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The formation of black shales along the Tethyan margins at the Paleocene–Eocene Thermal Maximum
(“PETM”; ~55 Ma)may have been an important feedbackmechanism to reduce thewarming by excess carbon
burial. However, the detailed evolution of sediment redox conditions during this event is still poorly
constrained. We address this issue by a high-resolution mineralogical and geochemical investigation of the
outer neritic Dababiya Quarry PETM section in Central Egypt, which serves as the Global boundary Stratotype
Section and Point for the base of the Eocene. There, the base of the PETM beds corresponds to the onset of
sediment lamination indicative of oxygen-deficiency at the seafloor. The absence of calcium carbonate and a
major increase in phyllosilicate abundance and change in detritus-sensitive trace elements is indicative of
severe carbonate dissolution in addition to enhanced fluvial input, erosion of coastal low lands, and deposition
during low or slightly rising sea level. Subsequently, fully anoxic conditions were established for a short
period during the peak phase of the PETM as recorded by the strong relative enrichment of redox-sensitive
trace elements and organic carbon compared to background sediments. The decoupling of the Fe and Mo
contents from the detrital fraction may even indicate that euxinic conditions existed with free hydrogen
sulfide in the water column. Concurrent to the onset of anoxia, high carbonate and quartz contents as well as
high elemental ratios of Si/Al suggest a major drop of siliciclastic sediment supply (sediment starvation), most
likely caused by a rapid sea level rise. The final recovery phase of the PETM is associated with a progressive
restoration of the pre-PETM siliciclastic sedimentation, temporary (seasonal) anoxic to dysoxic conditions,
and high phosphorus enrichment, followed by carbonate-dominated sedimentation and the return to well-
oxygenated conditions.
We conclude that after a period of strong fluvial discharge, several parameters inherent to the PETM (e.g.,
warming, water-column stratification, and enhanced fluvial discharge) may have contributed to the
development of anoxia and increased the burial efficiency of organic carbon by reducing water column
oxygenation. The temporal coincidence of sediment starvation and onset of black shale deposition during the
PETM suggests that a rapid sea-level rise was an additional important triggering factor. Therefore, our results
support not only current views that Tethyan continental shelf areas may have acted as large carbon sinks
during the PETM, but also indicate that transgressions may have provided an important feedback mechanism
for organic carbon drawdown during hyperthermal events.
ulte).
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1. Introduction

The sudden and massive input of isotopically light carbon into the
ocean–atmosphere system during the earliest Eocene (~55 Ma) had
dramatic environmental consequences for the marine and terrestrial
realms (e.g., Kennett and Stott, 1991; Dickens et al., 1995). Global
temperatures increased by about 5 to 8 °C (Bowenet al., 2006; Sluijs et al.,
2007) and large parts of the deep oceans were “acidified” (Zachos et al.,
2005). The onset of this Paleocene–Eocene ThermalMaximum (“PETM”),
which is marked by a prominent negative carbon isotope excursion
(“CIE”, Dickens et al., 1995), occurred rapidlywithin a few thousand years
(“ky”) although themechanisms for the carbon releaseand its amount are
still unclear (Bains et al., 1999; Higgins and Schrag, 2006; Pagani et al.,
2006a; Bowen and Bowen, 2008). The subsequent progressive return to
pre-PETM environmental conditions occurred in less than ~200 ky (Röhl
et al., 2007) and was possibly enhanced by CO2-triggered increased
weathering and bioproductivity feedback effects. Thus, the environmen-
tal consequences of this event are very similar to the proposed
consequences of the current large-scale CO2 release (e.g., global warming
and ocean acidification; Trenberth et al., 2007). Consequently, the PETM
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mayserve as adeep-timeanalog to illustrate the effects of globalwarming
and inform the public to the sensitivity of the ocean–atmosphere system,
although it is important tonote thatmodernCO2 release rates arepossibly
higher than those during the PETM.

The timing of the PETM, the extent of ocean acidification, and the
associated extinction of benthic microfossils have been revealed
mainly from pelagic sections while continental shelf sections provide
a more detailed record of (i) the rapid sea-level rise of about 20 m
presumably resulting from global warming and thermal ocean
watermass expansion (Speijer and Morsi, 2002; Sluijs et al., 2008),
(ii) variations in the detrital input, reflecting enhanced continental
weathering regimes due to higher temperatures and an accelerated
hydrological cycle (Gibson et al., 2000; Schmitz et al., 2001), and
(iii) accumulationsof organic carbon-rich sediments, thatmaybe related
to productivity-feedback mechanisms (Speijer and Wagner, 2002;
Crouch et al., 2003; John et al., 2008), ultimately bringing down elevated
CO2 concentrations in the ocean–atmosphere system. Specifically, the
occurrence of unusual organic-rich sediments during the PETM in the
Tethyan realm suggests that the continental shelves may have acted as
important carbon sinks, counterbalancing the massive carbon input at
the onset of the CIE (Speijer and Wagner, 2002; Gavrilov et al., 2003;
John et al., 2008).

Situated on the southern Tethyan margin (Fig. 1), the Dababiya
Quarry section in central Egypt (Figs. 2 and 3), is considered as one of
the most complete PETM sections. Many detailed environmental
studies are available, although research has concentrated on the
faunal response to the PETM (e.g., Dupuis et al., 2003; Ernst et al.,
2006; Aubry et al., 2007) and only one petrographic and geochemical
study has been conducted (Soliman et al., 2006). Key characteristics of
the Dababiya Quarry section are the relatively gradual onset of the CIE,
the presence of a basal phyllosilicate-rich interval that is deprived in
calcium carbonate and overlain by a meter-thick black shale sequence
rich in organic matter and phosphorus (Fig. 4). This sedimentary
sequence was deposited at fully marine conditions at outer-shelf
settings. Thus, the Dababiya section may be ideally suited to provide
an expanded record of environmental changes across the PETM and
address the following two issues:

First, previous investigations have shown that prominent mineral-
ogical changes occurred at the onset of the PETM suggesting either
progressive erosion of proximal areas during a rapid sea-level rise
(Dupuis et al., 2003; Ernst et al., 2006) or increased weathering
recorded by a pulse-like kaolinite input during the PETM (Bolle and
Adatte, 2001). We incorporate mineralogical analysis and detritus-
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characterizing elements in addition to rare-earth elements to
determine changes in sediment provenance, to discriminate
between these scenarios, and to refine them.
Second, it was suggested that the lower part of the PETM sequence
was deposited under euxinic conditions leading to the mass
mortality of benthic life and black shale formation (e.g., Soliman
et al., 2006; Aubry et al., 2007). Moreover, the PETM “can lay claim,
if not to being the last oceanic anoxic event of the Phanerozoic, to
at least sharing many features in common” (p. 19, Jenkyns, 2010).
Upwelling of low-oxygen intermediate Tethyan water onto the
southern Egyptian shelf has been considered as one scenario to
promote sea-floor anoxia during the PETM (Speijer and Wagner,
2002; Soliman et al., 2006). However, this scenario has not yet
been further evaluated. To detail the degree, stratigraphic position,
and possible causes of anoxia, we make use of the detritus-
characterizing elements as outlined above and also analyzed a
suite of redox-sensitive trace elements to compare them with
results from other black shale deposits in the geological record.
Specifically, we investigate the possible role of sea-level fluctua-
tions for initiating anoxia during the PETM. Although much debate
has focused on the roles of production (e.g., Pedersen and Calvert,
1990) versus preservation (e.g., Demaison and Moore, 1980) of
organic carbon under anoxic conditions, recent studies have
suggested that such an “either/or” view is probably too simplistic
(Arthur and Sageman, 1994; Canfield, 1994; Murphy et al., 2000).
Consequently, changes in relative sea level and related variations
in sediment grain size, sedimentation rate (condensation), and
oceanographic circulation as well as changes in biogeochemical
(re)cycling are now recognized as important contributing factors
in the accumulation of organic-rich deposits (e.g., Tyson and
Pearson, 1991; Murphy et al., 2000; Wignall and Newton, 2001;
Werne et al., 2002; Arthur and Sageman, 2005; White and Arthur,
2006; Rabalais et al., 2009).
2. Material and methods

The El Dababiya Quarry Member that records the PETM sequence
occurs throughout the Upper Nile Valley, in theWestern (Kharga Oasis)
and in the EasternDesert (Duwi Section) (Fig. 2; Ouda, 2003). This study
focuses on the Dababiya Quarry section, which is located near the
da
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ancient quarry east of the village of Dababiya in the Eastern Desert close
to the Nile Valley (Fig. 3, Dupuis et al., 2003). The studied samples were
collected from a few meters south of the protected GSSP section of the
basal Eocene, also known as the DBH section (25°30′N, 32°31′52″E;
Dupuis et al., 2003; Ernst et al., 2006). Since thebeds showvery little dip,
the sequence is identical to the GSSP section (Fig. 3).

To obtain fresh rock, the samples were collected from the vertical
quarry face of the Dababiya outcrop. Grain-size analysis on the
insoluble residue of selected samples was conducted at the University
of Erlangen. For mineralogical analysis, samples were ground with a
McCrone Micromill to obtain a consistent grain size of b10 μm by
using 3 g of samplematerial, 5 ml of Isopropanol and grinding times of
4 min. For claymineralogy, the decalcified b2 μmfractionwas saturated
with MgCl, sucked through a ceramic filter, and analyzed as air-dried,
glycolated, and heated (450 °C for 1 h) specimens before X-ray analysis
from 3 to 36° 2Θ in steps of 0.02° at 2 seconds per step. The miner-
alogical composition of the powdered samples was determined at the
University of Erlangenusing a SiemensD5000X-raydiffractometer. This
instrument is fittedwith a copper tube (Cuk〈=1.54178 Å), operating at
40 kV and 35 mA, and a post-diffraction graphite monochromator.
Samples were scanned from 5° to 65° 2Θ in steps of 0.02° and 4 s
scanning time.

The Rietveld analysis of the bulk rockXRD scanswas conductedwith
the BGMN 5.0.12 software. The quality of the Rietveld refinement was
very good and the observed weighted residual errors Rwp ranged from
approximately 8.5 to 12.5% (Appendix A of the Supplementary data).
Also, the weighted residual errors Rwp approach the statistically
expected values Rexp, indicating very good agreement between the
observed and simulated XRD patterns. Also, the calculated quality
parameter 1-ρ ranged from excellent values as low as 1.3 to higher
values of about 3.5% (Appendix A). The higher values of 1-ρ are confined
to calcite-poor and illite-smectite-rich samples of DQBed 1 and are
probably related to compositional changes in the smectite mineralogy
that were not considered in the present study. To address precision of
the XRD analysis, multiple preparations and subsequent analysis of a
single sample were conducted resulting in an interquartile range of the
majormineral phases in the acceptable range of about 0.5 to 1 wt.%. The
accuracy of the quantitative Rietveld refinement was tested by several
representative samples spiked with 10 wt.% zincite (ZnS) as an internal
standard. This standard could be recovered satisfactorily by all
refinements, although a tendency towards higher values is obvious
(~11.5 wt.% to ~14 wt.%). These overestimations are mostly related to
the presence of additional X-ray amorphous components including
organic material, as confirmed by the elevated TOC values shown in
Fig. 4.

The bulk major elements (Na, Mg, Al, Si, P, S, K, Ca, Ti, and Fe) and a
range of trace elements (Mn, V, Cr, Co, Ni, Cu, Zn, As, Rb, Sr, Zr, Nb, Mo,
and Ba) were analyzed in 27 samples by means of X-ray fluorescence
(XRF) at the Geosciences Department of the University of Bremen
(AppendixB andC). Sampleswerefinelygroundandhomogenized in an
agate mortar and prepared for major and trace element determination.
Formajor element analysis, glass discswere processed bymelting about
0.3 g of ground bulk sediment with a Li tetra borate flux. For trace
element analysis, discs were produced by pressing about 5 g of ground
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bulk sediment into a briquet, with boric acid backing. XRF analyseswere
performed with a Philips PW 2400 sequential wavelength dispersive
X-ray spectrometer. Analytical accuracy was checked measuring five
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3. Lithology, paleobathymetry, and organic carbon stratigraphy

The uppermost Paleocene sediments in the Dababiya Quarry belong
to the upper Paleocene to lower Eocene Esna Formation and are
composed of gray to dark gray shale. The contact between the upper
Paleocene El-Hanadi Member and the lower Eocene Dababiya Quarry
Member is an erosive unconformity and is positioned approximately
1.8 m above the base of the Esna Shale Formation (see Fig. 4, which also
details the biostratigraphic setting as outlined by Dupuis et al., 2003).
The Dababiya Quarry Member fills a broad, several hundreds of meters
wide channel-like depression. It attains amaximumof 3.7 m in theDBH
section and pinches out laterally to less than one meter in the adjacent
sections (Dupuis et al., 2003). The Dababiya Quarry Member can be
subdivided into 5 distinct beds, the Dababiya Quarry Beds (“DQBeds”,
Fig. 3; Dupuis et al., 2003; Soliman et al., 2006; Aubry et al., 2007). The
contacts between these beds are conformable and showno evidence for
bioturbation. Individual bedsvary in thickness across the outcrops in the
Dababiya Quarry area and the thickness for the DBH section is given in
parenthesis:

Bed 1 (~0.63 m thick) is a dark gray, non-calcareous laminated shale
with very rare phosphate nodules at the base.
Bed 2 (~0.50 m) is a phosphatic brown laminated calcareous shale
with numerous phosphate nodules (mainly in the upper part) and
some fish debris (spines, teeth).
Bed 3 (~0.84 m) is a brown, laminated phosphatic and calcareous
shale with various types of mm to cm-sized, gray to pink colored
phosphate nodules and some fish remains (spines, teeth).
Bed 4 (~0.71 m) is a gray calcareous bioturbated shale.
Bed 5 (~1 m) is a prominent light gray calcarenitic marlstone
characterized by very high amounts of planktonic foraminifera. The
transition to theoverlyingdarkgray shales of theElMahmiyaMember
is gradual.

A consistent outer(most) neritic (175 to 200 m water depth)
paleoenvironment is inferred based on the presence of common outer
neritic and rare bathyal benthic foraminifera species throughout the
Dababiya section (Ernst et al., 2006). Only in the lower part of the
DQBeds, benthic foraminifera are almost absent except for very few
agglutinated species (Ernst et al., 2006). Based on the analysis of
planktonic andbenthic foraminifera andby correlationwith other PETM
sections on the southern Tethyan shelf, a sequence stratigraphic setting
across the PETM beds has been assigned (Fig. 4; Speijer and Wagner,
2002; Ernst et al., 2006). Accordingly, the El-Hanadi Member has been
considered as representing a (late) highstand systems tract. TheDQBeds
have been interpreted as reflecting a transgressive systems tract and
their base constitutes a sequence boundary without evidence for
subaerial exposure. This assignation is consistent with fully marine
settings across the PETM from shallower sections to the southeast (e.g.,
the Duwi and Aweina sections, Fig. 2; Speijer and Wagner, 2002). The
subsequent transgressive systems tract is terminated by a maximum
flooding surface that is positioned at the calcarenitic DQBed 5 (Fig. 4).

The stable isotopes of organic carbon across the PETM in the
Dababiya Quarry section show the typical magnitude and pattern of
the ~3‰ negative carbon isotope excursion (“CIE”) that is observed at
many PETM sites globally (Fig. 4; Dupuis et al., 2003; Knox et al., 2003;
Magioncalda et al., 2004). The organic carbon content shows peak
values of ~3% within DQBed 2 (Fig. 4, Dupuis et al., 2003).

4. Results

4.1. Bulk rock and clay mineralogy

Our mineralogical results confirm the fluctuations of the phyllosi-
licate assemblages reported previously (Dupuis et al., 2003; Ernst et al.,
2006), while adding additional details from the bulk rock Rietveld
analysis (Figs. 5 and 6A) and the clay mineral analysis of the b2 μm
fraction (Fig. 6B). Our results show that the average uppermost
Paleocene Esna Formation consists predominantly of illite-smectite
(“I-S”), calcite, and quartz (Fig. 5). The I-S shows large full width at half
maximum (FWHM) values of N1.5 indicating weak crystallization
(Petschick et al., 1996). Additional minor components include kaolinite,
chlorite, feldspars, hematite, goethite, jarosite, anhydrite, dolomite, and
halite (Fig. 5 and Appendix A).

Prominent mineralogical changes are associated with the DQBeds.
Concurrent with the near absence of carbonates within DQBed 1, two
distinct phases of increased detrital input are recorded: An initial phase
with slightly increased quartz contents concomitant to strongly
increased phyllosilicate contents at the base of DQBed 1; there, the
phyllosilicate assemblage is dominated by smectite of beidellitic
composition with low FWHM (b0.8) indicating good crystallization. In
theoverlyingpart of theDQBed1, quartz increases and thephyllosilicate
contents (mainlyweakly-crystallized I-S) gradually decreases. Evidence
for a distinct peak in kaolinite abundance at the PETMonset (Bolle et al.,
2000b) has not been observed. At the DQBed 1 to 2 transition, the
amount of calcium carbonate increases sharply at the expense of the
phyllosilicate content, while the quartz content reaches peak values.
Grain-size analysis shows that the abundant quartz in this interval is
mainly present in the fine-silt fraction (b20 μm). Subsequently,
phosphate (present as carbonate fluorapatite, “CFA”) showspeak values
of N12 wt.% in beds 2 and 3.WithinDQBed 3, the amount of CFA remains
high whereas calcite increases significantly and quartz decreases
gradually (Fig. 5). This trend is continuing up to DQBed 5 where calcite
(calcareous microfauna) shows peak values correlative to the progres-
sive recovery of the carbon isotope values (Figs. 4 and 5).

4.2. Major element geochemistry

Since the major element chemostratigraphy reflects mainly the
mineralogical changes outlined above and because there is a clear
anti-correlation of the Si and Al content with the Ca content, we focus
on normalized element/aluminum ratios recording provenance and
sediment flux as well as on specific elements (e.g., Fe and S) revealing
paleoredox conditions (Figs. 7 and 8; Appendix B). Most elements
show major changes at the base of DQBed 1 (Fig. 7) and very high
element/Al ratios are recorded during the DQBed 1 to 2 transition for
Si, Mg, and K (Fig. 8). Also, there is an extreme increase of the Fe/Al
ratio (factor 2.5) and a very high Fe content (up to 12 wt.%) at the
DQBed 1 to 2 transition. This increase in iron is difficult to assign solely
to a change in the phyllosilicate composition since the smectites have
an Al-rich beidellitic composition and the amount of other presum-
ably Fe-rich chlorites in this interval is too low (b6 wt.%) to account
for this increase. Remarkably, the element anomalies at the DQBed 1
to 2 transition are paralleled by high sulfur (N2.5 wt.%) contents
(Fig. 7). Since the pyrite content as determined by XRD (Fig. 5) is not
particularly high during this interval, we consider the sulfur to be
primarily derived from anhydrite that is also abundant in this interval
(see Fig. 5).

4.3. Detritus-characterizing trace elements including REE

Specific trends for the siliciclastic detritus-characterizing elements
(e.g., Ti, Zr, andRb) across thePETMare shown in Fig. 8.Major trends are
peak ratios of Ti/Al and Zr/Al within DQBed 1 followed by peak Si/Al
ratios at theDQBed 1 to 2 transition. Fig. 9 shows the REE patterns of the
DQBeds normalized to the North America Shale Composite (NASC;
Gromet et al., 1984). TheREEpatterns for theEsna shale andDQBeds2 to
5 are generally flat. Major changes in REE composition and abundance
are present at DQBed 1 which shows a basal sample that is strongly
deprived in REE, whereas the remaining part of this bed reveals a
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considerable REE enrichment compared to the underlying El-Hanadi
Member and the overlying DQBeds.

4.4. Redox-sensitive trace elements

The suite of redox-sensitive trace metals (“TEs”, e.g., Mo, Cu, Ni, As,
Cr, and Co) shows a distinct enrichment within the DQBeds that is
most pronounced at the DQBed 1 to 2 transition (Fig. 10 and Appendix
C and D). To compare the relative enrichment of these elements, we
calculated Enrichment Factors (EF) by normalizing each trace element
to Al, which is assumed to represent the detrital influx, and comparing
these ratios to those of the Esna shale, representing the background
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Fig. 8. Selected element/Al ratios from XRF an
sedimentation (Fig. 10). This approach is commonly used to evaluate
redox-sensitive trace element data (e.g., Calvert and Pedersen, 1993;
Rimmer, 2004). Accordingly, the Dababiya Quarry Beds exhibit
variable, but in part very high (N100-fold) degrees of trace element
enrichment.Wenote, however, that the lowAl content of samples from
the DQBed 1 to 2 transition which apparently results from a strong
quartz enrichment in this interval may have influenced the enrichment
factors to a minor degree (less than ~10% reduction). Moreover, the
absolute order of element enrichment factors relative to the El-Hanadi
Member does not change, beingMo, V≫ZnNNiNCrNCoNCuNPb at the
DQBed 1 to 2 transition, while Mn is depleted within the underlying
DQBed 1 (Fig. 10). In Fig. 11, we have complemented the evaluation by
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displaying various well-established paleoredox-indices (Jones and
Manning, 1994) as well as the Fe/Ti ratio (Werne et al., 2002).

5. Interpretation and discussion

Environmental conditions during formation of the DQBeds were
controlled by a number of factors possibly including carbonate
dissolution, establishment of anoxic conditions, and sea-level changes.
Disentangling the contribution from individual factors during the
DQBed formation and later diagenetic andweathering effects, however,
requires combining various geochemical and mineralogical proxies, as
well as paleontological data.

5.1. Diagenesis and weathering

The high abundance of anhydrite as well as iron in the DQBeds
(Fig. 5) is best explained by massive weathering of organic matter-
and pyrite-rich sediments associated with conversion of sulfide
minerals to sulfates, jarosite, and iron-oxides and -hydroxides (e.g.,
Littke et al., 1991; Morse and Wang, 1997; Kent and Dupuis, 2003).
Anhydrite that frequently occurs in small veins throughout the entire
DQBeds and the enclosing Esna shales (see Plate 1 in Soliman et al.,
2006), probably replaces gypsum because of the current high
temperatures and aridity in the Eastern Desert (Kent and Dupuis,
2003). This weathering will also have lowered the original organic
carbon content (Littke et al., 1991), as additionally shown by the
unusual absence of dinoflagellates in this section (Guasti and Speijer,
2007). A massive weathering overprint and absence of deep burial is
compatible with the variable composition and crystallinity of the
smectitic minerals (Srodon, 1999; Niu and Ishida, 2000), the regional
correlative occurrence of the diverse clay mineral assemblage (Knox
et al., 2003), as well as the composition of the organic phases (Dupuis
et al., 2003). Thus, a primarily detrital origin of the phyllosilicate
assemblages is likely. Considering the effects of weathering on the
element geochemistry, especiallywithin the organic-rich intervals of the
DQBeds, previous studies on shale and black-shale weathering have
indicated that the influence on immobile TEs (e.g., Ti, Zr, etc.) is generally
low, though redox-sensitive TEs are more strongly affected. Neverthe-
less, some of the redox-sensitive TEs show also a conservative behavior
during weathering (e.g., U, V, Ni, Cu; Tribovillard et al., 2006) and the
consensus of several studies is that most trace elements that were
released during weathering may be fixed within neoformed mineral
phases within a few centimeters of their original depth of deposition
(e.g., Thomson et al., 1998; Tribovillard et al., 2006; Fischer et al., 2009).
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Thus, thegeochemicalmessage regarding the sedimentary redox-state is
generally preserved.

5.2. Continental weathering and fluviatile input: inferences from
mineralogy

The illite-smectite phyllosilicate assemblage that dominates in the
upper Paleocene El-Hanadi Member and the relatively low kaolinite
content suggests influxmainly from alteration products (hydration and
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Fig. 11. Enrichment factors of redox-sensitive trace
hydrolysis), particularly modified micaceous minerals of basic rocks
developed under a variety of climate conditions (Curtis, 1990;
Blanc-Valleron and Thiry, 1997; Chamley, 1997; Thiry, 2000). Smectitic
soils are generally rare and factors that foster the formation of smectites
in soils include low-lying topography, poor drainage, and base-rich
parent material (Borchardt, 1989; Thiry, 2000). In particular, smectite-
rich vertic soils are oftenpart of catenas comprising kaolinitic soils in the
uplands and smectitic soils in low-lying (flood-plain) environments. For
instance, kaolinitic soils occur around the inselbergs of the Guéra Range
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in eastern Chad and smectite in the low-lying areas (Thiry, 2000). These
low-lying and poorly drained environments are particularly favorable
for smectite development under a very broad range of climatic
conditions, hindering a straightforward paleoclimatic interpretation of
clay mineral assemblages. In addition, on its way to the sedimentary
basin, clastic material may transit through such environments and mix
with in-situ generated clayminerals, thus clouding the original climatic
signal. However, the clay mineral assemblage is consistent with the
paleolatitude of 15 to 20°N and prevailing arid conditions with wet
seasons in the hinterland during the late Paleocene (Dupuis et al., 2003;
Ernst et al., 2006), as also indicatedby thegeneral abundanceof smectite
and the low kaolinite content in the southwestern Tethys margin
(Tunisia and Spain), the marginal northeastern Tethys (Kazakhstan),
and theAtlantic Realm (northern Spain, Bolle andAdatte, 2001; Schmitz
et al., 2001).

The changeof the claymineral assemblage at the base of theDQBeds,
and specifically thehighamountof smectite,mayhavebeenachievedby
increased chemical weathering and an increased hydrological cycle, a
shift in the source area, or a change in the fluvial-marine sediment
transportation system. Since the time to develop thick soils would
probably be too long to explain the very sharp onset of the claymineral
change at the base of DQBed 1 (e.g., Thiry, 2000), we relate the smectite
increase to an abrupt change in the source area or transportation
system. Consequently, the enrichment in illite-smectite with high
crystallinity and less amounts of interstratified illite at the base of the
PETMmay be explained by several scenarios, including input of altered
volcanogenic material or erosion of floodplain deposits.

Although smectites can form from the alteration of volcanic ash, the
Paleogene smectites in general and the smectites of the PETM in
particular are not considered to result from this process in this study. It
has been shown that the Paleogene on the southern margin of the
Tethys corresponded to a relatively stable period, without significant
hydrothermal or volcanic activity (Charisi and Schmitz, 1995) and
volcanoclastic components were not observed in the Dababiya beds by
this or other studies (Soliman et al., 2006). Moreover, the trace element
pattern of such volcanic ash beds is significantly different from average
shale and they are usually very strongly enriched in Zr, Nb, and Ce
(Rachold and Brumsack, 2001). There is, however, no extreme
enrichment in these trace elements from our geochemical data as
outlined below. Thus, the peak in smectite abundance is mostly likely
related to detrital input derived from soils.

Increased erosion related to an accelerated hydrological cycle is
commonly envisaged to have promoted the peak in detrital influx
observed at the onset of the PETM in many sections globally.
Paleoclimate models suggest an increase in net evaporation over the
subtropical oceans with global warming, reflecting an enhanced
hydrological cycle (Bowen et al., 2004; Pagani et al., 2006b). Evidence
exists for net evaporation for paleolatitudes up to about 35° N and
subtropical high-pressure cells over the eastern Atlantic ocean at 20° to
40° N may have existed, similarly to today (Schmitz and Andreasson,
2001). Consequently, despite global enhancement of the hydrological
cycle during the PETM, the tropical to subtropical regions were probably
subject to increased seasonality associated with more extreme climate
events (e.g., storms). Longer periods of ariditywould probably foster less
dense vegetation, promoting increased physical weathering, erosion,
and runoff (e.g., Schmitz et al., 2001), but not necessarily clay mineral
changes. This is similar to the abrupt increase in fluvial detritus input
seen in many coastal areas following the human-induced deforestation
in recent times (Alt-Epping et al., 2009). For instance, fining-upward
sequences found over the entire shelf at the Waipapu River, New
Zealand, are interpreted to represent deforestation-induced sedimenta-
tion that has overwhelmed the ability of the energetic system to
resuspend and segregate fine sediments (Wadman andMcNinch, 2008).
This interpretation is in agreement with grain-size and mineralogical
trends across the PETM from sections on the New Jersey coastal plain,
southern Spain, and the Eastern Alps that all are interpreted as reflecting
increasedfluvial input and continental erosion rather than neoformation
of clay minerals under more humid climates (Cramer et al., 1999;
Schmitz et al., 2001; John et al., 2008; Egger et al., 2009). Therefore, we
interpret the peak in phyllosilicate abundance at the very base of the
PETM to document an abrupt input of fluvially-derived material that
most likely derived from soils in coastal lowland areas. The subsequent
brief interval associated with a more diverse kaolinite and chlorite
bearing phyllosilicate assemblage at the DQBed 1 to 2 transition may
then be explained by an additional shift of the provenance area, tapping
landward situated source areas (Dupuis et al., 2003; Ernst et al., 2006)
and therefore was likely induced by a sea-level rise.

5.3. Continental weathering and fluvial input: inferences from
geochemistry

In continental shelf environments, the Si/Al ratio can provide useful
information about detrital versus biogenic sedimentation (Dean and
Arthur, 1998). In general, Al in shelf sediments is primarily associated
with fine-grained siliciclastics derived from fluvial or volcanogenic
input, while Si is derived from either fluvial or eolian siliciclastic flux or
biogenicfluxsuchas radiolaria or diatoms (Krajewski et al., 1994). In the
Dababiya section, major changes of the Si/Al ratio are confined to high
peak values at the DQBed 1 to 2 transition, followed by a gradual return
to lower values during DQBed 3. Thus, the mineralogical changes
(smectite peak abundance) at the base of the PETM apparently do not
have a major influence on the Si/Al ratio, but the peak Si/Al ratios at the
DQBed 1 to 2 transition need an explanation. Si derived from an
additional biogenic Si flux (Werne et al., 2002) could account for this
shift and in fact, some hematite-infilled pseudomorphs of radiolarians
have been reported for this interval in the Dababiya section (Soliman et
al., 2006). However, their abundance in the insoluble residue is fairly
low (b20% according to these authors) and they could not be observed
in the foraminiferal residues (N63 μm), so they cannot explain the
extreme increase of the Si/Al ratio. Also, this anomalous Si enrichment is
independent from dilution by carbonate minerals. Therefore, we relate
theSi/Alpeak rather to thehighabundanceof quartz concurrent to a low
in phyllosilicate abundance reflecting a decrease in the flux of Al
(relative to Si) to the shelf. The consistently lower Si/Al ratios of samples
from above and below theDQBeds 1 and 2,whichmost likely reflect the
coupling of Si and Al via deposition of fluvially derived muds, support
this conclusion. As shown by scanning electron images of thin sections
from the same interval in the Qreiya PETM section (Fig. 4 in Knox et al.,
2003), the increased Si/Al ratio is best explained by a relative increase of
fine-grained, silt-sized quartz.

Such a marked increase in the Si/Al ratio and quartz content can
reflect either a significant climatic shift, i.e. to higher wind strengths
or more arid conditions, or condensation due to a decrease in the
fluvial supply relative to a constant eolian background flux (Rea, 1994;
Wehausen andBrumsack, 1999). The latter scenario would be typical of
basin or shelf settings during transgressive to early highstand systems
tracts (Werne et al., 2002). Because the change in Si/Al corresponds so
closely with other indicators of condensation (such as higher Fe/Al,
K/Al, Ti/Al ratios and onset of P accumulation) as well as the increase
in organic carbon content, we conclude that the data are best
explained by condensation starting at the DQBed 1 to 2 transition.
Subsequently, decreasing element/Al ratios indicate a progressive
restoration of the normal, fluvially-dominated siliciclastic flux during
deposition of DQBeds 3 and 4.

Additional information on environmental changes may be derived
from including the high field strength elements (e.g., Zr, Nb, Hf, and
Sc) as well as the rare earth elements (REEs) in our study because
these elements are important indicators of provenance area and also
reflect various geochemical processes in sediments including sorting,
authigenesis, and volcanic or hydrothermal influx (Zwingmann et al.,
1999; Jeans et al., 2000; McLennan, 2001; Uysal and Golding, 2003;
Zimmermann and Bahlburg, 2003; Setti et al., 2004). Moreover, these
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elements are usually immobile and only little affected by weathering
and diagenesis (e.g., Utzmann et al., 2002).

Since zircon- and titanium-bearing heavy minerals (e.g., rutile,
ilmenite, sphene, and zircon) are generally enriched in sand-silt-sized
siliciclastic detritus and Al is generally enriched in the clay-size
fraction (Fralick and Kronberg, 1997; Dypvik and Harris, 2001), we
suggest that the very high Zr/Al and Ti/Al ratio at the very base of
DQBed 1 (Fig. 9) document a brief influx of more coarse-grained
sediments, analogous to a ravinement surface (Cattaneo and Steel,
2003). Subsequently, at the DQBed 1 to 2 transition, the significantly
higher Mg/Al and K/Al ratios, and second peak of the Ti/Al and Zr/Al
ratios corroborate the conclusion of condensation in this interval
outlined above and correspondwell with the relatively higher input of
illite (K-rich) and chlorite (Mg-rich) from less-well weathered
crystalline source rocks (Cox et al., 1995) by fluvial or eolian transport.
Subsequently, during deposition of DQBeds 2 and 3, the Ti/Al ratios (as
well as the K/Al, Zr/Al, and Rb/Al) ratios are still elevated compared to
the Esna shales before reaching background values within DQBeds 4
and 5. The same applies to the quartz content, which also shows
elevated, albeit decreasing values during this interval. In concert, this
suggests that the provenance area tapped during the rapid sea-level
rise still delivered sediment to the Dababiya area until deposition of
DQBed 3, albeit at much lower quantities.

Considering the distribution pattern of the REEs, the North America
Shale Composite (“NASC”; Gromet et al., 1984) normalized Esna shales
show a relatively flat pattern, suggesting a detrital origin and good
mixing during transport (Fig. 9). There is only a slight decreasing trend
of the La/Yb ratio—which is generally used to show the depletion of the
light REE with respect to the heavy REE. The presence of a negative Ce
anomaly in all samples supports a high water–rock ratio diagenetic
system typical for marine sediments. The good correlation between Nd
and major elements (e.g., Al) indicates that for the El-Hanadi Member,
the REEs are probably located in clay minerals.

Considerable changes in relative REE abundance occur within the
lowermost DQBeds (Fig. 9). Except for one sample from the very base
of DQBed 1, which shows a strong depletion in REEs, all other samples
from DQBed 1 show a significant REE enrichment compared to the
enclosing lithologies and also an enrichment of heavy REE relative to
light REE. The general high abundance of REEs in DQBed 1 attests to
the large amount of fine-grained siliciclastic input (McLennan, 2001).
The slight increase in heavy REE, as also indicated by the higher La/Yb
ratio may be explained by the observation that a large part of the
heavy REE in the siliciclastic fraction may be bound to heavy minerals
(e.g., zircon and monazite).

The strong depletion in REE in one sample from the very base of the
DQBed1maybeexplainedby a brief influx of sediments depleted inREE
relative to the shales of the El-Hanadi Member. However, from the
mineralogical and geochemical data, there is no evidence for a major
change in sedimentary composition other than the total lack of
carbonate in this sample and an increase in smectite abundance.
Moreover, the mineralogical composition appears to be very similar to
the enclosing samples,which shownodistinct REEdepletion. Therefore,
an alternative explanation for the REE depletion at the very base of the
DQBeds incorporates acidic pore waters. Experiments showed that
weak acidic, CO2-saturated water releases large amounts of REE from
clay minerals that are then transported as carbonate complexes
(Brookins, 1989). Specifically, smectiteswith their high cation exchange
capacity are prone to REE loss. Therefore,we speculate that a brief phase
of sea-floor acidification during the onset of the PETM may be one
explanation for this “negative REE anomaly” that would also account for
the complete absence of calcite in the basal part of DQBed 1. A
prominent carbonate dissolution interval characterizes the onset of the
PETM inmost open ocean and shelf sites (e.g., Sluijs et al., 2007). In shelf
sections, the effects of corrosive waters and dissolution may have been
enhanced by dilution of carbonates by the strong and abrupt increase in
the supply of terrigeneous silicious detritus and refractory organic
matter at the onset of the PETM, as outlined before (e.g., Schmitz and
Pujalte, 2007; John et al., 2008; Alegret et al., 2009). Nevertheless,
increased detritus input hardly accounts for the observed total absence
of carbonate at the base of the PETM and lateral advection of corrosive
waters onto the shelfmay explain the abrupt onset of intense carbonate
dissolution observed at the Dababiya section and at many other
localities in the Tethyan realm, considering a pulse-like release of
large quantities of CO2 into the ocean–atmosphere system at the PETM
onset (Zachos et al., 2005).

5.4. Redox history across the PETM

The DQBeds 1 to 4 are, in part, considerably enriched in redox
sensitive and/or sulfide forming TEs, including Mo, U, V, Zn, Co, Cu, Cr,
Pb, and Ni. While Ni and Cu are also possible indicators of the OM flux
to the sediments, these TEs can be fixed in high amounts in sediments
under reducing conditions (e.g., Calvert and Pedersen, 1993; Lipinski
et al., 2003; Algeo and Maynard, 2004; Meyers et al., 2005; Brumsack,
2006; Tribovillard et al., 2006). They may be precipitated as sulfide
phases (Co, Zn, and Pb), coprecipitated with iron sulfides (Mo, V, Ni, and
Cu), and/or bound to organic matter (V, Mo, Ni, Cu, and U). However,
several TEs may show strong detrital influence (Cr and Co) or are highly
mobile during postsedimentary diagenesis or weathering (Zn and Pb;
Tribovillard et al., 2006). Therefore, we focus mainly on the U, V, Mo, Ni,
andCuenrichment patterns since theseTEs are considered tobe themost
reliable paleoredox indicators which are least vulnerable to diagenetic
andweathering effects (Tribovillard et al., 2006). The evolution of the TE
enrichment within the DQBeds suggests normal, oxygenated conditions
during deposition of the El-Hanadi Member and a gradual onset of
oxygen-deprivation during DQBed 1 deposition, as shown by low to
moderate TEenrichment factors (Fig. 10). Subsequently, theDQBed1 to2
transition reveals an extreme TE enrichment (particularly in Ni, Cu, and
Mo; Fig. 10), and, as shownby the concurrent strong enrichment ofU and
V, reflects a brief period of fully anoxic andmost likely euxinic conditions
at the sediment-water interface or in the water column (Algeo and
Maynard, 2004). During deposition of DQBeds 2 and 3, TE enrichment
factors drop considerably, indicating improved oxygenation although
ventilation of the seafloormayhave beenonly brief and intermittent (e.g.
seasonal), as suggested by Speijer and Wagner (2002). Finally, TE
enrichment factors drop to background values within DQBeds 4 and 5,
suggesting that normal oxygenation like before the PETM was restored.

A comparison of these interpretations with evidence derived from
characteristic redox ratios, including the Th/U, Ni/Co, V/Cr, and V/(V+Ni)
ratio is shown in Fig. 11. All these redoxproxies (except for the Th/U ratio)
reveal variable, though generally oxygen-deprived conditions for the
DQBeds1and2. Except for theverybaseof theDQBed1as outlinedabove,
there is a fairly good agreement between the various trace metal ratios
used as redox proxies that are all indicative for oxygen-deficiency with
lowest oxygen concentrations at the DQBed 1 to 2 transition: anoxic-
dysoxic (Th/U), dysoxic (Ni/Co), and anoxic (V/Cr and V/(V+Ni)).

Besides the strong enrichment of TEs with strong euxinic affinity
(Mo, U, V, and Zn; Lyons and Severmann, 2006; Algeo and Maynard,
2004; Paillard, 2001) at the DQBed 1 to 2 transition (Fig. 10), additional
evidence for a distinction between anoxic and sulfidic (euxinic) settings
may derive from geochemical proxies including the Fe/Al, Fe/Ti, and the
Mo/Ti ratio (Werne et al., 2002; Lyons and Severmann, 2006). Although
highdegrees ofweathering, as observed in theDababiya section, result in
mineralogical changes that repartition the elemental constituents, the
total amount of Fe, Ti, and Mo should remain constant despite any
internal redistribution (Lyons and Severmann, 2006). Specifically, the
decoupling between the Fe and the Al and Ti delivery, as revealed by
strongly elevated Fe/Al (Fig. 8) and Fe/Ti (Fig. 11) ratios, is consistent
with a brief period of iron scavenging from a euxinic water column
during syngenetic pyrite formation and deposition in the underlying
sediments (e.g., Lyons andSevermann, 2006). Suchan ironaugmentation
is not only decoupled from the local biogenic sediment flux (Canfield et



178 P. Schulte et al. / Chemical Geology 285 (2011) 167–183
al., 1996), but also takes place under a comparatively low siliciclastic flux
(i.e. condensation; Werne et al., 2002), and it does appear to be a
uniquely euxinic phenomenon (Lyons and Severmann, 2006). Similarly,
theMo/Ti ratio aswell as theMo/Al ratio (not shown) records anextreme
increase at the DQBed 1 to 2 transition, suggesting very rapid
development of sulfidic conditions in the water column coupled with a
decrease in detrital dilution, and hence improved exchange between
bottom waters and pore waters (Werne et al., 2002).

It is remarkable that the level showing the highest enrichment in TEs
outlined above exhibits only a fairly low organic carbon content of about
1% while the overlying DQBeds 2 and 3 (lower half) show significant
higher organic carbon content, albeit much lower TE enrichment factors.
This less pronounced correlation of the TE enrichment with organic
carbonmay be explained by post-sedimentary bacterial degradation and
weathering of organic matter, specifically affecting sediments at the
DQBed 1 to 2 transitionwith an originally high pyrite content. In addition,
under euxinic conditions, in which free hydrogen sulfide is present and
trace elements are generally reduced to their lowest valence state,
insoluble metal sulfides and oxyhydroxides can precipitate in large
quantities directly from the water column or at the sediment-water
interface. These conditions may have resulted in the strong U and V
enrichments andweakcorrelationswith the total organic carboncontents
observed atDQBed1 to 2 transition, becauseMo,U, andV residemainly in
authigenic mineral phases rather than organic phases (e.g., Algeo and
Maynard, 2004).

5.5. Depositional scenario

5.5.1. Onset of the PETM
The onset of the PETM succession in the Dababiya section (DQBed 1)

is characterized by an abrupt shift to peak phyllosilicate deposition
infilling broad channel-like depressions which probably formed during
a relative sea-level fall immediately preceding the PETM (Fig. 12A and
B). Although bathymetric estimations based on benthic foraminifera are
not available for the lower part of the DQBbeds, lithological changes and
microfossil assemblages from the nearby Duwi PETM section in eastern
Egypt suggested that during the ~60 ky period prior to the PETM,
relative sea level fell by ~15 m (e.g., Speijer andMorsi, 2002; Speijer and
Wagner, 2002). Subsequently, sea-level started to rise concurrent to the
onset of deposition of the PETM event beds. The pulse in detrital
material and shift in phyllosilicate assemblages within DQBed 1
suggests that low-lying flood-plain deposits and soils rich in well-
crystallized smectite were eroded, eventually filling-up the channel
structures on the shelf eitherduring the sea-level lowstandorduring the
early sea-level rise. Nevertheless, a transgression combined with a
strong input of siliciclastic material during the onset of the PETM is in
contrast to existing sequence stratigraphic models. Although it is clear
that a rapid sea level rise can provide increased accommodation space
(Johnet al., 2008), it is usually underfilledduring the transgression since
the landward shoreline migration over a wide area increases the
sedimentation area, lowering net sedimentation rates. This applies
specifically to the low-gradient ramp-type settings encountered on the
southeastern Tethyan shelf. Therefore, transgressive deposits in settings
away from the basin margin and the shore-connected sediment prism
are normally relatively thin compared to lowstand and highstand
systems tracts deposits (Cattaneo and Steel, 2003; Zecchin, 2007).
Solving this conundrum requires that the increasing distance to the
shoreline was outpaced by a progressive increase of detrital (fluvial)
input and erosion of coastal areas. Hence, the erosion of floodplain areas
and soils, and the terrestrial discharge must have strongly increased
during the onset of the PETM.

Another important characteristic of the PETM record in theDababiya
section is the evidence for an abrupt onset of oxygen-deficiency within
DQBed 1 (Fig. 12B) as shown by absence of benthic fauna and sediment
lamination. However, a marked TE or organic carbon enrichment is
confined to the top of this bed as outlined below. This decoupling of
sedimentary versus geochemical proxy data suggests that elevated
productivitymay not be the cause for the oxygen-deprivation and other
mechanisms have to be considered.

One depositional scenario for the onset of oxygen-deficiency would
include lateral advection of oxygen-deprived water from the Tethyan
Ocean (Speijer and Wagner, 2002). In fact, recent reports from PETM
sites in the Pacific suggested that the absence of bioturbation at the base
of thePETMrecords aphaseofhypoxiaprobably causedbyanexpansion
and intensification of an OMZ (e.g., Nicolo et al., 2010). Moreover, an
expanding OMZ encroaching into the epicontinental southern Tethyan
basins would explain similar observations from PETM sites in Sinai and
on the northern part of the Egyptian shelf.

Another explanation for the onset of oxygen-deficiency involves
the development of a thick suboxic zone on the extensive Egyptian
epicontinental shelf. A stable water column stratification associated
with a thick suboxic zone could be triggered by the higher sea surface
temperatures and increased amount of fluvial freshwater discharge
during the PETM onset. Although there is no evidence for the devel-
opment of a freshwater lid extending across the Egyptian shelf, a high
fluvial input is basically supported by ourmineralogical data. A similar
high fluvial discharge conducive to the evolution of a suboxic zone has
been suggested for the Atlantic Coastal Plain, which shows an abrupt
shift to clay-sized sedimentation at the base of the PETM (e.g., Cramer
et al., 1999; John et al., 2008; Kopp et al., 2009). Moreover, in the
modern world, some of the thickest suboxic zones occur in tropical
river-dominated continental shelves like the Amazon Shelf (Aller,
1998) and the Gulf of Papua (Aller et al., 2004), and we suggest that
analogous environmental conditions developed during the PETM.

5.5.2. Peak phase of the CIE
Peak negative values of the carbon isotope excursion are present

around the transition from DQBed 1 to 2 and correspond to the onset
of a pronounced organic and inorganic carbon enrichment and anoxic
(likely euxinic) conditions as well as to an abrupt decrease in the
amount of phyllosilicates relative to quartz (Fig. 12C). As shown by
our mineralogical and geochemical data, this change in the detrital
composition is not a simple dilution effect due to the increase of
calcium carbonate in this interval, but most likely reflects a reduced
detrital influx (condensation) as the result of a rapid sea-level rise.
Although paleobathymetric data from benthic foraminifera are not
available at Dababiya to support this, a rapid sea-level rise of up to
20 m has been proposed for the peak phase of the PETM from the
Gebel Duwi section (Fig. 2; Speijer andMorsi, 2002). Similarly, studies
from the Tethyan margins (Speijer and Wagner, 2002; Gavrilov et al.,
2003) and from the New Jersey continental shelf indicated that a
transgressive pulse occurred at the onset of the PETM (Gibson et al.,
1993; Cramer et al., 1999; John et al., 2008; Sluijs et al., 2008).

Possible mechanisms for explaining the rapid PETM sea-level rise
may have been the thermal expansion of the seawater due to global
warming at the PETM. However, the amplitude of thermally-induced
eustatic sea-level rise (5 m due to the average 5 °C warming of the
oceans; Speijer and Wagner, 2002; Sluijs et al., 2008) is considered too
low to account for the observed rise of about 20 m. Therefore, either
glacioeustasy, incorporatingmeltingof small ephemeral ice sheets in the
Antarctic (Miller et al., 2005) and emplacement of the North Atlantic
Igneous Province associated with rapid submarine uplift (Storey et al.,
2007) are currentlydiscussedasadditionalmechanisms.Their combined
effects may explain the magnitude of sea-level rise observed during the
PETM (Speijer and Morsi, 2002; Speijer and Wagner, 2002; Sluijs et al.,
2008).

The rapid sea-level rise outlined above affecting the low-gradient
broad, epicontinental Egyptian shelf would result in considerable
displacement of the shoreline during the onset of the PETM. Our
proxy data is basically in agreement with these studies and suggests a
flooding event correlative to the DQBed 1 to 2 transition. Such a close
association of sediment starvation and the formation of black shales
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strongly suggest a causal connection and in fact, such thin intervals of
black shales are frequently linked to transgressive settings in the
geological record. Prominent examples are the late Jurassic black shales
from the Boulonnais in northern France (Wignall and Newton, 2001;
Tribovillard et al., 2004). In this study, the formation of transgressive
black shales was explained by the position of the thermocline at a deep
level, thereby allowing basin margin euxinicity to develop due to less
frequent overturning by storms, although it is, still unclear why these
specific conditions are related to the initial phase of transgressions
(Wignall and Newton, 2001). For Middle Devonian black shales in the
Appalachian basin, Werne et al. (2002) pointed out that a number of
different factors contributed to the deposition of organic carbon-rich
black shale, but that the ultimate controlling factor was a relative sea-
level rise. There, concurrent with the shift to dominantly euxinic
conditions during the transgression, the supply of siliciclastic sediments
was cut off, resulting in sediment starvation (condensation). Based on
our mineralogical and geochemical data, this is a situation that is very
similar to the onset of enhanced organic carbon deposition and anoxic
(euxinic) conditions in the Dababiya PETM section. By analogy, we
suggest that once a threshold was crossed, sediment starvation on the
Egyptian shelf may have facilitated the biogeochemical (re)cycling of C
and P (Glenn and Arthur, 1990; Bruland et al., 2005). Specifically the
preferential regeneration of P under anoxic conditions may have led to
enhanced primary production in surface waters, thereby maintaining
euxinic conditions in the bottom waters through respiration of settling
organic matter.
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Moreover, recent studies of anoxia developing in the northern Gulf
of Mexico area (e.g. Rabalais et al., 2009) suggest that the decreasing
area (and reworking) of coastal lowlands, wetlands and floodplains
due to a sea-level rise will not only increase nutrient discharge but
also enhance the release of organic matter to the shelf. Today, these
areas are important ecosystems because they play a pivotal role in the
removal of reactive nitrogen (Galloway and Cowling, 2002). Further
factors promoting surface productivity and oxygen-deficiency were
likely elevated sea-surface temperatures as well as enhanced fluvial
runoff. Although peak temperatures and surface runoff may have
already been declining following the light carbon release at the CIE
onset, it is likely that these parameters were still elevated compared
to pre-PETM background values However, it is certainly beyond the
scope of this paper to evaluate all of these mechanisms in detail. In
agreement with a number of studies on ancient and modern black
shale depositional systems, it is likely that the onset of anoxia and OM
deposition was likely a combination of several “adverse”mechanisms
(e.g., warming, increased weathering, and stratification) with one
important controlling factor on the Egyptian shelf being sea-level rise.
A similar conclusion was drawn from studies of PETM black shales from
other Tethyan regions (Bolle et al., 2000a; Gavrilov et al., 2003) and the
Antarctic (Sluijs et al., 2006). There, a sea-level rise concomitant to
elevated nutrient input and fluvial discharge were the major factors
promoting accumulation of organic carbon and development of anoxic
and euxinic conditions.

In concert these results strengthen our conclusion that sea-level
change was an important variable in determining carbon burial during
the PETM. Although a detailed quantification of the carbon flux is
currently not available, upon considering the large shelf areas coveredby
black shales, we suggest that sea level rise may have been an effective
feedback mechanism triggering carbon sequestration during the PETM.

5.5.3. The early recovery phase of the PETM
The PETM recovery interval (DQBeds 2 and 3) is characterized by

high organic carbon and high phosphorite contents in concert with
evidence for oxygen-deficiency (lamination, elevated content of
redox-sensitive TEs, and near absence of benthic organisms). Such
characteristics are usually typical for sediments beneath upwelling
zones (e.g., Smith, 1992; Summerhayes et al., 1995; Bruland et al.,
2001). Accordingly, previous studies on Tethyan PETM sections
concluded that the ultimate driving force behind the origin of the
phosphorite-rich PETM beds is the stimulation of primary productiv-
ity by upwelling of nutrient-rich intermediate Tethyan water into the
epicontinental basin (e.g., Speijer and Wagner, 2002; Soliman et al.,
2006). Upwelling of Tethyan intermediate water masses would have
started at the onset of the recovery interval (base of DQBed 2) and
ended during the recovery phase (at about DQBed 4), comprising an
interval much shorter than the total duration of the PETM (~170 ky,
Röhl et al., 2007).

On the other hand, such phosphate-rich beds are rarely encountered
in Paleogene sediments from Egypt. After a climax in phosphorite
deposition during the Campanian, phosphate accumulation ceased
rapidly during the Maastrichtian and subsequently, during the early
Paleogene, the loci of upwelling and phosphogenesis shifted to the
Northwest African margin (e.g., Soudry et al., 2006). The shift of the
upwelling areas is well reflected by εNd(T) compositions in the Middle
East and North African phosphorites and may have resulted from the
gradual plate-tectonic closure of the Tethys seaway and the concurrent
progressive widening of the Atlantic Ocean (e.g., Soudry et al., 2006).
Both tectonic events probably resulted in a restriction of the Tethyan
circumglobal current and the start of upwelling along theNorthwestern
African margin driven by the Atlantic (Soudry et al., 2006). Conse-
quently, besides the PETM beds and the Latest Danian Event bed (e.g.,
Speijer, 2003; Bornemann et al., 2009), no distinct phosphorite beds
have been recognized in Paleocene–Eocene sediments from Egypt (e.g.,
Tantawy et al., 2001). Moreover, today's continental-margin upwelling
regions occupy very localized, narrow zones on the shelf, no more than
10 to 50 km wide and close to the coastline (Glenn and Arthur, 1990),
and tend to exhibit patchy concentrations along a linear trend (e.g.,
Smith, 1992; Glenn et al., 1994; Summerhayes et al., 1995). In contrast,
the Egyptian phosphorite-rich PETM beds are correlative over large
distances (e.g., to the eastern Desert; Scheibner et al., 2005; Speijer and
Wagner, 2002) and their location is removed from the open Tethyan
Ocean by several hundred kilometers, providing an unusual long
pathway for upwelling waters (Fig. 2; Gheerbrant and Rage, 2006).
Also, the localized presence of topographic swells on the Syrian Arc
(unstable shelf) may have been obstacles for inflowing Tethyan waters
(Salem, 1976). Consequently, we suggest that upwelling is rather
unlikely toaccount for the formationof organic carbonandphosphorite-
rich beds during the recovery interval of the PETM.

Further clues to the origin of thephosphate-richbedsmaybederived
by constraining conditions for the formation of such beds. Generally, the
burial efficiency of P increases when bottom waters become progres-
sively more oxic due to redox-dependent changes in iron phases
carrying P aswell as due tomicrobial activity (Van Cappellen and Ingall,
1994, 1996). Thus, following the peak of anoxic conditions at the DQBed
1 to 2 transition, the siliciclastic influx ceased and Fe–P-recycling would
have been diminished concomitant to improved oxygenation of the
bottom waters during deposition of DQBeds 2 and 3 as indicated by the
considerably lowered TEenrichment factors compared to theunderlying
interval. This switch to at least intermittently improved oxygenation
allowed for P removal in the water column and deposition at the sea
floor. In concert with similar observations of phosphorite occurrences in
the eastern Tethys (e.g., Gavrilov et al., 2003), the southern Tethyan shelf
areamay have become an important reactive P sink during this phase of
the PETM.

Generally, and analogous to the formation of black shales,
phosphorite genesis is frequently linked to changes in sea level and
many major phosphorite accumulations are correlated with marine
transgressions (e.g., Glenn andArthur, 1990; Glenn et al., 1994; Föllmi,
1996). Specifically, transgressive episodes may favor phosphorite
accumulation by restricting the locus of diluting siliciclastics in a
landward direction (sediment starvation, Glenn et al., 1994). This
explanation is in good agreement with the quartz abundance and high
Si/Al elemental ratios for this interval as outlined above.Moreover, the
presence of well preserved fish debris and large phosphate nodules in
the DQBeds 2 and 3 (see also Soliman et al., 2006) are typical for
phosphate accumulation during such condensed sections (Glenn et al.,
1994).
5.5.4. The late recovery phase of the CIE
Finally, during the late recovery phase of the CIE represented by

the DQBeds 4 and 5, the siliciclastic flux has not returned to pre-event
values. Although the quartz ratio has dropped to values comparable to
the El-Hanadi Member underlying the Dababiya Quarry beds, the
phyllosilicate contents is still significantly lower. If our interpretation
of strongly elevated quartz contents as being indicative for extreme
condensation is correct, the return to background values would
suggest restoration of normal sedimentary conditions. The concurrent
drop in sedimentary evidence for TE, organic carbon, and phosphate
enrichment as well as the reappearance of burrowing suggest a causal
connection between cessation of condensation and improved seafloor
oxygenation. However, the carbonate content is considerably higher
than in the strata preceding the PETM. Excess carbonate sedimenta-
tion during the late PETM recovery has been observed in a number of
PETM sites (e.g., ODP Site 690; Röhl et al., 2000) consistent with the
suggestion of a supersaturated ocean (Farley and Eltgroth, 2003; Kelly
et al., 2005; Röhl et al., 2007). Likewise, in the southern Tethyan shelf
sections, this excess carbonate sedimentation may reflect the lower
siliciclastic input during a maximum flooding phase on the shelf (e.g.,
Speijer and Wagner, 2002).
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6. Conclusions

Our multi-proxy mineralogical–geochemical investigation of the
PETM event beds in the Dababiya Quarry revealed the following
succession of environmental changes:

(i) At the very base of the PETM event beds, the virtual absence of
carbonate and strong deprivation of REEs may indicate a brief
period of severe carbonate dissolution, possibly reflecting leach-
ingby corrosivewaters. A concurrent sharp increase in siliciclastic
detritus and peak abundances of phyllosilicates suggest deposi-
tion during low or rising sea-level and increased fluvial input. A
switch from illite-smectite to well-crystallized smectite is
consistent with erosion of low lying coastal areas. The absence
of lamination combined with absence of a pronounced organic
carbon or TE enrichmentmay reflect either the development of a
suboxic zone or OMZ expansion onto the shelf.

(ii) During the peak phase of the PETM, i.e. during the maximum
negative shift of the CIE, a short-lived period of anoxic and likely
euxinic conditions developed as indicated by an elevated organic
carbon content and the extreme enrichment in redox-sensitive
TEs and iron. The enrichment of the TEs relative to the
background Esna shale is Mo≈V≫ZnNNiNCrNCoNCu. Very
high Fe/Al, Fe/Ti, and Mo/Ti ratios and the high Fe content of this
bed indicate decoupling of the iron flux from the siliciclastic flux
during euxinic conditions in the water column. These conditions
may have resulted from rapidly rising sea level and condensa-
tion, which is evident from the increase in the relative
concentration of Si versus Al and the increase in quartz content.

(iii) Sediments from the recovery phase of the PETMare characterized
by a strong phosphate and organic carbon enrichment (up to
12 wt.% and 3 wt.%, respectively). During this phase, TEs are still
enriched, albeit at a lower level compared to the preceding phase,
indicating at intermittent (seasonal?) ventilation of the seafloor.
Finally, bioturbation resumed indicating more or less continuous
ventilation of the seafloor.

We suggest that the formation organic carbon- and phosphate-rich
sediments during the peak phase of the PETM supports current views
that shelf areas acted as large carbon and P sinks. Oxygen-deficiency
coincided with sea-level rise and was probably sustained by the
significant warming, an elevated freshwater and detrital flux, and
enhanced water column stratification.
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