TM pollution 
(Debenay & Fernandez 2009). The lowest foraminiferal 
diversity was found in the muddy sediments with high 
concentration of Cu, Zn, Pb, Cd, Hg, Cr, Ni, As, Rb, 
Br, and some others (Alve 1991, Alyazichi et al. 2014, 
Murray 2006, Caruso et al. 2011).

The calculated parameters of abundance and diversity 
of benthic foraminifers in the study section are generally 
correlated with each other, and their variation shows that 
the communities of benthic foraminifers were numerous 
and diverse in the Late Jurassic–Early Cretaceous, except 
for the Late Jurassic and Early Cretaceous anoxic episodes 
(Fig. 5). 

As buried foraminiferal assemblages represent the 
product of both subtle environmental changes and post-
deposit ional modifications (Olszewski 2004, Berkeley 
2009), low foraminiferal abundance and diversity 
could be caused by postpositional taphonomic effects. 
The effect of dissolution of foraminifers is well-known 
(Murray 1989, Murray & Alve 1999). Assemblages may  
experience compositional changes due to selective 
taphonomic loss during burial. Berkeley (2009) assumed 
that it could be caused by relative sea-level changes. 
Although this approach explains well recurring selective 
taphonomic losses in foraminiferal assemblages observed 
in the geological past, it can be applied mostly to 
modern sediments accumulating in narrowly constrained 
zones at specific positions relative to the tide (Berkeley 
2009). Thus, the observed decrease in foraminiferal 
abundance and diversity was probably not caused by the 
aforementioned post-depositional taphonomic effects but 
more likely by anoxic conditions and in particular, by TM 
contamination of sediments in which the foraminifers are 
buried.

In the Promzino black shales, five species of benthic 
foraminifers, including the zonal species Lenticulina 
infravolgaensis (Furs. et Pol.) are found only in few 
samples (Fig. 5). In most of Promzino sediment samples, 
the Igeo  index indicates significant contamination by Cd 
and Mo. 

On the contrary, benthic foraminifers are not found, 
and only a few specimens of the species Mjatliukaena 
aptiensis  (Mjatl.) are  identified at  the  lower and upper 
layers of the Ulyanovsk black shales (Fig. 5). At the 
same time, the concentrations of Cd and Mo in rocks are 
extremely high, and according to the index Igeo values, the 
sediments could be classified as extremely contaminated 
by Mo and moderately to extremely contaminated by Cd.

The effects of metal toxicity are known for some 
extant nannoplankton species. For example, cadmium 
inhibits calcification and copper is not tolerated by several 
coccolithophorid species (Brand 1994). In the Cretaceous, 
Biscutum suffered the presence of toxic metals introduced 
in large quantities via hydrothermal plumes (Erba 2004). 
Similar enrichment in Mo and some other toxic elements 
are reported to be observed in Lower Cambrian black 
shales in southern China (Poňavič et al. 2006).

To sum up, the integrated data provide an evidence 
for mostly dysoxic conditions in the North-Eastern Peri 
Tethys during the Late Jurassic anoxic event, during 
which the habitat conditions were not destructive for 
benthic foraminifers. The most toxic-resistant species was 
Lenticulina infravolgaensis (Furs. et Pol.).

Strong anoxia in Early Aptian ОАЕ 1а that contributed 
to the extremely contaminated sediments is considered 
to have been fatal for benthic foraminifers. The most 
toxic-resistant species was the zonal species Mjatliukaena 
aptiensis (Mjatl.).

Modeling paleoenvironments  
in the North-Eastern Peri-Tethys in Early Aptian

Since OAEs are interpreted as a concatenation of se di-
mentary, geochemical, and biological events (Jenkyns 
2010), the Late Jurassic and the Early Aptian OAEs may  
cause and record massive climate, sea-level, and environ-
mental changes in the epeiric basin of the North-Eastern 
Peri-Tethys. The most dramatic changes in depositional 
environments are found to take place during the Early 
Aptian OAE-1a which is shown in the paleoenvironmental 
models presented (Fig. 6). The latest Barremian–earliest 
Aptian (pre-event) conditions were favorable for nektonic 
inhabitants such as ammonites and belemnites due to 
normal oxygen circulation and seawater temperatures 
rang ing between 7 and 18 °C (Zakharov et al. 2013) 
(Fig. 6A). During this period, the bioturbated dark gray 
mudrocks with a significant contribution of  terrigenous 
mud, silt, and pyroclastic material accumulated at an 
estimated depth of around 200 m (Zorina 2009, 2014, 
2019; Zorina et al. 2020). Element geochemistry of the 
mudrocks confirms uncontaminated oxic conditions (Figs 
3, 5), which were suitable for benthic foraminifers and the 
activity of burrowing organisms. 
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Accompanied by global warming and eustatic high-
stand (Haq 2014) the OAE 1a has been manifested in 
the studied region by a rise in a seafloor temperature to  

25–33 °C (Zakharov et al. 2013), the 3rd order transgression 
(Zorina 2016), and basin depth increase to 250 m (Zorina 
2014, 2019) (Fig. 6 b). Normal oxygenated water cir-
culation was changed by “sluggish” water stagnation 
which has led to the deposition of laminated strata, 
organic matter burial, formation of close-packed pyrite 
framboids, and a spread of anoxia in the bottom part of 
the basin (Fig. 6B). The latest is evidenced by the elevated 
values of redox-sensitive elements and their ratios, and 
pyrite framboids diameter measurements (Figs 3–5). The 
Lower Aptian black shales showed extreme contamination 
by Мо  and Cd,  thus  the  anoxic  environment  became 
unsuitable for the life of benthic foraminifers due to the 
combined effects of oxygen deficiency, possible excess 
of free hydrogen sulphide, and elevated concentrations of 
toxic metals. 

The post-OAE 1a conditions are proposed to record 
a recovery phase during which normal water circulation 
was recovered (Fig. 6C). During this phase, the seawater 
temperatures varied between 27 and 30 °C (Zakharov et al.  
2013), water depth was estimated to be at about 250 m 
(Zorina 2014, 2019), and bioturbated uncontaminated dark 
gray mudrocks with TOC value of 2.6% accumulated. 
The toxic and disastrous consequences of the OAE 1a 
anoxia terminated and more suitable conditions for be n - 
thic foraminifers from the Lower Aptian Mjatliukaena 
aptiensis-Haplophragmoides aptiensis Zone were re-
stored directly above the black shales, including the only 
toxic-resistant species Mjatliukaena aptiensis (Mjatl.)  
(Fig. 5).

Conclusions
 

Reducing conditions are identified and toxic environments 
reconstructed during the OAE 1a in the deepening and 
transgressing epeiric basin in the North-Eastern Peri-
Tethys.

Extreme contamination of the OAE 1a-related black 
shales by Mo and Cd in conjunction with the absence of 
oxygen could result in conditions not suitable for benthic 
foraminifers dwelling. The key species Mjatliukaena ap
tien sis (Mjatl.) is regarded to be one of the toxic-resistant 
species that successfully recovered from the OAE 1a 
anoxic stress.

Comparing to the Late Jurassic OAE, the integrated 
data indicate moderately contaminated black shales and 
mainly dysoxic conditions under which habitat conditions 
were not completely detrimental for benthic foraminifers. 
The most toxic-resistant species was Lenticulina infravol
gaensis (Furs. et Pol.).

The paleoenvironment models integrated biotic and 
abiotic data may help to better understand modern climate 
changes.

Figure 6. Models to illustrate the variety of biotic and abiotic processes 
characteristic of the pre-OAE 1a (A), OAE 1a (B), post-OAE 1a (C) in 
the North-Eastern Peri-Tethys. Temperature is given after (Zakharov 
et al. 2013). Abbreviations: BF– benthic foraminifers; OM – organic 
matter. For Lithology, see Legend in Fig. 2.

A

B
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