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Abstract

A geochemical analysis has been conducted on twenty-six sediment samples spanning the P-E boundary inter-

val collected from the Esna Shale in three well-dated stratigraphic sections in west-central Sinai, Egypt to interpret
paleoenvironmental changes associated with the P-E boundary events. The Esna Shale consists of hemipelagic
marine shales and marls and it is subdivided stratigraphically into the uppermost Paleocene Hanadi Member uncon-
formably overlain by the lowermost Eocene Dababiya Quarry Bed (DQB) and El-Mahmiya members. A variety of
geochemical proxies including the Al-normalized elemental concentrations and redox-related elemental ratios and
parameter (V/Cr, V/V+Niand Mn¥) and productivity indicators (P4 and Bay,,) were employed for paleoceanographic
interpretations. Across the P-E transition, the concentrations of SiO,, TiO,, Al,O5 Fe,O5;, MgO, V, Cr, Ni, Cu, Rb, and

Zr notably increased, whereas the concentrations of CaO, MnO, Sr, and Zn abruptly decreased. The variation in the
elemental concentrations is attributed to the carbonate dissolution because of increased ocean acidification as well
as a brief increase in the detrital influx associated with the brief humid interval at the base of the Eocene. The Al-nor-
malized detrital-related elements (Ti, Zr, and Rb) values show a relatively homogeneous profile suggesting a uniform
detrital input from an unchanged source rock. The simultaneous significant increase in the V/Cr and V/V + Ni ratios
and enrichment of Ni, Cu, and Zn in the sediments of the DOB suggest that the depositional basin experienced dys-

during early Eocene.

oxic to slightly anoxic bottom conditions. The coeval increase in the P
gests an increase in nutrients availability and consequently primary productivity possibly due to enhanced upwelling
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and Bay,;, in the sediments of the DQB sug-
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1 Introduction

The Paleocene—Eocene boundary (P-E) interval (56 Ma
ago) known as the Paleocene—Eocene thermal maxi-
mum (PETM; Kennett and Stott 1991) is a significant
and short-lived (170 to~217 kyr; Rohl et al. 2007; Mur-
phy et al. 2010) extreme and abrupt global warming event
marked by an abrupt increase in the sea surface and

Editorial handling: W. Winkler.

*Correspondence: ighandour@kau.edu.sa

! Marine Geology Department, Faculty of Marine Science, King Abdulaziz
University, PO. Box 80200, Jeddah 21589, Saudi Arabia

Full list of author information is available at the end of the article

@ Springer Open

deep-sea temperatures by 5-8 °C and 6 °C, respectively
(Sluijs et al. 2006; Zachos et al. 2006). This event had a
profound impact on the atmospheric and oceanic circu-
lation patterns and marine and terrestrial ecosystem. The
sedimentary records across the PETM bear several litho-
logical, mineralogical, geochemical and biological criteria
explaining the environmental perturbations and ecosys-
tem readjustments associated with this dramatic climatic
warming (Gawenda et al. 1999). The most prominent
criteria of this extreme global event are: (1) a remarkable
negative (—2 to —7%o) carbon isotope excursion (CIE;
Kennett and Stott 1991; Kender et al. 2012), (2) a rise of
water salinity, (3) a drop of pH and dissolved oxygen and
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shoaling of the CCD (Sluijs et al. 2007; Zachos et al. 2008;
Westerhold et al. 2011; Keller et al. 2018), (4) extinction
of 35-50% of deep-sea benthic foraminifera (Alegret
et al. 2009), (5) turnover of planktonic foraminifera and
calcareous nannofossils (Aubry et al. 2007; Self-Trail et al.
2012; Cao et al. 2018) and (6) diversification and migra-
tion of terrestrial mammals (Bowen et al. 2002). In addi-
tion, the high abundance of kaolinite and abrupt increase
in eutrophic dinoflagellates in many shallow marine sedi-
mentary sections spanning the PETM (Bolle and Adatte
2001, Crouch et al. 2003) suggest increased precipita-
tion and runoff and enhanced marine productivity. The
mechanism(s) and consequences of the PETM global
changes has been a focus in several research efforts since
its discovery.

Several terrestrial and marine sedimentary records
spanning the PETM with characteristic carbon isotope
excursion (CIE) and distinctive lithologic and biotic fea-
tures have been documented at several localities world-
wide (Speijer and Wagner 2002; Mclnerney and Wing
2011; Palike et al. 2014; Schoon et al. 2015; Cao et al.
2018). Among of them, the Tethys is still the key region
for investigating the mechanism of P-E global change
(Gawenda et al. 1999; Soliman et al. 2011; Khozyem
et al. 2013, 2015; Stassen et al. 2012; Gavrilova et al.
2018). The most extensive and continuous sedimentary
record across the P-E boundary is documented from
the southern margin of the Tethys. This record is known
in Egypt as the Dababiya Quarry Beds (DQB) that was
first described from the Dababiya, Luxor. In 2003, the
DQB was selected as the Global Boundary Stratotype
Section and Point (GSSP) for the basal Eocene (Dupuis
et al. 2003). The DQB display distinctive lithological,
biological, mineralogical and chemical attributes. With
little variations from the type section, the DQB is recog-
nized from the Paleogene sections in west-central Sinai
(Khozyem et al. 2013; Faris et al. 2015; Obaidalla et al.
2017). Studies carried out in west-central Sinai con-
cerned mainly with foraminiferal (Obaidalla et al. 2017)
and calcareous nannoplankton (Abu Shama and Faris
2007; Faris et al. 2015) biostratigraphy. Paleoenvironmen-
tal, mineralogical and geochemical studies on the PETM
in west-central Sinai are relatively rare (Bolle et al. 2000;
Speijer and Wagner 2002; Khozyem et al. 2013).

The present study utilizes inorganic chemical composi-
tion of the P-E sedimentary record in west-central Sinai,
Egypt to (1) reconstruct paleoenvironmental changes
associated with the P—E boundary global perturbations
in southern Tethys, (2) interpret elemental enrichments
in terms of environmental response to the P-E boundary
global events and (3) correlate the findings with the pre-
vious investigations in other Tethyan margin sections.
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2 Geological background

At the end of the Paleocene, the Tethyan Ocean was an
extensive northward deepening epicontinental basin
covering most of Egypt, Israel, and Jordan. The southern
margin of the Tethys was located in the northern tropical
zone that was strongly affected by intermittent upwelling
episodes (Speijer and Wagner 2002; Schulte et al. 2011).
Many well preserved and widely distributed stratigraphic
sections in North Africa and Arabian Craton contain
biotic and geochemical evidence related with these
upwelling episodes (Almogi-Labin et al. 1993). These sec-
tions display similar and distinctive features revealing the
P—E major global changes. The most extensive and con-
tinuous P—E sedimentary records of distinctive lithologic,
biotic and chemical characteristics at the southern mar-
gin of the Tethyan seaway are widely distributed in Egypt.
In west-central Sinai, these strata are represented by con-
tinuous succession of hemipelagic sediments contain-
ing abundant and diverse microfossil assemblages (Bolle
et al. 2000; Speijer and Wagner 2002; Khozyem et al.
2013; Faris et al. 2015; Obaidalla et al. 2017).

In west-central Sinai, the P-E upper bathyal (500-
600 m water depth) grey to dark grey shales belonging
to the lower Paleogene Esna Shale are well exposed at
Wadi (W.) Matulla, W. Feiran and Gebel (G.) Mekattub
(Fig. 1). The stratigraphy of these deposits is well con-
strained subdividing the Esna Shale into three members;
the uppermost Paleocene Hanadi and the lowermost
Eocene Dababiya Quarry Bed (DQB) and El-Mahmiya.
The sediments of the Hanadi Member are dominated by
light brown to light grey massive mudstones, varying in
thickness laterally from 1.8 to 6 m because of syn-depo-
sitional faulting (Faris et al. 2015). The Dababiya Quarry
Bed (DQB) Member is a sharp-based distinctive horizon
varying in thickness from 0.5 to 0.9 m. It consists at the
base of dark grey massive shales (3—12 c¢m thick) sharply
overlain by light to medium grey silty mudstone (~ 25 cm
thick) with abundant coprolites, phosphate nodules and
fish remains. The last bed contains Chondrites trace fos-
sils (Faris et al. 2015). The upper part of the DQB con-
sists of marl bed up to 40 cm thick. The P-E boundary
is placed at the base of a dark grey shales that define
the contact between the Hanadi and Dababiya Quarry
members (Bolle et al. 2000; Speijer and Wagner 2002;
Khozyem et al. 2013). The dark grey clay layer is known
at W. Nukhul section by Khozyem et al. (2013) as con-
densed clay-rich interval. The base of dark grey shales
correlates with the base of the carbon isotope excursion
(CIE) level. This level is consistent with the base of the
Eocene Series in the Dababiya (GSSP) in Egypt (Dupuis
et al. 2003; Aubry et al. 2007). Calcareous nannofossil
biostratigraphy (Faris et al. 2015) suggests a short hia-
tus (absence of the NP9b subzone) at the P—E boundary.
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Fig. 1 Location map of the study area showing the locations of the stratigraphic sections. The stratigraphic sections and the biostratigraphic
zonation are modified after Faris et al. (2015)
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The DQB rests unconformably over the latest Paleocene
Hanadi Member with no evidence for subaerial exposure
(Schulte et al. 2011). The sediments of the Hanadi Mem-
ber were deposited during the late Eocene sea-level high
stand (HST), whereas the sediments of the DQB were
deposited during the early Eocene rapid sea-level rise
(TST) with poorly preserved lowstand deposits (Speijer
and Wagner 2002).

The paleoclimate of the P-E boundary interval in
west-central Sinai was interpreted relying on clay miner-
als analysis (Bolle et al. 2000; Khozyem et al. 2013). The
enrichment of palygorskite, sepiolite, and illite in the
sediments of pre-PETM at W. Nukhul west-central Sinai
(Khozyem et al. 2013) suggests a dominantly arid climate,
whereas the abrupt increase of the kaolinite content in
the lowermost sediments of the PETM indicates a short
period of warm humid conditions. The increase in the
smectite content in the lower Eocene sediments suggests
dominantly arid climate punctuated by short intensive
humid intervals (Khozyem et al. 2013).

3 Materials and methods

Twenty-six fresh rock samples spanning the P-E bound-
ary interval were collected from W. Matulla (9 samples),
G. Mekattub (9 samples) and W. Feiran (8 samples) west-
central Sinai (Fig. 1). Conventional XRF technique was
conducted at the Department of Geosciences, Osaka City
University, Japan to determine the chemical composition
of the sediments. Glass beads were prepared by fusing
1.8 g of dry powdered sample with 3.6 g of spectroflux
(Li,B,O, 20%, LiBO, 80%), 0.54 g of oxidant LiNOs,,
traces of Lil and 4.2 g of Li,B,O, at 800 °C for 120 s and
1200 °C for 200 s (Tawfik et al. 2017). The analysis was
carried out using a RIGAKU RIX 2100 X-ray fluores-
cence spectrometer (XRF), equipped with Rh/W dual-
anode X-ray tube under 50 kV and 50 mA accelerating
voltage and tube current, respectively. The accuracy of
the analyses was estimated to be+2-3% for major ele-
ments and+10-15% for trace elements. Precision was
measured at<0.5% for major elements and <7% for trace
elements. Total iron is introduced as Fe,Of and major
and trace elements are reported as wt% and pg/g, respec-
tively. Trace-element concentrations are normalized to
Al to correct dilution by organic matter and authigenic
minerals, to compensate the effect of mineralogy and
grain size on elemental contents and to differentiate the
detrital, biogenic and authigenic origin of the elements
(e.g., Riquier et al. 2006; Soua et al. 2011; Khozyem et al.
2015). The enrichment factor (EF) of the environmentally
significant elements is determined (Algeo and Maynard
2004; Rimmer 2004) by normalizing the element against
the average shale composition (Li and Schoonmaker
2003). The palaeoenvironmental conditions during the
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P-E boundary interval is evaluated using elemental ratios
indicative of detrital input (Ti/Al, Rb/Al and Zr/Al), pro-
ductivity-related elements and ratios (P,,, and Ba;,, Ni/
Al, Cu/Al and Zn/Al), redox-sensitive elemental proxies
(Mn*, V/Cr and V/V + Ni).

4 Results

The range and mean values of major oxides and trace ele-
ments of the sediments of the P-E boundary interval in
west-central Sinai, Egypt are shown in Table 1. The chem-
ical composition of the DQB differs remarkably from the
composition of the underlying and overlying Hanadi and
El-Mahmiya members, respectively.

4.1 Major elements

The concentrations of SiO,, Al,O; and CaO contents
that constitute the main sediment components: quartz
and/or biogenic silica, phyllosilicates, and carbon-
ates, respectively exhibit abrupt changes across the P—E
boundary transition. The sediments of the DQB at W.
Feiran, G. Mekattub, and W. Matulla show a wide range
of SiO, concentrations 8.82-54.84% (mean 26.98%),
8.42-53.76% (mean 30.93%) and 16.8-57.4% (mean
32.26%), respectively. Similarly, the concentration ranges
of CaO (3.13-61.71, 6.94-76.83 and 3.82-54.85%) and
AlL,O; (2.56-20.37, 2.38-17.12 and 4.46-19.35%) in
the sediments of the DQB at W. Feiran, G. Mekattub,
and W. Matulla, respectively (Table 1). The concentra-
tions of P,O; varied laterally and vertically. Except for
the W. Feiran section, the sediments of the DQB yielded
the highest average concentrations of P,Og; 3.2% for G.
Mekattub and 3.06% for W. Matulla. The average con-
centration of P,O; in the sediments of the DQB at W.
Feiran section was 0.84%. A peak of 6.03% and two peaks
5.7 and 5.8% of P,O; concentrations were documented
from the DQB at W. Matulla and G. Mekattub sections,
respectively. The average concentrations of SiO, in the
sediments of the Hanadi Member at W. Feiran, G. Mekat-
tub, and W. Matulla are 39.19, 35.58 and 39.5%, respec-
tively, whereas the concentration ranges of SiO, in the
sediments of the El-Mahmiya Member are 33.56-38.75,
33.74-37.22 and 14.15-21%, respectively. The next most
abundant major oxides include Fe,O; (1.46-10.75%),
MgO (1.36-4.89%) and P,0O; (0.43-6.09%), whereas
the concentrations of TiO, and MnO are generally low
(<1.07%) (Table 1).

Across the P-E transition, concentrations of SiO,, Ti
0O,, Al,O,4 Fe,O, and MgO are notably increased, and in
contrast, the concentrations of CaO abruptly decreased.
The sediments of W. Feiran, G. Mekattub, and W. Matulla
showed abrupt increase of SiO2 across the P-E bound-
ary from 39.03 to 54.84, 31.29 to 53.67 and from 43.06 to
57.4%, respectively. Similarly, they show abrupt increase
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Table 1 The ranges and means of elemental concentrations of the Paleocene-Eocene sediments, West Central Sinai,

Egypt
W. Feiran G. Mekattub W. Matulla
Hanadi DQB El-Mahmiya Hanadi DQB El-Mahmiya Hanadi DQB El-Mahmiya
SiO,% 39.03-3935 8.82-54.84 33.56-38.75  31.29-39.87  842-53.67 33.74-37.22  32.12-4335 168-574 14.15-21
(39.19) (26.98) (3542) (35.58) (30.93) (35.5) (39.5) (32.26) (17.57)
TiO,% 0.5-0.51 0.11-1.07 0.37-0.49 0.36-047 0.1-0.79 0.37-047 0.35-0.55 0.23-0.93 0.14-0.24
(0.51) (0.47) (0.45) (0.415) (0.39) (0.42) (0.48) (0.46) (0.19)
AlLO3% 12.25-1226  2.56-20.37 11.76-1408  8.84-11.32 2.38-17.12 11.48-1343  849-1292 4.46-19.35 291-4.64
(12.26) (9.05) (129 (10.08) (8.63) (12.5) (11.42) (9.56) (3.78)
'Fe,0;%  4.01-4.04 146-447 3.96-4.61 3.12-3.89 2.5-10.75 4.27-436 2.92-4.89 2.54-6.26 2.61-644
(4.03) (3.25) (4.35) (3.5) 63) 4.32) (3.96) (4.57) (4.53)
MnO% 0.05-0.06 0.01-0.26 0.16-0.19 0.07-0.12 0.02-0.35 0.18-0.19 0.11-0.2 0.02-0.13 0.14-0.16
(0.06) (0.012) (0.17) (0.095) (0.13) (0.185) (0.14) (0.08) (0.15)
MgQO9% 4.22-4.64 1.45-4.38 2.93-3.74 3.07-4.55 1.36-4.89 3.18-3.64 2.91-4.03 1.51-4.55 1.8-2.35(2.08)
(4.43) (2.49) (3.36) (3.81) (2.86) (341) (3.62) (2.75)
Ca0% 26.71-3036  3.13-61.71 3233-4062  33.68-46.82  6.94-76.83 36.52-44.27  28.86-47.44  3.82-54.85 48.12-56.7
(28.54) (39.57) (37.21) (40.25) (35.95) (40.4) (35.47) (35.84) (52.4)
Na,0% 0.15-1.91 6.73-6.37 0.33-2.64 047-0.84 0.34-29(1.2) 0.59-0.86 1.02-2.01 0.29-3.66 1.41-6.26
(1.03) (6.37) (1.37) (0.66) (0.73) (1.51) (1.65) (3.84)
K,0% 0.44-0.7 0.01-1.65 0.24-0.38 0.2-0.29 0-161(0.81) 0.35-06 0.22-0.75 0.15-1.94 0.53-0.85
(0.57) (0.56) (0.3) (0.25) (0.48) (0.51) (0.68) (0.69)
P,05% 1.66-1.76 0.76-0.96 0.57-0.82 1.59-1.77 0.62-5.77 0.54-0.75 0.7-1.27 1.05-6.03 043-1(0.72)
(1.77) (0.84) (0.67) (1.68) (3.2) (0.65) (1.07) (3.06)
LOI% 53-76(645) 1.7-212 24-37((32) 27-28(75) 3.2-134 0.3-1.8(1.05) 1-2.3(1.53) 1.1-22.7 4.8-20.6 (12.7)
(1343) (8.52) (8.35)
V(ug/g)  233-250 135-480 174-222 185-205 117-8993 214-216 158-244 308-7520 193-456 (325)
(241.5) (346.3) (203) (195) (3014) (215) (209) (3638)
Cr(ug/g)  196-199 49-372 127-130 151-177 54-2039 127-129 127-223 289-2351 204-306 (255)
(197.5) (225.7) (128.3) (164) (996) (128) (190) (1402)
Ni(ug/g) 263-273 72-574(372) 223-322 230-255 128-2728 271-309 187-318 460-1788 305-458 (382)
(268) (257) (243) (1581) (290) (263) (1223)
Cu(ug/g) 22-34(28) 26-108 (67)  15-25(20) 17-17(17) 31-350(175) 34-39(37) 26-53 (40) 125-344 86-89 (88)
(245)
Zn (ug/g) 247-267 91-675(288)  239-310 237-243 139-2006 307-332 205-529 289-1874 388-1029
(257) (276) (240) (1034) (320 (389) (1129) (709)
Rb (ug/g)  16-24 (20) 9-51(23) 16-18(17) 15-16 (155)  11-58 (31) 23-24(24) 16-24(19) 10-69 (27) 19-24(22)
Sr(ug/g)  1060-1197 288-1849 1023-1218 1350-1419 477-1367 1142-1238 913-1391 319-2053 1448-1931
(1129) (1132) (1136) (1384) (1071) (1190) (1082) (1442) (1690)
Y (Hg/9) 136-149 48-86 (62) 41-61 (51) 131-133 51-174(133) 47-60 (54) 71-141(117)  111-139 31-63 (47)
(143) (132) (127)
Zr(pg/g)  123-128 46-237(118)  89-102(95)  100-109 48-180(117) 92-103(98)  95-138(123) 74-207(129) 54-82(68)
(126) (105)
Nb (ug/g) 11-11(11) 4-24(11.3) 10-14(13) 8-9(8.5) 3-16 (40) 11-15(13) 10-13(11.67) 3-21(9) 5-6(5.5)
Ba (ug/g) 7046-7488 2329-24,947  4674-4974 5589-5694 68-3619 119-3742 135-7835 153-27,607  93-130(112)
(7267) (13901) (4850) (5642) (829) (1931) (2702) (7037)

in the concentrations of TiO, from 0.5 to 1.07, from 0.36
to 0.79 and from 0.55 to 0.93%, respectively as well as for
Al,O; from 12.25 to 20.37, from 8.84 to 17.12 and from
12.86 to 19.35%, respectively. The concentrations of CaO
sharply decreased at the P-E transition from 26.71 to
3.13, 46.82 to 6.94 and from 28.86 to 3.82% in the sedi-
ments of W. Feiran, G. Mekattub, and W. Matulla sec-

tions, respectively (Table 1).

The Si/Al (2.3-4.3) and Ti/Al (0.036-0.058) are rela-
tively homogeneous. The Al-normalized Ti profile shows
a slight increase in the sediments of the DQB (Fig. 2).
The Ti/Al ratios range between 0.046 and 0.049 for the
sediments of the Hanadi Member, between 0.045 and
0.058 for the DQB and between 0.036 and 0.058 for the
sediments of El-Mahmiya Member. The Al-normalized
Mn, Mg and Ca values show a similar profile with sharp
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peak in the upper part of the DQB at W. Feiran and G.
Mekattub sections. The values of P/Al ratio of the DQB
are higher than their counterparts in the sediments of
the Hanadi and El-Mahmiya sections. The values of P/
Al ratio varied in the sediments of DQB from 0.19 to
1.12, whereas the values P/Al ratio in the sediments of
the Hanadi and El-Mahmiya are generally less than 0.2
(Fig. 2).

4.2 Trace elements

Similar to major oxides, the concentrations of trace ele-
ments (TE) differed across the P—E boundary; some trace
elements (V, Cr, Ni, Cu, Rb, Zr, and Nb) abruptly increased,
while others (Zn and Sr) decreased. Trace elements are
highly enriched and display wide range of concentrations

in the sediments of the DQB comparing to the sediments
of the Hanadi and El-Mahmiya members (Table 1). The
concentrations of V in the sediments of the DQB fluctu-
ate between 135 and 480 (mean 346 pg/g), 117 and 8993
(mean; 3014 pg/g) and between 308 and 7520 (mean
3683 pg/g) at W. Feiran, G. Mekattub and W. Matulla sec-
tions, respectively (Table 1). At W. Feiran, G. Mekattub
and W. Matulla sections, the average concentrations of
V in sediments of the Hanadi Member are 242, 195 and
209 pg/g, respectively, whereas its average concentrations
in the sediments of El-Mahmiya are 203, 215 and 325 pg/g,
respectively. An abrupt increase in the concentrations of V
(from 250 to 424, 185 to 469 and 244 to 308 pg/g), Cr (from
196 to 256, 151 to 291 and 223 to 289 ug/g), Ni (263 to 470,
230 to 586 and 318 to 460 pg/g) and Cu (34 to 67, 17 to 90
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and 41 to 155 pg/g) are documented across the P-E tran-
sition at W. Feiran, G. Mekattub and W. Matulla sections,
respectively.

The vertical distribution of Al-normalized trace elements
(TE) is shown in Fig. (2). The detrital related trace elements
(Zr, Rb, and Nb) show a relatively uniform and narrow
ranges; Zr/Al (14-38 x 10™%), Nb/Al (1-4 x 10~%) and Rb/
Al (2-16 x107%. In the studied sections, the Al-normal-
ized ratios of the redox-sensitive elements (V, Cr, Ni, Cu,
and Zn) are generally high and variable within the DQB
but are generally low and notably uniform in the sediments
of the Hanadi and El-Mahmiya members. The ranges
of V/Al, Cr/Al, Ni/Al, and Zn/Al in the sediments of the
DQB at W. Feiran, G. Mekattub, and W. Matulla sections
are 30-1825x107%, 28-539x 107, 19-700x10™* and
22-940 x 107, respectively (Table 2). In the samples of the
Hanadi and El-Mahmiya members, the Al-normalized Cu
showed distinct low ratios (2-8 x 10~%). However, relatively
high Cu/Al ratios (36-56 x 10™%) were recorded for the
samples of El-Mahmiya Member at W. Matulla. The values
of the Al-normalized Cu in the sediments of the DQB are
high (35-106 x 10™%). The Al-normalized Ba values in the
sediments of W. Feiran section are generally higher than
that in the other two sections. Their ranges in the sedi-
ments of the Hanadi, DQB and El-Mahmiya members at W.
Feiran section are 10871154 x 10™%, 6385-10,660 x 10™*
and 627-799 x 107%, respectively (Table 2). The values
of Ba/Al ratio in the sediments of DQB and El-Mahmiya
members at section G. Mekattub are 31-400 x 10~* and
20-526 x 107%, respectively, whereas their ranges at W.
Matulla are 15-11,693 x 10~* and 53-60 x 10™%, respec-
tively (Table 2).

4.3 Enrichment factors (EF)

The degree of enrichment of the environmentally sensitive
major and trace elements (Mn, P, V, Cr, Ni, Cu, Zn and Ba)
is determined using enrichment factor (EF; Calvert and
Pedersen 1993; Arnaboldi and Meyers 2003; Rimmer 2004;
Soliman et al. 2011). It is estimated by normalizing the con-
centration of the element (X) relative to Al in the sediments
and comparing these ratios to the same ratio in average
shale. The enrichment factor is determined using the aver-
age shale of Li and Schoonmaker (2003) as follows:

EF = (X/Alsample/X/Alshale)-

The major and trace elements of the studied sediments
show different levels of enrichment. Of particular note
are the wide variation of the EF for V, Cr, Ni, Cu, and Zn.

The sediments of the DQB exhibit a wide range of EF
values, but some samples are highly enriched in V, Cr, Ni,
Cu and Zn (2-124 fold). At W. Matulla, the ranges of the
EF values of V, Cr, Ni, Cu and Zn in the sediments of the
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DQB are 2-116, 3-53, 8-91, 7-21 and 3-53 (Fig. 3 and
Table 3). The enrichment factor values of V, Cr, Ni, Cu
and Zn range in the sediments of the DQB at G. Mekat-
tub section from 4 to 124, 3 to 41, 11 to 123, 2 to 15 and
2 to 56, respectively and at W. Feiran section vary from
3 to 15,2 to 16, 8 to 45, 1 to 10 and 1 to 28, respectively
(Fig. 3 and Table 3). The values of the enrichment factor
for Mn are slightly low but highly variable varying from
0.05 to 23. The lowest EF values for Mn (0.05, 0.16 and
0.13) were obtained from the dark grey shale layer at the
base of the DQB at W. Feiran, G. Mekattub and W. Mat-
ulla sections, respectively (Fig. 3).

The enrichment factor values of Ba and P varied
remarkably in the studied sections. The highest enrich-
ment factor values of Ba were recorded generally in the
sediments of the DQB at W. Feiran (162 and 170) and
W. Matulla (177) sections, whereas the sediments of the
DQB at G. Mekattub section are highly depleted in Ba
(EF<1). The sediments of the DQB display moderate to
high EF values of P at W. Matulla (6-140), G. Mekattub
(11-93) and W. Feiran (5-31). Similarly, the EF values for
P in the sediments of the Hanadi Member vary from 9 to
10, 16 to 19 and 14 to 15 at W. Matulla, G. Mekattub and
W. Feiran sections, respectively, whereas they vary in the
sediments of El-Mahmiya Member from 15 to 22, 4 to 7
and 5 to 7, respectively (Table 3).

Generally, the EF, values are relatively high in the
sediments of the DQB comparing to the underlying and
overlying sediments. However, the dark grey shales at
the base of the DQB are highly depleted in P (Fig. 3 and
Table 3). The EF}, values are higher at W. Matulla and G.
Mekattub sections than at W. Feiran section (Fig. 3). The
Ba is highly depleted in the sediments of the P-E bound-
ary. However, a single peak (EFp,=177) was recorded
from the DQB sediments at W. Matulla section and two
successive samples from the DQB at W. Feiran section
show EFg, of 162 and 170 (Table 3).

4.4 Redox proxies

The redox-sensitive trace elements (e.g. V, Cr, Ni, Cu,
and Zn) behave differently under different redox con-
ditions and they are enriched under anoxic (oxygen-
free) sediment pore and bottom water conditions.
The enrichment of the redox-sensitive trace elements
(V, Cr, Ni, Cu, and Zn) and their ratios (V/Cr and
V/V +Ni) in marine sediments can be utilized to infer
paleoredox conditions (Algeo and Maynard 2004; Tri-
bovillard et al. 2006; Fu et al. 2014). Values of V/Cr
ratios < 2 indicate oxic conditions, from 2 to 4.25 indi-
cate dysoxic and >4.25 show suboxic to anoxic. On the
other hand, values of V/(V +Ni) ratio<0.46 indicate
oxic conditions, 0.46—0.60 dysoxic and greater than 0.6
anoxic. The V/Cr ratio is the sediments of the Hanadi
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Fig. 3 Vertical profile of the enrichment factor values for some environmentally significant elements in the Paleocene—Eocene sediments, West
Central Sinai, Egypt. Note the sediments of the DQB except for the dark grey shales at the base at W. Matulla and G. Mekattub are highly enriched
in PV, Cr, Ni and Zn (EF > 10). The EF values for P and Ba display vertical distribution pattern. The lithostratigraphic units and calcareous nannofossil

and El-Mahmiya members are generally<2 and the
V/V+Ni ratio are generally <0.5. The highest values
of the V/Cr and V/V + Ni ratios were obtained from
the same level in the sediments of the DQB (Table 3,
Fig. 4). The V/Cr ratio varies in the sediments of the
DQB from 1.29 to 2.76, from 1.38 to 4.41 and from 1.07
to 3.2 at W. Feiran, G. Mekattub and W. Matulla sec-
tions, respectively. Similarly, the range of the V/V + Ni
ratios in the DQB at W. Feiran, G. Mekattub and W.
Matulla sections are 0.46-0.65, 0.44—0.77 and 0.4-0.81,
respectively (Table 3).

Another parameter that has been used as redox
indicator is the Mn* (Cullers 2002). It is calculated as
follows:

Mnx = 10g [(Mnsample/Mnshale) /Fesample/Feshale)]

The negative values indicate sub-oxic to anoxic bot-
tom conditions, whereas positive Mn* values indicate
deposition under oxic and/or nearly suboxic condi-
tions (Cullers 2002). The Mn* value varies in the three
sections respectively from 0.81 to 0.93, 1.03 to 1.35
and 1.12 to 1.58. The minimum values (0.16, 0.26 and
0.25) were recorded from the dark grey shale at the
base of the Eocene strata (the dissolution interval
in the description of Khozyem et al. 2013) (Table 3,
Fig. 4). Under low oxygen depositional conditions, Mn
is depleted, whereas values close to average shale or
slightly above are common deposited under oxic con-
ditions (Brumsack 2006). Relatively low values of Mn/
Al indicate sediment pore waters were suboxic for most
of the deposition of both successions (Atar et al. 2019).
The occasional enrichments of Mn in some samples of
the DQB sediments at W. Feiran and G. Mekattub indi-
cate oxic bottom water conditions.
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Table 3 The values of enrichment factors of the environmentally related elements, redox-sensitive elemental ratios
and parameter and the concentrations of the productivity-related elements

Enrichment factors

Redox proxies Productivity proxies

EF Mn EF P EFV EFCr EFNi EF Cu EF Zn EFBa V/Cr V/(V+Ni) Mn* Porg%  Babio (ug/g)
Mt-9 7.17 15.24 849 12.97 3490 10.94 2337 092 0.95 0.39 147 0.17 —-22
Mt-8 5.28 22.31 12.58 12.19 32.85 7.09 38.85 0.80 1.49 0.50 1.14 042 —54
Mt-7 1.72 28.50 116.35 5254 7193 13.32 3282 0.62 3.20 0.81 1.10 0.96 —150
Mt-6 3.22 48.95 7868 5269 91.10 2069 53.39 0.97 2.16 0.69 1.06 1.24 —36
Mt-5 261 140.20 8438 5032 7156 17.64 3143 177 242 0.75 1.22 261 27,430
Mt-4 0.13 5.64 2.04 2.76 791 2.39 261 0.23 1.07 0.40 0.25 0.38 —615
Mt-3 1.35 10.24 243 3.20 8.22 1.18 7.20 0.31 1.09 043 1.12 0.50 —374
Mt-2 1.46 10.04 2.23 3.16 731 1.52 5.87 0.30 1.02 044 1.23 049 —378
Mt-1 3.56 852 2.38 2.76 7.33 1.13 423 27 1.24 046 1.58 0.27 7498
Mk-9 2.16 4.19 2.06 1.75 6.71 094 4.00 7.99 1.70 0.44 1.40 0.18 3209
Mk-8 242 6.78 2.38 2.08 8.95 1.26 5.06 0.30 1.66 041 137 0.28 —337
Mk-7 2246 27.20 6.30 4.20 1791 4.82 10.24 0.82 217 048 1.89 0.26 —26
Mk-6 1.86 2440 12352 4045 9742 13.89 29.75 0.46 441 0.77 1.07 0.92 —219
Mk-5 2.05 92.85 7814 4121 123.18 14.89 55.70 0.63 2.74 0.62 0.80 244 —111
Mk-4 1.89 74.29 2610  27.28 87.92 6.93 27.11 0.60 1.38 044 0.71 248 —152
Mk-3 0.16 1141 3.50 3.14 11.38 1.94 2.01 6 1.61 044 0.26 0.75 2940
Mk-2 2.13 18.63 2.68 3.15 8.65 0.71 4.69 19 123 045 1.35 0.66 5343
Mk-1 1.00 16.24 232 2.89 749 0.56 376 14 1.16 045 1.03 0.73 5140
Fr-8 2.23 4.60 1.73 1.87 5.84 043 3.25 1 1.34 044 1.37 0.20 4390
Fr-7 1.73 4.61 202 1.67 7.60 0.66 3.85 10 1.75 041 1.29 0.22 4115
Fr-6 2.10 7.21 2.32 2.01 6.31 0.63 415 12 1.66 049 1.36 0.31 4507
Fr-5 15.57 30.84 6.75 3.54 9.36 3.76 6.64 162 2.76 0.65 2.00 032 14,325
Fr-4 303 19.52 14.58 16.33 4535 9.48 28.07 170 1.29 046 048 0.92 24,795
Fr-3 0.05 4.89 2.66 2.32 767 1.22 0.78 3 1.66 047 0.16 1.50 2067
Fr-2 0.58 14.01 261 296 7.14 1.03 524 17 1.28 049 0.81 0.67 6560
Fr-1 0.77 14.90 243 3.00 740 0.66 4.95 18 1.17 0.46 0.93 0.72 7001

4.5 Productivity proxies

A variety of geochemical proxies have been utilized
to reconstruct paleoproductivity, among of them, the
organically derived phosphorus (P,,,) and biogenic bar-
ium (Bay;,) are the most widely used (Brumsack 2006;
Algeo and Ingall 2007; Schoepfer et al. 2015). Infer-
ences concerning paleoproductivity are commonly
based on variations in the fluxes rather than absolute/
total concentration data (e.g., Algeo et al. 2011; Schoe-
pfer et al. 2015 and references therein). Under condi-
tions favoring their preservation, the fluxes of P, and
Bay,, (or authigenic barite) may serve mutually or indi-
vidually as proxies for productivity (Paytan and Griffith
2007; Schoepfer et al. 2015). The organic phosphorus
fluxes (P,,,) rather than total phosphorus (P or Py,,) is
estimated as follows:

[Porg} = [Pt0t~] - [Al] X [P/Al]det'

The detrital (P/Al)4,, ratio of 0.0087 is assumed based
on the average P and Al concentrations of the upper con-
tinental crust (McLennan 2001).

The values of P,,, varied in the sediments of the DQB
from 0.38 to 2.61%, 0.75 to 2.48 and 0.31 to 1.5% at W.
Matulla, G. Mekattub and W. Feiran sections, respec-
tively (Table 3). The values of P, in the sediments of
the Hanadi and El-Mahmiya vary generally from 0.17 to
0.73% (Table 3, Fig. 4). The high values of EF;, in the sedi-
ments of the DQB are consistent with the enrichment of
these strata with phosphatic nodules and fish remains
(Faris et al. 2015).

On the other hands, the biogenic Ba (Bay,) that
includes all non-detrital Ba was determined as follows:

[Bapio] = [Batot] — [Al] x [Ba/Al]ge

The (Ba/Al)y, ratio of crustal composition that ranges
from 0.005 to 0.010 (e.g., Taylor and McLennan 1985) is
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Fig. 4 Vertical variation in the redox proxies (V/Cr, V/V + Niand Mn*) and the concentrations of productivity proxies (P,,,. and B,;,). The vertical

org*

variations in V/Cr and V/V + Ni reveal that the DQB sediments were deposited under dysoxic to anoxic bottom conditions. The positive excursion
immediately above the dark grey shales demarcating the P-E boundary suggests increased primary productivity. The lithostratigraphic

used. Negative Ba,;, values may suggest that the Ba in the
sediments are generally of detrital origin.

The values of biogenic Ba (Bay;,) are generally high in
the sediments of the W. Feiran section. It covers a wide
range 4115-24,759 ug/g, whereas the majority of sam-
ples from G. Mekattub and W. Matulla sections are rep-
resented by non-biogenic Ba (Table 3). The sediments

of the Hanadi and the basal part of the DQB display
Ba;,, concentrations ranging from 2940 to 5434 pg/g
and a single peak of Bay;, (27,430 ug/g) was recorded
from the DQB at W. Matulla section (Fig. 4). The wide
variability of Ba,;, content indicates that a considerable
part of the Ba,,, is composed of biogenic barium (Bay;,),
confirming that some intervals experienced high pro-
ductivity (Table 3).
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The Al-normalized Cu, Ni, and Zn, which are strongly
related to organic matter, show low values in the sedi-
ments of the Hanadi and El-Mahmiya members compar-
ing to the sediments of the DQB (Table 2, Fig. 2). Below
the P-E boundary, the average values of Al-normalized
Ni, Cu and Zn are 41, 4 and 55 x 10~* at W. Feiran sec-
tion, 46, 3 and 46 x 10~ * at G. Mekattub and 43, 7 and 62
x 10~* at W. Matulla section. Immediately above the P—E
boundary, the Ni/Al, Cu/Al, and Zn/Al values varied dra-
matically among the studied sections. Cu/Al values sud-
denly increased at the studied section with the highest
values recorded from W. Feiran. Across the P-E bound-
ary Ni/Al and Zn/Al increased abruptly at W. Feiran sec-
tion, Zn/Al suddenly decreased at G. Mekattub and W.
Matulla sections associated with no remarkable varia-
tions in the Ni/Al value. Above the P-E boundary in the
sediments of the DQB all productivity-sensitive elements
are highly enriched. At W. Feiran, G. Mekattub and W.
Matulla sections, the ranges of Ni/Al (351-503, 499-700
and 407-518 x 107% respectively), Cu/Al (39-81, 35-76
and 68-106 x 107%, respectively) and Zn/Al (723-940,
293-601 and 339-576 x 10~*% respectively) show notable
enrichment in the sediments of the DQB. The sediments
of the EI-Mahmiya Member show a relatively similar Ni/
Al, Cu/Al, and Zn/Al values to that of the Hanadi Mem-
ber at W. Feiran and G. Mekattub sections, whereas
the values at W. Matulla section are remarkably higher
(Table 2).

5 Discussion

In the present study, the geochemical data of the P-E
hemipelagic marine sediments in west-central Sinai is of
special interest to interpret the environmental response
to the PETM global changes in the southern Tethyan
region. The geochemical characterization of the P-E
sediments shows that the sediments comprise mainly of
admixture of detrital siliciclastic and calcareous biog-
enous components. In a context of relatively uniform and
small variability in the terrigenous related elements, the
uniform and relatively limited range of the Al-normal-
ized Si, Ti, Zr, Rb and Nb values suggest that the source
rock composition remained unchanged during the P-E
boundary interval. The dominantly homogenous fine-
grained sediments minimize the effect of hydraulic sort-
ing on sediment composition. Therefore, the elemental
enrichment/depletion across the P-E boundary is possi-
bly related to changes in environmental parameters, par-
ticularly bioproductivity and bottom redox conditions.
The abrupt increase in the concentrations of major oxides
(8i0,, TiO, and Al,O;) and the coeval depletion in the
CaO concentration across the P-E transition are attrib-
uted to the CaCOj, dissolution due to increased oceanic
acidity (Zachos et al. 2005).

I. M. Ghandour

In sediments deposited under such extreme conditions,
redox-sensitive trace elements may be strongly enriched
(by factors of >100) in comparison to the average marine
shale (Mirz et al. 2008). The Al-normalized redox-sen-
sitive elements (V, Cr, Ni, Cu, and Zn), the ratios (V/Cr
and V/V+Ni) and the Mn* values display a relatively
similar profile with the absence of significant oscillation
throughout the Hanadi and El-Mahmiya members. An
interval in the DQB show an extreme elemental enrich-
ment (particularly for V, Ni, Cu and Zn), reflecting a brief
period of fully dysoxic to fully anoxic bottom conditions
(Algeo and Maynard 2004). Finally, elemental enrichment
factors drop to or near the background values within El-
Mahmiya Member sediments, suggesting that normal
oxygenation like before the PETM was restored. These
proxies suggest dominantly oxic to slightly dysoxic bot-
tom conditions. In contrast, these proxies are highly
fluctuated in the sediments of the DQB from dysoxic to
anoxic and rarely oxic conditions. There is a slight contra-
diction among these proxies (Figs. 4 and 5). This contra-
diction is recorded by Khozyem et al. (2013; Fig. 7). The
lowest Mn* and EF,,,, values were recorded from the dark
grey shales at the base of the DQB. The low values are
attributed to the removal and diffusion of Mn from sedi-
ments to water column under strongly oxygen-depleted
bottom waters (Bruland 1983; Cullers 2002; Tribovillard
et al. 2006). However, this suggestion contradicts with the
corresponding low values of V/Cr and V/V+Ni ratios
that show dominantly oxic bottom conditions. The rest
of samples show relatively high Mn* values indicating
deposition under conditions that are more oxic and this
assumption contradicts the dysoxic to anoxic inference
by the relatively high values of V/Cr and V/V + Ni ratios.
The dark grey shales at the base of the DQB (the con-
densed clay interval; Khozyem et al. 2013) correspond to
a sudden drop in the CaO concentration, possibly corre-
lated with the CaCOj, dissolution interval (Khozyem et al.
2013). The positive correlation between MnO and CaO
(r=0.8) suggests that the Mn resides in the carbonate
phase, most likely as Mn coatings (Thurow et al. 1992).
Therefore, the distribution of Mn in the P-E sediments
is primarily controlled by the carbonate content rather
than redox conditions. Under oxic—dysoxic conditions,
Ni and Cu are deposited mainly in association with the
detrital fraction, whereas under anoxic conditions, they
are deposited mainly in the form of organometallic com-
plexes. (Tribovillard et al. 2006). Enrichments of redox-
sensitive trace elements (V, Cr, Ni, Cu, and Zn) compared
to the average shale level within the DQB indicate that
pore- and bottom-water was occasionally sub-oxic to
anoxic.

Geochemical and micropaleontological data of sev-
eral sections spanning the PETM in the Peri-Tethys
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Fig. 5 The relationship between the redox proxies (V/Cr and
V/V + Ni) in the Paleocene-Eocene sediments, West Central Sinai,
Egypt. a W. Matulla, b G. Mekattub and ¢ W. Feiran sections. Note
the sediments of the DQB were deposited under dysoxic to anoxic
bottom conditions

regions characterizing anoxic bottom conditions were
recognized from Crimea and Uzbekistan (Gavrilova
et al. 2018) and Egypt (Speijer et al. 1997; Speijer
and Wagner 2002; Soliman 2003; Soliman et al. 2011;
Schulte et al. 2011; Khozyem et al. 2013, 2015). A sin-
gle anoxic event spanning the PETM was recorded at G.
Qrieya (Soliman 2003), Dababiya GSSP (Schulte et al.
2011) and W. Nukhul (Khozyem et al. 2013). Khozyem
et al. (2015) recognized two anoxic events demarcated
by negative Ce-anomalies at Dababiya GSSP and asso-
ciated with enrichment of redox-sensitive elements
and the formation of idiomorphic and framboidal
pyrite. The development of bottom anoxicity during
the PETM was attributed to: (1) the inflow of poorly
oxygenated intermediate water into the epicontinen-
tal circulation combined with enhanced upwelling and
increased primary productivity (Speijer and Wagner
2002), (2) water-column salinity/temperature stratifica-
tion and eutrophication (Schulte et al. 2011; Khozyem
et al. 2015) and (3) increased ocean acidification due to
methane hydrate release (Khozyem et al. 2015). Water
column stratification prevented light penetration and
water ventilation and increased surface water produc-
tivity and organic matter influx to the seafloor, which in
turn led to consumption of bottom oxygen by bacteria
(Schulte et al. 2011; Khozyem et al. 2015). Fluctuations
between anoxic and suboxic or dysoxic bottom waters
were inferred by trace fossils (Faris et al. 2015) and
by the benthic foraminiferal records in the DQB sedi-
ments (Speijer and Wagner 2002).

The contents and the vertical trends of P,,, and Bay,,
across the P—E boundary vary among the studied sec-
tions and show inconsistent relationship suggesting a
local influence on the behaviour of the two elements. The
occasional high positive excursion of Bay;, (up to 2.7%)
in the sediments of the DQB at W. Feiran and W. Mat-
ulla sections compared with the concentration in average
shale (0.058%) possibly indicate increased organic pro-
ductivity during the earliest Eocene in west-central Sinai.
This scenario is supported by increased nutrient sup-
ply through coeval enrichment of P, (up to 2.6%). The
relatively high P, content in the basal sediments of the
DQB coincides with the low Mn* value suggesting that
bottom condition was not anoxic (Fig. 4). Phosphate (P)
is generally depleted under anoxic condition because it is
easily remobilized from the sediments and diffuses back
to water column. The negative correlation with detrital-
related elements (Ti and Zr) suggests that the coeval
enrichment of the Ni, Cu, and Zn in the sediments of the
DQB further supports enhanced primary productivity
during earliest Eocene through the formation of organo-
metallic complexation with organic matter and/or the
removal of surface waters by plankton growth.
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Several micropaleontological and geochemical prox-
ies at several oceanic sites support the idea of increased
upwelling and fluxes of nutrients enhanced primary pro-
ductivity during the PETM (Schmitz et al. 1997a, b; Bains
et al. 2000; Crouch et al. 2003). The abundance of tiny
biogenic barite crystals (up to tens of microns) and opal-
CT within the P-E boundary sediments at W. Matulla
and Abu-Zenima suggests enhanced primary productiv-
ity (Bolle et al. 2000). At the Dababiya (GSSP), the occur-
rence of pyrite, barite, phosphate concretions, high TOC
combined with enrichment of the productivity-related
elements (P, Zn, and V) in the sediments of the PETM
suggest increased primary productivity (Soliman et al.
2011; Khozyem et al. 2015). Enhanced productivity was
attributed to an increase in the input of detrital miner-
als and organic matter (i.e., fossilized wood; Dupuis et al.
2003) to the shallow zones of the southern Tethyan mar-
gin basin. The complex mixture of clay minerals recorded
at the Dababiya (Bolle et al. 2000; Schulte et al. 2011; Soli-
man et al. 2011; Khozyem et al. 2015) suggests that inten-
sive chemical weathering and erosion of sources on the
continent by the late Paleocene-Early Eocene sea-level and
climate changes (Dupuis et al. 2003). The Early Eocene cli-
mate models suggested that the Tethyan southern mar-
gin has been affected by intermittent upwelling episodes
initiated by increased atmospheric contrast between
the arid, sub-tropical coastal zone and the humid, tropi-
cal continent intensifying the off-shore directed Ekman
transportation (Speijer and Wagner 2002). The presence
of condensed phosphate in the middle part of the DQB is
consistent with upwelling activity (Bolle et al. 2000).

Bottom-water redox condition exerts a strong influ-
ence on the accumulation of productivity-sensitive ele-
ments and there is interplay between productivity and
bottom redox conditions (Tribovillard et al. 2006). Under
reducing conditions, the burial fluxes of P ., and Bay,
are diminished owing to the reductive dissolution of
Mn-Fe-oxyhydroxide particles, thus releasing adsorbed
P, and barite crystals, releasing Ba (Tyson 2005), whereas
oxidizing conditions facilitate the preservation of P,
and Ba,,;, within the sediments. At G. Mekattub (sample
Mk-5), a coeval positive excursion in P, EFp, V/Cr, and
V/V +Ni. Similarly, at W. Matulla section, sample Mt-5
displays high values of EF;, and EFy,, P, and Bay,, con-
tent corresponding to relatively high values of V/Cr and
V/V +Ni. The dysoxic to slightly anoxic bottom condi-
tions were not severe enough to fully release the P and Ba
from sediments. Some of the released P and Ba are possi-
bly retained in the sediment and ultimately incorporated
into authigenic P- and Ba-bearing mineral phases. High
P accumulation rates during the Cenomanian—Turonian
oceanic anoxic event (OAE2) was associated with high
organic influx suggesting that P accumulation is a good
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indicator for productivity changes unless the bottom
conditions change to severely anoxic (Mort et al. 2007).

6 Conclusions

Geochemical analysis of the Esna Shale sediments at
three well-dated stratigraphic sections in the west-central
Sinai, Egypt enabled interpreting environmental changes
across the Paleocene—Eocene transition. Samples were
collected from the uppermost Eocene Hanadi Member
and the lowermost Eocene Dababiya Quarry Bed (DQB)
El-Mahmiya members. Geochemical proxy investiga-
tion of the P—E boundary interval revealed the following
conclusions:

1. The concentrations of major (SiO,, TiO,, Al,O,
Fe,0,, MgO) and trace (V, Cr, Ni, Cu, Rb, and Zr)
elements display remarkable positive excursion,
whereas the concentrations of CaO, MnO, Sr, and Zn
show abrupt negative excursion.

2. The Al-normalized environmental-sensitive elements
(Mn, PV, Cr, Ni, Cu, Zn, and Ba) exhibit a relatively
uniform trend in the sediments of the Hanadi and
El-Mahmiya members. On the other hand, they are
highly enriched in the sediments of the DQB.

3. At the very base of the PETM event beds (transition
from Hanadi to DQB), the dark grey shale is virtually
depleted in CaO suggesting a brief period of carbon-
ate dissolution, possibly associated with global ocean
acidification.

4. The enrichment of the redox-sensitive trace elements
and the their ratios (V/Cr and V/V + Ni) within the
sediments of the P—E boundary interval suggest nor-
mal oxygenated conditions during deposition of the
El-Hanadi Member followed by a gradual onset of
oxygen depletion during the deposition of DQB. The
sediments of the DQB show high overall V/(V + Ni)
values and data plot within the suboxic and rarely
anoxic fields, whereas the Hanadi and El-Mahmiya
samples consistently show lower values than do the
DQB. Similarly, V/Cr values show similar differences,
and values are weighted towards suboxic to anoxic
conditions for the DQB and towards oxic conditions
for the Hanadi and El-Mahmiya.

5. A significant enrichment in P, and Bay,, contents
in the sediments of the DQB indicates increased
primary productivity induced by increasing nutri-
ents supply through terrestrial runoff and enhanced
upwelling process.

6. The enrichment in productivity-related elements in
line with enriched redox-sensitive elements suggests
that the reducing bottom conditions were not severe
enough to fully release and diffuse back the P and Ba
from sediments to seawaters.
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