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Abstract We studied two sections that accumulated
during the Paleocene-Eocene transition in shelf
waters in the northeastern Tethys. Stable carbon iso-
topic compositions of marine and terrestrial
biomarkers are consistent with a '3C depletion in the
oceanic and atmospheric carbon dioxide pools during
the Late Paleocene Thermal Maximum (LPTM; Sub-
zone P5b). The 2-3%. negative 6'°C excursion in
planktic foraminifera coincides with minimum §'%O
values, an incursion of transient subtropical planktic
foraminiferal fauna, and the occurrence of an organic-
rich sapropelite unit in Uzbekistan, which accumulated
at the onset of a transgressive event. Biomarker dis-
tributions and hydrogen indices indicate that marine
algae and bacteria were the major organic matter
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sources. During the Late Paleocene (Subzones P4 and
P5a), the marginal northeastern Tethys experienced a
temperate to warm climate with wet and arid seasons.
Most likely, warm and humid climate initiated during
the LPTM (Subzone P5b) and subsequently extended
during the Eocene (Zone P6) onto adjacent land areas
of the marginal northeastern Tethys.

Key words Northeastern Tethys - Late Paleocene -
Thermal maximum - Climate - Clay minerals - Stable
isotopes - Organic matter - Biomarkers

Introduction

The Late Paleocene (~55.5 Ma) corresponds to one
of the more prominent climatic changes in Earth his-
tory with a warming of 6-8°C in deep and high-lati-
tude surface waters (referred as Late Paleocene Ther-
mal Maximum, or LPTM) (Kennett and Stott 1991;
Zachos et al. 1993). Low-latitude surface temperatures
remained relatively unchanged (Bralower et al. 1995;
Thomas and Shackleton 1996). Sub-tropical to temper-
ate faunas and floras in subpolar regions of both
hemispheres (Estes and Hutchison 1980; Wolfe 1980;
Axelrod 1984) coincide with warm (surface) water
pelagic marine organism (Premoli-Silva and Boersma
1984; Kennett and Stott 1990; Lu and Keller 1993; Lu
et al. 1998b; Pardo et al. 1999a, 1999b).

In both high and low latitudes, the warm pulse
coincides with a pronounced short-term negative §'°C
excursion, which could have been caused by the
release of methane hydrates during the LPTM (Sloan
et al. 1992; Dickens et al. 1995, 1997). The 6'3C excur-
sion is also associated with the extinction of 35-50 %
of deep-sea benthic foraminiferal species (Thomas
1990; Kennett and Stott 1991), the radiation and pro-
liferation of planktic foraminifera (Lu and Keller
1993, 1995; Pardo et al. 1999a, 1999b), and terrestrial
vertebrates and plants (Gingerich 1980; Axelrod
1984).
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Fig.1 The Aktumsuk section in Uzbekistan with a close-up on
the P5a/P5b interval

Clay mineral compositions of oceanic sediments
indicate a time of high rainfall with enhanced chemi-
cal weathering in Antarctic, South Atlantic (Robert
and Chamley 1991; Robert and Kennett 1992, 1994),
and North Atlantic oceans (Knox 1996; Gibson et al.
1993; Gawenda et al. 1999). In contrast, the southern
margin of the Tethys region (Saharan Platform and
Arabian Peninsula) is characterized by increased arid-
ity and enhanced evaporation as indicated by the
occurrence of palygorskite and sepiolite and the pres-
ence of evaporites (Mélieres 1977; Robert 1982; Ober-
hansli 1992; Bolle et al. 1999).

During the Late Paleocene, the marginal northeast-
ern Tethys was characterized by the accumulation of
an organic-rich layer called “sapropelite unit”, which
is correlatable over vast areas in Central and South
Asia, Caspian Region, and Caucasus (Gavrilov and
Muzylev 1991; Muzylev et al. 1994; Gavrilov et al.
1997).

This study evaluates the Paleocene-Eocene (P-E)
transition in Uzbekistan and Kazakhstan based on two
sections, Aktumsuk and Kaurtakapy (Figs. 1, 2), and
consists of an integrated multidisciplinary approach
that includes micropaleontology, sedimentology, min-
eralogy, and geochemistry. Due to their particular
paleogeographic location, these sections provide an
important new data set which is crucial for a better
understanding of the climatic and environmental
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AKTUMSUK SECTION, UZBEKISTAN
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Fig. 2 Panoramic view of the P/E transition at Kaurtakapy in
Kazakhstan

changes across the P-E transition, in the shallow
northern marginal seas of the Tethys.

Location and paleogeographic setting

The Kaurtakapy section is located in the Kazakhstan
desert, approximately 60 km from the Caspian Sea at
44°15'N and 52°19’E. The Aktumsuk section is
located near the Aral Sea in Uzbekistan at 43°85'N
and 57°17'E (Fig. 3). Paleogeographic reconstructions
for the Paleocene (Thanetian-Danian) and Early
Eocene (Ypresian; Smith et al. 1994) reveal several
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Fig. 3 A Inferred paleogeo-
graphic map during the Paleo-
cene at 60 Ma (Thanetian-Da-
nian). B Inferred
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global tectonic events that may have affected climate Lithol
and oceanic circulation (Fig. 3). During most of the ithology
Paleocene, the sediments of the Kaurtakapy section
Kaurtakapy

were deposited in a restricted shallow area in the mar-
ginal northern part of the Tethys connected to the
open sea by two narrow gateways trending north-
south and east through the Crimean Sea. At Aktum-
suk the presence of a major hiatus (see Discussion)
suggests a location close to an emerged continental
area during the Paleocene (Fig. 3). During the Early
Eocene this part of the NE Tethys was marked by two
major events: (a) the opening of an important connec-
tion with the Arctic Ocean to the north; and (b) a
reduction of emerged lands to the southeast. During
this period, increased oceanic circulation and oxygen-
ation of the bottom waters characterized the marginal
northeastern Tethys.

We studied a 27 m thick sequence that spans the
planktic foraminiferal zones P4-P6b (Fig. 4). The
Sulukapy formation (Kusnetsova 1952) consists of
10 m of sandy chalks, overlain by 3 m of sandy marls
and 1 m of marls. The sandy marls contain sea urch-
ins, phosphorite pebbles, and burrowings. The base of
the Givmra formation (Kusnetsova 1952) is marked
by 10 cm of brown clays containing fish scales and
pyrite nodules partly oxidized in goethite. This clay
layer is overlain by 10 m of grayish to reddish marls.
Although no hard-ground surface has been observed,
the sharp contact between these two formations sug-
gests a break in sedimentation. The uppermost 2 m of
reddish chalks correspond to the Tschat Formation
(Kusnetsova 1952). The Paleocene and Eocene parts
were collected in two outcrops approximately 5 km
apart. In the first outcrop, the Sulukapy Formation, is
exposed up to the base of the Eocene and includes
the 10 cm thick clay layer. In the second outcrop, the
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Fig. 4 Lithologic log with sample locations and bulk-rock min-
eral composition at Kaurtakapy (Kazakhstan). Detritus includes
quartz, potassic feldspar, and plagioclase. Planktic foraminiferal
biozonation used in this study are from Berggren et al. (1995)
modified by Pardo et al. (1999a, 1999b). Formations used in the
log are from Kusnetsova (1952). The shaded layer corresponds
to the Late Paleocene Thermal Maximum (LPTM) interval

section begins 1.5 m below the clay layer and contin-
ues into the lower Eocene (Givmra Formation). Sam-
ples were collected below and above the brown clay
interval used to correlate the two sections.

Aktumsuk

Aktumsuk is 32 m thick and spans nannofossil zones
CC 19 to NP14 (Fig. 1). Although this report focuses
on the 6 m interval spanning the late Paleocene to
early Eocene nannofossil zones NP9-NP11 and plank-
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tic foraminiferal Subzone P5a to Zone P6 (Figs. 5). A
major hiatus and strong bioturbation mark the base of
this interval. At this unconformity Campanian white
chalks containing sea urchins, belemnites, and oyster
shells are overlain by late Paleocene (P5a) sediments.
The P5a interval is a 20 cm thick gray chalk with low
organic matter content, phosphatic pebbles, and cross
bedding. The P5b interval is ~1 m thick and can be
divided in two parts: (a) a 50 cm thick dark-gray cross-
bedded chalk with wood fragments; and (b) a 50 cm
thick gray chalk with parallel stratification which is
bioturbated in the uppermost 20 cm. The upper part
of the section (Zone P6) consists of two white massive
chalks beds separated by a thin clay layer of 10 cm.

Ilyin and Boiko (1989) indicate the presence of
reworked and resedimented phosphorite pebbles in
lower Paleocene sediments of the western part of
Uzbekistan near the Aral Sea. At Aktumsuk, phos-
phorite nodules are found in Zone P5a above the
unconformity and erosion surface where the lower
part of the Paleocene and the whole Maastrichtian is
missing.
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Fig. 5 Lithologic log with sample locations and bulk-rock min-
eral composition at Aktumsuk (Uzbekistan). Detritus includes
quartz and plagioclase. Planktic foraminiferal and nannofossil
biozonations used in this study are from Berggren et al. (1995)
modified by Pardo et al. (1999a, 1999b) and Martini (1971). The
shaded layer corresponds to the LPTM interval

Methods

The sections were measured and samples were col-
lected from all lithological units. A total of 100 sam-
ples were collected from the Kaurtakapy and 30 sam-
ples from the 6 m interval of the Aktumsuk sections,
respectively. Identification and biostratigraphic deter-
minations of planktic foraminifera were carried out on
the size fraction greater than 106 pm. Scanning elec-
tron microscopic photomicrographs of planktic forami-
niferal specimens were taken at the University of Neu-
chatel (Switzerland). Sixteen samples were chosen and
prepared for the study of calcareous nannofossils of
the Aktumsuk section. Simple smearslides were stud-
ied with a light microscope at a 1000 x magnification.
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X-ray diffraction (XRD) analyses of whole rock
and clay mineral studies were conducted at the Geo-
logical Institute of the University of Neuchatel, using
a SCINTAG XRD 2000 diffractometer with standard
errors varying between 5 and 10% for the phyllosili-
cates and <5% for grain minerals. Whole-rock sam-
ples were prepared following the procedure of Kiibler
(1987). For each rock sample, approximately 20 g
were ground to obtain small rock chips (1-5 mm); of
these, 5 g were dried at a temperature of 60°C and
then ground again to a homogenous powder with par-
ticle sizes <40 pm. Eight hundred milligrams of this
powder were compressed (20 bars) in a powder holder
and analyzed by XRD. Whole-rock compositions were
determined using external standards based on methods
described by J. Ferrero (unpublished data), Kiibler
(1983), and Moore and Reynolds (1989).

Clay mineral analyses were based on the methods
by Kiibler (1987). The carbonate fraction of ground
chips was removed with 10 % of HCI (1.25 N) at room
temperature for 20 min or more until all the carbonate
was dissolved. The insoluble residue was washed and
centrifuged until a neutral suspension was obtained



(pH 7-8). Different grain-size fractions (<2 pm and
2-16 um) were obtained by the timed settling method
based on Stokes Law and pipetted onto a glass plate.
The intensities of selected XRD peaks characterizing
each clay mineral were measured for a semi-quantita-
tive estimate of the proportion of clay minerals
present in the two size fractions (<2 pm and
2-16 um); therefore, clay minerals are given in percent
abundance and in counts per minute without correc-
tion factors. The clay mineral ratios are calculated
from XRD mineral peak data in counts per minute.

Rock Eval analysis was performed with a Rock
Eval 6 pyrolyser at the Geological Institute of the
University of Neuchatel, following the analytical
methods of Espitalié et al. (1985, 1986) and Lafargue
et al. (1996). Among other parameters, this technique
allows the determination of the total organic carbon
(TOC) content and the hydrogen index (HI, mg HC/g
TOC). The latter parameter was calculated from TOC
data and the absolute amount of hydrocarbons gener-
ated during kerogen pyrolysis (S2 peak), and is com-
monly used to characterize the organic matter quality.
The temperature of maximum hydrocarbon generation
during temperature-programmed pyrolysis (T,,,c) can
be used to characterize the maturity of the organic
material.

Analyses of lipid biomarkers, undertaken with
organic carbon-rich samples from Aktumsuk, are
described by Hinrichs et al. (1999a). Briefly, free lipids
were extracted using a Dionex Accelerated Solvent
Extraction 200 system at 100°C and 1000 psi with
dichloromethane/methanol (99:1 v/v) as the solvent.
Extracts were separated in four fractions of increasing
polarity (hydrocarbons, ketones/esters, alcohols, and
carboxylic acids) using SUPELCO LC-NH2 glass car-
tridges by applying a sequence of solvent mixtures of
increasing polarity. Individual compounds were quan-
tified and identified using a HP 6890 GC equipped
with a J&W DB-5 (60 m length, 0.32 mm inner diam-
eter, and 0.25 pm film thickness) capillary column and
coupled to a HP 5973 MSD. Stable carbon isotopic
compositions of individual compounds were deter-
mined using a Finnigan Delta Plus isotope mass spec-
trometer coupled to a HP 6890 GC and equipped with
a column identical to that described above. Hydroxyl-
and carboxyl derivatives were analyzed as their tri-
methylsilyl ethers or esters, respectively, after reaction
with BSTFA. Reported ¢ values are corrected for the
introduction of additional carbon atoms by derivatiza-
tion. Bacteriohopanepolyol was cleaved according to
procedures described by Rohmer et al. (1984), and the
resulting hopanols were analyzed as acetates. Carbon
isotopic compositions of total organic carbon at
Aktumsuk were determined by combustion (sealed
quartz tube, CUO/Ag, 850°, 8 h) and isotopic mass
spectrometry (Micromass Optima) after dissolution of
carbonates, using a ~30% (H;PO,) and subsequent
removal of excess water by vacuum treatment.
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Stable isotopic analyses were performed on the fine
fraction (<63 um) of Aktumsuk samples, which is
composed mainly of foraminifera, nannoplankton, and
detrital particles such as quartz. Additionally, we per-
formed analyses on mixed assemblages of planktic
foraminifera. For each sample approximately 70 speci-
mens in the size fraction of 125-250 um were selected.
Analyses of the fine fraction and the foraminifera
were conducted at the Stable Isotope Laboratory of
the University of Bern (Switzerland) using a VG
Prism II ratio mass spectrometer equipped with a
common acid bath (H;PO,). The results were cal-
ibrated to the PDB scale with standard errors of 0.1%o
for 6'%0 and 0.05%o for §'3C.

Biostratigraphy
Aktumsuk
Planktic foraminifera

Planktic foraminiferal biostratigraphy of the Aktum-
suk section is based on the zonation by Berggren et
al. (1995), though Zone P5 has been subdivided into
Subzones P5a and P5b based on the first appearance
datum of Acarinina sibaiyaensis and/or A. africana
(Fig. 6; Pardo et al. 1999a). Preservation of planktic
foraminifera is very good and surface textures and
most morphological features are easily identifiable,
although calcite tests are sometimes recrystallized
(Figs. 7, 8).

The base of the Aktumsuk section is characterized
by a major hiatus that juxtaposes Campanian and late
Paleocene (P5a) sediments (uppermost Thanetian).
The P-E transition appears to be relatively complete,
although some biozonal markers (e.g., Morozovella
formosa) are absent in the assemblage.

Zone P5 is defined by the last appearance (LA) of
Luterbacheria (Globanomalina) pseudomenardii at the
base and the LA of Morozovella velascoensis at the
top, and the duration of this biozone is estimated
from 55.9 to 54.7 Ma (Berggren et al. 1995). Zone P5
is subdivided into two subzones based on the first
appearance (FA) of A. sibaiyaensis and/or A. africana.
The FA of these two short-ranging taxa coincides in
the Tethys with the benthic foraminiferal extinction
event (BFEE), the negative carbon shift, and the
planktic foraminiferal diversification that characterize
the P-E climatic event (Pardo et al. 1999a). Charac-
teristic assemblages of Zone P5 include M. velascoen-
sis, M. subbotinae, Subbotina velascoensis, S. eocaeni-
ca, Igorina pusilla, I. convexa, I. reissi, Acarinina
acarinata, A. sibaiyaensis, and A. strabocella.

Subzone P5a is defined by the biostratigraphic
interval between the LA of L. pseudomenardii at the
base and the FA of A. sibaiyaensis and/or A. africana
at the top (Fig. 6). The age of Subzone P5a is from
55.9 to 54.8 Ma (1.1 m.y. duration, assuming that the
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Fig. 6 Planktic foraminiferal zonations across the Paleocene—
Eocene transition with the datum events used at Aktumsuk in
comparison with other commonly used zonal schemes for the
Paleogene (Berggren 1969; Blow 1979; Toumarkine and Luter-
bacher 1985; Berggren and Miller 1988; Berggren et al. 1995;
Arenillas and Molina 1996; Pardo et al. 1999a). Magnetostrati-
graphic and absolute age chronologic schemes and their correla-
tion with planktic foraminiferal datum events are based on
Cande and Kent (1992) and Berggren et al. (1995). BFEE ben-
thic foraminiferal extinction event

FA of A. sibaiyaensis and/or A. africana is coincident
with the BFEE and the §'°C excursion; Berggren et
al. 1995). At Aktumsuk, Subzone P5a spans from sam-
ple 12 to sample 15 (~32 cm) and the sediment accu-
mulation rate is estimated at 0.3 mm/1000 years. This
very low sedimentation rate could be an artifact due
to the hiatus observed at the base of Subzone P5a
(Fig. 5).

Subzone P5b is defined by the FA of A. sibaiyaen-
sis and/or A. africana at the base and the LA of M.
velascoensis at the top (Fig. 6). The estimated age
range is from 54.8 to 54.7 Ma (0.1 m.y. duration; Berg-
gren et al. 1995). At Aktumsuk, Subzone P5b has
been identified by the occurrence of A. sibaiyaensis
and spans from sample 15 to sample 20 ( ~ 88 cm; sed-
iment accumulation rate of 8.8 mm/1000 years). In this
section minimum §'3C and 6'®0 values, along with an
increase in transient subtropical planktic foraminiferal
fauna characterize Subzone P5a. This subtropical
incursion is characterized by maximum igorinid abun-
dance in sample 18 (Pardo et al. 1999b).

Zone P6 is defined by the LA of M. velascoensis at
the base and the FA of M. aragonensis at the top and
spans from 54.7 to 52.3 Ma (Berggren et al. 1995).
This zone is divided into two subzones. Subzone P6a is
defined by the LA of M. velascoensis at the base and
the FA of M. formosa at the top, and spans from 54.7
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Fig. 7A-C Scanning electron microscope photomicrographs of
Acarinina soldadoensis (Aktumsuk; sample AM13). A External
view; B Fractured chamber lack infillings; C small pores that
traverse test wall lack infillings

to 54.0 (Berggren et al. 1995). Subzone P6b is defined
by the FA of M. formosa at the base and the FA of
M. aragonensis at the top, with an estimated age range
from 54.0 to 52.3 Ma (Berggren et al. 1995). At
Aktumsuk, the P6a/P6b boundary was not identified
due to the absence of the index species M. formosa.
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Fig. 8A,B Scanning electron microscope photomicrographs of
Acarinina cf. sibaiyaensis (Aktumsuk; sample AM18). A Exter-
nal view of the specimen. Note the partial dissolution of the test.
B Calcite overgrowth around small pores

Calcareous nannofossils

Species concepts used are mainly those of Perch-
Nielsen (1985), and the standard zonation of Martini
(1971) is used with the additional subdivision of
Aubry (1996).

The Paleogene section studied lies on Late Campa-
nian sediments characterized by well-preserved cal-
careous nannofossils (e.g., Eiffellithus eximius, Rein-
hardtites anthorphorus, Aspidolithus parcus, and
Arkhangelskiella cymbiformis).

The lowermost Paleogene sample (sample 12) con-
tains well-developed assemblage of Late Paleocene
calcareous nannofossils. The presence of Discoaster
multiradiatus and Fasciculithus tympaniforis without
Campylosphaera eodela or any Rhomboaster species
suggests Zone NP9a of Martini (1971). Samples 14
and 15 include C. eodela and can be assigned to Zone



398

NP9b. Both discoasters and fasciculiths are rare in
these assemblages.

The base of Zone NP10a is defined by the FA of
Rhomboaster bramlettei and was found in sample 16,
where very rare R. bramlettei are accompanied by Dis-
coaster anartios and very rare fasciculiths. Sample 20
contains Discoaster cf. D. mahmoudii and possibly Tri-
brachiatus digitalis and large Lophodolithus sp., sug-
gesting Zone NP10b as defined by Aubry (1996). The
remaining samples do not include markers for the fol-
lowing zones and thus may be assigned to NP11,
which is defined by the LA of Tribrachiatus contortus
at the base and the FA of Discoaster lodoensis at the
top (Fig. 5); however, the two markers of NP11 were
not found in the samples. This assignment is also sup-
ported by the absence of D. lodoensis in higher sam-
ples than those shown here. The absence of 7. contor-
tus and D. lodoensis may be due to the relatively
shallow water depth of the Aktumsuk section.

Frequent specimens of the genus Transversopontis
and Pontosphaera and rare Braarudosphaera bigelowii
were found in most Paleogene samples. All these
forms indicate usually relatively shallow-water con-
ditions.

All samples contain rarely to moderately reworked
Upper Cretaceous — mainly Campanian — calcareous
nannofossils (Eiffellithus eximius, Reinhardtites anthor-
phorus, Aspidolithus parcus, Quadrum trifidum, Mic-
ula decussata, Watznaueria barnesae, Gartnerago obli-
quum, and many other species).

Kaurtakapy
Planktic foraminifera

The biostratigraphy of the Kaurtakapy section is
detailed by Pardo et al. (1999a); however, some events
are mentioned to facilitate the comparison and corre-
lation with the Aktumsuk section.

Zone P4 defined by the total range of Luterbache-
ria (Globanomalina) pseudomenardii (Berggren et al.
1995) has been identified in the Kaurtakapy section
(Fig. 4). This zone has a thickness of 860 cm and an
estimated average sediment accumulation rate of
3.9 mm/1000 years, although the base may not have
been recovered.

Subzone P5a spans 310 cm and the sediment accu-
mulation is estimated at 2.8 mm/1000 years. This low
sedimentation rate could be due to condensed sed-
imentation and/or a hiatus at the lithological change
from marls to clay at the LPTM interval (Fig. 4).

Subzone P5b spans only 40 cm including the clay
layer (sediment accumulation rate 0.8 mm/1000 years),
suggesting again a condensed interval and/or the pres-
ence of a hiatus as noted by the sharp lithological con-
tact between the clay layer and the overlaying marls.
The 6'3C excursion and the rapid planktic foraminif-
eral diversification occur within this subzone (Fig. 9).

At Kaurtakapy the P6a/P6b boundary was identi-
fied due to the presence of the index species M. for-
mosa. Subzone P6a spans 470 cm and the average sed-
iment  accumulation rate is  estimated at
7 mm/1000 years, whereas Subzone P6b spans 520 cm
and the top was not recovered.

Mineralogy
Bulk rock
Kaurtakapy

Whole-rock analyses show that the dominant compo-
nent of the sediments is calcite (Fig. 4). From the base
to —8 m calcite content increases from 45 to 90 %.
Between -8 and 0 m calcite gradually decreases to an
average value of 52%. The onset of the LPTM is
marked by a decrease in calcite from 75 to 50 %. Rel-
atively low calcite content persists in the first 5 m of
the Gvimra Formation reaching a minimum value of
22 %. The last 7 m of section, including the top of the
Gvimra and the base of the Tschat formations, are
marked by increased calcite content of up to 65%
(Fig. 4). In the Sulukapy Formation (first 12 m) calcite
variations coincide mainly with changes in quartz, pla-
gioclase, and potassic feldspar, whereas in the lower-
most 5 m of the Gvimra Formation decreased calcite
corresponds with increased phyllosilicates from 30 to
49 %. In this section quartz, plagioclase, and potassic
feldspar constitute an important component of the
sediments with an average of 26 % and a maximum of
49 %.

Aktumsuk

The sediment is dominated by calcite and phyllosili-
cates with minor components of quartz and plagio-
clase, evaporite minerals (halite and gypsum), and
some pyrite (Fig. 5). Gypsum is present in veins into
the sediments, whereas the proximity of the Aral Sea
may explain the presence of halite in traces in the sec-
tion. From P5a to P6 calcite gradually increased from
45 to 85 %, whereas phyllosilicates decreased from 40
to 15% except within a clay layer (sample 26), where
quartz and phyllosilicates exhibited higher values, 2 %
and 48 %, respectively. In this section the P5b interval
is marked by relatively high quartz (~3%) and low
calcite (~42%) contents and the presence of pyrite
(Fig. 5).

The main mineralogical difference between the two
sections is the higher detritus content at Kaurtakapy
(26 %) as compared with Aktumsuk (1%), and the
dominance of calcite at Aktumsuk vs phyllosilicates
and detrital minerals at Kaurtakapy.
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Fig. 9 Total organic carbon (TOC) at Aktumsuk (Uzbekistan)
and Kaurtakapy (Kazakhstan). See Figs. 2 and 3 for symbol
explanation

Clay mineralogy
Kaurtakapy

Smectite, with an average of 55 %, dominates the clay
fraction in the lower 20 m (Zones P4-P6a) and
decreases to 0 % in P6b. This decrease coincides with
increased mica and chlorite contents up to 65 and
20 %, respectively. Kaolinite is sporadically present in
the first 15 m of the section (P4-P5b), increases grad-
ually in P6a (2 %), and reaches a maximum of 10 % in
Zone P6b (Fig. 10). Mixed-layers illite—-smectite (IS)
are minor components of the clay fraction (3%). The
onset of the LPTM is marked by an increase in kaol-
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inite from 0.5 to 3%, mica from 14 to 30 %, and by
an important decrease in smectite from 77 to 54 %.

Aktumsuk

Smectite, mica, and kaolinite dominate the clay frac-
tion. Chlorite (9%) and IS (8 %) are minor compo-
nents throughout the section (Fig. 11). From the base
of the section to the clay layer (sample 26), smectite
and mica with an average value of 27 and 29 %,
respectively, show only minor variations in their con-

>
Fig. 10 Clay mineral composition and kaolinite/smectite ratio at
Kaurtakapy (Kazakhstan). Clay minerals are given in relative
percent abundance and the clay mineral ratio is calculated from
XRD mineral peak data in counts per minute. See Fig. 4 for
symbol explanation
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Fig. 11 Clay mineral composition and kaolinite/smectite ratio at
Aktumsuk (Uzbekistan). Clay minerals are given in relative per-
cent abundance and the clay mineral ratio is calculated from
XRD mineral peak data in counts per minute. See Fig. 5 for
symbol explanation

tent. From P5a to P5b kaolinite increases from 22 to
37 %. A high kaolinite content persists during the P-E
event, and then decreases to reach a minimum value
in the clay layer (3 %).

The clay layer in Zone P6 (sample 26) is marked
by a strong increase in smectite (72 %) and relatively
low mica (8%) and kaolinite (3 %) contents. From
the clay layer to the top of the section, mica and kaol-
inite increase gradually to reach a maximum of 53 %
and 20 %, respectively, whereas smectite decreases to
11 %.

During the P-E event the main difference observed
between the two sections is the higher kaolinite con-
tent at Aktumsuk (32%) as compared with Kaurta-
kapy (2 %).

Stable isotopes
Fine fraction

013C values of the fine fraction (<63 um) decrease
abruptly from 1.6 to 0.17%. reaching a minimum value
of —0.66%0 in the P5b interval (Fig. 12; Table 1). The
post-613C shift recovers gradually from —0.35to 1.7%o
with the exception of the sample 24 where the §!3C
value is near zero. 680 values of the fine fraction

(<63 um) gradually decrease from -2.2 to —4.27%o
reaching a minimum value of -5.05%. in the P5b
interval (sample 18). The post-6'%0 recovery is also
gradual, from -4.1 to —2.8%0, with the exception of
sample 24 where the value decreases to —3.7%o.

Foraminifera

The 6"°C record of the mixed planktic foraminiferal
assemblage shows a similar trend across the Paleo-
cene—Eocene transition as observed for the fine frac-
tion (Fig. 12). 6'3C values decrease abruptly from 1.4
to —0.19%o reaching a minimum of —1.24%. (sample
18; Fig. 12; Table 1). The post-6'3C shift gradually
recovers from —0.89 to 0.47%o. The 5'®0 record also
shows a similar trend to that of the fine fraction, with
a gradual decrease from —2.28%o to a minimum value
of —4.95%0 (Fig. 12; Table 1). The post-5'%0 recovery
is also gradual from -4.52 to —3.2%o.

At Kaurtakapy carbon and oxygen stable isotope
analyses were carried out on specimens of benthic
foraminifer Cibicidoides spp. (Pardo et al. 1999a). The
0BC record from the Kaurtakapy section shows a
gradual decrease from 2.56 to 1.35%o. during the Late
Paleocene (Zones P4 and P5a) with a total decrease
of 1.2%o during the last 9m up to the clay layer
(Fig. 12). The main shift begins at the clay layer at
1.35%0 and reaches a minimum value of 0.25%. 30 cm
above the base of the clay layer. This carbon shift
coincides with increased species richness and relative
abundance of warm-water species (Pardo et al. 1999a).
The post-6'3C shift recovery is approximately 1.2%o,
relatively rapid, and occurs within the 90 cm of marls
above the clay layer (Fig. 12).

Table 1 Aktumsuk section. Stable isotopes (6'3C and 6'0) values and total organic carbon (TOC; wt. %) with the hydrogen index
(HI) and maximum temperature (T,,,,). See Fig. 5 for sample position

Fine fraction (<63 um) Mixed planktic foraminifera

Sample Toax () HI TOC (%)  §C (TOC) s1C 5180 s13C 5180
AMI2 376 23 035 1.59 ~2.202 0.58 ~228
AM13 420 39 0.23 -2430 1.68 -273 1.44 -3.12
AM14 434 303 0.38 ~28.64 0.17 -337 1.14 ~3.44
AMI5 419 398 8.44 -30.35 ~0.09 -3.67 ~0.19 -4.02
AM16 426 416 527 -30.22 ~025 -427 ~0.72 -4.98
AM17 437 267 0.78 -28.84 ~0.17 ~4.08 ~0.88 ~458
AMI8 428 357 2.94 -29.83 ~0.66 -5.05 ~1.24 -472
AMI9 439 311 035 -29.05 ~0.35 -4.11 ~0.89 -4.95
AM20 435 205 02 ~28.55 ~031 -4.01 ~0.44 -452
AM21 0.03 ~0.12 -3.63 ~0.68 —434
AM22 0.03 025 -381 0.07 -3.86
AM23 0.03 123 -273 0.47 -32
AM24 0.04 0.05 -37

AM25 0.88 ~2.99

AM26 0.04 1.32 ~2.69

AM27 1.26 ~2.62

AM28 0.03 1.22 -2.77

AM29 1.48 -281

AM30 0.02 17 -2.28




Fig. 12 Carbon and oxygen
isotope records across the
Paleocene-Eocene transition
at Aktumsuk (Uzbekistan)
and Kaurtakapy (Kazakhstan).
At Aktumsuk, stable isotopes
analyses were conducted on
the fine fraction (<63 pm), on
mixed planktic foraminiferal
assemblage and on organic
matter content (see Table 1
for 53C and §'%0 values). At
Kaurtakapy analyses were
conducted by Pardo et al.
(1999a, 1999b) on benthic
foraminifer Cibicidoides spp.
See Fig. 5 for symbol explana-
tion at Aktumsuk. The litho-
logic log of Kaurtakapy is
from Pardo et al. (1999a)
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At Kaurtakapy the 6'®0 record is highly variable.
In the upper Paleocene (Zones P4b and P5a) 6'%0
values average —2.6%o but increased to —2.2%o in Sub-
zone P5b. Coincident with the §'3C shift and the rapid
increase in warm-water species (Pardo et al. 1999a),
5180 values decrease by 1%o. In P6a, 6'80 values aver-
age —2.8 to —3%., except for two peaks which reach
—-2.4 and —1.7%., respectively (Fig. 12).

Organic geochemistry
Organic matter abundance and origin

Kaurtakapy sediments are poor in organic matter
(<0.17%) except for the brown clay layer (sample
162) which reaches 0.4 % (Fig. 9): Values <0.2% are
considered background amounts, consisting of highly
refractory organic carbon. In contrast, at Aktumsuk,
sediments from the P5b interval have a very high
organic content, reaching a maximum of 8.44%
(Fig. 9; Table 1) that coincides with the onset of the
carbon isotopic excursion in carbonates and planktic
foraminifera (Fig. 12). Detailed molecular organic
geochemical studies of the lipid fraction within this
black shale unit (samples AM14 to AMI18) revealed
that the organic matter originated mainly from plank-
tonic and bacterial sources with a strong overprint of
bacterial recycling (data not shown). This assumption
is supported by relatively high hydrogen index values
that typically range from 300 to 400 mg HC/g TOC in
the organic-rich layer (AM 13 to AM 19; Table 1).
Values in this range characterize a type-II kerogen of
predominantly marine origin (Tissot and Welte 1984).
Among the observed lipids from marine primary
producers we found loliolide, a compound that was
previously observed in sediments underlying high pro-
ductivity areas (Hinrichs et al. 1999b), dinosterol
derived from dinoflagellates (Boon et al. 1979),
424-dimethylcholestan-3-one (Gagosian and Smith
1979), and 6,10,14-trimethylpentadecan-2-one, a prod-
uct in the early diagenetic alteration pathway of phy-
tol. Strong bacterial contributions to sedimentary
organic matter are evident from abundant series of
hopanoids (alcohols, carboxylic acids, ketones, and
hydrocarbons) and archaeol, with the hopanoids being
the most abundant compound class in the lipid frac-
tion. Contributions of terrestrial organic matter are
indicated by biomarkers that are diagnostic for terres-
trial higher plants, namely friedelanone and a series of
long chain fatty acids (C,,—Cs) with an even-over-odd
carbon number preference. The occurrence of these
biomarkers is consistent with the macroscopic observa-
tion that land plants remain within the organic-rich
layer. Ultimately, the presence of lycopane is indica-
tive of anoxic to suboxic water column conditions, as
prevailing in the Cariaco Trench, where this com-
pound is particularly abundant in waters below the
oxic-anoxic interface (Wakeham 1990).

The absence of thermal alterations that might have
significantly altered the isotopic composition of the
organic matter is indicated by the predominance of
chemically functionalized compounds in the lipid frac-
tion. For example, sterenes and hopenes, compounds
generated during early diagenesis from their oxygen-
ated precursors, are only minor constituents in the
lipid fraction. This interpretation is consistent with
Rock Eval T,,,, values between 376 and 439 °C indica-
tive of immature organic material (Table 1).

Organic records at the LPTM

0BC TOC declines drastically at the base of the
organic carbon-rich black shale by more than 5%o
from -24.30%o in sample AM 13 to a minimum of
-30.35%0 in sample AM 15 (Fig. 13; Table 1). With
the exception of sample AM 17, §*C values remain
low up to sample AM 19 and increase to —28.55%o in
sample AM 20. This decline is interpreted to reflect
both, the drastically changed conditions for organic
matter preservation, leading to the burial of more
labile organic matter that was isotopically depleted,
and an increasing depletion in *C in the inorganic
carbon pool in surface waters overlying the site during
time of burial. Secondary isotopic fractionations dur-
ing diagenesis can account for up to 3%o alteration of
the original signal (Hayes et al. 1989). Carbon isotopic
ratios of individual compounds of primary production
are thought to be less influenced by diagenetic altera-
tion and therefore can be used to assess the carbon
isotopic composition of the organic matter derived
from photosynthetic processes (Hayes 1993). Effects
of diagenesis on the isotopic compositions of individ-
ual biomarkers can be neglected, even when the func-
tionality of these compounds is modified by chemical
or microbial transformations under conservation of
the original carbon skeleton (Hayes et al. 1989). The
study of carbon isotopic compositions of individual
biomarkers can thus be applied to reconstruct biogeo-
chemical processes in ancient environments.

A depletion of 3C in the oceanic and atmospheric
carbon dioxide pools is indicated by minimum §'*C of
4,24-dimethylcholestan-3-one and friedelanone in sam-
ple AM 16. 4,24-Dimethylcholestan-3-one and friede-
lanone as two source-specific markers were selected
for analytical reasons, since they met the resolution
requirements for compound-specific isotopic analysis.
4,24-Dimethylcholestan-3-one could be derived from a
4,24-dimethylsterol by an early diagenetic transfor-
mation (Gagosian and Smith 1979). 4-methylsteroids
are commonly interpreted as markers for dinoflag-
ellates (e.g., Robinson et al. 1984). More recent stud-
ies have extended the range of possible producers to
prymnesiophytes (Volkman et al. 1990) and diatoms
(Volkman et al. 1993).

The record of 4,24-dimethylcholestan-3-one sug-
gests that the isotopic excursion observed in carbona-
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Fig. 13 A Organic carbon isotope records of biomarkers from
higher land plants and marine algae in the Subzone P5b interval
at Aktumsuk, Uzbekistan. B Organic carbon isotope records of
bacterial biomarkers from Subzone P5b at Aktumsuk

ceous components and organic carbon (Table 1) is
indeed consistent with a depletion of *C in dissolved
CO, in surface waters. At the same time, the decrease
in the higher land plant marker reflects *C depletion
in atmospheric CO,. 5'°C decreases by approximately
2%o from sample AM 14 to AM 16. A similar observa-
tion was made by Kaiho et al. (1996) in the Taiwanui
P-E section. These authors report a 2.8%o excursion of
the higher land plant wax component n-C,gHg,.

To a certain degree, other studied biomarkers
appear to record the negative excursion of isotopes,
particular bacterially derived hopanoids, 178 (H)-tri-
homo-hopanone, and a tentatively identified hopan-
29-al (Fig. 13 B). Relatively heavy values of the latter
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compound suggest its derivation from autotrophic
organisms, e.g., cyanobacteria.

Discussion

Primary original signal vs secondary diagenetic signal
in the isotopic record

The co-variance of carbon and oxygen isotopes may
be linked through paleoceanographic cause-and-effect.
However, stratigraphic sample-by-sample covariance
of 680 and 6'3C can often indicate the presence of
diagenetic alteration due to recrystallization of car-
bonate in the presence of meteoric water (which is
depleted in '®0) and which is carrying 'C derived
from organic matter (Corfield et al. 1991). Moreover,
Oberhinsli et al.(1998) have shown that in Kazakhstan
the Cretaceous—Paleogene transition sediments, partic-
ularly chalks which were deposited in shallow environ-
ments, undergo more drastic diagenetic alteration than
deep-water carbonates. Carbonate sediments in a shal-
low-water epicontinental sea are particularly vulnera-
ble to postdepositional alteration processes. Both dis-
solution and recrystallization are processes which may
have altered the primary stable isotopic composition.

At Aktumsuk the relatively shallow depositional
environment in combination with the excellent corre-
lation between 680 and §'3C for isotope data (r=0.94;
Fig. 14) suggests that the primary isotope signal meas-
ured on the fine fraction could be partly altered dur-
ing early diagenesis.

Scanning electron microscopic observations on
manually fractured tests of planktic foraminifera
reveal that the interior chambers and the small pores
of the test walls are generally free of secondary calcite
(Fig. 7); however, some calcite tests, particularly in
the P5b interval, are affected by dissolution-recrystal-
lization processes and by secondary calcite overgrowth
(Fig. 8) which may account for the light planktic fora-
miniferal 680 values (-2.28 to —4.95%0; Fig. 12).
Pardo et al. (1999a) explained the relatively low 580
values (-3 to —1.7%0) at Kaurtakapy as the result of

Fine fraction (<63 um)

2
r=0.949 O
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—
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-1 T T T
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3180

Fig. 14 Correlation of 680 and 6'3C values from the fine frac-
tion (<63 pm) in the Aktumsuk section, Uzbekistan



406

diagenetic alteration without, however, excluding pos-
sible salinity effects which may have affected the §'%0
signal.

Thus, no reliable paleotemperature interpretations
based on oxygen isotope ratios can be used in either
the Aktumsuk or Kaurtakapy sections. However, sim-
ilar to Kaurtakapy (Pardo et al. 1999a), minimum
0180 values which indicate warming coincide with the
P5b interval (Fig. 12) and the incursion of a warm
planktic foraminiferal species (i.e., acarininids, igori-
nids, and morozovellids). These two concomitant
events suggest that although the oxygen isotopic rec-
ord is partly altered, the general trend of the signal is
preserved. The negative 6'®0 shift observed in Sub-
zone P5b (Fig. 12) may be related to the prominent
warming that affected deep and high-latitude surface
waters at the end of the Paleocene.

At Aktumsuk high organic matter content coin-
cides with minimum 6'3C values in Subzone P5b
(Figs. 9, 12). Diagenesis of organic material, strongly
depleted in !3C, could have partly induced the neg-
ative 6!°C excursion observed in the fine fraction at
the end of the Paleocene. Moreover, the significance
of the negative 6°C shift observed in the planktic
foraminifera (Fig. 12) must also be considered care-
fully. Actually minimum 63C values recorded in Sub-
zone P5b coincide with a degradation of planktic fora-
miniferal preservation. In this interval calcite tests are
commonly recrystallized with diagenetic calcite of
questionable origin; foraminiferal &3C values are
probably partly related to the diagenetic calcite
phases. Nevertheless, similar carbon isotopic trends in
the fine fraction, in the planktic foraminifera, and in
organic carbon components (Figs. 12, 13) suggest that
at least part of the §'3C shift observed is related to
the LPTM. However, as most of geological sections
from widespread location show the same pattern of
isotopic change during the LPTM (see Introduction),
it is difficult to concede that the general trend of the
signal observed at Aktumsuk is only caused by local
diagenetic alteration.

Late Paleocene Thermal Maximum

During the Late Paleocene, the marginal northeastern
Tethys is marked by coincident negative §'3C shifts
recorded in calcite of benthic foraminifera (Cibici-
doides spp.) at Kaurtakapy and mixed planktic forami-
nifera at Aktumsuk (Fig. 12). These two negative
shifts suggest that a major change of §'3C affected the
water column in the marginal epicontinental sea. The
rapid 6'°C excursion affected not only the oceanic but
also the atmospheric pool, as indicated by the '3C-de-
pletion observed in friedelanone, a useful tracer for
terrestrial vascular plants (Figs. 13A, 15). At Kaurta-
kapy the rapid 6'3C shift is preceded by a gradual
decrease in 6'°C values which has not been observed
at Aktumsuk because of the presence of a major hia-

tus that encompasses the Maastrichtian and most of
the Paleocene (Fig. 12). At Aktumsuk the §'3C excur-
sion has an amplitude of approximately 2.5%., whereas
at Kaurtakapy, the relatively smaller 6'3C shift (1.1%o)
may be due to a hiatus at the sharp lithological con-
tact between the clay layer and the overlaying marls
that removed the lower part of the 5'3C excursion.

In both sections the 6!°C shift coincides with mini-
mum 60 values and a rapid diversification of warm-
water planktic foraminifera. At Aktumsuk this sub-
tropical incursion is characterized by maximum
igorinid abundance (Pardo et al. 1999b) in contrast
with the acarininid and morozovellid peaks that gener-
ally occur in low latitude, at Kaurtakapy (Pardo et al.
1999a), in other Tethys sections (Lu et al. 1995, 1996,
1998a; Arenillas and Molina 1996) and in the Pacific
Ocean (Kelly et al. 1996; Bralower et al. 1995).

Methane-blast hypothesis

A seriously considered mechanism for the negative
carbon isotopic excursion during the LPTM was the
release of 13C depleted methane from oceanic meth-
ane clathrates as a consequence of oceanic deep-water
warming, which possibly led to destabilization of clath-
rates in sediments in a water depth range of
900-1400 m (Dickens et al. 1995, 1997). Modern
analogs of decomposing hydrates have been shown to
contain biomarkers that are diagnostic for the process
of anaerobic methane oxidation (Hinrichs et al
1999a), an important biogeochemical process in
marine anoxic sediments and anoxic water columns
(e.g. Reeburgh 1976). In contrast, under oxic con-
ditions, methane is oxidized by methanotrophic bacte-
ria, a group of microorganisms which also can be rec-
ognized by specific biomarkers (Summons et al. 1994).
The shallow paleowater depth at the Aktumsuk site
excludes an in situ release of methane from clathrates.
However, methane released in deeper waters along
the Uzbekistan continental margin could have reached
the site of investigation, where methanotrophic proc-
esses might have occurred. In such a case the anoxic
water column would have favored the preservation of
biomass formed by these methanotrophic processes.

In organic-rich samples from the Aktumsuk section,
several compounds were identified that potentially
originated from methanotrophic organisms. These
compounds include archaeol, an archaea-specific
biomarker that was previously found in several mod-
ern gas seep environments (Hinrichs et al. 1999a; Hin-
richs et al. 1999). In these studies a strong depletion
in BC (6"3C = —100%0) revealed that it was produced
anaerobically by archaea that were utilizing methane
as their carbon source. Similarly, '*C-depleted hopa-
noid compounds (6'3C ~ —80%.) would be indicative of
aerobic methanotrophy (e.g., Freeman et al. 1990).
However, relatively heavy carbon isotopic composi-
tions of above mentioned compounds (Fig. 13B) indi-



LATE PALEOCENE (P4b/c to P5a)

Proximal Environment
high terrigenous input
Kaurtakapy

Smectite + Mica + Chiorite i

coarse detrital particles

407

\\\ ///
Seasonal climate —N)—
) ) . 17T \\\ E
Active continental erosion ////;//

Aktumsuk

\\\ ///
LATE PALEOCENE THERMAL MAXIMUM (P5b) PR -
Atmospheric 5 -C depletion Seasonal to Humid dimate /77,77
w N A
Y ///// /
/
Kaurtakapy Differential seting UK Smectite + Keulirite
Water warming Water warming S ATRTRre
Subtropica planktic — Kaolinite Terrestrial ic matt
Oceanic 5 -C depletion foraminifera/: R .err. : f'- .Organlcm 3

Smectite + Kaolinite + Mica + Chlorite

EARLY EOCENE (P6b)

Distal Environment

Kaurtakapy

Warm and Humid climate /777,77
A=
Aktumsuk ////////// '
Kaolinite

Fine detrital particles
Kaolinite

Kaolinite + Smectite + Mica + Chlorite

Kagolinite + Smectite + Mica + Chlorite <

HIGH SEA LEVEL:| C
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and PS5a); B during the Late Paleocene Thermal Maximum (Sub-
zone P5b); C during the Early Eocene (Zone P6) in the mar-
ginal northeastern Tethys

cate that their biological producers utilized carbon
sources other than methane. §'3C values of archaeol
indicate its derivation from methanogenic bacteria,
whereas the scatter of *C values of hopanoids indi-
cates at least a mixture of two different non-meth-
anotrophic microbial sources (Fig. 13B). Notably,
homohopanol derived from chemical cleavage of bac-

teriohopanepolyol, which is potentially derived from
methanotrophic bacteria (Summons et al. 1994), has a
03C composition of ~ —30%.. This relatively heavy
isotopic signal indicates that a contribution of meth-
anotrophic bacteria does not exist or can be neglected.

Low calcite content

Various processes can result in low calcite content,
including decreased productivity of calcareous micro-
plankton, high detritus, and/or phyllosilicate input dur-
ing sea level fluctuations, dilution, and carbonate dis-
solution.
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At Kaurtakapy the low sea levels corresponding to
the upper part of Zone P4c and Zone P5a (Haq et al.
1988) may account for the observed low carbonate
sedimentation as a result of increased terrigenous
input associated with increased continental erosion
and hence dilution of carbonates in this basin (Fig. 4).
In this section the P-E event is marked by a concomi-
tant decrease in calcite from 60 to 30% and in §'°C
values (Figs. 4, 12). Contrary to the rapid post-6!3C
shift recovery, calcite content remains low through the
P6a interval starting to increase only in the P6b inter-
val (Figs. 4, 12). These observations suggest that two
distinct events are responsible of the low calcite con-
tent. The simultaneous decrease in calcite and §3C
values could be related to the global changes that
characterized the LPTM. In nearly all published P-E
records the negative §'3C excursion coincides with an
apparent global reduction in carbonate accumulation
as evidenced by carbonate dissolution and/or hiatuses,
over a wide depth range from continental margins to
abyssal basins (e.g., Kennett and Stott 1990; O’Connell
1990; Lu and Keller 1993, 1995; Lu et al. 1996, 1998a,
1998b; Thomas and Shackleton 1996; Bolle et al.
1998). Addition of massive amounts of carbon from
oxidized methane hydrate (Dickens et al. 1995) has
been invoked to explain this carbonate reduction;
however, cause(s) and mechanism(s) of this reduction
are not yet well understood. The reduced carbonate
accumulation persisting above the P-E event coincides
with a high content of phyllosilicates suggesting
increased input of fine detrital particles into the Kaur-
takapy basin during the high sea level period, follow-
ing the sea level rise which marked the end of the
Paleocene (Haq et al. 1988).

During the low sea level periods corresponding to
the upper part of P4c and P5a (Haq et al. 1988),
Kaurtakapy was located relatively close to the source
of the terrigenous material as indicated by an increase
in coarser particles of quartz, plagioclase, and potassic
feldspar (>16 pm; Figs. 4, 15). During the high sea
level period that characterized the base of the Ypresi-
an, the Kaurtakapy section was located in a more dis-
tal environment, sufficiently distant from the continen-
tal source to deposit mainly finer detrital particles
(phyllosilicates; <2 pm; Figs. 4, 15).

At Aktumsuk, the Late Paleocene is marked by a
slight decrease in calcite with a minimum in calcite
values (42 %; sample 15) preceding the maximum of
the negative 6'3C excursion (Figs. 5, 12). Traces of dis-
solution affecting foraminiferal tests have only been
observed in Subzone P5b, suggesting that carbonate
dissolution is responsible mainly for the relatively low
calcite content during the LPTM.

Anoxic event during the LPTM

The Upper Paleocene organic-rich layer has been
described in Central and South Asia, Caspian region,

and the Caucasus (Gavrilov and Muzylev 1991; Gavri-
lov et al. 1997). This horizon enriched in organic
matter can be attributed to a single narrow strati-
graphic interval correlatable over vast areas, in south-
ern Turkmenia, in the Precaspian, and in the Tadzhik
Depression (Gavrilov and Muzylev 1991; Muzylev et
al. 1994). This sapropelite event corresponds to the
organic-rich interval observed in Subzone P5b at
Aktumsuk (Fig. 12). According to these authors, the
accumulation of the isochronous organic-rich sed-
iments took place near the base of a short-lived and
quite rapid eustatic transgression during the Late
Thanetian time.

At the end of the Paleocene, the western part of
Uzbekistan was affected by a widespread transgres-
sion, recognized on a global scale (Haq et al. 1988).
This transgressive event marked the first invasion of
marine waters rich in nutrients onto a continental area
(Fig. 15B). Field observations have shown that on a
short distance (~50 km) in the cliffs along the Aral
Sea coast, the erosive surface is at different depths
below this sapropelite unit suggesting an irregular
local topographic configuration. At Aktumsuk, the
erosion of the sediments (e.g., major hiatus) modeled
a paleo-relief with depressions, which may have
favored the preservation of organic matter. The topo-
graphic lows may have locally inhibited bottom-water
circulation and allowed isolated pockets of stagnant
water to maintain anaerobic conditions (Hallam and
Bradshaw 1979). Slow circulation intensity (Wetzel
1991) and high organic material input (Calvert 1987)
controlled the oxygenation at the sea floor leading to
the formation of an oxygen-depleted environment.
This environment favored the formation of reduced
minerals such as pyrite. At Aktumsuk, the co-exist-
ence of pyrite and an organic-rich layer indicates that
low oxygen conditions prevailed during Subzone P5b.
The presence of lycopane suggests that during the
deposition of organic-rich layer significant parts of the
water column were suboxic to anoxic. The redox con-
ditions in the water column facilitated preservation of
organic matter. Part of the organic-rich layer is char-
acterized by low-angle cross bedding (Fig. 12). Gavri-
lov et al. (1997) suggest that this particular feature
could have been induced by the accumulation of sed-
iments in the proximal zone of uplift under a rel-
atively active hydrodynamic regime; however, this
interpretation seems inconsistent with the suboxic to
anoxic conditions which prevailed in the water column
at this time. Another hypothesis would be that the
organic material has been slightly transported by lat-
eral currents and reworked from a topographic low
into another one; however, this interpretation remains
speculative.

The sea level fluctuations over the marginal north-
ern part of the Tethys created favorable sites for the
accumulation and preservation of organic-rich sed-
iments; however, this depends mainly on local topo-
graphic configuration. At Kaurtakapy the absence of



major erosion of the sediments (no major hiatus) sug-
gests a large basin floor, but without steep relief,
which may have limited the accumulation and preser-
vation of organic matter. However, in this section the
higher organic matter (0.4 %) content was measured
in Subzone P5b in the 10 cm thick brown clays which
contains fish debris and pyrite nodules, suggesting that
low oxygen conditions (i.e., hypoxia) prevailed also
during the Late Paleocene at Kaurtakapy.

During the Early Eocene (Subzone P6a), anoxic
conditions were probably terminated by increasing
water circulation. This may be due to tectonic move-
ments that changed the configuration of the basin, rel-
ative eustatic fluctuations, climatic changes, and/or
opening seaways (Wetzel 1991). The opening of an
important oceanic channel to the north with the Arctic
Ocean and the reduction of emerged lands to the
southeast (Fig. 3) could have been the main mech-
anism of the re-oxygenation of the Aktumsuk basin
during the Early Eocene (Fig. 15). The return to more
oxic conditions is indicated by the absence of organic
matter and pyrite in the early Eocene sediments of
Aktumsuk (Fig. 12; Table 1).

Significance of clay minerals

Detrital input is the dominant factor responsible for
clay mineral distribution in marine sediments. Mica,
chlorite, associated quartz, and feldspars typically con-
stitute terrigenous species (Chamley 1998). These clay
minerals develop generally in areas of steep relief
where active mechanical erosion limits soils formation,
particularly during periods of high tectonic activity.
They can also form in cold and/or desert regions
where low temperatures and/or low rainfall reduce the
chemical weathering (Millot ; Chamley 1998).

During the Early Eocene and at times in the Paleo-
cene, peaks of volcanic activity have been recorded on
the active margin of Eurasia. For the first time in
Cenozoic history, volcanic belts can be traced continu-
ously from the Rhodope massif to Afghanistan, via
the southern Caspian Sea coast (Kazmin et al. 1986).
Despite this intensive calc-alkaline volcanism to the
south of the studied area, no volcanoclastic compo-
nents were observed throughout the sedimentary col-
umn at Aktumsuk and Kaurtakapy. This observation
suggests that smectite is not derived from the weather-
ing of volcanic materials (Chamley 1998). In the stud-
ied area this clay mineral appears to be mostly of
detrital origin and can issue from soils developed
under a warm to temperate climate characterized by
alternating humid and arid seasons (Chamley 1998).

In Antarctica, the South and North Atlantic (Rob-
ert and Chamley 1991; Robert and Kennett 1992,
1994; Gibson et al. 1993; Knox 1996; Gawenda et al.
1999), and in several Tethyan sections (Lu et al
1998a; Bolle et al. 1999), the LPTM is marked by the
appearance, or a strong increase, in kaolinite. The
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high kaolinite content has been interpreted as marker
of humidity. This clay mineral develops typically in
tropical soils which are characterized by warm, humid
climates, well-drained areas with high precipitation,
and accelerated leaching of parent rocks (Robert and
Chamley 1991).

At Aktumsuk the P5b interval is marked by
increased kaolinite (Figs. 11, 16) which could be
related to the humid episode that affected mainly
high-latitude areas and the North Atlantic during the
latest Paleocene. However, the climatic significance of
kaolinite must be considered carefully in this section.
Clay mineral assemblages (smectite, mica, chlorite,
kaolinite, and IS) are similar in the Late Paleocene
sediment (P5a/b) and in the underlying Campanian
chalks (Fig. 16). The main difference is the kaolinite
and smectite contents, which are higher in the P5b
interval (12 and 10 %) than in the Campanian (7 and
2%). Thus, part of the clay minerals observed in the
P5b interval could have been introduced into marine
sediments through erosion of both older sediments
and soils during the sea level transgression that took
place at the end of the Paleocene in this region (Gav-
rilov et al. 1997); hence, both kaolinite and smectite
could be reworked from Late Cretaceous sediments.

However, kaolinite and smectite observed in the
P5b interval are not only reworked from older soils
and sediments. All Late Paleocene samples contain
rare reworked Campanian nannofossils suggesting
minor reworking at this time. Moreover, the P5b inter-
val is marked by decreased grain size as suggested by
a high quartz (<2-um size fraction) / quartz (2- to
16-um size fraction) ratio, and the relatively low pla-
gioclase and potassic feldspar contents of the 2- to
16-pm size fraction (Fig. 16). This major sedimento-
logical change implies different terrigenous sources
during the Late Paleocene transgression and the Cam-
panian (Fig. 16). These observations could indicate
that part of the kaolinite comes from contempora-
neous paleosoils and could suggest humidity on the
adjacent land areas during the Late Paleocene. At
Kaurtakapy the P6b interval is marked by a relatively
strong increase in kaolinite and high kaolinite/smectite
ratio (Fig. 10). The sporadic presence of kaolinite
from the underlying layers and the low kaolinite con-
tent during the Late Paleocene transgressive event,
where a maximum of reworking could be expected,
suggest that this mineral may be used in this case as a
climatic factor.

Paleolandscape and climate

The sea level rise affecting the marginal northeastern
Tethys at the end of the Paleocene was preceded by a
regressive period which is indicated at Aktumsuk by
the presence of an important hiatus and erosive over-
lapping of older sediments (Campanian) by the Late
Thanetian sediments. As a result of the regression,
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Fig. 16 Mineralogical com-
position of Campanian chalks
and the Thanetian sediments,
plagioclase and potassic feld-
spar variations of the 2- to
16-pm size fraction and quartz
(<2-pum size fraction)/quartz
(2- to 16-pm size fraction),
and kaolinite/Z phyllosilicates
ratios at Aktumsuk (Uzbekis-
tan). Except plagioclase and
K-Feldspars, which are given
in counts per minute, other
minerals are given in relative
percent abundance. The ratios
are calculated from XRD min-
eral peak data in counts per
minute. See Fig. 5 for symbol
explanation
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large coastal lowlands developed along the periphery
of a relatively shallow, epicontinental sea and around
archipelagos (Gavrilov et al. 1997). The emergent
areas were characterized by formation of lakes and
waterlogged sectors (lacustrine bog landscape) on
newly developed coastal plains (Fig. 15A; Gavrilov et
al. 1997).

The abundance of smectite in the marine sediments
of Kaurtakapy in Zone P4 and Subzone P5a (Fig. 10)
suggests the dominance of a temperate to warm cli-
mate with humid and arid seasons in the source areas
(Fig. 15A). This seasonal climate is consistent with the
formation of bogs on the coastal plains. Most of the
modern well-developed bogs are found in the temper-
ate regions of North Europe, West Siberia, and North
America (Schneider and Schneider 1974). Judging
from the present-day analogs, the formation of peat
bogs during the period of low sea levels preceding the
Late Paleocene transgressive event required a temper-
ate climate with alternating humid seasons. At Kaurta-
kapy smectite is associated mainly with relatively high
mica and chlorite contents (Fig. 10). Such a clay detri-
tal assemblage could reflect the combined influences
of land petrography and continental climate. In tem-
perate regions the petrographic influence of rocky
substrates is often reflected by the so-called primary
minerals such as mica and chlorite, whereas the petro-
graphic input from pedogenic blankets is marked
mostly by irregular mixed-layers, kaolinite, and smec-
tite (Chamley 1989).

The end of the Paleocene is characterized by a gen-
eral transgression with a sea level rise of several
dozens of meters (Gavrilov et al. 1997). At Aktumsuk
the transgression was rapid and predated slightly the
accumulation of the organic-rich layer. The first
deposits related to the transgressive phase are poor in
organic matter (<0.4%) and correspond to Subzone
P5a interval (Fig. 9). However, the occupation by sea
was not synchronous everywhere. For instance, the
transgression affected the Northern Caucasus only at
the end of Zone P5b; consequently the base of the
sapropelite unit is missing (Muzylev et al. 1996).

At Aktumsuk the sea level rise is marked by an
incursion of marine waters onto a continental area
(Fig. 15B). These waters were enriched in nutrients,
detrital clay minerals, and Campanian nannofossils
stemming from the erosion of older sediments and
soils. The irregular topography developed by the ero-
sion created favorable sites to trap organic matter and
clay minerals. The marine material is mixed in the
deposits with the terrestrial organic matter, which was
concentrated in soils and in peat bogs. At Kaurtakapy
the sea level rise is marked by a lithological change
from marls to clays (Fig. 4). The sharp contact
observed between the two lithologies suggests a break
in sedimentation and/or condensation which cor-
responds probably to the maximum transgression.

Inferred from minimum 6'80 values (Fig. 12), sea-
waters of the marginal northeastern Tethys warmed
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up at the end of the Paleocene. This seawater warm-
ing, characteristic of the LPTM, was associated with
the rapid sea level rise and favored the incursion of
transient subtropical planktic foraminiferal fauna in
the epicontinental northeastern basin (Fig. 15B). The
subtropical incursion is characterized by maximum
igorinid abundance at Aktumsuk (Pardo et al. 1999b)
and by the dominance of acarininids and morozovel-
lids at Kaurtakapy (Pardo et al. 1999a).

Compared with lower-latitude Tethys sections
(southern Spain and northern Tunisia; Lu et al. 1998a;
Bolle et al. 1999) and North Atlantic sections (Gibson
et al. 1993; Knox 1996; Gawenda et al. 1999), the mar-
ginal northeastern Tethys does not appear to be
affected during the LPTM by a major humid episode
marked by strong kaolinite influx. At Aktumsuk part
of the relatively high kaolinite content in Subzone P5b
(Figs. 11, 16) may be the result of erosion from older
sediments as well as from reworking during the sea
level transgression and accumulation in favorable sites.
During this period the abundance of smectite and the
very low kaolinite content observed at Kaurtakapy
suggest the dominance of a seasonal climate on the
adjacent land areas (Fig. 10). However, we cannot
exclude that the warm and humid climatic conditions
were already initiated on the adjacent land areas at
the end of Paleocene. At Aktumsuk it has been shown
that part of the kaolinite could come from coeval
paleosoils, whereas at Kaurtakapy the low kaolinite
and the high smectite contents could result by enrich-
ment trough differential settling. In periods of sea
level rise, kaolinite, chlorite, and mica are deposited
close to shorelines, whereas smectites are transported
away from shores (Gibbs 1977; Adatte and Rumley
1989).

During the Early Eocene (Zone P6), the marginal
northeastern Tethys is marked by a period of high sea
level (Haq et al. 1988), increasing water circulation
leading to the re-oxygenation of the basin and a cli-
matic change (Fig. 15C). During this sea level high-
stand, sedimentation is dominated mainly by fine
detrital particles (phyllosilicates) in the Kaurtakapy
and Aktumsuk sections (Figs. 4, 5), indicating deposi-
tion in a distal environment, relatively far from the
continental source. At Aktumsuk the relatively high
kaolinite content in Zone P6, and at Kaurtakapy the
high kaolinite/smectite ratio observed in Subzone P6b,
suggest increased humidity in the source areas of the
marginal northeastern basin (Figs. 10, 11). Most likely,
warm and humid climate initiated during the Late
Paleocene extended during the Eocene onto adjacent
land areas of the basin (Fig. 15C).

Conclusion

Based on sedimentological, faunal, mineralogical, and
geochemical criteria, the following conclusions are
drawn:
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1. During the LPTM, the marginal northeastern
Tethys is marked by a negative §'*C excursion,
minimum 6'80 values, and a rapid diversification of
warm-water planktic foraminifera.

2. TOC and biomarker isotopic data are consistent
with a 2-3%o depletion of oceanic and atmospheric
CO, pools.

3. No biomarker products of methanotrophic organ-
isms that were related to a potential methane
release were observed at the Uzbekistan continen-
tal margin. This observation does not exclude the
possibility of a methane release at a remote loca-
tion.

4. At the end of the Paleocene, the marginal north-
eastern Tethys is affected by a widespread trans-
gression. At Aktumsuk this transgressive episode is
marked by the incursion onto a continental area of
high productivity marine waters.

5. The irregular topographic configuration of the
Aktumsuk site favored the accumulation of organic
matter. Biomarker distributions and hydrogen
indices indicate an organic matter composition pre-
dominantly of marine algae and bacteria with
admixtures of terrestrial carbon.

6. The presence of lycopane indicates that significant
parts of the water column were suboxic to anoxic
during the deposition of the organic-rich layer.

7. Clay mineral distribution indicates the dominance
of a temperate to warm climate with wet and arid
seasons during the Late Paleocene (Subzones P4
and P5a). Warm and humid climate initiated during
the LPTM (Subzone P5b), extended during the
Eocene (Zone P6).
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