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ABSTRACT

In the northeastern Peri-Tethys epicontinental basin stretching from the Black
Sea to Tadjikistan, a sapropelitic bed with total organic carbon (TOC) contents up
to 20% and enriched in redox-sensitive elements was deposited during the Initial
Eocene Thermal Maximum (IETM), recognized by the occurrence of a negative car-
bon isotope excursion in organic carbon and carbonate. In the sapropelitic bed,
calcareous plankion decreased in abundance, a benthic foraminiferal extinction oc-
curred, dinocysts were abundant, and there were abnormally thick-walled dinocysts
and asymmetric calcareous nannoplankton species. We argue that the sapropelitic bed
accumulated as a result of high productivity, triggered by an influx of nutrients that
reached the hasin when organic- and P-rich sediments in low-lying coastal areas were
flooded during a rapid transgression. High productivity led to oxygen depletion, deci-
mating benthic foraminiferal assemblages. Organic biomarkers suggest that at least
in some places even waters in the photic zone became anoxic. The dysoxia/anoxia
might have been exacerbated by stratification, resulting from high runoff in the hu-
mid western region, high evaporation in the arid eastern area. Anoxia/dysoxia ended
gradually. We suggest that deposition of large amounts of organic matter in the north-

eastern Peri-Tethys may have been a factor in terminating the IETM,

INTRODUCTION

During the last decade many scientists have investigated
events that occurred during the latest Paleocene and earlicst
Eocene (e.g., Kennettand Stott, 1991; Zachos et al., 1993; Dick-
ens et al., 1995; Thomas and Shackleton, 1996; Schinitz et al.,
1996; Aubry et al., 1998; Koch et al., 1992; Wing et al., 1995;
Katz et al., 1999). The most prominent event during this period
is the Initial Eocene Thermal Maximum (IETM), which has
been documented in sections deposited in such different envi-
ronments as the open ocean, marginal basins, and on the conti-
nents. During this exireme warm period marine and continental
biota show rapid change, coeval with distinct negative excur-

sions in oxygen and carbon isotopic values in carbenate and or-
ganic matter.

In some areas, sediments deposited during the IETM are en-
riched in organic matter (e.g.. Gavrilov et al., 1997; Speijer et
al., 1997). One of these areas is the northeastern Peri-Tethys,
where organic-rich sediments can be traced over >2500 ki,
from the Caucasus to Central Asia (Muzyldv et al.. 1989;
Mugzylv and Sheherbinina, 1995). The properties of the organic-
rich sediments, called the sapropelitic bed, are relatively con-
stant over this large area, although they accumulated in differ-
ent environments in different parts of the region.

The origin of the sapropelitic bed has been discussed ex-
tensively, after Muzylov et al. (1989) first documented that its
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deposition was synchronous over a large area (e.g., Gavrilov and
Muzyldv, 1991; Muzylov, 1994; Muzylov et al., 1996; Gavrilov
et al., 1997; Stupin and Muzyldv, 2001}, but no comprehensive
discussion of its deposition has been presented. We describe the
sedimentological, geochemical, and palececological changes
during the IETM in the northeastern Peri-Tethys, and propose a
scenario for the accumulation of the sapropelitic bed.

METHODS

The mineralogy and geochemistry of the sapropelitic bed
and jts surrounding sediments were studicd in many sections
(Fig. 1}, six of which are described in this paper, while two more
are mentioned. Clay minerals were analyzed using X-ray dit-
fraction. A range of elements and compounds were analyzed in
the Laboratory of Analylical Chemistry at the Geological Insti-
tute RAS, Moscow: total organic carbon (TOC), total carbonate,
S, P, Fe, Ti (wet chemistry), V. Cr, Ni, Co, Pb, Cu, Ga, Ge. Mo,
Ag, Zn, Sn (quantitative spectral analysis using an atomic emis-
sion specrometer), Sc, Se, Br, Sb, Cs, Hf, Au, Th, Y, La, Ce, Nd,
Sm, Eu, Tb, Yb, Lu (instrumental neutron activation analysis,
INAA), and Nb, Zr, Rb, Sr, and Ba (X-ray fluorescence analy-
sis). In two sections (Kheu in the northern Caucasus and Kurpai
in Tadjikistan}, the organic matter was cxamined by express py-
rolithic analysis using Rock-Eval Il, chromatography, molecu-
lar mass-spectrometry, and IR-spectrometry.

Nannofossils were studied in the bulk sediment using light
microscopy. We counted the relative abundance of major nanno-
fossil taxa, In most samples, 300 specimens were counted, but
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in a few samples with a low abundance of nannofossils 100 spec-
imens only could be counted. In some intervals, there were so
few specimens of nannofossils (<00 specimens per sample)
that no statistically significant counts could be made.

RESULTS

We present results {Tom six most important sections in the
northeastern Peri-Tethys, covering a large area in the central and
castern Caucasus, the western shores of the Aral Sea, the west-
ern parts of the Kopetdag Mountains, and the Tadjik depression
(Fig. 1). Generally, the sapropelitic bed is dark in color and fis-
sile on weathering (Figs. 2, 3). The lower boundary is always
sharp, and in some sections erosional, whereas the upper bound-
ary is more gradual. In most sections the sapropelitic bed can be
subdivided into three units, with a more calcareous middle unut
that is less rich in TOC between lower and upper units with high
TOC. Toward the northern margin of the basin, TOC content de-
creases significantly in the sapropelitic bed. Locally, sediments
coeval to the bed contain abundant fish detritus, and in some lo-
calities in Central Asia (e.g., the Kyzyl Kum Desert, Tadjik de-
pression) the bed is either associated with or replaced by phos-
phorite-bearing deposits.

Lithology and paleontology
In the Kheu River section (Central Caucasus) the sapro-

pelitic bed is ~0.5 m thick, and exposed along the riverbank near
the village of Gerpegezh (20 km southeast of the city of Nalchik)
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Figure 1. Studied localities in the northeastern Peri-Tethys epicontinental basin, 1—land, 2—sea, 3—area of vil shale distribution, a—localities

of the studied sections, b—localities of studied boreholes.
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Figure 2. Sapropelitic bed in the Paleocene-Eocene boundary sediments of the western Aral Sea region (Aktumsuk Cape).

within bluish-gray calcareous clays. The bed is dark brown
{Plate 1, Figures 1-6) and contains abundant fish remains, os-
iracods. sullide nodules, and rare pyritized wood fragments. It
1s underlain by a noncalcareous light brown clay (0.1 m) with
scarce nannofossils and no foraminifera (Gavrilov et al., 2000),
Within this layer are the first occurrences (FOs) of the calcare-
ous nannofossils Transversopontis pulcher and Campylo-
sphaera eodela (Fig. 4A, Appendix A). The FO of the latter
species marks the bottom of Subzone CP8b in pelagic sections
{Okada and Bukry, 1980).

Within the sapropelitic bed there is a poorly preserved and
low-diversity nannoflora, dominated by various species of
Toweius. Compared to the underlying clays, the planktic/benthic
foraminiferal ratio in the bed is high (Stupin and Muzylov,
2001). Nannofossils are rare and foraminifera are absent in the
lowermost 3 ¢cm of the sapropelitic bed where the TOC is high-
est, Slightly higher in the bed, Ponrosphaera and the calcareous
dinocyst Thoracosphaera become significant components of the
assemblage. In the more calcareous middle part of the bed, the
nannofossil content and diversity increase, and the first, rare
rhomnboasters (R, braniertei s.1.), oceur. In the upper, TOC-rich

part of the bed, rhomboasters and discoasters are abundant (in-
cluding the FO of Discoaster araneus). The abundance of ben-
thic foraminifera. mainly calcareous species, is low (Stupin and
Muzyldv, 2001).

In the Sulak River section (Dagestan, eastern Caucasus,
near the Chirkey Hydroclectric Power Station). the sapropelitic
bed is charcoal-black and occurs intercalated in a series of ul-
ternating dark red and green marls (Fig. 3). It is 0.3 m thick, with
the lowermost 0.1 m slightly disturbed, possibly as the result of
minor slumping. The nannofossil assemblage has a high relative
abundance of Fasciculithus and Discoaster species (Fig. 5A,
Appendix B). In some intervals, we observed abundant calcare-
ous detritus and reworked Cretaceous nannofossils.

The underlying homogeneous green sediments are calcare-
ous in their lowermost part, with ahundant nannofossils. Toward
the top of these sediments the carbonate content decreases and
nannofossils disappear. In the lowermost part of the sapropelitic
bed (0.20 m), there are almost no nannofossils. In the uppermaost
part, various species of Towelus dominate, and rhomboasters,
pontosphaerids, Discoaster arancus and asymmetric D, anar-
tios first appear, The total number of Thoracosphaera specimens
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Figure 3. Sapropulitic bed in the Paleocenc-Eocene boundary sediments of Dagestan (Eastern Caucasus, Sulak River).
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increases up-section within the sapropelitic bed, and Campylo-
sphaera eodela first occurs above the bed. A sharp increase in
the abundance of calcarcous detritus at the base of the overlay-
ing sediments, the reduced thickness of the bed, and the lack of
athreefold diviston suggest that erosion removed the uppermost
part of the bed.

In the Aktumsuk Cape seclion {western Aral Sea, Uzbek-
istan, at the base of the cliff of the Usturt Plateau), the sapro-
pelitic bed is 1 m thick, dark gray, and intercalated in white lime-
stones (Fig. 2). It is finely laminated and shows significant
fluctuations in TOC. Sharp negative excursions in both §'*C and
830 are marked in the bed (Bolle et al., 2000). The underlying thin
limestone bed. which has been assigned to calcareous nanno-
tfossil zone NP9 (Martini, 1971), overlies upper Campanian sed-
iments with a sharp erosional contact (Fig. 4B, Appendix C).
The high carbonate concentration is the result of a high content
of calcareous detritus (Plate 1, Figures 7, 8), and nannofossils
are less common than in the sapropelitic bed. Various pon-
tosphaerids and the first species of rhabdosphaerids (Rhabdo-
sphaera cf. sola) occur. As in most other sections, TOC 1s most
enriched in the lowermost part (0.40 m) of the sapropelitic bed
where the beginning of carbon isotope excursion and FO of R.
bramlettei were established, Unique for the studied region,
species of Coccolithus become more abundant in this section,
while species of Toweius are rare, as was observed in other re-
gions near the Paleocene-Eocene transition (Tantawy et al.,
2000; Monechi et al., 2000).

TOC is lower and the nannotossil abundance increases in
the calcareous middle part of the sapropelitic bed, but the
nannofossil assemblage does not change significantly. Nanno-
fossils and planktonic foraminifera become more abundant in
the organic-rich uppermost part of the sapropelitic bed. The
abundance of Thoracosphaera and calcarcous debris increases
sharply in the overlaying sediments, The sapropelitic bed has
common benthic foraminifera, equally divided between agglu-
tinated and calcarecus taxa (Stupin and Muzyldv, 2001), al-
though the latter are more common in its middle part.

In the Torangly section (western Kopetdag Mountains,
Turkmenistan, exposed in the northern slope of the Kurendag
anticline), the SB is 1.2 m thick and consists of brown clays, rich
in fish scales, intercalated in gray, slightly calcareous clays (Fig.
5B, Appendix D). TOC is relatively low, possibly because the
sampled sediment was rather weathered. In this section, the first
rhomboasters occur in sediments just below the sapropelitic bed,
which are not enriched in TOC but have increased concentra-
tions of some elements (¢.g.. Mo, Zn) characteristic of the sapro-
pelitic bed in other sections (Fig. 7). We suggest that there was
anerosional event at the time of deposition of the lJowermost part
of the sapropelitic bed, so that only the middle and upper parts
of the bed are present, as is also the case in the Baksan River sec-
tion (Muzylov et al., 1996), The abundance of Fasciculithus,
which is believed to be an oligotrophic taxon, sharply increases
in the sapropelitic bed, while planktonic foraminifera are absent.
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C. eodela first occurs in the overlying sediments. In the upper
part of the bed, nannofossils are very rare, and calcareous
species dominate the benthic foraminiferal assemblage (Stupin
and Muzylov, 2001).

In the Kurpai section {Tadjik depression, Tadjikistan; Fig-
ure 6A), the sapropelitic bed is 1.3 m thick and consists of black,
laminated clays with rather poorly preserved and low-diversity
nannofossil assemblages dominated by Fasciculithus and Dis-
coaster species. It is intercalated in slightly calcarcous sediments
with a significant fraction of terrigenous silty material. In the un-
derlying noncalcareous layers nannofossils are absent and tiny
calcareous benthic foraminifera are present. In the lowermost
part of the sapropelitic bed, the CaCO, content increases. mainly
due to the presence of calcareous detritus and, to a minor extent,
calcareous benthic foraminifera, but nannofossils are absent.
Within the light-colored intercalation nannofossils are present,
and Fasciculithus is abundant (>50%) logether with Coccol-
ithus. The uppermosl part of the sapropelitic bed is an oil shale
with very high TOC, and nannoplankton and foraminifera are
absent. In the sediments overlying the bed, nannofossils includ-
ing pontosphaerids are rare and calcareous detritus is common.

In the Guru-Fatima section (Tadjik depression) the sapro-
pelitic bed is a 1.3 m thick, black oil shale with TOC >13%, in-
tercalated in low-carbonate gray clays (Fig. 6B). There is a
prominent erosional surface at the NP8/INP9 boundary below the
bed. In the lowermost part of the bed, where TOC is highest,
nannofossils are rare and their diversity is low. Braarudo-
sphaera bigelowii (57%), along-ranging nannoplankton species
(Lower Crelaceous—Quatcrnary} which is abundant in sporadic
blooms, is dominant. Calcareous detritus is abundant. Nanno-
plankton are not common but diverse (Lthough species of Toweius
dominale the assemblage} higher in the sapropelitic bed, despite
the low CaCO, content, and oxic benthic foraminifera are com-
mon (Stupin and Muzylov, 2001). Up-section, TOC decreases
gradually, and calcareous nannofossils become rare or are ab-
sent. In the uppermost part ol the bed, rare nannofossils occur,
and the abundance of Toweius sharply decreases while various
Fasciculithus and Discoaster species become more abundant.
The overlying sediments contain rare various nannofossils and
planktic foraminifera only.

In the Kheu river (N.1. Zaporozhets, 2002, personal com-
mun.), Medani (Transcaucasia, Georgia) and Torangly
(Akhmetiev and Zaporozhets, 1996) sections, organic-walled
dinocysts show good preservation without rewerking within
the sapropelitic bed and surrcunding sediments. Scarce Apec-
todiniurm spp. are found in the sediments surrounding the bed.
Within the bed, however, Apectodinium homomaorphum, A, au-
gustum, A. parvum, A. quinguelatum, A. hyperacanthum, A.
paniculatum, and A. sumissum, are abundant, and co-occur
with Kenleyia, Rhombodinium, Hystrichokolpoma, and Fibro-
cysta. This assemblage was assigned to the dinocyst Apecto-
dinium fiyperacanthum zone (Powell, 1992). The sapropelitic
bed thus corresponds to the Apectodinium acme observed in
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many parts of the world during the IETM (c.g., Bujak and
Brinkhuis, 1998; Crouch et al,, 2000; Steurbaut et al., 2000;
Crouch et al,, 2001),

The sapropelitic bed contains unusual forms of the genus
Apectodinium with extremely thick-walled peri-cysts, which
constitute up to 60% of the dinocyst assemblage. These forms
may be endemic to the northeastern Peri-Tethys and indicate cu-
trophic conditions (Akhmetiev and Zaporozhets, 1996). Organic-
walled plankton remains are abundant in the bed, but their total
amount is only a part (25% in Kheu river section; 65% in Medani
section) of the bulk amorphous matrix, which consists of solid
organic maller and other algal remains.

Mineralogical and geochemical characteristics
of the sapropefitic bed

We analyzed the clay fraction in samples from all sections.
Clay mineral assemblages consist ol varying proportions of
smectite, illite, mixced-layered illite-smectite, chlorite, and
rarely kaolinite. In most cases there is no significant difference
between the clay mineral assemblages in the sapropelitic bed
and those in the surrounding sediments. Kaolinite is absent in
most sections, and found only in the Aktumsuk section {north-
western Uzbekistan) and, to a lesser extent, in the Medani sec-
tion (Western Georgia). In these sections, the sapropelitic bed
and surrounding sediments contain kaolinite, but it is slightly
more abundant in the bed.

The o0il shale collected near the Amu-Daria River (Fig. 1)
contains an admixture of palygorskite, which is a common min-
eral in the Paleocene-lower Eocene sediments along the eastern
margin of the basin {Fergana embayment, castern Uzbekistan),
indicating that the climate was arid in these regions. In the
Torangly {Turkmenistan} and Sulak River (Dagestan) sections
Paleccene-Eocene sediments contain illite with a low percent-
age of expanding interlayer clays (5-10%) and chlorite, as a re-
sult of deep burial,

The TOC in the sapropelitic bed is highly variable (Fig. 7).
In the Amu Darya region (Suzak oil shale zone; Figure 1), the
TOC content is higher than 209, but in the Lower Volga region

il
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it does not excecd 1%. In the areas of predominantly carbonate
sedimentation (Caucasus and Aral Sea region), where the sapro-
pelitic bed is organic-rich, the TOC is usually negatively comre-
lated with the CaCO, content. but this correlation does not hold
in the regions of essentially terrigenous sedimentation (Central
Asia),

Fe. P. § are enriched in the sapropelitic bed whereas Mn is
slightly depleted. The minor elements can be divided into two
groups. V, Cu, Mo. Ni, Ag, Au, Se, Co, Zn, Cr, Sn, Ga, Ge, Br,
Re, Te, T, Bi, Sb, Cd are generally enriched to a variable extent
in the bed. Some of these elements show enrichiment throughout
the area, others in some sections only. Ti, Zr, Nb, Rb, Sr, S¢, Cs,
Hf, and the REE have a very low concentration in the sapro-
pelitic bed (Gavrilov et al.. 1997). The pattern of elemental en-
richment in the bed is similar to that in the Quaternary sapropels
of the Black Sea and Mediterrancan {e.g., Fomina and Volkov,
1970; Volkov, 1973; Calvert, 1590; Pruysers et al,, 1991; Suther-
land et al., 1984).

In the Kheu section. the organic matter in the sapropelilic
bed is enriched in "2C (8'*C-30.3%. 10 —30.8%0) relative to the
organic matter in the surrounding sediment (=27%c to —28%.;
Figure 8). The carbonates show the same isotopic excursion
(Kodina et al., 1995; Gavrilov et al., 1997}, as also reported for
the Aktumsuk section (Bolle et al., 2000).

Organic geochemical analyses show a strong increase in the
abundance of marine, plankionic organic matter in the sapro-
pelitic bed relative to the surrounding sediments, but the sources
of the organic matter vary by location (Gavrilov et al., 1997). In
the Kheu River section, organic matter is mainly derived from
marine plankion, bul there is a minor amount of terrestrial or-
ganic malerial. Terrestrial organic matter is absent in the Kurpai
section. This variabilily in the composition of organic matter
may reflect the regional variability in setting, run off, and cli-
male. Climate was more humid in the western region, and a ter-
restrial organic matter was derived from the vegetated coastal ar-
eas, whereas the eastern regions were much more arid, and there
was minimal input from vegetation.

Biomarkers derived from the anaerobic photosynthelic
areen sulphur bacteria Chlorobivm (Summons and Powell,

=t

Plate 1. Figures 1-6. Thin sections of different layers of sapropelitic bed and surrounding sediments in the Kheu river section, Numbers in the
top left comer correspond to nrumbers of samples in Figure 7: (1) “presapropelitic” clay (10 cm); (2) lowermost sapropelitic layer (5 ¢m) rich
in organic matter in the major extent; (3) thinly laminated organic-rich layer (20 cm): (4) calcarcous interlayer (10 em): (5) uppermost
organic-rich layer {13 cm); (6) overlying marl, Figures 7-9. Smear shides of sapropelitic bed and underlying sediments of Aktumsuk scction:
{7-8) underlying sediments; (9) uppermaost part of sapropelitic bed, sample 58 {similar states of discoaster preservation and a high coneentra-
tion of calcareous detritus can be scen in all these samples). 7: Theracosphaera opercutata, x400; a—transmitted light, b—cross-polarized
light. 8: Discoaster multiradiatts, 400, a—transmitled light, b—cross-polarized light, & Discoaster multivadiatues, x400, a—transmited
light, b—cross-polarized light. Figures 10-18. Selected nannofossil species in the sapropelitic bed of the Kheu River section: (10) Rhomboaster
brawmlerrei, x2000, sample 1a, transmited ligbt; (11} Rhomboaster bramietied, x2000, sample 11b, transmitted light; (12) Discoaster lentic-
wlaris, x2000, sample 11b, transmitted light; (13} Fasciculithus thomasii, x2000, sample 11b, cross-polarized light; (14) Rhomboaster bram-
letrei, x2000), sample 11a, a—transmitted light, b—cross-polarized light; (13) Neochiasiozygus concinnus. x2000, sample T1b, a—transmitted
light, b—cross-polarized light; (16) Rhomboaster bramlentei, x2000, sample 11b, a—transmitted light, b—<cross-polarized light: (17)
Fasciculithus invelurus, Toweins callosus, x2000, sample 11b, cross-polarized light, (18) Plecozygus sigmoides, x2000, sample 11b, a—
transmitted light, b—cross-polarized light, '
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1986, 1987) were detected in the organic matter of the sapro-
pelitic bed in the Kurpai section (Kodina et al., 1995). These bio-
markers indieate anaerobic conditions and the presence of H,S
in the photic zone of the water column, as in the present Black
Sea (Sinninghe Damste et al., 1993; Repeta et al., 1989: Repeta
and Simpson, 1991). Organic geochemical data thus show that
relative to the surrounding sediments the organic matler in the
sapropelitic bed is more dominated by marine planktonic or-
ganic malter, and at least in some parts of the basin waters were
truly anoxic in the phetic zone, and H,S was present,

Biostratigraphy and environments
(planktonic and benthic microfossils)

Recent studies (Muzylav, 1994 Muzylév et al., 1989, 1996;
Muzylov and Shcherbinina, 1995) documented that the sapro-
pelitic bed corresponds in age o the boundary between late
Paleocene Subzones CP8a/CP8b of Okada and Bukry (1980),
based on the FO of Rhomboaster cuspis within the sapropelitic
bed. According to Martini (1971), the FO of R. bramlettei (base
of Zone NP10) marks the Paleocene-Eocene boundary. Re-
cently, however, the taxonomy of rhomboaster has been revised,
with the proposition to establish two subspecies of Rhamboaster
bramlertei, R. bramlettei bramlertei and R, bramietiei cuspis
(Bybell and Self-Trail, 1994, 1997; von Salis et al., 2000), In
this revision, the base of Zone NP10 is close to that boundary
between Subzones CP8a/CP8b. In addition, the base of the global
Carbon Isotope Excursion has now been proposed as the
Paleocene-Eocene (P-E) boundary by the International Sub-
commission on Paleogenc Stratigraphy {Luterbacher et al..
2000). I we follow this revision, the P-E boundary falls at the
base of the sapropelitic bed. We do nol have isotope data in all
studied sections, and in the figures for this paper have still placed
the P-E boundary at the NP9/NP10 zonal boundary.

Consistent biotic changes in our sections include a major
change trom mainly calcareous-walled phytoplankton in sedi-
ments below the sapropelitic bed to mainly organic-walled
plankton remains within the bed, separated in some sections
(Kheu, Sulak, Aktumsuk, and Kurpai) by a thin layer of sedi-
menl just below the bed which lacks both planktic and benthic
calcareous microfossils. Some nannofossil taxa (pontosphaerids
and rhabdosphaerids) which are common in epicontinental sedi-
ments in subsequent epochs, evolved at this time as seen in some
sections (Figs. 4, 5, and Muzylav, 1994).

The sapropelitic bed itself contains both nannofossils and
planktic foraminifers, bul the nannofossil assemblages within
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Fipure 4. Luhological and microfossil changes near the Paleocene-
Eocene boundary. A: Kheu River section (Central Caucasus), B: Ak-
wmsuk Cape section (western Aral Sea}. Arrows indicate levels of en-
richment in caleitic detritus. Dala on foraminifera after Stupin and
Muzyliv, 2001, Note that the Paleocene-Eocene boundary was drawn
at the NP9/NP10 zonal boundary,
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the bed differ from those in the surrounding sediments. Gener-
ally, within the sapropelilic bed the nannofossil diversity is low,
and one or lwo taxa dominate. Scctions with carbonate sedi-
ments (Kheu, Aktumsuk) show a strong dominance of Toweius,
and those with mostly terrigenous sediments (Torangly, Kurpai,
and Guru-Fatima sections) contain assemblages dominated
by Fasciculithus, probably reflecting shallow water depth and
oligotrophic environments.

The nannofloral changes in the northeastern Peri-Tethys
sections thus differ from those in sections in Spain (Trabakua
Pass section), where the IETM occurs in a dissolution horizon
(Orue-Etxebarria et al., 1996), and is marked by a low abun-
dance of the cool water species of the genera Chiasmolithus and
Prinsius and a high abundance of Fasciculithus, An abrupl de-
cline in abundance of Fascicufithus and the appearance of abun-
dant Zygriablithus above the base of the IETM have been ob-
served in epicontinental and oceanic sections (Aubry et al.,
1996; Orue-Etxebarria et al., 1996; Monechi et al., 2000;
Bralower and Premoli-Silva, 2002). In our sections, Zverhab-
lithus is generally absent and Fasciculirhus are common, show-
ing decreased abundance above the sapropelitic bed in the Guru
Fatima section only.

In most sections, the lowermost part of the sapropelitic bed
which contains the highest TOC content is characterized by a
poor nannoflora, and an increased abundance of Thoraco-
sphaera. A bloom of Braarudosphaera is found only in the Guru-
Fatima section, situated in the arid eastern part of the basiu.
These two taxa are abundant after the Cretaceous-Paleogene
boundary, when other nannofossil taxa were rare. QOccasional
Braarudosphaera blooms have been recognized in mid-
Oligocene sediments trom the South Atlantic, possibly due to
voluminous freshwater influx resulting from the melting of
Antarctic ice. In Miocene and Pliocenc sediments in the
Mediterranean and Black Sea, Braarudosphaera-rich sediments
are associated with sapropelitic layers (L.A. Golovina, 2001,
personal commun.). Bukry (1974) concluded that B. bigelowii
may thrive at relatively low salinities, bul Perch-Nielsen (1977)
speculaled that the taxon is euryhaline, and thus more common
where salinity fluctuations limit the occurrence of other species.
Experimental data on modern Thoracosphaera heimii in culture
show a maximum growth rate and productivity at 27 °C in a
nutrient-rich medium (Karwath et al,, 2000), suggesting that the
sapropelitic bed accumulated at relatively high 1emperatures, in
agreemenl with the occurrence of abundant warm-water dis-
coasters within the bed. Besides, this species has its maximal
productivity during periods of stratification of the upper water
column and a well-developed thermocline {(Vink et al., 2002).

The microfossil assemblages thus indicate that conditions
were warm during the deposition of the sapropelilic bed, and lo-
cally salinity variations occurred. In addition, the occurrence of
some nannofossil forms such as rhomboasters, asymmetric dis-
coasters, morphotypes of Fasciculithus with a very high curved
cone, and extremely thick-walled Neochiastozygus sp. lestify to
the occurrence of unusual environmenlal circumstances,
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Figure 6. Lithological and microfossil changes around the Paleocene-Eocene boundary in the Central Asia Tadjik depression): A: Knepai section,
B: Guru-Fatima section, Arrows indicate levels of enrichiment in ¢alcitic detritus, Data on foraminifera after Stupin and Muzylov, 2001. Note that
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Figure 5. Lithological and microfossil changes around the Paleocene-Eccene boundary: A: Sulak River section {(Eastern Caucasus), B: Torangly
section (Turkmienistan). Arrows indicate levels of enrichment in caleitic detritus, Data on foraminifera after Stupin and Muzylov, 2001, Note that

the Paleocene-Eocene boundary was drawn at the NPO/NP10 zonal boundary. For legend see Figure 4,
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The planktic/benthic foraminifera ratio increased sharply in
the sapropelitic bed, with benthic biota represented mostly by
dysoxic species of benthic foraminifera, indicating varying de-
grees of dysoxiafanoxia within the basin (Swpin and Muzylov,
2001). The benthic fauna recovered partially in the middle part
of the sapropelitic bed, concurrent with the recovery of calcare-
ous plankton and a decrease in TOC, suggesting that dysoxia/
anoxia weakened temporarily. The changes in benthic
foraminiferal assembiages in the sapropelitic bed of the north-
eastern Peri-Tethys thus resemble those documented in coeval
sediments in Egypt {Speijer et al., 1997; Speijer, 2003). In the
Torangly section, buliminids, generally thought to indicate a
high food supply, were abundant (Speijer et al., 1997),

The calcareous microplankion apparently recovered during
the deposition of the sapropelitic bed, after the “presapropelitic™
crisis (thin interval without microplankton). We do not consider
that carbonate dissolution caused the absence of calcareous
plankton in this layer; in fact, dissolulion appears 1o have been
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somewhal more important in the sapropelitic bed. Remains of
organic-walled plankton dominated during the accumulation of
the bed. The acme in dinoflageliate Apecrodinium cysts in sedi-
ments deposited during the IETM has usually been explained as
the result of high temperatures as well as high nutrient levels
{e.g.. Crouch et al., 2001). Dinoflagellates form a major part of
primary planktonic production in oceans, and their blooms usu-
ally occur in warm, cutrophic waters. Dinoflagellates are also
known for producing toxins in the so-called “red tide” blooms,
causing fish and plankton kills (e.g., Taylor and Sehiger, 1979;
Steidinger and Baden, 1984),

When the sapropelitic bed accumulation gradually came to
an end, the nannofloras recovered slowly in abundance and di-
versity. In the Torangly section the benthic foruminifera also
show a gradual recovery (Speijer et al., 1997), as they did at
ODP Site 1051 (Katz et al., 1999) und al severa] other sites glob-
ally (Thomas, 1998). Low-diversity nannofloras persisted for a
long time after the accumulation of the sapropelitic bed, al-
though the relative abundunces of the most important taxa re-
covered to pre—sapropelitic bed levels, Discoaster mahmoudi
appeared just after the deposition of the supropelitic bed, with a
FO apparently synchronous over the Tethys, as well as ina num-
ber of sections in Spain and Egypt (Moncchi et al., 2000),

Depositional scenario for the sapropelitic bed

The deposition of the sapropelitic bed in the northeastern
Peri-Tethys was the regional expression of the global IETM event
in the unique setting of a large epicontinental basin. The regional
featurcs developed in response to the global events (climatic
warming, carbon isotope excursion [ClE], benthic extinction
event} documented to have occurred on land, in open occan,
and shelf areas. The sapropelitic bed is characterized by a light
carbon isotopic composition of organic matter and carbonates
(Kodina et al., 1995), corresponding to globally light values of
carbon isotopes in the ocean-atmosphere system during the
IETM (e.g.. Kennctt and Stott, 1991; Thomas and Shackleton,
19963, which probably resulted from the large-scale dissocia-
tion of gas hydrates {e.g.. Dickens et al., 1995), The CIE in the
northern Peri-Tethys section is similar in magnitude to that in
open ocean sections, and we thus assume that values were prab-
ably not influenced by regional factors to a major degree.

The duration of the accumulation of the sapropelitic bed can
be only approximately estimated by comparison with rates of
sediment deposition elsewhere. Sapropelites may accumulate
rapidly; for example, a sapropelitic bed of similar thickness as
the sapropelitic bed accumulated in the Black Sea over a period
of ~4-5 k.y. (Vinogradov et al., 1962). Mediterranean sapropels
of similar thickness are also thought to have been accumulated
over several thousands of years, and the accumulation rate of
sapropels is 3=3 limes greater than that of surrounding sedi-
ments (Sutherland et al., 1984}, A lower Eocene succession of
sapropelitic bed (10-15 cm) accumulated within 2 k.y. maxi-
mum (Oberhinshi and Beniamovskii, 2000). An approximate es-
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timate oblained by assuming that the lamination of the sapro-
pelitic hed represents annual laminae (Plate 1, Figure 3) indi-
cates that the whole of the bed accumulated in ~10-12 k.y, How-
ever, correlation of the carben isotope record of the sapropelitic
bed (Fig. 8) with records in oceanic sections suggests that the
main part of the bed formed during the peak of the CIE, which
lasted ~60 k.y. (3 precession cycles; Rohl et al., 2000). We can
presently not explain this disagreement,

The formation of organic-rich sediments is usually thought
to result from increased biological productivity (e.g., Pedersen
and Calvert, 1991}, We agree with these authors that high pro-
ductivily was the most important factor in the accumutation of
the sapropelitic bed, while siratification of the water column
may have played a role, but was not the main cause of low-
oxygen conditions. Models proposed for the genesis of the
Pliocene-Pleistocene eastern Mediterranean sapropels (e.g.,
Kidd el al., 1978; Calvert, 1983; Sutherland et al., 1984) and the
Black Sea (Strakhov, 1971) are probably not relevant to the dep-
osition of the sapropelitic bed. because the northeastern Peri-
Tethys was a very large, cpicontinental, relative shallow-water
basin, scparated {rom the open ocean by a system of archipela-
goes, and thus had an oceanographic setting very different from
that of the eastern Mediterranean and the Black Sea.

The sapropelitic bed accumulated during a rapid transgres-
sion, as documented by its sharp, sometlimes erosional lower
boundary. This transgression was preceded by a short regression
(Muzylov et al., 1996; Gavrilov et al., 1997), very similar to in-
terpretations of the setting of coeval TOC-rich sediments at the
southern Peri-Tethyan margin (Speijer, 2003; Speijer and Morsi,
2001). These authors argue that both increased productivity and
increased prescervation of organic matter were important factors
in the deposition of the organic-rich sediments, and that the high
productivity was driven by increased upwelling of nutrient-rich
waters through offshore Ekman transport.

In contrast to these authors, we think that upwelling cannot
have been efficient throughout the large, shallow epicontinental
basin of the northern Peri-Tethys, and argue that high produc-
tivity throughout this vast region was mainly caused by an in-
creased supply of nutrients into the basin from coastal regions
during a rapid wransgression (Fig. 9} (Gavrilov, 1994; Gavrilov
and Kopaevich, 1996; Gavrilov et al., 1997),

This increased nutrient flux resulted from a rather complex
series of events. During the rapid regression just before the
IETM, large lowland areas with little relief formed along the peri-
phery of the basin and around archipelagoes in a relatively shal-
low epicontinental sea, Non- or weakly lithified sediments in the
newly exposed, widespread coastal plains underwent soil for-
mation, and the soils became enriched in nutrients. In humid
arcas, such as the Caucasus and adjacent areas, lakes and water-
logged bogs developed rapidly in the extensive coastal plains, In
present-day peat bogs, P is very soluble and becomes enriched
in surface waters (Kovalev, 1985), Water-logged basins contain
abundant dissolved and particulate organic matter from the de-
composition of vegetation.

Y, O, Gavrifov, E.A. Sheherbinina, and H. Oberhiinsli

We argue that a rapid transgression flooded the coastal
plains at the beginning of the formation of the sapropelitic bed
(Fig. 9). Because most of the northeastern Peri-Tethys was a
pencplain formed in the Late Cretaceous and earliest Paleogene,
even miner sea-level fluctuations resulted in a major change in
basin outline. The sea-level rise was at least several tens of me-
ters (Haq el al., 1987; Gavrilov et al., 1997} in agreenient with
estimates by Speijer and Morsi (2001) and Speijer (2003) for the
southern margin of Peri-Tethys. During the sea-level rise, par-
ticulate and dissolved organic matter was transported into the
sea from the drowned peat bogs and soils. The particulate or-
ganic matter was partially redeposited, enhancing enrichment in
TOC in some regions (e.g., the Kheu river section). The dis-
solved organic matter and nutrients (including P which is en-
riched in most sapropelitic bed sections) were transperted into
the basin, wiggering a strong increase in productivity of organic-
walled and possibly prokaryote phytoplankton, The blooms of
organic-walled phytoplanklon may have adversely alfected
other plankton groups and fish, as observed in present-day “red
tides” in cutrophic coastal regions.

The hypothesis that the transgression played a major role in
triggering increased productivity was also invoked to explain the
origin of Pennsylvanian black shales (Wenger and Baker, 1986),
In addition, data on events during the filling of reservoirs behind
dams, which simulates a transgression, support this hypothesis;
During the initial filling of reservoirs, phytoplankton productiv-
ity is extremely high because larpe amounts of nutrients arc
washed from the flooded soils into the basin (Petrova, 1990).

In some sections in the eastern arid part of the basin (e.g.,
the Kurpai section) only a negligible amount of Lerrestrial organic
matier accumulated in the sapropelitic bed, but the bed is closely
associated with phosphate-bearing rocks and phosphorites. The
lowermost part of the Suzak Formation (underlying the oil shale
unit) contains abundant phosphate concretions. We argue that a
significant amount of P, concentrated in soils and produced by
weathering in pre-sapropelitic bed time, was supplied to the
basin during the transgression, triggering phytoplankton blooms
and causing high organic matter concentrations.

The high productivity of erganic-walled plankton supplicd
most of the organic material present as TOC in the sapropelitic
bed, while productivity of calcareous plankton was low, al-
though we may underestimate calcareous plankton productivity
as a result of slight dissolution. This high productivity was the
major cause of the anoxia/dysoxia in the water column, as indi-
cated by the impoverished benthic foraminiferal faunas, sedi-
ment lamination, and organic biochemical tracers. In addition,
it has been argued that open-ocean waters were overall low in
oxygen during the [ETM (e.g., Thomas, 1998), and these global
low oxygen levels could have influenced oxygen levels in mar-
ginal basins (e.g., Speijer, 2003).

We cannot, however, completely exclude the possibility
that the anoxia/dysoxia was exacerbated by stratification and re-
sulting stagnation. Increased runoff of fresh water could have
caused stratification in western parts of the basin. The only ev-
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idence for such an increase in runoff can be seen in the low val-
ues of oxygen isotopes in bulk carbonates in the sapropelitic bed
in the Aktumsuk section (Fig. 8). But the thick-walled dinocyst
abundance, the blooms of the calcareous dinocyst Thoraco-
sphaera, and diverse nannofossil assemblages indicate eutrophic
environments and normal salinity, and the biota thus do not indi-
cate lowered salinity. At other times, the biola very clearly docu-
mented increased runoff, For instance, well-documented episodes
of high freshwater influx in the northeastern Peri-Tethys (e.g.,
in the middle Oligocene part of the Maykop Formatien) are char-
acterized by the occurrence of abundant moncspecific nanno-
fossil assemblages associated with small thin-walled dinocyst
remains (M, Akhmetiev, 2002, personal commun.). We thus have
no solid evidence for increased runoff resulting in lowered salin-
ity, and conclude that deposition of the sapropelitic bed was prob-
ably not caused by stagnation resulting from stable stratification
as a result of increased runoff, even in the more humid western
parts of the basin.
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Figure 9. Sugpgested model of formation of the sediment rich tn organic
matter in the northeastern Peri-Tethys (A} and supgested sca-level
changes (B).

In the eastern part of the area conditions were arid, as doc-
umented by the higher palygorskite content in sections in the
Fergana embayement and the Amu-Daria region, Uzbekistan.
Over the whole basin, and not just in the western regions where
climate was humid, the transgression was followed by the de-
position of TOC-rich sediments, with maximal TOC concentra-
tions in arid areas (e.g., in the Kurpai and Guru-Fatima sections).
In these arid eastern and southeastern part of the basin, increased
stratification might have resulted from higher evaporation rates
during the warm IETM, similar to the coeval episode of exten-
sive evaporation documented in Spanish sections (Schmitz and
Pujalte, 2001). Hypersaline lagoons and lakes may have formed
during pre—sapropelitic bed regression, and supplied saline wa-
ter to the marine basin during the following transgression, pos-
sibly increasing local salinily and causing density stratification.
Stable density stratification thus may have been a contributing
factor to the high concentrations of organic matter in sediments
(e.g.. TOC >20% in the Suzak oil shales).

The accumulation of organic matter in the sediments caused
sulfate-reduction and the generation of H,S that diffused into the
water, accumulated close to the bottom, and locally reached the
photic zone, as shown by the biomarkers. The development of
anoxic and dysoxic conditions caused extinction of benthic fauna,
the appearance of anomalous planktonic taxa and possibly im-
poverished planklonic assemblages where these conditions
reached the photic zone. The intensity of dysoxia/anoxia varied
in different parts of the basin, as indicated by differences in ben-
thic foraminiferal assemblages (Stupin and Muzylév, 2001),

The presence of H,S alfected the geochemical signature of
the sediments, too. In all sections, the sapropelitic bed is
strongly enriched in Mo with respect to the surrounding sedi-
ments (Fig. 7)., and enrichment patterns are similar for Se and
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Re (Gavrilov et al., 1997). These elements {Mo, Se, Re) are
redox-sensitive and form inseluble sulfides in the presence of
H,$ in the water column. This process causcd the observed en-
richment in the sapropelitic bed, in combination with other
mechanisms for the concentration of minor elements, such as
sorption by clay particles and organic matter, and possibly dia-
genetic enrichment.

In some sections, we observed that biotic changes started
below the base of the sapropelitic bed, where a thin layer of sedi-
ment contains neither plankton nor benthos. We have no litho-
logical or geochemical evidence of major taphonomic changes
during diagenesis in this layer {(e.g., calcite redistribution). We
sugpest that a dramatic decrease in productivity may have oc-
curred during the regression, which occurred before the rapid
transgression that led to deposition of the sapropelitic bed. Dur-
ing this regression, the waters had a high turbidity in some parts
of the basin, as a result of erosion of weakly lithified sediments,
as documented by the occurrence of detrital carbonate and re-
worked Cretaceous nannofossils in some sections. The in-
creased turbidity would have decreased light penetration in the
water column, thus reducing primary productivity, and influ-
encing floral and faunal composition.

After the peak of Lhe transgression, the rich supply of nu-
trients gradually decreased with the deposition of the organic
matter in the sapropelitic bed, and the intense blooms of various
forms of plankton ended, ending the dysoxic to anoxic condi-
lions. Besides, global ocean waters became more oxygenated
(e.g., Thomas, 1998), which may have assisted in helping to al-
leviate the environmental conditions in the marginal basins (e.g.,

Yu. @. Gavrilov, E.A, Sheherbininag, and H. Oberhéiinsli

Speijer, 2003). In addition, the world cooled gradually {(e.g., Za-
chos etal., 2001), which made it possihle to dissolve more oxy-
gen in the waters.

There has been much speculation regarding the cause of the
end of the IETM, and the prevention of a runaway greenhouse
effect, Tt has been argued that increased productivity on land
(Beerling, 2000} or in open ocean (Bains el al., 2004)) was re-
sponsible for the removal of carbon dioxide from the atmo-
sphere, thus ending the IETM. We suggest that the deposition of
huge amounts of organic material in the sapropelitic bed in the
vast, northeastern Peri-Tethys may very well have contributed
to the ending of the IETM and restoration of more normal
environmental conditions.

ACKNOWLEDGMENTS

We thank N, Muzyliv who provided the samples of the Western
Kopetdag and from the Tadjik depression sections, N.I. Za-
porozhets who has kindly given her results from the dinocyst
study from the Kheu River section, and M.A. Akhmetiev for a
very fruitfut discussion on dinocyst assemblages. We are grate-
fulo T. Bralower, K. Bice, P. Luger, H. Brinkhuis, and M. Kruge
for their thorough review of the paper and helpful comments, We
also thank E. Thomas for considerable help in improving the
manuscript.

This research was supported by the Russian Foundation for
Basic Rescarch, projects no. 00-05-64593 and 01-05-64805 and
INTAS grant no. 93-2509,



Thoracosphaera operculala

Toweius callosus

Neochiastozygus distentus
T. eminens
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NP9/NP10 zonal boundary.



WApOY SNOSIpolAy e

E15p08 eragydsoidduwe
smede a

SONIPUE JF)SEOISIT
FBHOILBIG JOISECGUIOYY

Snounil SNEAZOISEIYI09N » »

181 210d SHUOCOSISNSUES |
SAYINSIP STYHOSTHT
BENG} STUBMOY

BIEINUSd0 BIapyds00BI0t
HDIBYIU SIGHIDIISES

SR NIO0 SSMOY
smebniq snymaeyblz
SISUBLLINGSIES 13]SE0I8IT
snsnuad smomoy

snpde snyloydess
nsewayl o

SIS o

seueiilf o

HUO) SAYNWININISEA

spqou g

SUBINIIILS] JBISEO2SIT
mofalig BisBYGSOPILEEIT
SMUBISID SNOAZOISEIII08N
SAS2ELW SINIOSTyT
SIBNSUOS STHINOWSEID)
suBUiLS f

SNSO[ED STSMA;  ® ®
snwud snyjifousyds e ]

HUSMEU STHSUL
#3paL H

MBAUSLY SPUNIOHIH
SILLUIOUEGUAL o
smoALl 4

#qog o

HUEJE SDUINIIOSE

SAISIPRIINL 13)SEA0SIT e .

SIUSB) SINOIEIaIIUD)
sMsAqos "D
snabejsd Smoases
SINUIONED "D

SUBPIG SIIHOLWSENYD)

24
23

01dN

17

16(25)

15
14

6dN

13

12
"

10

aualog

auafoa|ed

s

Appendix B, Nannofossil range chart of the sapropelitic bed of Sulak River section, Note that the Paleocene-Eocene boundary was drawn at the

NPY/NP10 zonal boundary.



ds SNyNooseS . .
Snouge J8jSecoseld . o

SMINJOAUI SYUNDIISES o o . .
wApay snasipoBAz .
‘ds SNBAZOISBIYI0IN
SoIUeUR 19)SE0ISI(T
1aj1efRIg J9ISPOGUIOYY
seuaqne SNYNN0IISeS
gfapoa esseydsojAdiie)
Jayoind spuodosiansues]
smejnaso |
SMSOjIED SMOMO|
elenausdo pieeydsoorioy |
snwnd snyjyousyds
saprowwbis snbAzooseld
eueid o o
SNARIONE BISRYISOIOH . .
SMUIISIP ‘N o
snUUIU0D SnBAZOISBIYoI0BN
SNSIBAUL SNHBIIEW . .
SIULOHUBAWAL o » . . .

SneJopis o

seueifjl] SNYUININISES
snyoisip snydosdiy3 e
sifiqou "g
smelpeimu g . . .
sugnonue
snjeojej 48jseoIsig
snsnuadqgns D
snaiBerad snyjijoo007
SNIBNSUOD SNYNFOWISEIYD)

.8 .
LI .
* B
M5 ¢« ¢« = a & » o &
«e s 8 0 2
[ ] L]
a 2 & o & @ & 2 @& @

108
107
103 & o »

A I e

ESEREIE

1IEFHESE

2
ﬁ.l_ll_rlrl

—I—I—1—1—11

CT—T—I—1—][—

ET=T=T—1—]—=

ueluedwWE?D

suasog auasoajed

w 5g

Appendix C. Nannofossil range chart of the sapropelitic bed of Aktumsuk section. Note that the Paleocene-Eocene boundary was drawn at the

NPO/NP10 zonal boundary.



snpounf snbBAzosBI208N
Blepos esseydsoifdwen
teyand syuodosiaasuely
sipueifos sniowselys
18YBjLUIEIq 18)SROGLUOYY
eueld esoeydsojuod

‘ds Snypmnaase
SNaIapIS SNYNINIOSE
SNJeNSUOI SALINOWSEIYD
snsnuad -4

SN0 |

SUBUNUS |

SNSOYRI SNIBMOY
ejenosdo eropydsooeioy |
snud snypouayds
{o1qn9) ‘ds seiseoquuoyy
SnjussIp snbAzojsenyoosN
sud2sRU SNopoydoT
ffepsu snyioifeld
Siuuopiiediuf] 4
Hqneyls o

fpreyou o

eeueijlif A

STNOALE SYHINI0SE o
psmuadygns eruosoug
SNYIRSIP SNYIosdis
sqou g

smeipesynd Qg
euefnonust '

SNjeaje) 19)SE00SI(]
snabejad snyi00007)
SUspIq SIINOWSeIY)

521

518

515

514
513

0ldN

812

511

510

509

6dN

Aj'-sos

[ e R e Ry

[ A S
T

=}

auasog

auasoa|ed

w

Appendix D, Nannofossil range chart of the sapropelitic bed of Torangly section. Note that the Paleacene-Eocene boundary was drawn at the

NP9/NP10 zonal boundary.



Paleacene-Eocene boundary events in the northeastern Peri-Tethys

REFERENCES CITED

Akhmetiev, M.A., and Zaporozhets, N.I.. 1996, Changes in dinocysts assem-
blages as reflecting in ecosystem transformations in the Russian Platform,
Crimea, Caucasus, and Teraman plaie during Palecgene and early
Miocene, /r Kuznetsova, K., and Muzylév, N.G., eds., Fossil micro-
orgamisms as the basis of the Phanerozoic stratigraphy, correlation, and
paleohiogeography: Moscow, GEOS, p. 55-69 (in Russian).

Aubry, M.-P., Berggren, WA, Stoul, L., and Sinha, AL, 1996, The upper Paleocene—
lower Eocene stratigraphic record and the Paleocene-Eocene boundary car-
bon isotope excursion: Implications for geochronology, i Knox, R W.0'B.,
et al., eds., Correlation of the early Palecgene in northwesiern Europe: Geo-
logical Socicty {London] Special Publication 101, p. 353-380.

Aubry, M.-P., Lucas, 5.G., and Berggren, WA, ¢ditors, 1998, Latc Paleocene~
carly Eocenc climatic and bictic events in the marine and terrestrial
records: New York, Columbia Umiversity Press, 513 p.

Bains, 8., Nomis, R.D., Corflield. R.M., and Faul, K., 2000, Termination of
global warmth at the Paleocene/Eocene boundary through preductivily
feedback: Nature, v. 407, p. 171-174.

Beerling, D., 2000, Increased (errestrial carbon storage across the Paleocene-
Cocene boundary: Palacogeography, Palacochmatology, Palacoecolopy.
v. 161, p. 395-405.

Bolle, M.-P., Pardo, A., Adalte, T., Tantawy, A, Hinrichs, K.-N., von Sahis, K.,
and Bums, S., 2000, Climatic evolution on the southern and northern marging
of the Tethys from the Palcocence to the early Eocene: GEE, v. 122, p. 31-32.

Bralower, T, and Premoli-Silva, [., 2002, Leg 198 Summary: Bralower, T.1.,
et al., cds., Ocean Drlling Program, Preliminary Report, Leg 1938,
hitp://uevew.dp.lamuedu/publications/ 198_IRNVOLUME/CHAPTERS/IR
198_01.PDF.

Bujak. I.P., and Brinkhuis, H., 1998, Global warming and dinocyst changes
across Lhe Paleocene/Eocene epoch boundary, in Aubry, M.-P., et al., eds..
Late Paleocenc—carly Eocenc biotic and climalic events in the marine and
terrestrial records: New York, Columbia Universily Presy, p. 277-295.

Bukry, D., 1974, Coccoliths as paleosalinity indicators: Evidence from Black
Sca, in Degens, E.T., and Ross, D.A L eds., Black Sea: Geology, chemistry,
and biology: Tulsa, Oklahoma, American Association of Petroleum Geo-
logists Publishing, p. 353-363.

Bybell, L.M., and Se¢lf-Trail, J.M., 1994, Evolutionary, biostratigruphic. and tax-
onomic study of calcarcous nannofossil from a continuous Paleocenc/
Eocene boundary section in New Jersey: U.S. Geological Survey Profes-
sjonmitl Paper 1554, 36 p.

Bybell, L.M., and Self-Trail, .M., 1997, Late Paleoccene and carly Eocene cal-
carcous nannofossils from three boreholes in an onshore-offshore transect
from New Jersey 10 the Atantic continental rise, i Miller, K.J., and Snyder,
S\, eds., Proceedings of the Ogean Drilling Program, Scientific Resulis:
Texas A & M University, College Station, Texas, USA, v. 150X, p. 91-110.

Calvert, S.E.. 1983, Geochemistry of Pleistocene sapropels and associated
sediments from the Eastern Medilerrancan: Oceanclogicn acta, v, 6, no. 3,
p. 255-267.

Calvert, §.E., 1990, Geochemistry and origin of the Holocene sapropel m the
Black Sca, in Intekkot, V., ot al, eds., Facets of modern biogeochemisiry:
Berlin, Springer-Verlag, p. 326-352,

Crouch, E., Bujak, J.P.. and Brinkhuis, H., 2000, Southern and Northern Hemi-
sphere dinoflageflate cyst assemblage changes in association with the late
Paleocene thermal maximun: GFF, v. 122, p. 40-41.

Crouch, E.M., Heilmann-Clausen, C., Brinkhuis, H., Morgans, H.E.G., Rogers,
K.M.. Egger, H.. and Schmitz, B., 2001, Global dinoflagellate cvent associ-
ated with the late Paleacene thermal maximum: Geology, v, 29, p. 315-318.

Dickens, G.R., O'Neil, LR, Rea, D.K., and OQwen, R.M., 1995, Dissceiation of
oveamie methane hydrate as a cause ol the carbon isotope excorsion at the
end of Paleocene: Geology, v. 25, p. 259-262.

Fomina, L.5., and Volkov, L1, 1970, Rare carth elements in the Black Sea sedi-
ments: Litologia 1 poleznye iskopaemye, no. 2, p. 148—160 (in Russian).

Gavrilov, Yu.O., 1994, The possible causes of sediment rich in organic rmatter
accumulation in relation with costatic sealevel changes, /1 Semikhatov,

167

M.AL and Rozanev, A.Yu., eds., Ecosysiem restruciures and the evolulion
of biosphere: Moscow, Nedra, p. 305-311 (in Russian).

Gavoilov, Yu.O., ind Kopagvich, L.E., 1996, Geochemical, biochemical, and bi-
olic consequences ol eustatic fluctuations; Siratigraphy and Geological
Correlation, v. 4, no. 4, p. 3-14.

Gavrilov, Yu.0., and Muzylov, N.G., 1991, The geochemisiry of sapropelite
inferbeds in the Paleogene of Central Cancasus: Lithology and Mineral Re-
sources, v. 6, p. 84-0%.

Gavnlov, Yu.O., Kodina, L.A., Lubchenko, [ Yu., and Muzylov, N.G., 1997, The
Lute Paleocene anoxic event in epicontinental seas of Peri-Tethys and for-
mation of the sapropelite unite: Sedimentology and geochemistry: Litho-
logy and Minvcral Resources, v. 5, p, 492-517,

Gavrilov, Yu.0., Sheherhinina, E AL, and Musylov, N.G., 2000, A Palcogene sc-
guence in ceniral Norlh Caucasus: A respense o paleoenvironmental
changes: GFF, v, 122, p. 51-33.

Haa, B.U., Hardenbol, J,, and Vail, PR., 1987, Chrouology of fluctuating sca
levels since Triassic: Science, v. 235, p. 11561167,

Karwiuth, B., Janofske, D., Tetjen, F., and Wiliems, H.. 2000, Temperature
eftects on growth znd cell size in the marine calearcous dineflagellate
Theracosphaera heimii: Marine Micropaleontology, v. 39, no. 1-4, p. 43
51

Kaiz, M.E., Pak, D.K., Dickens, G.R., and Miller. K.G., 1999, The source and
fale of massive carbon input during latest Paleocene thermal maximum:
Science, v. 286, p. 15311533,

Kennett, LP. and Stoi. L.D.. 1991, Ahrupt deep-sca warrning, palcoceano-
graphic changes, und benthic extinction at the end of Paleocene: Nalure,
v. 333, p. 225-229.

Kidd, R.B., Cita, M.B., and Ryin, W.B.F., 1978, Siraligraphy of Easltern
Mediterrancan sapropel sequences recovered durmyg DSDP Leg 42A and
their palcoznvironmental significance, Hsil, K1, et al., eds. Initial veports
of the Deep Sea Drilling Project: Washington, D.C., U.S. Government
Printing Office, v. 42, p. 421443,

Koch. PL., Zachos, J.C., and Gingerich, P.I)., 1992, Coupled isotopic changes
in marine and continental carbon reservorrs wl the Palcocene-Eocene
boundary: Nature, v, 358, p. 319-322.

Kodina, L_A., Huang, Y., Gavnloy, Yu.(»., Jonzs, M., and Eglinton, G., 1995, En-
vironment of upper Paleocene black shale depesition in southein Russia and
adjacent regions as revealed by isetepe and biomarker study. in Grimali, 1.0,
and Dorronsoro, C., eds., Organic geochemistry: Developments and appli-
catiens Lo energy, climate, environment and human hisiory: Selected papers
from the | 7th Internationai Meeting on Orgunic Geochemistry, Donostia-San
Sebastizn, The Basque Country, 4th=81h September 1995, p. 192-194,

Kovaley, ¥.A., 1985, Bolotnye mincralogo-geokhimicheskie systemy {Minera-
logical and geochemienl sysicms ol bogs): Minsk, Nauka i Tekhnika, 327
p. (in Russian),

Luterbacher, H.P., Hardenbel, J., and Schmitz, B, 200¢), Decision of the voling
members of the Internatianal Subcommission on Paleogene Siratigraphy
on the criterion tor the recognition of the Paleocene-Eocene boundary:
Newsletter of the Internationa) Subcommission on Paleopene Siratigraphy.
Tuhtngen, November 2000, v. 9. p. 13.

Marting, E., 1971, Standard Tertiary and Quaternary calcareous nannoplankion
zonation, i Farinacel, A, ed., Proceedmgs of the 2nd Plankionic Confer-
ence, Rome, laly, 1970 Tecnoseicnza, v. 2, p. 739-785.

Monechi. §., Angori, E., and Speijer, R., 2000, Upper Paleocene straligraphy in
the Mediterranean region: Zonal markers, diachronism, and preservalional
problems: GFF, v. 122, p. 108-110.

Muzylév, N.G.. 1994, Paleocene—middle Eocene anoxic events, i Semikhatoy,
MLAL and Rozinov, A Yu., eds., Ecosysiemn restructures and the evolation
of biosphere: Moscow, Nedra. p. 151-159 (in Russian}.

Muzylov, N.G., and Sheherbinina, E.A. 1995, The main geological events ol
Thanctian—lower Ypresian of the South of the Former USSR IGCP {Imer-
national Geelogical Correlation Program) Project 308 meeting Paleocene-
Eocene boundary cvenlts, Beer Sheva, [stael, 815 Janoary 1993, p. 6-7.



168

Muzyléy, N.G., Benyamovskn, V.N., and Tabachnikova, LP., 1989, Sapropel
imerlayers in lower Paleocenc deposits of the southem USSR Tzvestia Aka-
demii Nauk SSSR, Serma Geolegicheskaya, v. 11, p. 117-119 (in Russian).

Muzylov, N.G., Benjamovsky, V.N. Gavrilov, Yu.O., Shcherhinmina, E.A., and
Stupin, 8.1, 1996, Paleontological and geocheinical features of the Central
Caucasian upper Paleocene sapropelite, in Kuznetsova, K., and Muozyldy,
N.G., cds., Fossil microorganisms as the basis of the Phanerozoic strati-
graphy, correlation, and paleohiogeography: Moscow, GEOS, p. 117-127.

Oberhins)i, H., and Benamovskii, V.N., 2000, Dysoxic bottom water events inthe
Peri-Tethys during the late Ypresian: A result of changes in the evaporation/
precipitation balance in adjacent continental regions: GFF, v. 122, p. 21-123.

Okada, H.. and Bukry, D., 1980, Supplementary modification and intreduction
of code nombers to the low-latitude coccolith biostratigraphic zonation
{Bukry, 1973, 1975): Micropalcontology, v. 5, no. 3, p. 321-325,

Orue-Ewxeharma, X, Apellaniz, E., Baceia, 1.1, Coceioni, R, Di Leo, R, Dinares-
Turell, 5., Galeetti. S.. Monechi, 5., Nuncz-Beteln, K., Pares, .M., Puyros,
AL, Pujalle, V., Samso, J.M., Serma-Kicl, J., Schmitz, B., and Tosquella, J.,
1996, Physical and biostratgraphic analysis of lwo prospective Paleocene-
Eocene boundary siralotypes in the intermediate~deep water Basque Basin,
western Pyrenees: The Trabakua Pass and Ermua sections: Neoes Jahchuch
filr Geologie und Palionologie, Abhandlungen, v. 200, p. 1-64.

Pedersen, T.F., and Calvert, S.E., 1991, Anoxia vs. produclivity: What controls
lhe formation of orgavic-carbon-rich sediments and sedimentary recks?:
Discussion: AAPG (American Association of Petroleum Geologists) Bul-
letin, v. 75, p. 500-501.

Perch-Nielsen, K., 1977, Albiun to Pleistocene calcarcous nannofossils from the
weslern Sonth Atlantie, ir Stupke, PR., ed., Initial reports of the Deep Sea
Drilling Project: Washington, D.C., U.S. Government Printing Office, v. 39,
p. 699-824.

Petrova, N.A., 199, Phytoplanklon successions related 1o the anfropogenic
culrophic processes in large lakes: Leningrad, Nauka, 199 p. (in Russian}.

Powell, A, 1992, Dinoflagellate cysts of the Tertary System, i Powell, AL,
ed., A stratigraphic index of dinoflagellate cysis: Londou, Chapman and
Hall, p. 185-251.

Repeta, D), and Simpson, D, 1991, The distribution and recycling of chloro-
phyll, bacteriochlorophyll and carotenoids in the Black Sea: Deep-Sea
Rescarch, v. 38, Supplementary 2, p. 969-984.

Repeta, D)L, Simpson DI, Jorgensen, B.B., and Jannasch, HAV., 1989, Evi-
dence of anoxigenic photosynthesis from the distribution of hacterio-
chlorophylls in the Black Sca: Nature, v, 342, p. 69-72.

Rahl, UL, Bralower, T.J., Norris, R.D., and Wefer, G., 2000, New chronology for
the Tate Paleogene thermal maximum and ils environmental implications:
Guology, v. 28, p. 927-930.

Schmilz, B., and Pujalte, V., 2001, Correlating 1he Paleacene-Eocene boundary
in the Pyrences, Spain, hy cachon isotopes: A Iranseel from deep marine to
continental environments, iz Ash, AW, and Wing, S.L., cds., Climate and
biola of the early Paleogene: International Meeting July 3-8, 2001, North-
west College, Powell, Wyoming, USA, Abstract volume, p. 81.

Schmitz, B., Heilmann-Claosen, C., King, C., Steurbaut, E., Andreasson, FP,
Corfield, R.M., and Canlidge, 1.E.. 1996, Stable isolope and biolic cvolu-
tion in the North Sca during the carly Eocene: The Albaek Hoved section,
Denmiark, iz Knox, R.W.O'B., et al., eds., Correlation of the early Paleo-
gene in northwestern Evrope: Geological Society [London] Special Publi-
cation 101, p. 275-306.

Sinninghe Damste, J.5 , Wakeham, 5.G., Kohnen, M.E.L.. Hayes, .M., and de
Lecuw, LW, 1993, A 6000-year sedimentary moltecular record of chemo-
cline excursions in (he Black Sca: Nature, v. 362, p. 827-829,

Speijer, R.P, and Morsi, A.M., 2001, First detailed oxtracod records indicating
sea-level change assoctated with the LPTM (Eastern Desert, Egypl), in
Ash, AW, and Wing, S.L., eds., Climate and biota of the early Paleogenc:
International  Meeting July 3-8, 2001, Norlbwest College, Powell,
Wyoming, USA, Abstract volume, p. 88.

Speyer, R.P,and Wagner, T., 2001, Black shale deposition and sea-level change
in the Tethys during the LPTM., ir Ash, AW, und Wing, S.L.. eds., Climale

Y. O. Gavritov, E.A. Shcherbinina, and H. Oberhiinsii

and hiota of the carly Paleogene: International Meeting July 3-8, 2004,
Northwesl College, Powell, Wyoming, USA, Abstract volume, p. 89.
Speijer, R.P., Schmitz, B., and van der Zwaan, G.J., 1997, Benthic foruwninifera
extinction and repopulation in response 1o laest Paleocene anoxia: Geo-

logy, v. 23, p. 683686,

Stewdinger, K AL, and Badeu, D.G., 1984, Toxic marine dinoflagellates, in Spec-
tor, L., ed., Dinotlagelates: New York. Academic, p. 201-261.

Steurbaut, E., De Conink, I, Dupui, C., aud Kiug, C., 2000, Dinotlagellate cyst
events and depositional mstary of 1he Paleocene-Eocene boundary imerval
i the southern North Sca hasin: GFF, v. 122, p. 154-1535.

Strakhov, N.AL, 1971, Geochemnical evolution ol the Black Sca in Holocene:
Litologia i Poleznie iskopaemye, no, 3, p. 3—17 {in Russian).

Stupin, S.1.. and Muzyldy, N.G., 2001, The Jate Paleozene Ecologic erisis i epi-
continenlal basins of the castern Peri-Tethys: Microhiota and accumulation
conditions of sapropelitic bed: Stratigraphy and Geolegical Correlation,
v. 9. no. §, p. 301-507.

Summons, R.E., and Powell, T., 1936, Chlorobiaceac in Paleozoic seas revealed
by biological markers, isolopus, and geelogy: Nature, v. 319, p. 763-763.

Summaons, R.E., and Powell, T., 1987, Identification of aryl isoprencids in
source rocks and crude oils: Biological markers for the green sulphur hac-
teria: Geozhimica and Cosmaochimica Acta, v. 51, p. 357-366.

Suthertund. H.E., Calven, $.E., and Morris, R.J., 1984, Geochemieat studics ol
the recent sapropel and assoziated sediment from the Hellenic Quter Ridge,
castern Mediterranean Seas Mineralogy and chemical composition: Marine
Geology, v. 56, no. 14, p, 79-92.

Tanawy, A.A., Ouda, Kh., von Salis, K., and Saad El-Din, M., 2000, Bio-
stratigraphy of Paleocene sections in Egypt: GFF, v 122, p. 163-164.
Taylor, D L., and Seliger, H.H.. editors, 1979, Toxic dinoflagellawe hloeims: New

York. Elsevier, 328 p.

Thomas, E., 1998, The biogeography of the lae Paleocene bentbic foruminiferal
extinction, in Aubry, M.-P, et al., cds., Late Paleocene—early Eocene biolic
and climatic events in the marine and terresirial records: New York, Co-
lumbia University Press, p. 214-243,

Thomas, E.. and Shackleton, N., 1996, The Paleosene-Eocene benthic
foraminiferal extinetion and stable isotope anomalies, in Kuox, R W.Q'B.,
¢t al., eds,, Correlation of the carly Paleogene in northwest Europe: Geo-
logical Society |[London] Special Publication 101, p. 401441,

Vink, A., Brune, A., Hill, C., Zonnerveld, K.AF., and Willems, H., 2002, On
the response of calcarenus dinoflagellates to chgotrophy and strabfication
of the upper water column i the equatorial Atlantic Ocean: Palacogeogra-
phy, Palaceclimatology, Palacogeography, v. 178, no. 1-2, p. 53-66.

Vinogradov, A.P., Grinenko, V.A., and Ustinev, V.1., 1962, lsotopic composition
of sulfurin the Black Sea: Geokhimiya, no. 10, p. 851-873 (in Russian).

Volkov, L1, 1973, Main regularities in the disiribution ol chemical elements in
deepwater sediments of the Black Sear Litologia 1 poleznye iskopacmye,
no. 2, p. 3-22.

von Salis, K., Monechi, S., Bybell, LM, Sclf-Trail, J.M.. and Young, J., 2005,
Remarks ou calcarcous nannolossil markers Rhomboaster and Tribrachia-
tus around the Paleocene-Eocene boundary: GEF, v, 122, p. 138-140.

Wenger, LM, and Baker, D.R., 1986, Variation in erganic geochemistry of
anoxic-oxic black shale-carbonate sequences in Ihe Peonsylvanian of the
Mideontinent, USA: Organic Geochamisiry, v. [0, no. 1-3, p. 85-92.

Wing, S.L.. Alroy, J., and Hickey, L 1., 1995, Plunt and maminal diversity in the
Paleocenc to carly Eocenc of the Bighorn Basin: Palacogeography, Paluco-
climatology, Palacoscology. v. [1§, p. 117-136.

Zachos, 1.C., Lochman, K.C., Walker, J.C.G., and Wise, S.W., I, 1993, Abrupt
climate ¢hange and transicnt climates during Paleogene: A manne per-
spective: Journal of Geology, v. 101, p. 191-213.

Zachos, 1., Pagani, M., Sloan, L., Thomas, E.. and Billups, K., 2001, Trends,
rhythmns, and aberrations in globa! climate 65 Ma to present: Science, v. 292,
p- 680693,

MANUSCRIFT ACCEPTED BY THI: SOCIETY AUGusT 13, 2002

Printed in 1the USA



