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Abstract The Jurassic/Cretaceous boundary interval in
the northern hemisphere is characterized by the wide-
spread occurrence of black shales. About 60% of all
petroleum source rocks comprise sediments of late
Jurassic and early Cretaceous age with the origin of such
black shales still under discussion. In order to better
understand the factors that controlled black shale sedi-
mentation, 78 samples were analyzed for calcareous
nannofossils from two sections (Gorodische, Kashpir) of
the Volga Basin (NE Russia). Calcareous nannofossils are
ideal proxies for deciphering nutrient, temperature and
salinity fluctuations. Additionally 58 samples from both
sections were also analyzed for clay mineralogy, d13Corg ,
TOC and CaCO3 composition. Both sections contain
calcareous claystones and intercalated organic rich shales
overlain by phosphorite beds. The presence of the
calcareous nannofossil species Stephanolithion atmetros
throughout both successions allows a biostratigraphic
assignment to the S. atmetros Nannofossil Biozone (NJ
17), which corresponds to the Dorsoplanites panderi
Ammonite Biozone of the Middle Volgian. The marl-
stones of the Kashpir section yield a well-preserved rich
and diverse nannoflora, whereas all black shale beds are
essentially barren of calcareous nannofossils. Only the
uppermost black shale layers yield an impoverished
assemblage of low diversity and abundance. Geochemical
data suggest an early diagenetic nannofossil dissolution in
the black shales of the Kashpir section. This is supported
by the occurrence of coccoliths in black shale horizons of
the Gorodische section. The assemblages in both sections
are dominated by coccoliths of the Watznaueriaceae

group (Watznaueria barnesae, Watznaueria fossacincta,
Watznaueria britannica, Watznaueria communis), Biscu-
tum constans and Zeugrhabdotus erectus. In Kashpir rare
specimens of Crucibiscutum salebrosum occur in the
higher part of the section. These taxa indicate boreal
affinities. B. constans and Z. erectus are considered to be
taxa indicative of a higher productive environment, while
C. salebrosum is a cool-water species. From base to top of
the Kashpir section, consecutive mass occurrences of
different taxa/groups were observed: W. barnesae–W.
fossacincta acme, W. britannica–W. communis acme, Z.
erectus acme, B. constans acme (including sparse occur-
rences of C. salebrosum).

The observed distribution patterns have been inter-
preted as characterizing a transition from a low produc-
tive, oligotrophic setting with high abundances of K-
selected cosmopolitan species (Watznaueriaceae) and
predominating marlstone sedimentation to a higher pro-
ductive, mesotrophic setting. Cooler water temperatures
marked by r-selection and acmes of opportunistic species
(Z. erectus, B. constans) are coincident with the deposi-
tion of black shales and phosphorites in the higher part of
the section. Interpretation of clay mineral distribution
indicates that black shale deposition occurred under semi-
arid hinterland climatic conditions concomitant with a sea
level rise. This induced dysoxic conditions in the deeper
parts of the Volga Basin, favoring the preservation of
organic matter. The cause of the nutrient enrichment in
the surface water is still unclear, but possible river water
input from the continents does not seem to have been the
controlling factor under a semi-arid climate. The occur-
rence of phosphorites in the upper part of both sections
presumably indicates that enhanced productivity may be
better explained by the upwelling of nutrient-rich bottom
water and thereby causing the recycling of nutrients from
oxidized phytoplankton back into the photic zone. This
recycling effect finally may have led to an intensified
phytoplankton growth which seemed to be a sufficient
source for the enrichment of organic matter. This is well
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correlated with the increase in black shale horizons in the
upper part of the Kashpir section.

Keywords Calcareous nannofossils · Late Jurassic ·
Black shales · Volga Basin · Paleoproductivity

Introduction

Black shales are sediments rich in organic matter (>1%)
and reflect specific environmental conditions such as
anoxic–suboxic conditions of bottom waters (Wignall
1994). Black shales have a widespread occurrence
throughout the Phanerozoic. In particular, the ocean-wide
black shales (OAEs) of the late Jurassic and early
Cretaceous have been the target of research over the past
25 years due to their specific setting. Beyond the North
Sea and NW Europe, less attention has been paid to late
Jurassic black shales, which are common in particular in
the northern hemisphere. They have been reported from
the North Sea (Kimmeridge Clay) and Siberia. In mid
Volgian times (late Jurassic) black shales were exten-
sively deposited in the Volga Basin of the Russian
Platform. These “Kashpir" oil shales are presently one of
the most important oil shale sources of Russia. Recently
only few works studied the diagenesis and formation of
these oil shales (e.g., Shmur et al. 1983; Kuleva et al.
1996; Riboulleau et al. 2000).

The paleobiogeography of calcareous nannofossils can
be used for the reconstruction of past depositional
environments in Mesozoic and Cenozoic oceans. Various
studies during the last decades have deciphered important
aspects of their paleoecological, oceanographic and
climatic significance (e.g., Roth and Bowdler 1981; Roth
and Krumbach 1986; Roth 1986, 1989; Premoli-Silva et
al. 1989; Watkins 1989; Coccioni et al. 1992; Erba et al.
1992; Eshet and Almogi-Labin 1996; Fisher 1999;
Mutterlose and Kessels 2000, Street and Bown 2000;
Bersezio et al. 2002; Pittet and Mattioli 2002; Lees 2003).
Variations in the composition and abundance of calcar-

eous nannofossils are used as paleoproxies for autecolog-
ical changes especially of surface water nutrients, detrital
input from adjacent landmasses, oceanic currents, water
temperatures and salinities. During the Jurassic/Creta-
ceous boundary interval significant differences in the
assemblage composition have been recognized between
the Boreal Realm, the Tethyan Realm and the Indo-
Pacific area (e.g., Perch-Nielsen 1985; Mutterlose and
Kessels 2000; Street and Bown 2000).

The main goals of our work address the following
questions:

1. Was the black shale deposition connected to changes
in the calcareous nannofossil community?

2. What caused black shale deposition in the late Jurassic
Volga Basin?

Geological framework

The Russian Platform Basin

The structural basement of southwestern Russia is formed
by the Russian Platform, a cratonic block bounded to the
north and west by the Baltic and Ukrainian Shield, to the
south by the Caucasus and the Peri-Caspian region and to
the east by the Urals (Nalivkin 1973). Vertical tectonic
movements and episodes of global sea-level change
during most of the Palaeozoic and Mesozoic led to
marine transgressions and regressions and therefore the
periodic development of a shallow epicontinental sea, the
Russian Platform Basin. Due to different subsidence rates
its extension varied through the Mesozoic. Sea-ways
between the Tethys and the Arctic Sea existed occasion-
ally (Baraboshkin 1999). In Volgian time the width of the
basin was about 500 km in an east–west direction and
more than 200 km north–south with water depths of 80–
150 m (Fig. 1a). Sasonova (1977) considers the Russian
Platform Basin to have been located at a palaeolatitude of
~40–50�N in the late Jurassic. A narrow seaway did exist

Fig. 1 a Paleogeographic map
of the Russian Platform in
Volgian times (modified ac-
cording to Sazonov and
Sazonova 1967; Baraboshkin
1999); Paleogeographic world
map in Volgian times (modified
according to “The Paleogeo-
graphic Atlas Project,” Univer-
sity of Chicago). b Geographic
overview of the examined sec-
tions
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to the Western Siberian Basin (Baraboshkin 1999). The
localities under consideration are situated in the central
part of the Russian Platform Basin, which is also referred
to as the Volga Basin (Fig. 1a).

The Kashpir section

Kashpir is situated about 100 km south of Ulyanovsk in
the eastern part of the Samara province (Fig. 1b). The
studied section (close to Kashpir village on the western
bank of the Volga River) is composed of rhythmically
bedded calcareous mudstones with intercalated black
shale horizons of 0.1 to 0.5 m thickness. These sediments
are overlain by cross-bedded silty-sand horizons contain-
ing reworked phosphatized fossils and abundant phos-
phatic nodules. The black shales are dark brown to black,
bioturbated (e.g., Chondrites) and show no lamination. A
detailed description is given by Sasonov and Sasonova
(1967) and Gerasimov and Mikhailov (1966). Biostrati-
graphically, the sampled part is assigned to the mid
Volgian Dorsoplanites panderi Ammonite Zone and to
the NJ17b (Ethmorabdus gallicus) boreal Nannofossil
Subzone, respectively. The overlaying silt- and sand-
stones are of late Volgian age (Kachpurites fulgens—
Craspedites nodiger ammonite zones, Fig. 2). The
succession yields a rich macrofauna (e.g., ammonites,
belemnites; Gerasimov and Mikhailov 1966).

The Gorodische section

Gorodische is located in the Ulyanovskaya province about
25 km south of Ulyanovsk (Fig. 1b). The studied section
is situated close to Gorodische village directly on the
western bank of the Volga River and represents the
lectostratotype of the Volgian (Gerasimov and Mikhailov
1966). A detailed description of the outcropping sedi-
ments is given by Mesezhnikov (1977). The investigated
succession comprises middle Volgian, calcareous mud-
stones alternating with several 0.5- to 1-m-thick black
shale horizons and is stratigraphically assigned to the D.
panderi Ammonite Zone and to the NJ17 (Stephano-
lithion atmetos) Boreal Nannofossil zone, respectively
(Fig. 2). The sampled section includes the upper part of
the NJ17a (Axopodorhabdus cylindratus) Subzone and the
lower part of the NJ17b (Ethmorabdus gallicus) Subzone.
The mid Volgian sediments are overlain by a late Volgian
(K. fulgens–C. nodiger Ammonite Zones) silty–sandy
horizon with phosphatic nodules. The black shales are
lithologically similar to those of the Kashpir section—
dark brown to black, bioturbated (e.g., Chondrites)—and
show no lamination. Both the mudstones and the black
shales contain abundant macrofossils (e.g., ammonites,
belemnites, bivalves, gastropods; Kuleva et al.1996;
Hantzpergue et al. 1998a, b).

Material and methods

A total of 78 samples were analyzed from the Gorodische
and Kashpir sections with respect to its calcareous
nannofossil content. At Kashpir 58, samples from a 5.5-
m-thick sequence were studied to document high resolu-
tion floral changes. At Gorodische, 20 samples of a 10-m-
thick succession have been investigated. Simple smear
slides were examined under a Olympus BH-2 light
microscope using a magnification of 1500x. To determine
the relative abundances of each sample at least 300
specimen or 200 fields of view were counted. Addition-
ally, one traverse of each slide was examined to record
rare species.

Species richness (S), heterogeneity (H) and equitability
(E) were calculated. Species richness is the number of
species in a sample. It depends on the number of counted
fields and the specimen density of the slide. Heterogene-
ity considers both the number of species and their relative
abundances. This analytical method highlights the dom-
inance of different species. Equitability is derived from
heterogeneity and reveals how evenly the species are
distributed among all individuals of a sample. Low values
for both heterogeneity and equitability, caused by the
dominance of only a few species in an assemblage,

Fig. 2 Stratigraphic range of the Gorodische and Kashpir sections
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indicate unstable mesotrophic conditions (e.g., Watkins
1989; Dodd and Stanton 1990), following r-selection.

To estimate the state of preservation the following
abbreviations have been used: G (very good preservation,
no etching), E1 (slightly etched), E2 (moderately etched),
E3 (heavily etched), E4 (no coccoliths preserved), O1
(overgrown). Bibliographic references for the encoun-
tered taxa are given by Bown (1998), Cooper (1987) and
Perch-Nielsen (1985). Nannofossil preparations are
placed at the Department of Geology, Mineralogy and
Geophysics of the Ruhr-University Bochum.

For the analysis of clay mineralogy 42 fine-grained
samples obtained from sample splits of the calcareous
nannofossil samples from the Kashpir section were
prepared for X-ray diffraction. Both bulk rock and clay
fraction analysis were made (according to Tucker 1988).
Sample and analytical methodology is described in
Ruffell et al. (2002a). The results presented here are
largely from the clay fraction analysis.

Carbonate measurements were made using atomic
adsorption spectrometry (AAS), organic carbon content
was determined by coulometry and d13Corg was measured
at the Geological Institute of the University of Bremen
using a Finnigan DELTA-E mass spectrometer. The
reproducibility of replicate samples was better than 0.1‰.

Results

Calcareous nannofossils

The most common taxa that were observed are displayed
in Figs. 3 and 4.

Preservation—observations

The preservation of calcareous nannofossils shows a wide
distribution from very good (G) to totally dissolved (E4).
In the Kashpir section a correlation between lithology and
preservation was clearly observed. Whereas calcareous
mudstones contain generally well-preserved to slightly
etched nannofossils, the black shales are essentially
barren of coccoliths and only some heavily-etched
specimens of robust Watznaueria spp. were recognized
in the upper part. Nannofossils from the Gorodische
section are moderately preserved and exhibit in a few
samples evidence for overgrowth. In the Gorodische
section (in contrast to Kashpir) calcareous nannofossils
have been observed in the black shale-derived samples.

Diversity—observations

Species richness of calcareous nannofossils with a total of
31 identified taxa in both sections is moderate, but no
sample contained more than 17 species. The variation of
species richness, in Kashpir from 8–16 and in Gorodische
from 5–17, is clearly related to different preservation

modes and is not ecologically controlled. In general a
positive correlation between CaCO3 content and species
richness has been observed. Samples of low carbonate
content are associated with badly preserved nannofossil
assemblages of lower diversity, as it was recognized in
nearly all of the black shales horizons of the Kashpir
section. Heterogeneity ranges in Kashpir between 0.7 and
2.2 and shows a sharp decrease in the uppermost part of
the succession. In Gorodische, heterogeneity is more
uniform (1.2 to 2.0) and correlates to the preservation
mode of the encountered coccoliths. Equitability ranges in
Kashpir from 0.3–0.9, and in Gorodische from 0.5–0.9.

Assemblage composition–observations

The nannofossil assemblages are dominated by only a few
species, which are all of paleoecological relevance. They
make up more than 90% of all taxa and will be discussed
here. These taxa include Watznaueria spp., Biscutum
constans, Zeugrhabdotus erectus, Crucibiscutum salebro-
sum, Cretarhabdus spp. and Staurolithites spp. (Figs. 5, 6)

Watznaueria spp. (W. barnesae, W. fossacincta, W.
britannica, W. communis, W. ovata) is the most abundant
group in all samples investigated. In the lower part of
Kashpir this group makes up more than 75% of the total
assemblages and clearly decreases down to 25% in the
uppermost part of the section. W. barnesae, W. fossac-
incta, W. britannica and W. communis show similar
abundances in both sections. Generally W. barnesae and
W. fossacincta are most common (up to 74%), while W.
britannica and W. communis are less common (up to
43%), W. ovata is usually rare with highest abundances of
4% in only a few samples.

B. constans is the second most common species in the
Kashpir section. It ranges from 1% in the lowermost part
and increases steadily, up to 58%, with the first occur-
rence of the black shales at the top of the succession. In
Gorodische, the distribution of B. constans maintains a
stable average of 11% over the studied interval. For this
taxon, a generally positive correlation with the occurrence
of black shales has been observed.

Fluctuations in abundances of Z. erectus are very
similar to those of B. constans. Higher values were only
observed in the black shale bearing parts of both section.
In these intervals Z. erectus makes up to 33% of the total
assemblages.

C. salebrosum is clearly restricted to the uppermost
part of the Kashpir section. This taxon is, however, rare
with highest abundances of 3%. The occurrence of C.
salebrosum coincides with the highest abundances of B.
constans. Cretarhabdus spp. and Staurolithites spp. are
quite rare in both sections. These two genera never exceed
more than 5% of the total abundances.
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Variation in d13Corg, TOC and CaCO3—observations

The samples of the Kashpir section were prepared to
measure their d13Corg, TOC and CaCO3 content. All
results are summarized in Fig. 6. d13Corg values are

expressed as the relative differences in isotopic ratios
(12C/13C) between a sample and the Vienna-PDB standard
(d notation).

The d13Corg composition ranges from �25 to �22‰.
Two general trends have been observed: first, a slight

Fig. 3 Calcareous nannofossils. Some of the most common taxa
observed: (1)Biscutum constans (G�rka 1957) Black in Black &
Barnes 1959, Sample: Kashpir 97/3 XPL; (2) Biscutum constans
(G�rka 1957) Black in Black & Barnes 1959, sample: Kashpir 97/4
XPL; (3) Chiastozygus leptostaurus Cooper 1987, sample: Kashpir
97/4 XPL; (4) Chiastozygus leptostaurus, Cooper 1987, sample:
Kashpir 93/2; XPL; (5) Cyclagelosphaera margerelii No�l 1965,
sample: Kashpir 93/2 XPL; (6) Cyclagelosphaera margerelii No�l
1965, sample: Kashpir 89/3 XPL; (7) Crucibiscutum salebrosum
(Black 1971) Jakubowsky 1986, Sample: Kashpir 97/3 XPL; (8)
Crucibiscutum salebrosum (Black 1971) Jakubowsky 1986, sam-
ple: Kashpir 97/3 XPL; (9) Cyclagelosphaera tubulata (Gr�n &
Zweili 1980) Cooper 1987, sample: Kashpir 95/1 XPL; (10)

Etmorhabdus gallicus No�l 1965, sample: Gorodische 88/1 XPL;
(11) Stephanolithion atmetos Cooper 1987, sample: Kashpir 95/10
XPL; (12) Stephanolithion atmetos Cooper 1987, sample: Kashpir
95/10 XPL; (13) Stephanolithion atmetos Cooper 1987, sample:
Kashpir 95/10 XPL; (14) Stephanolithion bigotii Deflandre 1939,
sample: Gorodische 88/1 XPL; (15) Stephanolithion bigotii
Deflandre 1939, sample: Gorodische 88/1 XPL; (16) Stephano-
lithion bigotii Deflandre 1939, sample: Gorodische 88/1 XPL; (17)
Truncatoscaphus intermedius Perch-Nielsen 1986, sample: Kashpir
97/7 XPL; (18) Truncatoscaphus intermedius Perch-Nielsen 1986,
sample: Kashpir 91/4 XPL; (19) Truncatoscaphus intermedius
Perch-Nielsen 1986, Sample: Kashpir 91/4 XPL; (20) Staurolithites
lumina Bown 1998, sample: Gorodische 90/1 XPL; white ba =1 mm
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increase of d13Corg from the base to the top was recognized
and secondly, all black shale horizons are characterized by
positive excursions of d13Corg with maximum values of
�22‰. Total organic carbon is clearly correlated to

lithology and varies between 0.2 and 11.8%. Higher values
were measured in nearly all of the black shale layers,
whereas the marly samples contain a maximum 1% of
TOC. In contrast, CaCO3 contents are notably higher in

Fig. 4 Calcareous nannofossils. The rest of the most common taxa
observed: (1) Staurolithites lumina Bown 1998, sample: Gorodis-
che 90/1 XPL; (2) Staurolithites lumina Bown 1998, sample:
Gorodische 90/1 XPL; (3) Staurolithities stradneri Rood et al.
1971, sample: Kashpir 95/3 XPL; (4) Staurolithites quadriaculla
(No�l 1965) Rood et al. 1971, sample: Kashpir 95/3 XPL; (5)
Watznaueria barnesae (Black 1959) Perch-Nielsen 1968, sample:
Gorodische 86/1 XPL; (6) Watznaueria barnesae (Black 1959)
Perch-Nielsen 1968, sample: Kashpir 87/4 XPL; (7) Watznaueria
britannica (Stradner 1963) Reinhardt 1964, sample: Kashpir 97/3
XPL; (8) Watznaueria britannica (Stradner 1963) Reinhardt 1964,
sample: Kashpir 97/3 XPL; (9) Watznaueria communis (Stradner
1963) Reinhardt 1964, sample: Kashpir 95/4 XPL; (10) Watznaue-
ria communis (Stradner 1963) Reinhardt 1964, sample: Gorodische
88/1 XPL; (11) Watznaueria fossacincta (Black 1971) Bown in

Bown & Cooper 1989, sample: Kashpir 91/4 XPL; (12) Watznaue-
ria fossacincta (Black 1971) Bown in Bown & Cooper 1989,
sample: Kashpir 95/1 XPL; (13) Watznaueria ovata Bukry 1969,
sample: Kashpir 91/4 XPL; (14) Watznaueria ovata Bukry 1969,
sample: Kashpir 91/4 XPL; (15) Zeugrhabdotus erectus (Deflandre
in Deflandre & Fert 1954) Reinhardt 1965, sample: Kashpir 97/7
XPL; (16) Zeugrhabdotus erectus (Deflandre in Deflandre & Fert
1954) Reinhardt 1965, sample: Kashpir 97/7 XPL; (17) Zeugrhab-
dotus erectus (Deflandre in Deflandre & Fert 1954) Reinhardt
1965, sample: Kashpir 97/7 XPL; (18) Zeugrhabdotus erectus
(Deflandre in Deflandre & Fert 1954) Reinhardt 1965, sample:
Kashpir 91/4 XPL; (19) Zeugrhabdotus erectus (Deflandre in
Deflandre & Fert 1954) Reinhardt 1965, sample: Kashpir 91/4
XPL; (20) Z. fissus Gr�n & Zweili 1980, sample: Gorodische 91/1
XPL; white bar=1mm
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the marlstones (averaged 27%, maximum 50%) than in the
black shales (averaged 8.6%). TOC and CaCO3 are
negatively correlated (r=�0.354; Fig. 7a), d13Corg and
TOC shows a positive correlation (r=0.498; Fig. 7b).

Variations in clay mineralogy—observations

For clay mineral analysis, 42 samples of the Kashpir
section were studied. Smectite, illite and kaolinite are the
predominant clay minerals in all of the examined samples
(Fig. 6). Kaolinite decreases in abundances from more
than 50% in the lowermost part to 10% at the top of the
section. Smectite steadily increases from less than 10% to
nearly 50% in the upper part. Illite only slightly increases
in abundance from base to top. In contrast to these
findings another trend is clearly obvious. Parallel to the
positive d13C excursions in the black shale layers,

smectite also abruptly increases within these intervals at
the expense of illite.

Discussion

Calcareous nannofossils

Preservation—theories

In our study, most of the investigated samples yield high
relative abundances of Watznaueria spp. In the lower part
of the Kashpir section, Watznaueria spp. makes up more
than 74% of the total assemblages both in well-preserved
and in poorly preserved samples. In Gorodische, Watz-
naueria spp. shows very high relative abundances (up to
73%) in some of the moderately preserved samples.

Fig. 5 Relative abundances
(counts) of calcareous nanno-
fossils of a Gorodische and b
Kashpir section. Gray fields
means species present, but not
counted
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Due to its size and robustness Watznaueria is consid-
ered not to be susceptible to dissolution and for this reason
resistant to diagenesis. Cretaceous samples containing
more than 40% of this genus are thought to be heavily
affected by diagenesis (Roth and Bowdler 1981; Roth and
Krumbach 1986). On the other hand Watznaueria barne-
sae (the most abundant taxon of this genus) is also
interpreted to be a eurytopic species (Mutterlose 1991) and
only assemblages including more than 70% of this taxon
indicate diagenetic alteration (Williams and Bralower
1995). Some authors suggest that high percentages of W.
barnesae may also reflect extreme paleoecological condi-
tions (Erba 1992; Erba et al. 1992; Thomsen 1989; Young
and Bown 1991; Watkins 1989). Otherwise nannofossils
of late Jurassic age are in general more homogeneous and
of lower diversity, containing higher abundances of
Watznaueria spp. than assemblages of Cretaceous age.

The uniform stratigraphic occurrence of small and
delicate dissolution-susceptible species like B. constans, S.
atmetros and especially T. intermedius in nearly all of the
coccolith bearing samples indicates a pristine nannofloral
signal. For this reason a significant alteration of the sam-
ples can be ruled out and the high abundances of Watz-
naueria are here thought to be controlled by primary fac-
tors. Causes for the lack of calcareous nannofossils in the
black shale beds of the Kashpir section are discussed later.

Paleoecology—theories

The paleoecological interpretation of calcareous nanno-
fossils in our study is based on the following observa-
tions:

– In recent oceans highly diverse assemblages are
indicative of stable conditions, in particular oligotro-
phic warm surface waters (e.g., McIntyre 1967;
McIntyre et al. 1970; Brand 1994), reflecting a K-
selected evolution.

– Low diversity assemblages are considered to be typical
for unstable conditions and cool surface waters
enriched with nutrients (e.g., Okada and Honjo 1973;
Brand 1994); r-selection is typical for this setting.

– In the fossil record, W. barnesae is considered to be an
ecologically robust form that is one of the first species
to settle in new biotopes (Mutterlose 1991).

– A dominance of B. constans and Zeugrhabdotus spp.
(20–30%) is considered to be indicative for higher
productivity of the surface water (Roth 1986; Roth and
Bowdler 1981; Roth and Krumbach 1986; Watkins
1989; Erba 1987, 1989; Erba et al. 1992). Therefore,
an assemblage rich in B. constans and Zeugrhabdotus
spp. is typical for continental margins with intense
upwelling of cold water rich in nutrients (e. g., Roth
and Bowdler 1981) or shallow epicontinental seas
characterized by intensified storm mixing and high
continental nutrient runoff.

– Erba (1992), Williams and Bralower (1995) and Fisher
(1999) have observed different responses (different
maximum abundances) to changes in surface water
fertility for B. constans and Zeugrhabdotus spp.

– Pittet and Mattioli (2002) have observed a trophic
preference continuum represented by successive max-
imum abundances of different taxa.

– Crucibiscutum salebrosum, which is more common in
the high latitudes, is viewed as a cool water species
which inhibits low latitudinal sites only during specific

Fig. 6 Lithology, CaCO3, TOC, d13Corg, clay minerals and calcareous nannofossils of the Kashpir section
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intervals (e.g., Kessels et al., in preparation; Melinte
and Mutterlose 2001; Mutterlose and Kessels 2000;
Street and Bown 2000).

– Mutterlose (1996) suggested for Cretarhabdus spp. an
affinity to more oligotrophic, warm water conditions.

– The ecological affinity of the genus Staurolithites spp.
is still under discussion. According to Williams and
Bralower (1995), this group is positively correlated to
B. constans and therefore indicative for higher pro-
ductive environments. Eshet and Almogi-Labin (1996)
consider Staurolithites spp. to have favored strong
oligotrophic surface water. Based on its sparse occur-
rence in all samples Staurolithites spp. is here thought
to represent more oligotrophic conditions.

Assemblage composition—interpretation

In the Kashpir section a significant variation of calcareous
nannofossil abundances was clearly observed. The most
common coccoliths in nearly all of the investigated
samples are assigned to the genus Watznaueria. This
genus makes up more than 75% of the total abundance in
the lower part of the Kashpir section. B. constans and
Zeugrhabdotus spp. are the second most common group
with highest abundances up to 60%, replacing Watznaue-
ria spp. in the upper part of the section. This indicates a
change of the floral assemblages from a Watznaueria spp.
dominated assemblage in the lower part to a Watznaueria
spp.–B. constans–Zeugrhabdotus spp. dominated assem-
blage in the upper part of this section. In detail, successive
maximum abundances of nannofossils can be recognized
allowing the differentiation of four different nannofossil
acmes. These may indicate an increase of nutrient
availability, thus reflecting part of a mesotrophication
cycle (Table 1; Fig. 6).

Keeping in mind that B. constans and Zeugrhabdotus
spp. indicate higher fertility conditions of the surface
water, whereas Watznaueria is more common in settings
of lower fertility, the observed nannofossil distribution
seems to reflect an increasing mesotrophication of parts of
the Volga Basin studied within the Dorsoplanites
pamderi-zone. The lowermost phase A is characterized
by higher abundances of the cosmopolitan, eurytopic W.
barnesae–W. fossacincta group, indicating stable and
oligotrophic conditions. In phase B (with the first
occurrence of the black shales) this group is partly
replaced by the W.britannica–W. communis group, indi-
cating an early mesotrophication of the basin (see also
Pittet and Mattioli 2002). This distribution goes along
with similar observations by Keupp and Mutterlose
(1994), who recognized higher abundances of W. britan-
nica slightly predating the early Aptian Fischschiefer
(OAE 1a) in NW Germany. In phases C and D,
abundances of the opportunistic species Z. erectus and
B. constans increases, mark enhanced mesotrophic con-
ditions of the basin. For these two taxa, Erba (1992),
Williams and Bralower (1995) and Fisher (1999) ob-
served various responses to surface water fertility mark-
ing different stages of mesotrophication. In the Kashpir
section, Z. erectus is most abundant in phase C and partly
replaced by B. constans in the uppermost phase D. This
indicates a further increase of the mesotrophic conditions
in the Volga Basin. For phase D, extreme low values for
heterogeneity and equitability were calculated. This is
typical for unstable and meso–eutrophic conditions

Fig. 7 Scatter plots and linear regressions of the Kashpir section: a
TOC (%) vs. CaCO3 (%), and b TOC (%) vs. d13Corg.(‰ V-PDB)

Table 1 Nannofossil acmes of the Kashpir section

Nannofossil acme Beds Ecological phase

B. constans 95�97 C
Z. erectus 94�95 C
W. britannica–W. Communis 91�94 B
W. barnesae–W. fossacincta 87�89 A
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reflecting r-selection. In general, species of more oligo-
trophic affinity (e.g., Cretarhabdus spp., Staurolithites
spp.) are expected to be rather rare in these settings. In
both sections their relative abundances vary from 2 to 5%.

Similar nannofossil distribution patterns were also
observed by Bischoff and Mutterlose (1998). These
authors recognized four periods of consecutive nannofos-
sil acmes during the deposition of organic rich sediments
of the Barremian/Aptian boundary interval of NW
Germany. Recapitulatory calcareous nannofossils of the
Kashpir section are here interpreted to characterize a
transition from a low-productive, oligotrophic environ-
ment with high abundances of cosmopolitan species
(Watznaueria spp.) and predominating marlstone sedi-
mentation, to a higher productivity, mesotrophic environ-
ment of cooler water temperatures marked by mass
occurrences of opportunistic species (B. constans, Z.
erectus) and the deposition of black shales and phos-
phates.

Clay minerals

Clay minerals—theories

The clay mineral composition of a rock may contain
important information about weathering processes on
surrounding landmasses and their distances to the area of
sedimentation (e.g., Hallam et al. 1991; Ruffell and
Batten 1990; Sellwood and Price 1993, Ruffell et al.
2002b). Kaolinite is most abundant in a warm, humid
climate with intense chemical weathering, whereas
smectite is generally formed under more semi-arid
conditions (e.g., Chamley et al. 1983; Singer 1984). Illite
tends to be associated with cold and dry climate (Singer
1984). With the aid of clay minerals it is also possible to
get information about the proximity of landmasses from
which the clay minerals originated. Sea level changes
during the time of deposition led to certain clay mineral
assemblages (Hallam et al. 1991). Kaolinite tends to be
deposited in near shore neritic settings due to its bigger
particle size and tendency to flocculation, whereas the
small sized smectite aggregates with excellent swelling
capacity and accumulated in offshore pelagic settings. So
the kaolinite/smectite ratio may also reflect transgressive
and regressive periods during the time of deposition.
Using clay minerals for paleoclimatic or geographic
interpretation requires an estimation of the diagenetic
alteration of the sediments. The primary composition of
the clay minerals may be changed to illite by diagenetic
transformation of smectite via different stages of mixed
layer minerals (e.g., Deconick and Chamley 1983;
Nadeau et al. 1985). Because of the tectonic stability of
the Russian Platform during most of Mesozoic and
Paleozoic times, the investigated sediments of the Volga
Basin should not be altered by diagenesis. The clay
mineral composition seems to reflect a primary signal.

Clay minerals—interpretation

The clay mineral variation in the Kashpir section reveals
two clear trends. The general increase in smectite and
decrease in kaolinite during the interval of black shale
deposition may be interpreted in one of three ways:

1. The black shale–smectite association is suggested by
Kennedy et al. (2002) as reflecting bottom-water and
early diagenetic reactions between clays and organic
matter. Thus organic productivity may control smectite
abundance.

2. Conditions of sea-level rise may force kaolinite
deposition to be concentrated further away from the
site of deposition as facies belts migrate inland.

3. A gradual change in climatic conditions, from kaoli-
nite-producing semi-humid to smectite-producing
semi-arid (both probably seasonal).

All three hypotheses are supported by evidence
showing that (1) there is a visual correlation between
black shales and smectite abundance, (2) condensed
phosphate nodule beds above the black shales demon-
strate the presence of a major flooding surface that would
follow conditions of sea-level rise, and (3) an influx of the
clay mineral palygorskite (forms in arid conditions, see
Ruffell et al. 2002a, 2002b) suggests an increase in arid or
semi-arid conditions on the surrounding landmasses. A
similar trend in clay mineral abundances through the
Jurassic/Cretaceous boundary interval was also observed
at different localities in western Europe and the North
Atlantic area (e.g., Daoudi and Deconinck 1994; Decon-
inck et al. 1985; Hallam et al. 1991; Wignall and Ruffell
1990). The sedimentary record however suggests regres-
sive conditions for the latest Jurassic of Europe. Bara-
boshkin (1999) shows evaporite deposits in the Caspian
region south of the Volga Basin. This, together with the
presence of palygorskite, indicates the influence of aridity
in the hinterlands. The upward stratigraphic diminution in
kaolinite deposition may be the result of this increasing
aridity, coupled with conditions of sea-level rise through
the panderi zone. Above the panderi zone, regressive
(evaporite forming in the Caspian area) may have been
established. Kaolinite was replaced in the clay mineral
fraction by smectite, the presence of which is associated
with black shale deposition, especially on the scale of
individual black shale beds.

d13Corg, TOC and CaCO3—theories and interpretation

In modern plants (since the Miocene) biological carbon
fixation during photosynthesis leads to wide ranges of
d13Corg values: approx. �27‰ PDB for C3 plants and �8
to �16‰ PDB for C4 plants (Groecke 2002). For this
reason differences in d13Corg of Cenozoic marine sedi-
ments can be caused by changing ratios of terrestrial and
marine organic matter (e.g., Newman et al. 1973;
R�hlemann et al. 1996). In older sediments, however,
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the use of d13Corg as an indicator of the source of organic
matter must be interpreted with caution and only few
studies have attained useful results (e.g., Hofmann et al.
2000). Groecke (2002) and Hasegawa et al. (2003)
reported on C3 plant organic matter of Cretaceous age
with typical values of d13Cplant �22 to�24‰ PDB which
are similar to those of marine derived organic matter.

In the Kashpir section significant positive excursions
of d13Corg (from �24 up to �22‰ PDB) have been
observed in nearly all of the black shale horizons. These
perturbations of the carbon cycle need some more
explanation. Such d13Corg increases (and the occurrence
of black shales), which are well correlated with increases
in smectite, may suggest sea-level rises during times of
black shale deposition. Sea level rises would finally lead
to a declining influx of terrestrial material into the basin,
thus positive d13Corg excursions can possibly be related to
changing ratios of terrestrial and marine organic matter.

Due to diagenetic reactions of clay minerals and
organic matter, increases of smectite in black shale beds
can also be associated with phases of higher primary
productivity (Kennedy et al. 2002). Accordingly, Van
Kaam-Peters et al. (1998) pointed out that during
enhanced primary productivity higher degrees of sulfur-
ization (and therefore increasingly preservation) of
isotopically heavy carbohydrates lead to positive rises in
d13Corg This changed the mixing of two isotopic end
members (d13Clipids and d13Ccarbohydrates) and thus explains
such d13Corg fluctuations. Increasing sulfurization can
therefore also be related to a positive correlation between
TOC and d13Corg, which is clearly documented in the
Kashpir section (Fig. 7a). According to Riboulleau et al.
(2000), the amorphous organic matter of the kerogen in
black shale samples from Gorodische and the lack of

lignin-derived pyrolytic products indicate a phytoplank-
tonic origin of kerogen. Flash pyrolytic analyses also
exhibit large contributions of sulfurized carbohydrates in
the kerogen. These results seem to support a d13Corg
mixing model to explain the positive d13Corg excursions in
the Kashpir section.

We believe that increases in d13Corg in the black shale
layers of the Kashpir section may be related to enhanced
sulfate reduction. This took place during phases of high
primary productivity of the surface water, which resulted
in higher amounts of carbohydrate carbon. Chemical
reactions between organic matter and clay minerals lead
to increases in smectite. This assumption would finally
also explain the absence of calcareous nannofossils from
the black shale beds in the Kashpir section. According to
Curtis (1980) and Gardner et al. (1983), increased
sulfurization lead to an increase in subsurface acidity in
the sediments. This may have resulted in the total
dissolution of all coccoliths and may also explain the
abrupt decrease in calcium carbonate content resulting in
a negative correlation between CaCO3 and TOC
(Fig. 7b). These observations are consistent with the poor
preservation of calcareous foraminifera in most of these
layers (Kuleva et al. 1996).

The depositional environment of the black shales

Using all data available, the following model for the
deposition of the Volgian black shales is suggested
(Fig. 8). Under a semi-arid climate a change of sedimen-
tation from calcareous mudrocks to black shales occurred.
The composition of calcareous nannofossil assemblages,
calculated heterogeneity and equitability as well as the

Fig. 8 Proposed depositional model for the Volgian black shales of the Volga Basin
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incorporation of geochemical data, suggest that the
occurrence of black shales was clearly related to higher
primary productivity and the increased nutrient content of
the surface water. The occurrence of C. salebrosum in the
uppermost part of the Kashpir section also indicates that
increasing aridity was associated with climatic cooling.
This general trend is well correlated with the isotopic
results gained from well-preserved belemnites of this
section (Riboulleau et al. 1998; Ruffell et al. 2002b;
Groecke et al. 2003), giving paleotemperatures of 14–
16 �C with a cooling trend towards the late Volgian. In
later Jurassic times the topography of the Russian
Platform was controlled by tectonic activity (Cimmerian
orogenesis), causing small scale morphological changes
with swells and troughs. During transgressive periods
deeper parts of the basin became oxygen depleted,
causing the deposition of organic rich sediments.

Using this depositional model, the origin of enhanced
surface water nutrient content needs to be explained.
Generally, higher productivity is considered to be asso-
ciated with more humid climates leading to increased
nutrient transfer into oceanic basins or upwelling of
nutrient-rich bottom waters. Due to the climatic condi-
tions on the enclosed landmasses, river input did not seem
to be the major controlling factor in explaining the high
productivity of the Volga Basin. The Volgian scenario
may be therefore related to specific water mass move-
ments, especially upwelling of deeper water within
different parts of the basin. The general high latitudinal
position of the basin (40–50�N), resulting in low solar
radiation and cool climate (confirmed by stable isotopes;
Riboulleau et al. 1998; Groecke et al. 2003) may have
favored the onset of estuarine circulation and the
upwelling of bottom water into the photic zone. This
caused higher productivity in the surface water and
increased phytoplankton growth. Primary production may
also be strengthened by the recycling of nutrients from
oxidized phytoplankton back into the uppermost water
column, providing optimal growing conditions for oppor-
tunistic species such as B. constans and Z. erectus. This
productivity system in combination with sea-level rises
may have caused black shale deposition in the Volga
Basin in mid-Volgian times.

Conclusions

1. Calcareous nannofossils of the lighter colored calcar-
eous mudrock layers of the Kashpir section reflect a
pristine sedimentary signal and can be used for
paleoecological interpretation. Geochemical analyses
show that the absence of coccoliths in the black shales
is not primary controlled and can be explained by
dissolution during early diagenetic processes.

2. Changes in abundances of calcareous nannofossils
represent different stages of mesotrophication of the
late Jurassic Volga Basin. The species B. constans, Z.
erectus, W. britannica/communis and W. barnesae/

fossacincta seem to be associated with varying nutrient
contents of the surface water.

3. Calcareous nannofossil, clay mineral and isotope data
provide evidence that black shale deposition was
coupled to enhanced primary productivity of the
surface water under a semi-arid climate with a cooling
trend to the top of the panderi zone.

4. River input from the surrounding landmasses did not
seem to be the source of nutrients. More probably,
specific watermass movements caused upwelling of
recycled nutrients which were partly originated from
oxidized phytoplankton.
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Appendix

List of calcareous nannofossils taxa with author
attributions and dates

Axopodorhabdus Wind & Wise in Wise 1977
A. cylindratus No�l 1965
Biscutum Black in Black and Barnes 1959
B. constans (G�rka 1957) Black in Black and Barnes

1959
Chiastozygus Gartner 1968
C. leptostaurus Cooper 1987
Cretarhabdus Bramlette & Martini 1964
C. conicus Bramlette & Martini 1964
Crucibiscutum Jakubowsky 1986
C. salebrosum (Black 1971) Jakubowsky 1986
Cyclagelosphaera No�l 1965
C. margerelii No�l 1965
C. tubulata (Gr�n & Zweili 1980) Cooper 1987
Diazomatolithus No�l 1965
D. lehmanii No�l 1965
Discorhabdus No�l 1965
Discorhabdus sp.
Ethmorhabdus No�l 1965
E. gallicus No�l 1965
Hexapodorhabdus No�l 1965
H. cuvillieri No�l 1965
Manivitella Thierstein 1971
M. pemmatoidea (Deflandre in Manivit 1965)

Thierstein 1971
Polypodorhabdus No�l 1965
P. escaigii No�l 1965
P. madingleyensis Black 1971
Staurolithites Caratini 1963
S. stradneri Rood et al. 1971
S. lumina Bown 1998
S. quadriaculla (No�l 1965) Rood et al. 1971
Stephanolithion Deflandre 1939
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S. atmetos Cooper 1987
S. bigotii Deflandre 1939
S. brevispinus Wind & Wise in Wise 1988
Stradnerlithus Black 1971
S. comptus Black 1971
S. geometricus (G�rka 1957) Bown & Cooper 1989
Tegumentum Thierstein in Roth & Thierstein 1972
Truncatoscaphus
T. intermedius Perch-Nielsen 1986
Watznaueria Reinhardt 1964
W. barnesae (Black 1959) Perch-Nielsen 1968
W. britannica (Stradner 1963) Reinhardt 1964
W. communis (Stradner 1963) Reinhardt 1964
W. fossacincta (Black 1971) Bown in Bown & Cooper

1989
W. ovata Bukry 1969
Zeugrhabdotus Reinhardt 1965
Z. erectus (Deflandre in Deflandre & Fert 1954)

Reinhardt 1965
Z. fissus Gr�n & Zweili 1980
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