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The Paleocene-Eocene Thermal Maximum (PETM) shows an extraordinary drop in the δ13C of carbonate and
organic matter across the globe, suggesting massive release of 13C-depleted carbon dioxide into the ocean and
atmosphere over a very short time interval (probably b20ky). We report a geochemical and mineralogical
study of 106 samples spanning the most expanded PETM at the Dababiya Global Stratotype Standard section
and Point (GSSP) near Luxor, Egypt. The field and laboratory observations reveal that the deposition occurred
in a submarine channel extended laterally about 200 m with the deepest part (~0.88 m) at the designated
GSSP, although all bio-zones are present. Stable isotope records of both carbonate and organic carbon show
decreases starting 0.6 m below the Paleocene-Eocene boundary (PEB) and culminating at the erosion surface.
A persistent shift in δ15Norg values to near zero reflects a gradual increase in bacterial activity. High Ti, K and Zr
and low Si contents at the PEB coincide with increased kaolinite contents, which suggests intense chemical
weathering under more humid conditions at the PETM onset. Two negative Ce-anomalies indicate intervals of
anoxic conditions during the lower and middle PETM (base and top of zone E1). The first anoxic event is repre-
sented by a negative Ce-anomaly, high V/C rand V/V+Ni ratios, negative Mn* and an abundance of idiomorphic
pyrite crystals that indicate anoxic to euxinic conditions. The anoxic event (middle PETM) is marked by high U,
Mo, V, Fe and abundant small sized (2–5 μm)pyrite framboids, increased Cu, Ni, and Cd at the same level suggest-
ing anoxic conditions linked to high surface water productivity. Above this interval, oxic conditions returned as
indicated by the precipitation of phosphorus and barium. These data reveal an expanded PETM interval marked
by intense weathering as a crucial parameter during the recovery phase.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Paleocene-Eocene boundary (PEB) took place ca. 55.8 ± 0.2 Ma
ago (Westerhold et al., 2009) associatedwith a sudden increase in Earth
surface and deepocean temperatures and an abrupt negative shift in the
stable carbon isotope ratio (δ13C) of carbon-bearing phases. This abrupt
global warming, known as the Paleocene-Eocene Thermal Maximum
(PETM), was related to a rapid and massive release of 13C-depleted
CO2 into the ocean, atmosphere or both (Dickens et al., 1995). The
nature and tempo of the resulting δ13C excursion is recorded from car-
bonate as well as marine and terrestrially derived organic matter
(McInerney and Wing, 2011). The excursion is commonly interpreted
as widespread release of methane from continental margins upon ther-
mal dissociation of clathrates (Dickens et al., 1995). Solid clathrates,
, Faculty of Sciences, Aswan
comprised of 13C-depleted methane and water, can occur in deep-sea
sedimentswheremethane concentrations exceed those on an equilibri-
um curve defined by pressure and temperature.

Therefore, with a major increase in deep-ocean temperature large
quantities ofmethanemight escape the seafloor, whichwould be rapid-
ly oxidized to CO2 in the water column or atmosphere. However, this
type of methane release alone is probably insufficient to explain the
huge CO2 input into oceans and atmosphere during the Paleocene-
Eocene (P-E) transition (Dickens et al., 1995; Zachos et al., 2004).
Other explanations for the carbon input have been offered, including:
(1) Pore fluid venting probably associatedwith gas hydrate dissociation
and oxidation of organic matter-rich terrigenous sediments that in-
crease the quantity of released greenhouse gases but remain insufficient
to raise global temperature (DeConto et al., 2010). (2) Higgins and
Schrag (2006) estimated that the oxidation of ca. 5000 Gt. of organic
carbon most likely explains the geochemical and climatic changes
during the PETM. The interaction of hydrothermal fluid with organic-
rich Cretaceous-Paleocene sediments of the North Atlantic could
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produce significant amounts of thermogenic methane (Svensen et al.,
2004, 2010;Westerhold et al., 2009). And (3) desiccation and oxidation
of organic matter in vast areas of dried epicontinental seas could have
contributed a significant CO2 input to the atmosphere (Gavrilov et al.,
2003; Higgins and Schrag, 2006).

Whatever the source, themassive input of greenhouse gaseswas re-
lated to a global temperature rise of 5-9 °C during a period of about
200 ka (Sluijs et al., 2006; Zachos et al., 2006; Weijers et al., 2007;
Handley et al., 2008). The environmental perturbations associated
with the global temperature rise, such as increasing sea water salinity
and drop in pH and dissolved oxygen, were the main reason for the
35–50% species extinctions in deep benthic foraminifera and diversifica-
tion in marine planktic foraminifera (e.g., Lu et al., 1998; Alegret et al.,
2009). The termination of the PETM crisis may be linked to increased
marine and terrestrial biological productivity, which results in draw-
down of atmospheric CO2 (Bains et al., 2000; Torfstein et al., 2010).
Silicate weathering is another mechanism for atmospheric CO2 removal
although operating at much lower rates than previously supposed
(Kelly et al., 1996, 2005).

A continuous sedimentary record across the PETM is imperative to
understand the nature and tempo of this event. A number of recent
studies that explored the PETM at the Dababiya GSSP (Luxor, Egypt)
mainly concentrated on the faunal response (e.g., Dupuis et al., 2003;
Ernst et al., 2006; Aubry et al., 2007) and only a few petrographic and
geochemical studies have been conducted (Soliman et al., 2006;
Schulte et al., 2011, 2013; Khozyem et al., 2014). The characteristics of
the Dababiya GSSP include the relatively gradual onset of the CIE, the
presence of a basal phyllosilicate-rich interval devoid of calcium carbon-
ate and overlain by an organic matter-rich interval, the development of
anoxia and increased burial efficiency of organic carbon by reduced
water column oxygenation (Schulte et al., 2011). This sedimentary
sequence was deposited in an outer-shelf marine environment.
Fig. 1.A.1) Paleogeographic location (modifiedafter Blakey, 2007) and present location of theDa
relative distance between NW and E sections at the main GSSP outcrop.
The main objective of this study is to gain further insights into
paleoenvironmental and paleoclimatic changes across the PETM based
on multi-disciplinary mineralogical and geochemical studies of the
Dababiya GSSP. Understanding the GSSP, chosen for its complete and
representative record, is critical as it forms the basis for comparison of
PE boundary sequences worldwide. To this end we document the
geochemical and climatic records of the GSSP, examine environmental
responses to rapid warming in a low-latitude continental shelf setting
and compare the results with published global records. Specific objec-
tives include: (i) evaluation of PETM’s stratigraphic completeness and
potential for regional and global correlation; (ii) determining the na-
ture, tempo and timing of the PETM; and (iii) evaluation of characteris-
tic PETM signals in detrital and nutrient fluxes and consequently redox
conditions.

2. Studied sections

2.1. Location

The Dababiya GSSP is located at the eastern side of the upper Nile
Valley 35 km southeast of Luxor City (25°30′N, 32°31′E; Fig. 1, Dupuis
et al., 2003; khozyem et al., 2014). Although a number of studies have
concentrated on outcrops in the Dababiya area (Dupuis et al., 2003;
Schulte et al., 2011, 2013), the GSSP section was never before sampled
systematically. The reason is highly restricted access because of the lim-
ited outcrop exposure and fear that samplingwould deplete the section.
As a result permission for sampling the GSSP was routinely denied. We
obtained permission by proposing to leave the GSSP in tact and instead
sample one stratigraphic sequence 25 m to the east (Dababiya E) of the
GSSP exposure and the other 50 m northwest (Dababiya NW, Fig. 1).
This sampling strategy is advantageous because the GSSP is in the
deepest part of a submarine channel with variable erosion on either
babiyaGSSP (modified fromDupuis et al., 2003). A.2 andA.3 showfield photographsof the
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side. The two sections sampled ensure that themaximum available sed-
iment deposition and variation in erosion and depositional patterns
through the channel can be evaluated and compared with the already
published GSSP record (Dupuis et al., 2003).

2.2. Paleodeposition and lithostratigraphy

The Paleocene-Eocene transition in the southern margin of the Te-
thys in Egypt includes the outer-shelf deposits of northeastern Egypt
and Sinai (i.e. Wadi Nukhul, Speijer and Wagner, 2002; Khozyem
et al., 2013). In the eastern desert the monocline of the Upper Creta-
ceous to Upper Eocene resulted in uplift and exposure of the outer
shelf to marginal marine strata across the desert in northeastern Egypt
where they are exposed in mesas and ridges (Aubry et al., 2007). The
Dababiya GSSP is one of these exposures. Exposures in the Dababiya
area consist of four lithostratigraphic formations as follows from older
to younger (Fig. 2): Dakhla Shale Formation (greenish calcareous
shale), Tarawan Formation (marly limestone to chalk), Esna Shale
(greenish gray to dark gray shale), and the Thebes Formation (lime-
stone and flint). The Esna Shale Formation is divided into three main
units (Esna-1, Esna-2 and Esna-3) based on carbonate contents
(Dupuis et al., 2003). Only Esna-1 and Esna-2 are exposed at the GSSP
NW and E outcrops (Fig. 1, 2).

The Paleocene-Eocene boundary (PEB) is in the lower part of the
Esna shale Formation between units Esna-1 and Esna-2. Esna-1 consists
of marl to marly shale. A well-defined erosional sequence boundary
(SB) separates Esna-1 and Esna-2 (Fig. 2). The lithology of the overlying
Esna-2 unit is divided into five lithologically distinct beds that comprise
the PETM interval (Dupuis et al., 2003). The thickness and lithologies of
these beds varies laterally across the submarine channel as seen in the
litho-columns of the GSSP (Schulte et al., 2011; Khozyem et al., 2014),
as well as NW and E outcrops (Fig. 2). In the field, the PEB is marked
by the lithologic change frommarl or marly shale (Esna-1) to laminated
claywith few phosphatic coprolites but devoid of carbonate in the over-
lying Bed-1. Bed-2 consists of brown shalewith carbonate content at the
GSSP, but in NW and E outcrops silty claystone with anhydrite layers
predominate. In Bed-3 laminated phosphatic shale dominate the GSSP
and silty marl with phosphatic nodules and anhydrite mark the NW
Fig. 2. Lithology and description of the NW and E sections correlated with the GSSP; field photo
presence of a continuous layer of anhydrite is located 2 cm above the PEB.
and E outcrops similar to Bed-2. Upwards in the section carbonate con-
tent increases from gray shale to marly limestone in Bed-4 and to gray
marl and calcarenitic limestone in Bed-5. This lateral variation reflects
deposition within the deepest part of the submarine channel (GSSP)
and to the channel banks on either sides (NW and E sections).

3. Material and methods

3.1. Sample preparation

In the field, vertical outcrops of the Dababiya NW and E sections
were sampled at high sample resolution of 2, 5 and 10 cm from the
Upper Paleocene to Lower Eocene (Fig. 2). In the laboratory, the surface
of each sample was carefully cleaned and all weathered material re-
moved. An aliquot of ca. 25 g was powdered in a washed and air-dried
agate mortar (washed three times with deionized water and once
with ethanol). The samples were subjected to extensive mineralogical
and geochemical studies at the Institute of Earth Sciences, University
of Lausanne, Switzerland.

3.2. XRD mineralogy

Whole rock mineralogical composition was performed using a
X-TRA Thermo-ARL Diffractometer, following the procedure described
in Klug and Alexander (1974), Kübler (1987); Adatte et al. (1996).
This method for semi-quantitative analysis of the bulk rock mineralogy
(obtained by XRD patterns of random powder samples) uses external
standards with error margins varying between 5 and 10% for the
phyllosilicate and 5% for grain minerals. A detrital index (DI) was
calculated as the ratio between calcite content and the sum of detrital
minerals (DI = Calcite /(Quartz + Phyllosilicates + Plagioclases + K-
Feldspars).

Claymineral XRD analysis was done using a X-TRA Thermo-ARL Dif-
fractometer, following the procedure described in Kübler (1987);
Adatte et al. (1996). Samples are introduced into glass containers with
deionized water, then decarbonized by HCl 10% (1.25 N) during
20 minutes and regularly agitated. Dissolution is helped by 3 minutes
of ultrasonic disaggregation for each sample. The insoluble residues
graph focuses on the P/E boundary and the contact between Esna-1 and Esna-2. Note the
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are washed by centrifugation and repeated until a neutral solution
(pH 7) is obtained. Following the Stockes law, two granulometric
fractions (b2 μm and 2–16 μm) are pipetted and deposited on a glass
plate. After air-drying, samples are analyzed by XRD. Subsequently,
the b2 μm fraction samples are saturated with ethylen-glycol and re-
measured in order to check for swelling minerals. This method allows
the semi-quantification of the proportion of clay minerals with a preci-
sion better than 5%.

3.3. SEM

Selected samples close to the PETM interval were studied by scan-
ning electron microscopy (SEM; Tescan Mira LMU) after gold-carbon
coating.

3.4. Isotopes

Carbon and oxygen isotope analyses of aliquots of whole rock
samples were performed using a Thermo Fisher Scientific Gas Bench II
carbonate preparation device connected to a Delta Plus XL isotope
ratio mass spectrometer. The CO2 extraction was done by reaction
with anhydrous phosphoric acid at 90 °C. The standardization of the
δ13C and δ18O values relative to the international VPDB scale was done
by calibration of the reference gases and working standards with IAEA
standards. Analytical uncertainty (1σ), monitored by replicate analyses
of the international calcite standard NBS-19 and the laboratory stan-
dards Carrara Marble was not greater than ±0.05‰ for δ13C and
±0.1‰ for δ18O.

Organic matter was separated from the samples by HCl treatment,
dried (40 °C, 16 h), and subjected to carbon and nitrogen isotope anal-
ysis by flash combustion on a Carlo Erba 1108 elemental analyzer con-
nected to a Thermo Fisher Scientific Delta V isotope ratio mass
spectrometer that was operated in the continuous helium flow mode
via a Conflo III split interface. The δ13C and δ15N values were reported
relative to VPDB and air–N2, respectively. The calibration and assess-
ment of the reproducibility and accuracy of the isotopic analysis were
based on replicate analyses of laboratory standard materials and inter-
national reference materials. The reproducibility was better than 0.1‰
(1 σ) for both carbon and nitrogen.

3.5. Major, trace and rare earth elements

Major elements (ME) were analysed by XRF on lithium tetraborate
glass discs using a Philips PW2400 X-ray fluorescence spectrometer.
These data were complemented by the determination of selected trace
elements (TE) on pressed powered discs with a Mowiol II polyvinyl al-
coholmatrix, using the sameXRF spectrometer as for themajor element
analysis. Detection limits approached 0.01% (ME) and 1–4 ppm (TE).
Accuracy was assessed by the analysis of certified reference materials.

The rare earth element (REE) and further trace element data were
obtained by laser ablation inductively coupled plasmamass spectrome-
try (LA–ICPMS). A GeoLas 200M 193 nm excimer ablation system
interfaced to an Elan 6100 DRC quadrupole ICPMS was used for the ab-
lation of the lithium tetraborate discs previously analysed by XRF. The
ablation system was operated at a beam size of 120 mkm, repetition
rate of 10 Hz and on-sample energy density of ~10 J/cm2. Helium was
used as a carrier gas. The relative sensitivity factors were calibrated
using a NIST SRM 612 standard representing a soda-lime-silica glass
doped with trace elements. Calcium contents by XRF were used for in-
ternal standardisation. Accuracy was typically better than 5%. Detection
limits ranged from 0.02 to 0.15 ppm (REE).

3.6. Total organic matter (TOC)

Organic matter contents were determined using Rock Eval pyrolysis
(Rock-EvalTM6 Behar et al., 2001). The TOC values were obtained using
the standard temperature cycle. Samples were calibrated with both
IFP160000 and an internal standard with an instrumental precision of
b2% (Espitalié et al., 1985).
3.7. Biostratigraphy

For foraminiferal analysis, about 100gr. sediment was processed per
sample by standard methods and washed through 63 μm and 38 μm
screens to preserve small species (Keller et al., 1995). Biostratigraphic
analysis was performed on N63 μm and 38–63 μm size fractions. Quan-
titative counts of ~300 specimens were picked from the N63 μm size
fraction, mounted on cardboard slides for a permanent record and
identified to obtain relative species abundance data. The remaining
sample residue for each sample was searched for rare and zone-
defining index species. For calcareous nannofossils, samples were
processed at Aswan University, Aswan, Egypt, based on smear slide
preparation from raw sediment samples as described by Perch-Nielsen
(1985). The calcareous nannofossils were observed under the light mi-
croscope at amagnification of 1000x. The taxonomyused is described in
Aubry et al. (1999); Perch-Nielsen (1985).
4. Results

4.1. Biostratigraphy and age constraints

The Dababiya Quarry Paleocene-Eocene boundary GSSP was select-
ed by the International Commission for Stratigraphy (ICS) based on
the following criteria: (1) the global δ13Corg and δ13Ccarb isotope excur-
sions (CIE), (2) disappearance of the deep water benthic foraminifer
Stensioina beccariiformis, (3) transient occurrence of planktonic forami-
nifera (Acarinina africana, A. sibaiyaensis, Morozovella allisonensis)
during the δ13C excursions, (4) transient occurrence of the Rhomboaster
spp. – Discoaster araneus assemblage and (5) acme of the dinoflagellate
Apectodinium (Aubry et al., 2007). Although a number of studies have
investigated the PEB transition in the Dababiya Quarry area
(e.g., Berggren and Ouda, 2003; Dupuis et al., 2003; Alegret et al.,
2005; Alegret and Ortiz, 2006), the actual GSSP outcrop has rarely
been sampled and analyzed.
4.1.1. Planktic foraminifera
The biostratigraphy for the Dababiya NW outcrop in this study is

based on high-resolution planktic foraminifera and calcareous
nannofossils (Fig. 3). Planktic foraminifera span biozones P4c, P5, E1
and E2 with an estimated time span of 2 m.y. (54.5-56.5 Ma, Olsson
et al., 1999; Pearson et al., 2006). Zone P4c marks the base of the section
as indicated by the disappearance of the index species Globanomalina
pseudomenardii. This assemblage is dominated by Igorina tadjjikistanensis,
Acarinina soldadoensis, Subbotina hornibrooki, Morozovella acuta and M.
aequa. The interval from the extinction of Gl. pseudomenardii to the first
appearance of Acarinina sibaiyaensis defines zone P5 and the top of the
Paleocene. At Dababiya NW this interval marks the onset of the PETM
event with a 40% increase in species diversity (from 21 to 35 species)
and decreased abundance of the dominant zone P5 species correlative
with a gradual decrease in δ13Corg and δ13Ccarb values that culminates at
the PEB (Fig. 3).

Zone E1 above the PEB is a 42 cm thick barren clay interval (Bed-1).
A 5 cm thick interval above E1 contains a good assemblage of the tran-
sient PETM fauna dominated by A. sibaiyaensis and A. africana and the
first appearances of A. africana, Morozovella allisonensis, and the base
zone E2 index species Pseudohastigerina wilcoxensis. Foraminifera are
rare in the 35 cm spanning the upper Bed-2 and Bed-3 (upper part of
PETM) but a diverse and well-preserved zone E2 assemblage returns
in Bed-4. The return of this thriving assemblage coincides with the
recovery of the δ13Corg and δ13Ccarb values after the PETM.



Fig. 3. Carbon isotopes (δ13Corg and δ13Ccarb) and selected ranges of planktic foraminifera and calcareous nannofossil species from theNWsection located at 50m to the left of the Dababiya
GSSP. Note that a reduction in species richness in the late Paleocene is offset by a few new species during the gradual decrease in carbon isotopes and this evolutionary trend increased
during the gradual recovery in carbon isotopes in the early Eocene (modified from Khozyem et al., 2014).

121H. Khozyem et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 429 (2015) 117–135
4.1.2. Calcareous nannofossils
Calcareous nannofossils at Dababiya span biozones NP9a (upper

Paleocene) and NP9b (lower Eocene). Assemblages are moderately di-
versified (Fig. 3), preservation varies from poor tomoderate, and except
for the dissolution interval that spans Bed-1 and the lower part of Bed-2.
Below the barren interval, nannofossil diversity averages about 16 spe-
cies, whereas above it both abundance and diversity sharply decrease to
about 8 species and dissolution resistant taxa dominate (e.g. Discoaster
spp, Coccolithus pelagicus) along with reworked forms. Nannofossil
diversity increases gradually and reaches a maximum at the base of
Bed-5.

Most species of zone NP9a disappear at the P/E transition, and only
Fasciculithus tympaniformis survived into the lowermost Eocene. The
presence of this species along with Fasciculithus tonii in the upper part
of Dababiya NW (Bed-4) is likely reworked, as they are known to disap-
pear at the PETM onset (e.g., Monechi et al., 2000; Raffi et al., 2005;
Tantawy, 2006; Agnini et al., 2007). TheNP9a/NP9b transition coincides
with the PETM dissolution interval, which is followed by the first
appearance of Rhomboaster cuspis and R. bitrifida, D. araneus and D.
anarteus, whereas C. eodelus appears earlier in NP9a and R. spineus
later in NP9b similar to the southeast Atlantic (Agnini et al., 2007) and
Kharga Oasis, Western Desert, Egypt (Tantawy, 2006).
4.2. Whole rock and clay mineralogy

4.2.1. Whole rock mineralogy
At Dababiya NW, upper Paleocene sediments (zones P4c-P5) consist

of typical marls (average 42.7% calcite, 40.7% phyllosilicates, 7% quartz,
0.4% anhydrite, absence of Ca-apatite; DI ~1.1, Fig. 4A). Near the PEB, a
sharp decrease in calcite content to 5.4% coincides with rapidly increas-
ing phyllosilicates (57.7%), quartz (8.2%), anhydrite (7.1%), Ca-apatite
(7.5%) and presence of goethite, K and Na feldspar (DI ~ 0).

The interval between the PEB and 1.1 m above, zone E1 to base E2,
(Beds 1 to 3) is characterized by two major changes based on whole
rock compositions. The lower part corresponding to zone E1 (samples
NW29-NW39) is marked by an abrupt increase in phyllosilicates,
quartz, goethite and anhydrite, DI ~0, presence K and Na feldspars,
and low calcite. The low Ca-apatite, probably derived from reworked
underlying sediments or rare coprolites. Above this interval, at the
zone E1/E2 boundary (samples NW40-NW50), is a sharp increase in
calcite (34.5%), a concurrent increase in Ca-apatite (up 25.6%) and a
relative increase in anhydrite. Marly sediments return in the top 1m in-
terval corresponding to the upper zone E2 (Bed-4 to 5, Fig. 4A).

At Dababiya E, whole rock compositions are similar to the NW sec-
tion, although deposition is more condensed with Bed-1 and much of
Bed-2 missing due to erosion and non-deposition (Fig. 4B). Upper
Paleocene sediments are typical marls with 38.8% phyllosilicate, 5.34%
quartz, and 49.7% calcite. At the PEB and sequence boundary (SB)
phyllosilicate, quartz and Feldspar increase and calcite drops to near
0%. From Bed-2 to the upper part of Bed-3 (samples E-22 to 31) quartz
(25.1%), phyllosilicate (9.3%) and calcite (35.3%) increased. Marly
sediments return in the upper part of the section.

4.2.2. Clay mineralogy
The clay fraction of the Dababiya NW is composed of smectite, illite,

kaolinite, chlorite, illite-smectite and palygorskite. Smectite is themajor
component below the PEB (mean value 68%), followed by 14% of illite,
6.5% illite-smectite, 3.9% palygorskite, 3.5 % kaolinite, and 3.25% chlorite.
At the PEB-SB, smectite increased (mean 75%, dark shading) with
almost no change in the other components (Fig. 5). In the middle of
Bed-2, (E1/E2 transition, (NW39-44, light shading), a sudden decrease
in smectite (45%) is concomitant with a sharp increase in kaolinite (up
to 10%) and a gradual increase in illite (18.5%), chlorite (12%), illite-
smectite (10.8%) and palygorskite (8.8%). Above sample NW-44, the
clay composition returns to the mean composition observed below
the PEB.

4.3. Stable isotopes

4.3.1. Inorganic carbon isotope
AtDababiyaNW, the δ13Ccarb values showanexpanded carbon isotope

excursionwith gradual onset and recovery (Fig. 6A). During the upper Pa-
leocene, correlative with zone P4, δ13Ccarb values are relatively stable
around 1‰ (samples NW1-12). In the uppermost Paleocene (zone P5,
NW16-27) δ13C values gradually decrease by 4‰ to reach minimum



Fig. 4.A)Bulk rock compositions at theNWsection.Note the increasedphyllosilicate andquartzwith thepresence of feldspar in thefirst 50 cmabove the sequence boundary (SB). Increase
Ca-apatite coincides with increased calcite contents and several intervals enriched in anhydrite. B) Bulk rock composition at the E section. Note the increased calcite and Ca-apatite just
above the SB indicates the absence (hiatus) of the uppermost Paleocene-lowermost Eocene. The gray shadow focuses on the interval where bulk rock components are increasing.
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values about 20 cm below the PEB (Fig. 6A). The lower Eocene interval
(zone E1) is devoid of carbonate. The initial recovery in the lower part
of zone E2 (top of Bed-2) ranges between−2 to−3‰. This is followed
by a rapid increase across the Bed-3/Bed-4 boundary to 0.39‰ and re-
mains relatively stable to the top of the section (Fig. 6A).

4.3.2. Organic carbon isotope
The δ13Corg values show a similar pattern although the onset of the

pre-PEB decrease is delayed relative to δ13Ccarb. During the late
Paleocene zones P4 to middle P5, δ13Corg values gradually increase
from −25.8 to −23.8‰, then rapidly decrease across the PEB to reach
minimum values in the upper part of Bed-2 (near base zone E2,
Fig. 6A). In zone E2 δ13Corg gradually increases but remains well below
latest Paleocene values.

4.3.3. Nitrogen isotope
The δ15Norg values show a similar trend as observed for δ13Ccarb and

δ13Corg across the PETM excursion at Dababiya NW. Maximum δ15N
values are recorded near the base of the section and the onset of the
negative shift is correlative with the onset in δ13Corg (Fig. 6A). At the
PEB δ15N values drop to 6‰ and reach minimum values ~2‰ at the
zone E1/E2 transition. A gradual increase through Bed-4 (zone E2) ends
with a rapid increase to late Paleocene (zone P4) values at the top of
the section.

At the Dababiya E section, the isotopic profiles record the same
PETM excursions as at the NW section but the lower half is missing
due to erosion at the SB (Fig. 6B). This is evident by the absence of the
gradual decrease in isotope values at the Dababiya NW section, the
sharp negative isotope shift at the PEB and SB erosion surface, the
abrupt δ15Norg drop, the missing Bed-1 and lower part of Bed-2. Similar
to Dababiya NW, δ13Ccarb recovery begins in middle Bed-2 and δ13Corg
and δ15N in Bed-3 followed by a gradual recovery into Bed-4 and return
to pre-excursion values at the top of the section.

4.4. TOC contents

The TOC contents of the Dababiya NW section are generally low and
highly degraded, as observed from the low hydrogen index (HI) and



Fig. 5.Relative percent and ratios (kaolinite/smectite, kaolinite/illite+ chlorite) of clayminerals in theNWsection.Note, the increase in kaolinite, chlorite, IS, palygorskite to thedetriment
of smectite at 50 cm above the SB. The kaolinite/illite + chlorite ratio increases at the SB and then gradually decreases to the top of the PETM interval.
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high oxygen index (OI) (Fig. 7). Below the PEB, the organic matter con-
tent ranges between 0.17 to 0.35%with themaximum value close to the
PEB. From the PEB to sample NW37, the OM content decreased relative
to values observed below the PEB (from 0.08 to 0.24%). TOC from sam-
ple NW38 to NW51 is enriched ranging between 0.59 to 1.32% with
maximum concentrations from NW39 to NW42. TOC is mainly Type-
III organic matter that reflects a continental source or highly weathered
marine OM (Fig. 7). Above sample NW51, TOC content gradually de-
creases up to the top of the section with an average of 0.43%.

4.5. Geochemistry

4.5.1. Major elements
Major element abundances vary significantly in the Dababiya NW

section and are mainly linked to variations in clay contents (Fig. 5,
8A). No significant changes in MEs are observed in the late Paleocene
zone P4c (0–60 cm) of the section. In the interval up to the PEB-SB
(zone P5) concentrations gradually decrease with mean values of 33%
Fig. 6. δ13CCarb, δ13Corg and δ15N for theNWandE sections show:A) a gradual decrease in carbon
(60 cm for δ13CCarb and 30 cm for δ13Corg and δ15N ); B) an abrupt shift in δ13CCarb and δ13Corg a
SiO2, 9.12% Al2O, 0.36% TiO2, 3.1% Fe2O3, 2% Na2O3, and 0.27% K2O coin-
cident with increased CaO (mean 22.56%). No notable changes are ob-
served in this interval in MgO, MnO and P2O5 concentrations.

Above the PEB and SB to the base of Bed 2 all ME components
abruptly change (mean values 52.5% SiO2, 13% Al2O3, 0.75% TiO2, 4.52%
Fe2O3, 2.76% MgO, 3.37% Na2O3 and 1.02% K2O). No changes are detect-
ed in P2O5 content but MnO and CaO decrease significantly to 0.01 and
4.28%, respectively. Above this interval, all MEs gradually return to the
mean values observed below the PEB except for P2O5, which rapidly
increased in Bed-3 (mean value 6.05%; samples NW41-51) and Fe2O3

remains high up to the top of Bed-2, Fig. 8A).

4.5.2. Trace elements
Trace element concentrations in marine sediments are commonly

normalized by the Al-content to avoid dilution effects by carbonate.
One uses reference materials when enrichment factors are calculated
(Brumsack, 2006; Riquier et al., 2006; Tribovillard et al., 2006). At
Dababiya NW, the Al-normalizd trace elements trends are distinct
isotopic composition of both δ13CCarb and δ13Corg at theNWsection, starting below the PEB
nd δ15N in the E sections starting at the PEB.



Fig. 7. Total organic contents (TOC) in percent show increasing organic matter in the interval between NW38 and NW49 whereas HI and OI cross plot shows the terrestrial origin of the
organic matter. SEM micrographs represents examples of different organic matter debris from the second anoxic interval at Dababiya NW. The organic matter debris includes different
fragments of higher plants thought to be from terrestrial sources.
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across the PETM interval (Fig. 8B). At the E1/E2 zone boundary (middle
Bed-2, NW38- 42, shaded) V, U,Mo, Cd, Ni, and Zn are strongly enriched
then abruptly drop to pre-excursion values of basal Eocene zone E1,
Bed-1 and late Paleocene. Al-normalized Cu, Zr and Pb are enriched
above the PEB in zone E1 (Bed-1 to middle Bed-2) and rapidly return
to pre-PEB values. In contrast, Co/Al and Ba/Al show minimum values
in Bed-1 and Co/Al increased gradually above Bed-1 to the top of the
section (Fig. 8B). Cr/Al concentrations broadly peak in Bed-2 and Bed-
3 returning to pre-PEB values in Bed-4.

5. Discussion

5.1. Carbon isotopes and depositional environment

The carbon isotopes have a crucial signature excursion across the
PETM that permits identification and correlation of this event globally
even if it shows magnitude and shape varying from location to location
from abrupt (mostly) to gradual (rare) negative shifts (Sluijs and
Dickens, 2012). Here we assess this record for the GSSP outcrops
based on δ13Ccarb and δ13Corg data; for the GSSP outcrop only δ13Corg

data is available (Dupuis et al., 2003). The carbon isotope excursion
(CIE) at the GSSP has three main parts: 1) a gradual decrease, 2) the
CIE minimum, and 3) gradual recovery.

At Dababiya the gradual decrease in δ13C is most developed in
Dababiya NW, strongly condensed in the GSSP and nearly absent in
the Dababiya E outcrops (Fig. 6 and 9A). This lateral variation mirrors
the variable erosion/down cutting across the submarine channel
(Fig. 9B). However, at the expanded Dababiya NW record, δ13Ccarb

reached minimum about 60 cm below the PEB (Fig. 6 and 9A). In the
GSSP and Dababiya E outcrops the onset of minimum δ13Corg values is
also apparent but reduced to the 10 cm below the PEB. In Dababiya
NW and E δ13Ccarb CIE-minimum values are reached in the middle of
Bed-2 (top of zone E1) followed by gradual recovery. (No δ13Ccarb data
is available for the GSSP at this interval). In contrast, δ13Corg recovery
begins much later in Bed-3 (base zone E2) in all three sections and
continues to the top of the outcrops (Bed-5).

The GSSP carbon isotope trends are globally similar but differ in the
gradual onset and long-term δ13Ccarb and δ13Corg decrease in the late
Paleocene (zone P5), differential duration of the minima (zone E1)
and onset of recovery (early zone E2) recorded in the three Dababiya
sections (Fig. 9A). Are these different signals due to local or regional
conditions and/or could they reflect global conditions not generally ob-
served in low sedimentation environments?

One explanation is that the gradual decrease in the δ13Corg and δ13Ccarb
at Dababiya NW is linked the gradual temperature increase at the end of
the Paleocene (Bowen and Zachos, 2010) as a result of the North Atlantic
volcanic province, Caribbean volcanic activity, andmid ocean ridge volca-
nism (Storey et al., 2007) all occurring during late Paleocene (Courtillot
and Renne, 2003). It has also been suggested that the pre-PEB δ13Ccarb
CIE-minimum reflects increased marine and atmospheric CO2 input due
to North Atlantic volcanism (Bowen and Zachos, 2010). The maximum
phase of volcanic activity probably resulted in changes in ocean circula-
tion, chemistry and heat transport (Renssen et al., 2004), which may
have destabilized the methane clathrates stored in the continental shelf,



Fig. 8.A)Major elements across theDababiyaNWsection. IncreasedAl, Si, Ti,Mg, Na and K in the lower part of PETM (50 cmabove the SB) reflect high detrital input. High P andCa present
in the upper PETM suggest increased productivity. B) Al- normalized trace elements plotted against the litholog of the Dababiya NW section show abrupt increases in U, V, Cd, Mo, Ni, and
Zn, which reflects increasing productivity and anoxic conditions.
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releasing large quantities of methane into the water column and atmo-
sphere. Oxidation of methane would have produced strongly 13C-
depleted CO2, which precipitated carbonates with low δ13C values that
could account for the δ13Ccarb CIE-minimum significantly before the
δ13Corg CIE-minimum.

In contrast, the δ13Corg CIE-minimum is within the onset of the
δ13Ccarb PETM recovery phase” (early zone E2, Bed-3) marked by
increased values in the upper part of Bed-3, which is also characterized
by a significant Ca-apatite increase. A possible explanation for this
delayed δ13Corg CIE-minimum is isotopically light carbon released
frommethane oxidation by different processes: i) increased continental
silicate weathering (Kelly et al., 1996, 2005; Bowen and Zachos, 2010),
ii) photosynthetic fixation of the excess atmospheric CO2 mostly by ter-
restrial plants that developed during the PETM hot humid climate with
formation offloodplainwetlands (Dickens et al., 1997; Bains et al., 2000;
Zeebe et al., 2009), and iii) increased ocean primary productivity
(Torfstein et al., 2010).

The delayed δ13Corg CIE-minimum coincides with the maximum
content of organic matter, which appears to be of terrestrial origin and
thus reflects the delayed response of the continental environment to
the huge light carbon input into the atmosphere. A similar delay in the
δ13Corg CIE- minimum was observed in other PETM sections in Egypt
(Khozyem et al., 2013). This delayed the δ13Corg minimum may be lim-
ited to the onset of the recovery phase and linked with the presence of
significant apatite and calcite contents (Fig. 4).

5.2. How complete is the GSSP?

5.2.1. Isotope stratigraphy
The PEB global stratotype section and point (GSSP) was placed at the

base of the clay layer coincident with the steepest slope of the negative
δ13Corg CIE at Dababiya GSSP (Egypt) (Aubry and Ouda, 2003; Gradstein
et al., 2004). Consequently, the base of the CIE has become the global
marker for the Paleocene-Eocene boundary. In most PEB sections ana-
lyzed both δ13Corg and δ13Ccar values show sharp abrupt negative excur-
sions. Similar, though less prominent, excursions are observed in
δ18Ocarb and δ15Norg profiles. Such abrupt isotopic changes likely record
a hiatus at the PETM onset as observed worldwide, e.g., Egypt (Gebel
Duwi, Gebel Aweina; Speijer et al., 2000, 2002; Wadi Nukhul; Khozyem
et al., 2013), Italy (Forada section; Agnini et al., 2007), Spain (Zumaya sec-
tion; Schmitz et al., 1998), Uzbekistan (Trabakua section; Bolle et al.,
2000), DSDP Sites 401 and ODP Sites 690, 685, 689, 865, 1051, 1263,



Fig. 9.A) Correlation of the threeDababiya sections (NW-GSSP-E) based on both organic Carbon isotopes, and new data obtained from inorganic carbon isotopes (δ13Corg at Dababiya from
Dupuis et al., 2003). Both δ13CCarb and δ13Corg in the NW section show gradual decreases beginning 60 cm below the SB and reaching the CIA-minimum for δ13CCarb at the SB, whereas the
δ13Corg CIA-minimum is reached in the upper third of Bed 2. B) Schematic diagram showing the pinching out of Bed 1 and Bed 2 to the NW and E sides of the main GSSP, marking the
deposition in an asymmetrical submarine channel.
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1260B and 1172D (Katz et al., 2003; Mutterlose et al., 2007; Sluijs et al.,
2008) (Fig. 10).

Evidence of a gradual decreases in the stable isotope ratios has been
observed 0–2mbelow the PEB, spanning an interval of about 120 ky be-
fore the PEB (Speijer et al., 2000) in marine and terrestrial sections, in-
cluding Spain (Alamedilla; Lu et al., 1996), Uzbekistan (Aktumsuk;
Bolle et al., 2000), Egypt (Dababiya; Aubry et al., 2007), ODP site 690
(Bains et al., 1999) and in pedogenic carbonate from Polecat Bench,
Wyoming (Bowen et al., 2001).

5.2.2. Lithostratigraphy
At the Dabbabyia GSSP, The PEB is placed at the sequence boundary

(SB) that marks a change in lithology from marine hemipelagic to
coarser sediments linked to increased fluvial discharge from shallower
environments (Schulte et al., 2011). Sediments are characterized by in-
creased detrital components (e.g., quartz, phyllosilicates, feldspars) and
an abrupt decrease in carbonate contents (Fig. 4A). The decreased
CaCO3 contents could be due to carbonate dissolution and/or dilution
due to increased detrital input (Bolle et al., 2000; Khozyem et al.,
2013). Because of the location of the GSSP in a submarine channel,
there is significant lateral variation (Schulte et al., 2011; Khozyem
et al., 2014; this study). Bed-1 is most expanded at the GSSP outcrop
(deepest part of channel), decreases to about half at 50 m to the north-
west (NW section) and is absent 25 m to the east (E section, Fig. 9).

The change in thewhole rock compositions in theNWand E sections
further supports this observation (Fig. 4). The NW section shows an



Fig. 10. Local and global correlation of the PETM intervalwith theDababiya GSSP section based on correlation of the organic and inorganic carbon isotope shifts (modified after Khozyem et
al., 2013).

127H. Khozyem et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 429 (2015) 117–135
abrupt change that persists for 58 cm above the PEB and SB with
increased phyllosilicate, quartz, and feldspar but no change in Ca-
apatite. At the E section the whole rock composition changes sharply
at the PEB, with notable increases in quartz, feldspar, and phyllosilicate
and an abrupt decrease in calcite about 5 cm above the SB. These abrupt
whole rock changes in the E section are likely linked to erosion,
weathering and paleotopography. Based on field observation, lithostra-
tigraphy and whole rock mineralogy deposition of the Dababiya GSSP
occurred along channel banks (Dupuis et al., 2003; Schulte et al.,
2011; Khozyem et al., 2014) and more particularly an asymmetric sub-
marine channel that extended 25 m eastward and about 150 m north-
west with maximum width of about 200 m and maximum depth of
about 0.88 m.

So how complete is the Dababiya GSSP? The facts are that the GSSP
was chosen in a submarine channel with the Paleocene-Eocene bound-
arymarked by a sequence boundary and erosional surface, wheremajor
lateral variations in sediment deposition/erosion are observed within
and outside the channel. The GSSP therefore does not represent a
complete sedimentary record across the PE boundary. Moreover, the
sequence boundary and erosion can be traced over hundreds of kilome-
ters through Egypt and evenworldwide. Consequently, the PE transition
is often incomplete worldwide with a hiatus spanning the latest Paleo-
cene and earliest Eocene and in many cases missing the recovery part
(i.e. New Jersey shelf sections) that may be due to the superposition of
a rapid (albeit small-scale) sea-level rise andmassive influx of terrestri-
almaterial.We conclude that the GSSP represents an incomplete but lo-
cally expanded PETM sequence that is useful for evaluating the global
records, which are generally less complete and contain more major
hiatuses.

5.3. Mineralogical proxies: paleoenvironmental implications

5.3.1. Bulk rock proxies
Whole rock and clayminerals and their ratios, such as Detrital index

(calcite/detritus ratio used to show depletion in calcite), kaolinite/
smectite, and kaolinite/illite + chlorite are good proxies to track paleo-
climatic changes (Chamley, 1989; Adatte et al., 2002). The abrupt
change in whole rock composition that characterizes the PEB is linked
to phyllosilicate, quartz and feldspar enrichments to the detriment of
calcite and represents high detrital input as also noted by decreasing
calcite/detritus ratios (Fig. 4A). At the PEB, the increased detrital input
negatively affects the calcite content resulting in minimum values that
could be due to leaching of the carbonate contents under acid condi-
tions and/or dilution by increased detrital input. Dababiya data show
these changes in the whole rock composition at the PEB and SB due to
high terrigenous input associated with increased erosion and transport
of detrital material in response to climatic and sea level changes
(Khozyem et al., 2013). Schulte et al. (2011) interpreted the increased
detrital input and the abrupt higher phyllosilicate content a result of in-
creased riverine input during a period of low or rising sea level. Speijer
andWagner (2002) explained the increased detrital input as reworking
linked to the transgressive system tract (TST) during a period of high
silicate weathering. Based on these interpretations and the
paleotopography of the depositional basins, we interpret the PETM
low calcite/high detrital interval at Dababiya GSSP as increased fluvial
discharge into a submarine channel during a TST period.

The increase in Ca-apatite coincideswith a gradual increase in calcite
(Fig. 4A), which can be interpreted as increased surface productivity
and onset of recovery (Torfstein et al., 2010). The Ca-apatite enrichment
can also be explained by remobilization of phosphate from detrital
material and/or released from decaying organic matter that reflects
the termination of anoxic conditions.

5.4. Clay mineral proxies

The diagenetic overprint on clay minerals generally occurs at burial
depths exceeding 2 km (Chamley, 1998). Sediments from Dababiya
NW show no sign of burial diagensis, as indicated by the variable pres-
ence of smectite and low content of mixed layer illite-smectite
(e.g., Bolle et al., 2000). Detrital input is responsible for the claymineral
distribution in marine sediments (Millot, 1970). The clay rich interval
(samples NW28-NW40, Fig. 4A and 5) consists of a lower part enriched
in smectite and no change in the kaolinite/smectite ratio from the PEB-
SB to the top of Bed-1, and an upper part with low smectite, relatively
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high kaolinite/smectite ratio and higher kaolinite, chlorite, illite-
smectite and palygorskite contents. This reflects low tomedium detrital
input under semi-arid conditions during the lower part, and increased
detrital input during the upper part as evident by increased quartz con-
tents, reflecting increased runoff.

Chlorite andmica predominate in continental areasmarked by steep
relief where active mechanical erosion restrains soil formation, particu-
larly during periods of enhanced tectonic activity, or in cold and/or de-
sert regions where low temperatures and low rainfall reduce chemical
weathering (Millot, 1970; Chamley, 1998). This suggests a scenario of
a tectonically stable southern Tethys during the Paleocene-Eocene
interval with low chemical weathering (Bolle and Adatte, 2001;
Khozyem et al., 2013) and erosion of illite, chlorite, and illite-smectite
transported into the depositional basin by seasonal riverine input
(Fig. 4A and 5).

High kaolinite content is generally interpreted as an indicator of
tropical weathering (Srodon, 1999). In Dababiya NW the kaolinite con-
tent is low, except in the middle of Bed-2, the top of the weathered in-
terval. The higher kaolinite in this interval ismost likely of detrital origin
Fig. 11. A) Detrital input proxies, Eu-anomaly and Chemical index of alteration (CIA). Increased
and redox parameters (V/Cr, V/V + Ni, and Mn*) show the different anoxic intervals recorded
since clay minerals shows the same variations as chlorite, palygorskite
and IS.

The mineralogy of the two horizons is marked by increased detrital
input and reflects the nature of weathering processes that initiated at
the sequence boundary. Intensive physical weathering began under
semi-arid conditions associated with occasional but extreme rainfall
that triggered transport of eroded material into the submarine channel.
Higher up in the section sediments indicate a climate gradually chang-
ing to seasonal and/or arid conditions as indicated by the gradual return
of phyllosilicates to values observed below the PEB-SB.

5.5. Proxies from element associations and element ratios

Cluster analysis (using Minitab 11 software) performed on major
and trace element concentrations identified three main groups with
characteristic enrichment/depletion that reflect successive climatic
and environmental changes during the PETM. The three groups repre-
sent: (a) detrital input and weathering indexes, (b) redox conditions
and (c) productivity sensitive trace elements. The interpretation of
Si, Ti, K, Zr and weathering indexes are associated with a negative Eu/Eu* ratio. B) Ce/Ce*
at the Dababiya NW section. C) Plot of paleoproductivity parameters (P, Ba and Mo).
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these geochemical groups was further supported by the stratigraphic
variations of element ratios commonly used as proxies for redox condi-
tions, detrital input,weathering rates and productivity (e.g., Eu anomaly
(Eu/Eu* = (3Eun/[2 Smn + Tbn], Zhang et al., 2008), Ce anomaly
(Ce/Ce* = (Cen/[(Lan + Prn)/2]), chemical index of alteration (CIA =
[Al2O3|(Al2O3 + CaO* + K2O + Na2O)] × 100, where CaO∗ represents
the calcium in the silicate fraction only, and moles are used rather
than weight % to emphasize mineralogical changes, Nesbitt and
Young, 1984, 1989; Price and Velbel, 2003), Mn* = log [(Mnsample/
MnPAAS)/Fesample/FePAAS)], V/Cr, and V/(V + Ni), P/Al, Ba/Al, Cd/Al,
Mo/Al as well as TOC contents (Cullers, 2002; Brumsack, 2006; Riquier
et al., 2006; Tribovillard et al., 2006; Kraal et al., 2010).

5.6. Detrital input

As observed from the distribution of bulk and clay minerals at
Dababiya NW, the increased detritus fraction (quartz +
phyllosilicate + feldspar) is affected positively by the abundance of
chemical elements linked to detrital input (Fig. 4A). Thefirst group of el-
ements indicates the detrital input and weathering rate, including Si/Al,
Ti/Al, K/Al, Zr/Al, Eu/Eu*, and CIA, that show abrupt changes between
the sequence boundary to the middle part of Bed 2 (Fig. 11A). Below
the SB the recorded mean values of the detrital indicators are Si/Al
(3.1), Ti/Al (0.04), K/Al (0.3), Zr/Al [13(10−4)], Eu/Eu* (1.2) and CIA
(30.86). At the SB, a persistent change from sample 28 to 42 records
mean values of 3.7, 0.06, 0.4, 28(10−4), 7.3, 1.1, and 56.92, respectively,
corresponding to the high phyllosilicate interval; all Al-normalized ele-
ments and their ratios are enriched comparable to the PAAS (Fig. 11A).
Above sample NW42 all Al- normalized elements and the ratios used as
detrital input indicator return to the mean values observed below the
SB.

The Al-normalized Si, Ti, K, and Zr contents, combined with the
Eu/Eu* ratios can be used to distinguish detrital material from different
sourceswith a riverine origin as themost recognizable source (Bertrand
et al., 1996; Murphy et al., 2000; Pujol et al., 2006; Khozyem et al.,
2013). The enriched clay interval of Dababiya NWs reflects a strong
period of fluvial discharge, which was the main source of weathered
material into the ocean (e.g., Schulte et al., 2011), as indicated by high
Ti/Al, and Zr/Al ratios. The source of the detritus in the NW section
appears to be homogenous as indicated by the uniform stratigraphic
distribution of both Si/Al and K/Al ratios (Riquier et al., 2006).

5.7. Redox conditions and productivity

The second cluster of elements includes redox sensitive elements
and ratios (Fig. 11B). The Ce/Ce* ratio shows a notable decrease from
the mean 0.78 to 0.49 at the SB. Low Ce/Ce* ratios were found at the
base of Bed 1 (base zone E1) and the middle part of Bed 2 (top of
zone E1; Fig. 11B). These negative Ce/Ce* ratios are associated with
sharp peaks in V/Cr ratios and indicate anoxic conditions (Riquier
et al., 2006). Above the PEB (zone E1 to base E2) the V/(V + Ni) ratio
sharply increases with minimum Mn* values at 10 cm above the PEB.

Removal of dissolved major, trace and rare earth elements from the
water column and their incorporation in sediments depends on biotic
and abiotic processes and redox conditions in the water column and
the water-sediment interface (e.g., Tribovillard et al., 2006). In oxic en-
vironments trace elements are scavenged by precipitating Fe-Mn
oxyhydroxides, whereas in dysoxic and anoxic environments, trace
element enrichments are linked to redox cycles in the sediment-water
interface and associated microbial activities (Lyons et al., 2003;
Sageman and Lyons, 2003; Algeo and Maynard, 2004; Riquier et al.,
2006; Tribovillard et al., 2006). Therefore the MEs and TEs can provide
insights into the paleo-depositional environments at the PETM.

Changes in bottom water conditions can be interpreted based on
different element ratios (e.g., V/Sc, V/Cr, Ni/Co, U/Th, V/V + Ni etc.)
andAl-normalized contents of redox sensitive and chalcophile elements
(e.g., Fe, Mn, U, V, Zn, Pb, Cu, Ni) (Joachimski et al., 2001; Algeo and
Maynard, 2004; Cruse and Lyons, 2004; Rimmer, 2004; Pujol et al.,
2006). However, some of these elements are typically associated with
hydrothermal activity (e.g., Pb, Zn, Cu, Co, Ag, Mo) and the cause of
their enrichment remains often ambiguous (Cruse and Lyons, 2004).

The Ce-anomaly is one of the strongest indicators for water column
oxygenation. Seawater contains low concentration of Ce because it can
be easily oxidized to the 4+ insoluble state under oxic conditions
(Holser, 1997; Shields and Stille, 2001). However, the Ce4+ tend to be
lost from the sediments under reducing conditions. A similar process
leads to Mn enrichment in sediments deposited under oxic condition.
Mn* (Cullers, 2002) is the best expression of the Mn concentrations
linked to redox conditions, where Mn2+ replaces Ca in Ca-rich
sediments during the diagenetic processes and forms Mn-bearing car-
bonate. Vanadium is strongly coupled with the redox cycle of both Mn
and Fe-oxyhydroxides and could be incorporated into Mn-Fe bearing
minerals (Tribovillard et al., 2006). Another source of V is the sedimen-
tary biomass from nitrogen fixing bacteria (Anbar, 2004; Grosjean et al.,
2004). Low Mn contents can be indicative of dysoxic bottom water
conditions given that under reducing conditions at the sediment/
water interface, soluble Mn2+ diffuses from the sediments into the
oxygen-depleted bottom waters (Landing and Bruland, 1980, 1987;
Bruland, 1983).
5.7.1. Dababiya paleoenvironment
This areawas part of the southern Tethysmargin, whichwas tecton-

ically stable during the late Paleocene to early Eocene. In this environ-
ment, Al-normalized contents of chalcophile elements (Algeo and
Maynard, 2004; Pujol et al., 2006) and their ratios can also be used to
constrain the water column oxygenation during deposition of the
PETM sediments.

Schulte et al. (2011, 2013) inferred the presence of one anoxic inter-
val at the Dababiya GSSP. In this study the Ce/Ce* data combined with
other redox proxies marks one additional anoxic interval (Fig. 11B).
The two Ce/Ce* negative shifts in the lower part of the PETM interval
at NWs mark each anoxia with their own characteristics.

The lower anoxic level is characterized by the negative Ce/Ce* shift
with a positive excursions in V/Cr, and V/V + Ni values, a decrease in
Mn*, no change in the Al-normalized trace elements V/Al, U/Al, Zn/Al,
Cu/Al, and Ni/Al (Fig. 8 and 11B) and the presence of disseminated idi-
omorphic pyrite crystals. These features observed in the lower anoxic
interval may be linked to exhalation of oxygen from the ocean due to
an acidifying ocean. Another reason for these lower anoxic conditions
could be the high detrital input linked to the rapid sea level rise during
the PETM due to thermal expansion of the seawater (Schulte et al.,
2013). In addition, the released CO2 from the ocean due to clathrate
melting acts as atmospheric greenhouse gases. The environmental re-
sponse is the drawdown of excess CO2 by silicate weathering on land
and transport to the ocean by streams particularly during the early
stage of the PETM associated with the TST. Other oxygen-forcing
processes may act, such as temperature/salinity-driven water column
stratification and/or methane oxidation (Dickson et al., 2014). Mixing
of fresh water loaded with suspended nutrients result in water column
stratification, and/or development of eutrophic conditions due to the
low light penetration as noted by the presence of important bacterial ac-
tivity, mainly from sulphur reducing and nitrogen-fixing bacteria
(Fig. 12 and 13).

The upper anoxia level is characterized by the negative Ce/Ce* shift
coincident with increased V/Cr and a continuous increase in V/V + Ni
and depletion in Mn* (Fig. 8 and 11B). These changes coincide with an
abrupt increase in V/Al, U/Al, Zn/Al, Cu/Al, Ni/Al, common pyrite
framboids and EPS-like of sulfur reducing bacteria (Fig. 12 and 13) the
presence of N-fixing bacteria indicated by steady negative δ15N values
(Fig. 12). Thus the characteristics of each negative Ce/Ce* anomaly re-
flects the variable nature of anoxia, including increased surface water



Fig. 12. A) Cross plot of δ13Corg vs. δ15N; B) TOC vs. δ15N shows differences in organicmatter types above and below the PETM and at the interval marked by increasedweathering. C) SEM
micrograps shows EPS-like structure of Cyanobacteria. D) SEM micrograph shows EPS-like structure of sulfur reducing bacteria.
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productivity and accumulation of organicmater debris at the time of the
upper anoxia.

5.7.2. Anoxia linked to ocean acidification
Anoxia appears to be linked to ocean acidification with the forma-

tion of anhydrite (Fig. 13). Whiticar (1999) discussed the relationship
between sulphate reduction and methane release (Fig. 13A), he con-
cluded that the release of methane produces free SO+4 that easily
reduce to HS− under acidic-anaerobic conditions (HCO3) at the anaero-
bic/aerobic interface where sulphides oxidize in the presence of NO as
oxidizing agent (Campbell et al., 1992; Whiticar, 1999; Jenkyns, 2010).
Based on these processes, we suggest that the lower anoxic interval re-
sulted in precipitation of disseminated euhedral pyrite crystals in sedi-
ments (Fig. 13B, photos 1, 2). The upper anoxic level is associated with
the accumulation of organic matter (Fig. 13B; photo 3 and 4), the oxida-
tion of framboidal pyrite (b5 μm, Fig. 13B; photos 5 and 6) formed by
bacterial activity under anoxic water column conditions (Wilkin et al.,
1996, 1997; Wignall et al., 2005; Riquier et al., 2006). This is followed
or accompanied by concomitant precipitation of primary anhydrite in
a medium saturated with dissolved CaCO3 (Fig. 13B; photos 10 and 11).

The third element association includes phosphorous (Ptot) and pro-
ductivity sensitive trace elements (Mo, Cd, Ba, and P), which show high
concentrations at Dababiya NW in the second anoxic interval (top zone
E1, middle Bed-2), generally associated with high TOC (Fig. 11C) and
Ca-apatite contents. Ba and Ptot show a sharp increase in the middle of
Bed 2 (sample NW-40), which persists up to the top of the PETM
interval. High nutrient content at the base of this interval is suggested
by increased trace element concentrations (Mo, Cd, Ni, Zn and Cu) asso-
ciated with the second Ce/Ce* negative peak.
5.8. Nitrogen isotope variations: shallow sea eutrophication

Nitrogen is amain nutrient in the ocean and its stable isotope ratio is
a promising proxy for delineating eutrophication of oceans during the
PETM. Nitrogen isotope fractionation of sedimentary organic matter
helps trace the biological cycle of nitrogen in the marine environment,
including the process of nitrogen fixation, mineralization, nitrification,
heterotrophic denitrification and anaerobic ammonia oxidation
(Beaumont and Robert, 1999; Spangenberg et al., 2013). This provides
important clues to the trophication level in the aquatic ecosystem. The
marine N cycle during the PETM was similar to today. In the modern
ocean, N2 fixation is mainly associated with areas of low productivity
and low accumulation of sedimentary organic carbon (Kuypers et al.,
2004). The conversion of nutrient N to N2 predominantly occurs in the
oxygen-depleted waters and sediments underlying upwelling zones
characterized by high productivity and high rates of organic carbon
accumulation. The nitrogen depletion is a phenomenon linked to the
high ocean surface production and intense oxygen minima as observed
in the present day ocean (Ohkouchi et al., 1997, 2006; Farrimond et al.,
2004; Kuypers et al., 2004; Dumitrescu and Brassell, 2006; Jenkyns,
2010).



Fig. 13. A) Illustration of different processes implicated in methane hydrate release from the continental shelf (after Whiticar, 1999). B) Schematic diagram illustrating the mechanisms
leading to two anoxic levels observed at the NW section and the deposition of anhydrite. SEMmicrographs 1 and 2 show individual pyrite crystals formed at the sediment/water interface
within the lower anoxic interval; SEMs3 and 4 showdifferent fragments of terrestrial plants; SEMs 5, 6 and 7 illustrate pyrite framboids found in the upper anoxic interval; SEM8 shows an
oxidized framboid grain in the cavity of anhydrite; SEM 9 illustrates nannofosils accumulated during the recovery phase, and SEMs 10 and 11 illustrate anhydrite layers observed within
the recovery interval.
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The nitrogen isotopes composition of kerogens covers a broad range
of almost 23‰ indicating the compositional variability of organicmatter
where values N7‰ indicate marine to open marine organic matter and
values b7‰ reflect terrestrial and mixed organic matter contents
(Peters et al., 1978). The relatively low δ15N values, close to that of the
modern atmospheric N2 (δ15N≈ 0‰), may result from primary contri-
bution of microbial N2 fixers as oxygenic photosynthetic cyanobacteria
and/or input of nitrogen-fixing terrestrial plant debris into the marine
sediments (e.g., Fio et al., 2010).

The cross plot δ15N- δ13Corg helps unravel the nature of the sedi-
mentary organic matter and depositional conditions at Dababiya
NW (Fig. 7 and 12). Samples can be grouped into three distinctive
fields: I) open marine organic matter supply (N + 10‰ δ15Norg and
−27.5 to −23.5‰ δ13Corg) for the group of samples representing
the late Paleocene and above the PETM level; II) mixed organic
sources (≈ +4 to +10‰ δ15Norg and −27.5‰ to −25.2 δ13Corg) of
the PETM excluding the enriched clay interval and anoxic levels;
and (III) bacterial derived organic matter (b3‰ δ15N and −27.5 to
−28.5‰ δ13Corg.) characterizing the interval including anoxia levels
(Fig. 12; photo C and D).

As noted in the middle part of Bed-2 at Dababiya NW, the δ15N
reachedminimumvalues at the same timeasmaximumTOC concentra-
tions (Fig. 12B). This suggests mainly a cyanobacterial contribution,
probably due to the introduction of soil microbial biomass from river
waters into the shallow-shelf system (e.g., Fio et al., 2010).
Cyanobacteria are known to be capable of surviving in high-stress envi-
ronments (e.g., Roszak and Colwell, 1987; Ben-Jacob et al., 2000; Cao
et al., 2009) and also may be responsible for increasing oxygen content
in thewater column and nitrification. This could be associatedwith bac-
terial activities (sulphur reducing bacteria and N-fixers) near the onset
of the PETM recovery phase. Similarly, the N2 fixation was the source of
nutrient N in vast areas of the Mesozoic oceans characterized by strong
oxygen depletion, high nutrient N loss, and high rates of organic carbon
accumulation under anoxic conditions (Meyers et al., 2006; Knies et al.,
2008).
5.9. The PETM scenario

The late Paleocene to early Eocene transition experienced a series of
changes related to the progressive warming potentially linked with the
northeastern Atlantic volcanic activity (Courtillot and Renne, 2003) and
changes in ocean circulation (Bice, andMarotzke, 2002). Newgeochem-
ical and mineralogical data from the Dababiya GSSP sheds new light on
current global PETM scenarios particularly with respect to low latitude
continental shelf environments. Four major phases of the PETM can be
identified (Fig. 14).
5.9.1. Phase 1
Volcanism during the late Paleocene in the North Atlantic volcanic

province, Caribbean and mid-ocean ridge areas (Courtillot and Renne,
2003; Storey et al., 2007) led to gradual increase in ocean temperatures
and changes in ocean circulation (Dickens et al., 1995, 1997), which
affected methane hydrates stored on the continental shelf (Fig. 14).
The gradual decrease in δ13Corg and δ13Ccarb preceding the sequence
boundary at Dabbabiya GSSP and also observed at Alamedilla, Spain
(Lu et al., 1996), reflects this changing environment.
5.9.2. Phase 2
During the second phase submarine volcanism resulted in ocean

warming of about 5 °C leading to thermal expansion and a sea level
rise of about 5 m, which destabilized methane clathrates (Speijer and
Wagner, 2002; Sluijs et al., 2008) (Fig. 14). The release and oxidation
of this methane gas consumed sea water oxygen and led to the first an-
oxia observed at the base of the PETM interval (zone E1) accompanied
by ocean acidification inducing the shoaling of the CCD (Zachos et al.,
2008). Phase 2 is represented atDababiyaNWby the clay-rich lower an-
oxic interval marked by a negative Ce-anomaly, abrupt increase in V/Cr
and V/V + Ni ratios and negative Mn* with no change in other redox
proxies.



Fig. 14. Block diagrams representing the four phases of the PETM event: Phase 1 - gradual warming during late Paleocene, Phase 2 – PEB interval, Phase 3 – intensive silicate weathering
phase, and phase 4 –marine recovery and drawdown of atmospheric CO2. Note that this scenario is partly based on Bowen and Zachos (2010) with integrated results obtained from this
study.
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5.9.3. Phase 3
During the subsequent phase 3 methane gas oxidized to CO2 at the

water/atmosphere interface, thus contributing to greenhouse gases
(Fig. 14). The additional CO2 resulted in hot humid climate conditions
globallywith a high precipitation. These conditions have been identified
by increased kaolinite inputs and stable oxygen isotope ratios (Bolle
et al., 2000, 2001). The resulting weathered terrestrial materials were
carried to the oceans by streams and fluvial discharges (Schulte et al.,
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2011) accompanied by terrestrial organic matter. The organic matter
led to development of anoxic conditions fostering bacterial activity
(SRB and Cyanobacteria) and gradually increasing oxygen by fixation
of nutrients. Biosphere feedback during the PETM is thus a direct re-
sponse to extremely high tropical temperatures (Huber, 2008), seasonal
aridity in continental interiors (Wing et al., 2003), and the release of
substantial quantities of CO2 to the ocean/atmosphere system.

5.9.4. Phase 4
Environmental recovery marks the last phase of the PETM (Fig. 14).

At this time, nutrients flux from land to the ocean was driven by inten-
sive continental weathering, which associated with ocean surface pro-
ductivity, activated the biological bump, thus decreasing ocean acidity.
The recovery phase is marked by a gradual increase in carbon isotopes
values and abundance of phosphorous with fixation of Ba as a result of
more oxic conditions.

6. Conclusions

(1) The Dababiya GSSP is located in the deepest part of an asymmet-
ric 200 m wide submarine channel with the Paleocene-Eocene
boundary (PEB) marked by a sequence boundary (SB) and vari-
able erosion surface. The same SB andmajor hiatus can be traced
over hundreds of km through Egypt as well as worldwide. The
Dababiya GSSP therefore does not represent a continuous sedi-
mentation record but has a more expanded PETM record than
most PEB sections worldwide and hence is invaluable for global
correlations and reconstruction of the PETM events.

(2) δ13CCarb and δ13Corg profiles show a gradual decrease during the
latest Paleocene (zone P5) with the CIE-minimum just above
the SB. This early PETM onset can be linked to intensified North
Atlantic volcanism.

(3) The CIE-minimum in δ13CCarb coincides with the SB and PEB,
whereas the recovery begins in the middle of Bed-2 and E1/E2
zone boundary. The δ13Corg CIE-minimum is delayed coinciding
with the onset of δ13CCarb recovery, whereas the δ13Corg recovery
begins in the lower part of Bed-3 (lower zone E2). The delayed
δ13Corg recovery may reflect carbon cycle effects (e.g. continental
silicate weathering, increased rate of organic carbon burial, and
increased ocean productivity). Return to normal background
values occurred in the middle to upper zone E2 (Beds-3 and 4).

(4) Strong dissolution (ocean acidification) and anoxia is indicated
by the Ce-anomaly clay-rich interval above the PEB (lower zone
E1, Bed-1), which may be linked to chemical anoxia related to
methane release and oxygen exhalation from seawater. A second
Ce-anomaly and anoxic event (upper zone E1, lower Bed-2)
corresponds to an abrupt change in all redox parameters (V, U,
Mo, Cd, etc.) and is associated with the maximum accumulation
of organic matter. Recovery follows the second anoxic event and
is marked by increased P and Ba indicating restoration of oxic
conditions and ocean re-nitrification.
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