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The late Cretaceous-Danian (K-Pg) organic-rich sequence is a global archive that witnessed abrupt paleo-
condition changes during a high sea-level. In Egypt, this sequence is present in the Duwi and Dakhla for-
mations as an E-W belt from the Red Sea to the Western Desert. We analyzed elemental and isotopic dis-
tributions in an age-constrained core from the Quseir area to understand paleoclimatic and
paleoenvironmental factors influencing its deposition. Calcareous nannofossil and the chemical index
of alteration (CIA) confirm a global cooling trend during the late Cretaceous, with two warming episodes
indicating early phases of the Deccan volcanism. The Danian stage experienced a warm climate and
intense chemical weathering. Mo-U enrichment factors covariation suggest deposition under oxygen-
deficient conditions with evident watermass restrictions. High-productivity-indicating taxa were more
abundant in Danian strata than in late Cretaceous strata, consistent with organic carbon characteristics.
The d13COrg-d

15N data show temporal heterogeneity due to organic matter type, redox conditions, preser-
vation, stratigraphic condensation, and recycling of isotopically-light CO2. The negative d13COrg shift
around the K-Pg transition is globally correlative. Dynamic pyrite d34S distribution resulted from varia-
tion in riverine influx, degree of pore-water openness, sulfate reduction rate, and diagenetic dispropor-
tionation of sulfur intermediates. Generally, radiogenic 187Os/188Os values were observed that were
seemingly influenced by continental weathering and subsequent runoff influx of 187Os/188Os under a
greenhouse climate. A positive 187Os/188Os shift to 3.68 (187Os/188Osi of 0.74) occurred at the onset of
the Dakhla organic-rich spike. However, without a precise correlative stratigraphic framework, a global
or regional seawater isotopic shift cannot be confirmed. We suggest that temporal variations in organic
matter composition, redox, watermass conditions, and isotope fractionation of the K-Pg sequence in the
study area were driven by discrepancies in climate, sea-level, and tectonic uplift. Further integrated
approaches are needed to explore the geospheric drivers of this organic-rich sequence in time-
equivalent sections.
� 2023 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

The late Cretaceous-early Paleocene (K-Pg) period was charac-
terized by a greenhouse climate, marked by elevated CO2 levels
resulting from the Deccan extensive volcanism. Notably, this vol-
canism exhibited two major phases during the late Cretaceous
and one major phase during the early Paleocene (Takashima
et al., 2006; Keller et al., 2011). This period witnessed a rapid
decline in marine phytoplanktonic assemblages that coincided
with a global mass extinction event associated with the Deccan
intense volcanism and the Chicxulub impact, which severely
impacted the biodiversity (Keller, 2003; Falkowski et al., 2004).
Recent refinements in dating the Deccan trap eruptions indicate
that the most intensive phase occurred more than 100 ka prior
to the K-Pg transition, suggesting that CO2 contributions from the
Deccan volcanism may have been underestimated (Ravizza and
Peucker-Ehrenbrink, 2003). In addition to volcanic activity, the K-
Pg period witnessed significant climatic and geochemical changes,
representing a pivotal period in Earth’s history. These changes
encompassed various phenomena, including stable isotope pertur-
bations (Keller et al., 2002; Meilijson et al., 2018), fluctuations in
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climate and sea-levels (Adatte et al., 2002), turnover in faunal and
phytoplanktonic communities (Keller et al., 1998; Keller et al.,
2002; Tantawy, 2003; Sepúlveda, 2008; Sepúlveda et al., 2009;
El-Shafeiy et al., 2014; Abu-Ali et al., 2019), and the development
of regional marine anoxia leading to the accumulation of
organic-rich sequences (El-Shafeiy et al., 2016; 2017; Fathy et al.,
2023a).

The process of sedimentary organic-rich accumulation is influ-
enced by various factors including bioproductivity, paleo-redox
conditions, water column stratification, oceanic currents, and sed-
imentation rate (Sepúlveda et al., 2009; Littke and Zieger, 2020).
During accumulation, the removal of redox-sensitive elements
from the water, such as Mo, U, Re, and Os, through both biotic
and abiotic pathways resulted in their sequestration within the
sediment (Tribovillard et al., 2006). The sediment records of these
processes are commonly employed as indicators of paleo-redox
conditions in marine environments and are referred to as paleo-
ceanographic proxies (Brumsack, 2006; Algeo and Rowe, 2012).
Furthermore, organic-rich sediments have Re and Os concentra-
tions that are significantly higher, by � 2 orders of magnitude, than
those found in the average continental crust (Sun et al., 2003;
Baioumy et al., 2011). Additionally, 187Re/188Os ratios are typically
1–2 orders of magnitude greater than those of average continental
crust materials (Peucker-Ehrenbrink and Ravizza, 2002). These ele-
ments have a primarily hydrogenous origin and can become asso-
ciated with organic matter in sediment through their sequestration
(Yamashita et al., 2007). The variable redox-driven speciation of Re
and Os makes them potentially useful as indicators of seawater Re-
Os paleo-system proxies (Selby and Creaser, 2003).

Chemostratigraphic investigations of stable isotope geochem-
istry offer valuable insights into correlating regional and global
sections, as well as into the exploration of paleoenvironmental
variations (e.g., Keller et al., 2016). The release of high concentra-
tions of CO2 (3–4 times present-day level) accompanied by low
d13C values is attributed to the Deccan volcanism, which caused
warming during the K-Pg period (Nordt et al., 2003). However, cer-
tain studies have found no compelling evidence supporting a sig-
nificant pulse of atmospheric CO2 coinciding with the K-Pg event
(Milligan et al., 2019). Nevertheless, certain records do support a
negative d13C excursion, coupled with a warming period and a
decline in osmium isotope values around the K-Pg transition
(Robinson et al., 2009; Henehan et al., 2016; Barnet et al., 2018;
Hull et al., 2020). In addition to carbon, fixed nitrogen incorpora-
tion is crucial for photosynthesis in various organisms. The nitrate
anion plays a vital role as an oxidant in the biogeochemical cycle
within the oxygen minimum zone of modern oceans (Canfield
et al., 2010), making it valuable to understand the nitrogen isotope
composition in sedimentary organic matter (Pinti and Hashizume,
2011; Robinson et al., 2012). Changes in nitrogen isotopes provide
insights into variations in marine nitrogen geochemistry, including
denitrification, nitrogen fixation, and nutrient consumption
(Meilijson et al., 2018; Sepúlveda et al., 2019). Therefore, further
research employing d15N is needed to establish a comprehensive
isotopic trend and unravel changes in the marine nitrogen cycle
during the K-Pg oxygen-deficient sedimentary record.

During the K-Pg time, a marine epicontinental shelf dominated
the central part of Egypt (Fig. 1). Sedimentation in this area was
influenced by global warming and high sea-level, which resulted
in the development of anoxic conditions within the marine system
(Robinson and Engel, 1993; Issawi and Farouk, 2023). Conse-
quently, organic matter-rich layers and phosphorite were depos-
ited, primarily confined to the Duwi Formation and the overlying
Dakhla Formation in Central Egypt, as a part of North Africa and
the Middle East region, constituted a unique K-Pg sequence of sed-
iment (Robinson and Engel, 1993; Issawi and Farouk, 2023). This
study focuses on examining the elemental and isotopic secular
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variations within the Duwi and Dakhla formations along the Quseir
K-Pg organic-rich sequence. The investigation utilizes a shallow
core drilled in the Duwi mountain area (Fig. 2) to undertake a com-
prehensive analysis of isotope perturbations, as well as paleo-
redox conditions, to reveal crucial stages in the accumulation of
the organic-rich sequence during the K-Pg period. For the first
time, we employ a combination of elemental proxies, bulk d13COrg,
d15N data, pyrite d34S data, Re/Os system, and calcareous nannofos-
sil biozonation to decipher fluctuations in marine paleo-
productivity, paleoclimate, and paleo-redox conditions that record
the major paleoenvironmental changes prevailed during this
period.
2. Geologic setting

The K-Pg organic-rich succession in Egypt forms an east–west
belt that stretches from the Red Sea coast in the Quseir-Safaga area
to the Kharga-Dakhla landstretch (Figs. 1-2A). These sediments are
primarily found within the Duwi Formation and the overlying
Dakhla Formation. The Duwi Formation is part of a phosphogenic
belt that extends across the Middle East to North Africa
(Baioumy and Tada, 2005). It comprises organic-rich shale, glau-
conite and/or oyster limestone, chert, siltstone, and phosphatic lay-
ers (Abed and Al-Agha, 1989; Glenn and Arthur, 1990; El-Kammar,
1993; El-Shafeiy et al., 2014; 2016, among others). This lithology is
indicative of a zone of high marine primary production due to an
upwelling system along paleo-highs that brought deep, cool,
nutrient-rich waters to the surface water layer during this period
(e.g., Ganz, 1984; Germann et al., 1985; Abed, 2013; Fathy et al.,
2023a). Other studies have proposed that fluvially-induced nutri-
ents, supplied from a highly weathered continent, were the main
driver that promoted photic zone productivity during that period
(e.g., Glenn and Arthur, 1990). Wind-induced upwelling and runoff
may both have contributed as nutrient supplies to the southern
Tethys margins during the late Cretaceous (Robinson, 1995).

The Duwi Formation is classified into four members by Baioumy
and Tada (2005) based on distinct sedimentary characteristics. The
Lower Member represents the initial transgressive cycle, and the
Middle Member exhibits organic-rich shale indicative of a high-
stand systems tract (HST) stage. The transition from the Middle
to Upper members marks the beginning of a regressive phase, cor-
responding to a lowstand systems tract (LST). The second trans-
gressive cycle is observed at the base of the Uppermost Member,
which extends into the conformably overlying Dakhla Formation
(El-Shafeiy et al., 2014). The Dakhla Formation comprises the
Hamama and Beida members in ascending order, separated by an
unconformity marking the K-Pg transition (Abdel Razik, 1972;
Luger, 1988; Awad et al., 1992; Zalat et al., 2008). In terms of lithol-
ogy, the Dakhla Formation is primarily characterized by deeper
epicontinental shale and/or marl with intermittent occurrences
of limestone and subordinate siltstone (El-Shafeiy, 2012). Zalat
et al. (2008) identified two cycles of increasing depth within the
Dakhla Formation, corresponding to the Hamama and Beida mem-
bers. The biostratigraphic analysis of dinoflagellates, nanoplank-
ton, foraminiferal assemblages, and palynoforms indicates that
the Duwi Formation spans the Campanian to early Maastrichtian,
while the Dakhla Formation covers the Maastrichtian to early Pale-
ocene (e.g., El-Shafeiy et al., 2014; 2017; Abu Ali et al., 2019).
Moreover, dinoflagellate cysts (dinocysts) in the studied Quseir
core indicate marine origin and very high paleo-productivity time
(Tahoun and Mohamed, 2020). Regarding organic material investi-
gations (El-Shafeiy, 2012; El-Shafeiy et al., 2014; 2017), the Quseir
section analyzed encompasses kerogen type III (Upper Member of
Duwi Formation), type II (majority of Dakhla Formation with
Lower and Middle members of Duwi Formation), and type I (por-



Fig. 1. A paleo-tectono-sedimentary map of the north African-Arabian Tethyan margin during the Latest Cretaceous (65.5–67.5 Ma; Barrier et al., 2008). The blue arrow
indicates the location of the Quseir borehole in the present study. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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tion from upper Dakhla Formation along with high organic carbon
interval).

From the Campanian to the Eocene, a substantial transgressive
phase occurred that resulted in rising sea-levels in Egypt, where
the Tethyan Circumglobal Current (TCC) ran from east to west
along the African-Arabian continental shelf (Abed, 2013). Due to
the collision of the African-Arabian Plate with the intra-oceanic
subduction of Eurasia, the first compressional event of the Syrian
Arc inversion occurred that resulted in intra-plate paleo-highs in
the northern to the northwestern part of the African-Arabian plat-
form (Bevan and Moustafa, 2012; Abed, 2013; Fig. 1). Basin inver-
sion, faulting, uplifting, and subsequent erosion began in the late
Cretaceous and continued until the late Oligocene-Miocene period
(Bevan and Moustafa, 2012). As a result, most of the eastern
Mediterranean seafloor was made up of a series of topographic
highs and lows (Guiraud and Bosworth, 1999; Guiraud et al.,
2005; Abed, 2013). It is noteworthy that Khalil and McClay (2002
and 2009) conducted cross-section analyses of various sectors
along the northwestern Red Sea margin, revealing a tilted pre-rift
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K-Pg sedimentary sequence with fault-related fold structures in
the NE direction. The rift border fault system consists of multiple
WNW- and NW-trending segments that bound northeast-dipping
half-grabens, forming the Duwi accommodation zone (Fig. 2B).
3. Material and methods

3.1. Sampling

The organic-rich succession analyzed in this study was obtained
from a core drilled by the Egyptian Mineral Resources Authority
(EMRA) and sponsored by DanaGas� Egypt. The drilling site is
located in the Quseir area, situated at the base of the Duwi Moun-
tain along the Red Sea coast of Egypt (Figs. 1-2B). Two sampling
strategies were employed. The first strategy involved collecting
samples at 10 cm downcore intervals, and then combining 10 con-
secutive samples after thorough mixing into a bulk sample repre-
senting each 1 m interval. This approach was utilized for



Fig. 2. (A) A satellite image shows the geographic distribution of the K-Pg organic-rich sedimentary succession in Egypt (El-Kammar, 2020). (B) A simplified geologic map of
the northwestern Red Sea area (highlighted by a white square in ‘‘A”) and the associated fault systems (Khalil and McClay, 2002). The location of the study core is indicated
with a red star. It is worth noting that KF, NF and HF in (B) indicate the Kallahin, Nakheil, and Hamadat fault segments of the Border fault system, respectively. Additionally, AF
and ZF represent the Anz and Zug El Bahar fault segments of the Coastal fault system, respectively. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 3. Diversity indices and relative abundance of the most common calcareous nannofossil species recorded throughout the late Cretaceous to early Paleocene of the Quseir section. The lithology legend can be used for Figs. 3-5, 8,
and 10.
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Fig. 4. Relative abundance of the most common indicator species of calcareous nannofossils during cool, warm, low productivity, and high productivity intervals recorded throughout the late Cretaceous to early Paleogene of the
Quseir section.
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Fig. 5. Paleoclimatic and paleoecological indices of the late Cretaceous-early Paleocene strata in the Quseir section.
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screening analyses of total organic carbon (TOC), Rock-Eval pyrol-
ysis, and elemental analyses (data courtesy of DanaGas�). The sec-
ond sampling strategy involved collecting individual samples from
specific depths to monitor facies changes and important transi-
tions. These samples were utilized for isotopes and calcareous nan-
nofossil analyses.
3.2. TOC and Rock-Eval pyrolysis

The TOC content (wt%) and Rock-Eval pyrolysis data were
obtained following the procedures outlined by El-Shafeiy et al.
(2017) and conducted at StratoChem laboratories in Egypt. Briefly,
the homogenized ground samples reacted with HCl to dissolve
inorganic carbon and then combusted in a LECO C230 or EC-12 fur-
nace to measure the resulted CO2 using an infrared detector. For
Rock-Eval pyrolysis, the sample material underwent isothermal
heating at 300 �C, detecting the S1 free hydrocarbons using a flame
ionization detector (FID). The temperature was increased to 600 �C
to release additional hydrocarbons (S2), simulating the pyrolytic
degradation of kerogen. The rock’s hydrocarbon potential was
determined after dividing S2 by the TOC and expressed as the
hydrogen index (HI). The CO2 released after cooling to � 400 �C
is reported as S3.
3.3. Elemental analysis

Major and trace metal contributions were measured using the
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) tech-
nique at ACME Laboratories in Vancouver, Canada (see El-Shafeiy
et al., 2016; 2017 for details). In summary, the homogenized sam-
ples were dissolved using 4 ml HNO3, 3 ml HClO4, and 5 ml HF. The
148
solution was then dried by heating it to 200 �C. The residue was
dissolved in 5 ml of hot HNO3. Each sample was then given 5 ml
of a 4-ppm indium solution as an internal standard. Before each
measurement, the nebulizer and spray chambers were washed
for 3 minutes with the solution.

The chemical index of alteration (CIA) was estimated in the pre-
sent work for shale and mudstone strata. CIA was calculated as
molar amounts of Al2O3 � 100 / (Al2O3 + CaO* + Na2O + K2O).
CaO* should represent the content in the silicate phase only
(Nesbitt and Young, 1982), and therefore can be modified as CaO*
= mole CaO - mole P2O5 � 10/3. If CaO* remains higher than Na2O,
it can be assumed to correspond to Na2O (McLennan, 1993). More-
over, the diagenetic K2O can be corrected to each sample using the
Al2O3–(CaO* + Na2O)–K2O [A–CN–K] ternary diagram (Fedo et al.,
1995). Instead, corrected K2O can be estimated using the method;
K2Ocorrected = [m � Al2O3 + m � (CaO* + Na2O)]/(1 – m), where m
stands for the molar values of [K2O/(Al2O3 + CaO* + Na2O + K2O)]
of the parent rock (Panahi et al., 2000; Rieu et al., 2007). Thereafter,
the calculated CIA values can be expressed as CIAcorrected. We limited
ourselves to applying the CIA on strata with a considerable amount
of terrigenous matter. Therefore, we did not include pure carbonate
rocks in such computation. Additionally, the enrichment factor of
trace elements such as Mo and U was estimated as

MEF = (M/Al)Sample / (M/Al)PAAS
where M represents the relevant element and PAAS represents

the post-Archean average shale (Taylor and Mclennan, 1985).
3.4. Stable isotope analysis

Stable isotope analysis of carbon and nitrogen was conducted in
the stable isotope laboratory of the Institute of Geology and Geo-



Fig. 6. Panel X represents Q-mode cluster analysis, and panel Y represents Q-mode nMDS analysis of calcareous nannofossil occurrences > 1 % using Raup-Crick similarity.
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physics, Chinese Academy of Sciences (IGGCAS, Beijing). An ele-
mental analyzer was linked to a Delta V Plus isotope ratio mass
spectrometer (IRMS) via a ConFlo interface. The stable carbon
and nitrogen isotope compositions were reported in per mil rela-
tive to VPDB and AIR, respectively, using the usual d-notation.

The Cr reduction process was used to extract pyrite sulfur
(Canfield et al., 1986). To accomplish so, 2–3 g of powdered mate-
rial were heated for 2 h under a stream of nitrogen with roughly
20 ml of HCl and 40 ml of CrCl2 solution, and the released H2S
was subsequently combined with excess AgNO3 to produce Ag2S
precipitate. The sulfur isotope data were collected using a Thermo
Fisher Scientific Delta V Plus IRMS coupled to a Flash elemental
analyzer at the State Key Laboratory of Biogeology and Environ-
mental Geology, China University of Geosciences in Wuhan. The
Delta V Plus IRMS is linked to an elemental combustion system,
and the sulfur isotope data were calibrated using three standards
and represented relative to the VCDT in d-notation.
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3.5. Re-Os isotope analysis

The Re and Os isotope analysis methodology was adapted from
Chu et al. (2015) and carried out in the Radiogenic Isotope Geochem-
istry Laboratory of the IGGCAS (Beijing). In summary, 0.5 g of pow-
dered material was spiked with the appropriate proportions of a
mixed 185Re-190Os spike. Using the Carius tube technique, samples
were subsequently attacked by CrO3-H2SO4 solution (Selby and
Creaser, 2003) at 220 �C for 48 h (Shirey and Walker, 1995). Os
was then extracted with CCl4 from the CrO3-H2SO4 solution and then
back-extracted with 4 ml HBr (Cohen andWaters, 1996). Microdistil-
lation was used to further purify Os (Birck et al., 1997). The refined Os
was loaded onto high-purity platinum filaments and analyzed as
OsO3

- (Creaser et al., 1991) using a TRITON Plus thermal ionization
mass spectrometer (TIMS) in a negative mode. Samples were mea-
sured in a peak-jumping mode using a single secondary electron
multiplier (Chu et al., 2015). During the analytical sessions, an in-



Fig. 7. Panel A represents R-mode cluster analysis, and panel B represents R-mode nMDS analysis of calcareous nannofossil occurrences > 1 % using Raup-Crick similarity.
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house Johnson-Matthey standard of UMCP (University of Maryland,
College Park) was used. This standard was measured, and the result-
ing average 187Os/188Os ratio was determined to be 0.1138 ± 0.0002
(2r; n = 5). This measurement aligns with previous research findings
(0.113791 ± 0.00015; Shirey and Walker, 1998).

After the reduction of Cr (VI) to Cr (III) using high-purity etha-
nol, the remaining Re in the solution was converted to ReO4

- form
and separated using a two-step anion-exchange chromatography
method based on HCl–HNO3 (Chu et al., 2015). Subsequently, the
Re isotope composition was determined using a Thermo-
Scientific Neptune multi-collector ICP-MS (MC-ICP-MS) in a static
mode with Faraday Cups. To correct for Re isotope fractionation
during the MC-ICP-MS measurements, a 10 ng/g Re standard solu-
tion (187Re/185Re = 1.6738) was measured as a calibrator for every
six samples. During this experiment, the total procedural blanks
were determined to be 15 ± 5 pg for Re and 1 ± 0.5 pg for Os.
The average value of 187Os/188Os for the blank was found to be
0.16 (n = 3). In most samples, the blank corrections accounted
for less than 1 % of the measured values, rendering them negligible.
3.6. Micropaleontological analysis

A total of 60 sediment samples from the Quseir core section
were investigated in-house, with about 1 g of bulk sediment used
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for calcareous nannofossil examinations. The technique for prepar-
ing smear slides followed Bown and Young (1998). The examina-
tion of calcareous nannofossil specimens utilized a 1000x
magnification lens, cross-polarized light, and a gypsum plate to dif-
ferentiate between closely similar taxa. For quantitative analysis,
around 300 specimens were counted along a random path using
a light microscope, ensuring a reliable statistical analysis (Fig. 3).
Additionally, quick slide-skimming was conducted to identify any
rare or marker species and their relative abundance (documented
in Appendix 1).

Numerous calcareous nannofossil taxa were identified as indica-
tors of varying sea-surface temperatures (Table 1) that were used to
estimate paleotemperature changes within the studied section. Fur-
thermore, based on their paleoecological preferences, calcareous
nannofossils were classified into two groups (Fig. 4). The first group
comprises warm-water indicator taxa that are typically found in
low-latitude tropical environments while being absent in high-
latitude regions. The second group consists of cool-water indicator
taxa that were abundant in high-latitude sites during the Cretaceous
to the early Paleocene. To better illustrate the response of each spe-
cies to the temperature gradient, they are presented as distinct enti-
ties in Table 1. Eshet and Almogi-Labin (1996) conducted statistical
analyses that identified two groups of taxa serving as indicators of
paleo-productivity, namely, low-productivity and high-productivity



Fig. 8. Distribution profile of TOC%, Mo content (ppm) and enrichment factor (MoEF), chemical index of alteration (CIA), corrected chemical index of alteration (CIACorrected),
and Al/Ti ratio for the different rock units in the Quseir section. Note that the red dashed line in the Al/Ti profile represents the upper continental crust ratio, while the faint
blue dashed lines in the MoEF profile represent enrichment thresholds of 10 and 100. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Fig. 9. A-CN-K diagram plot for the data from the studied intervals in the Quseir section, based on the method by Nesbitt and Young (1982). CN represents (CaO*+Na2O),
where CaO* denotes the CaO present in the silicate fraction, and K represents K2O (both in molar proportions). Plag. stands for plagioclase, Smect. for smectite, Kao for
kaolinite, Gibs for gibbsite, Chl for chlorite, Musc. for muscovite, and Bio. for biotite. The dashed violet arrow indicates the weathering trend parallel to the A-CN line. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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indicators. The relative abundance of species characteristic to trophic
states (Eutrophic vs. Oligotrophic) and the species indicating paleo-
productivity are computed and categorized in Table 1. Additionally,
paleoecological indices such as the Temperature Index (TI), the Nan-
nofossil Index of Productivity (NIP), and the Nutrient Index (NI) have
been calculated (Fig. 5).
151
In addition, samples obtained during the investigation were
analyzed for planktonic foraminifera as another approach to estab-
lishing well-defined chronostratigraphic boundaries for the
Campanian-Maastrichtian and Maastrichtian-Danian periods. Bios-
tratigraphic zonation followed the established frameworks of
Huber et al. (2008) and Li et al. (1999) for the Cretaceous, as well



Fig. 10. Secular distribution of TOC%, hydrogen index (HI), d13C for bulk organic matter, d15N for bulk sediment, pyrite d34S, and pyrite content (%), as well as 178Os/188Os and
178Re/188Os ratios along with Os and Re contents. The data of TOC% and HI are used after El-Shafeiy et al. (2017), whereas pyrite contents are used after El-Shafeiy (2012). Blue
dashed lines in the HI profile indicate threshold values for different kerogen types, and the blue dashed line in the 178Os/188Os and 178Re/188Os profiles represents the average
ratios in seawater (1.06 and 4270, respectively; Peucker-Ehrenbrink and Ravizza, 2000). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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as Wade et al. (2011) for the Paleogene. As part of the future
research scope, a comprehensive biostratigraphic study integrating
planktonic foraminifera and nannofossil assemblages from the
cored borehole can be achived in the future.

3.7. Statistical analysis of calcareous nannofossil

To enhance the statistical analyses, the occurrence data of the
species-sample matrix was transformed into a percentage abun-
dance. The dataset (Appendix 1) was subjected to constrained clus-
tering Q and R-modes using the Raup-Crick similarity index to
identify the calcareous nannofossil assemblages. We focused on
species occurrences with relative abundances higher than 1 % to
ensure robust analysis. To visualize the relationships among the
identified assemblages, Non-Metric Multidimensional Scaling
(NMDS) was employed, utilizing the Raup-Crick similarity coeffi-
cient based on the methods described by Legendre and Legendre
(1998) and Hammer and Harper (2006). Biplot charts were gener-
ated to display the first two axes, which represent the most signif-
icant eigenvalue proportions in the NMDS result. All correlations
were tested for significance at a level of p < 0.01. The nature of
the identified assemblages was evaluated using diversity indices
including species richness, dominance, and Fisher’s alpha. These
indices were generated using the Paleontological Statistics Toolkit
(PAST), version 4.08, as described by Hammer et al. (2001).

4. Results

4.1. Calcareous nannofossil assemblage

The calcareous nannofossil assemblage in the core at investi-
gated intervals consisted of 57 species in a moderate to well-
preserved state. Quantitative analysis revealed a mixture of cal-
careous nannofossil assemblages typical of low and high latitudes
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during the Late Cretaceous, aligning with previous results of
Thierstein (1981) regarding assemblages at similar latitudes. Nota-
bly, the calcareous nannofossil assemblages were absent in the
Lower and Middle members, and the lower part of the Upper Mem-
ber of the Campanian Duwi Formation. However, Micula stau-
rophora exhibited fluctuations throughout the late Campanian-
Maastrichtian interval, reaching � 85% of the total calcareous nan-
nofossil assemblage in the Uppermost part of the Duwi Formation
(Fig. 3). Additionally, Arkhangelskiella cymbiformis makes up to
� 31% of the total calcareous nannofossil assemblage (Fig. 3),
where it displays a remarkably similar abundance pattern at the
intervals with M. staurophora. In the lower part of the Maas-
trichtian Dakhla Formation, Watznaueria barnesiae
constituted � 60% of the total assemblage, showing an inverse pat-
tern toM. staurophora and A. cymbiformis. At the base of the Danian
Dakhla Formation, Cervisiella operculata accounts for � 17% of the
total assemblage, decreasing until the beginning of the NP4 Zone
before increasing again (Fig. 3).

The quantitative analysis of the Paleocene (Danian) calcareous
nannofossil species showed that some taxa constitute over 70% of
the total assemblage. Coccolithus pelagicus emerged as the dominant
species, followed by Ericsonia subpertusa, and exhibited fluctuations
throughout the interval, with a relative abundance reaching � 60%
at a depth of 91 m (Fig. 3). Ericsonia subpertusa was the second most
prevalent species, with a distinct peak of � 50% observed in the
lower part of the Beida Member. Sphenolithus primus, Prinsius mar-
tini, and Prinsius dimorphus showed similar fluctuation patterns
throughout the Danian interval, with relative abundances of 11%,
10.5%, and 8%, respectively (Fig. 3). The highest relative abundance
of Prinsius spp. is observed at the base of the Danian interval (top
of NP2), while the relative abundance peak of S. primus is found at
the lower part of the NP4 Zone (Fig. 3).

The diversity indices below the K-Pg differed significantly from
those above the transition. During the Campanian period, the



Fig. 11. Discrimination diagrams demonstrating sedimentary provenance (A-C) and the influence of sediment recycling (D). Panel A shows the TiO2 vs. Zr diagram (Hayashi
et al., 1997), Panel B shows the Th/Co vs. La/Sc diagram (Cullers, 2002), Panel C shows the Cr/V vs. Y/Ni diagram (Hiscott, 1984), and Panel D shows the Th/Sc vs. Zr/Sc diagram
(McLennan et al., 1993).

M. El-Shafeiy, D. Chen, Z. Chu et al. Gondwana Research 129 (2024) 142–166
Uppermost Member of the Duwi Formation exhibited higher cal-
careous nannofossil abundance, species richness, and Fisher alpha
indices compared to the Upper Member (Fig. 3). The highest cal-
careous nannofossil abundance was recorded in the Uppermost
Member at depth 279.7 m; here species richness, Fisher alpha,
and Dominance are 15, 3.31, and 0.15, respectively (Fig. 3). Con-
versely, the top part of the Uppermost Member showed lower
abundance, species richness, and Fisher alpha, but higher domi-
nance index, primarily due to the high relative abundance of a
few species such as A. cymbiformis, M. staurophora, and W. barne-
siae (Fig. 3). The Hamama Member of the Dakhla Formation exhib-
ited fluctuating high diversity indices and a low dominance index.
At 215.5 m depth, the calcareous nannofossil abundance, species
richness, and fisher alpha are 355, 14, and 3.1, respectively,
whereas the dominance index showed the lowest value of 0.34
(Fig. 3).

Above the K-Pg transition, the diversity indices fluctuated
throughout the entire Danian interval. The sample at a depth of
87 m within the NP4 Zone displayed the highest calcareous nanno-
fossil abundance, species richness, and Fisher alpha, with values of
830, 16, and 2.8, respectively, while the dominance index was 0.35
(Fig. 3). Conversely, the lowest diversity indices and high domi-
153
nance index were observed at a depth of 120 m within the NP3
Zone, with values of 95, 7, and 1.7, respectively, and a dominance
index of 0.42 (Fig. 3).

4.2. Paleoecological analysis of the calcareous nannofossil

The quantitative analysis of the calcareous nannofossil assem-
blage spanning the Late Cretaceous (Campanian-Maastrichtian)
to the early Paleocene (Danian) periods reveals significant varia-
tions in climatic conditions. The presence of A. cymbiformis and
M. staurophora, the most prominent indicators of cool sea-surface
water in this study, provides evidence of prevailing cool climatic
conditions during the late Cretaceous (Fig. 4). These species consti-
tute a substantial proportion of the cool water species, while other
high-latitude taxa such as Prediscosphaera stoveri, Tranolithus orion-
atus, Lithraphidites spp., and Biscutum constans are present in neg-
ligible quantities. The Late Cretaceous period experienced a
relatively cool climate, punctuated by two noticeable warming epi-
sodes. The first episode occurred in the upper part of the CC25b
Zone, while the second episode was observed in the lower part of
the CC26a Zone (Fig. 5). These warming events are reflected by
the high relative abundance of Watznaueria barnesiae, Lithraphi-



Fig. 12. (A) Cross-plot of Mo vs. U enrichments for different intervals in the studied section. PS represents particulate shuttles (Algeo and Tribovillard, 2009). (B) Covariation
diagram of Mo vs. TOC% (Algeo and Lyons, 2006) for samples from the studied Quseir section. (C) represents the grey-shaded rectangle in (B).

Fig. 13. Cross-plot of d15N vs. d13COrg for the intervals in the Quseir section,
providing information about source of the organic matter. Black squares represent
data from Meyers (1997). The red, green, orange, and yellow ellipsoids represent
the zones of samples from the top Phosphate member, the lower Oil Shale member,
the middle-upper Oil Shale member, and the Marl member, respectively, of the
Negev section (Schneider-Mor et al., 2012). Additionally, the blue ellipsoid signifies
the zone of samples from the El Kef and Aïn Settara sections in Tunisia (Sepúlveda
et al., 2019). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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dites quadratus, and Ceratolithoides kamptneri (Fig. 5). During these
warming episodes, cool-water species declined, particularly during
the first episode, which witnessed a sudden drop in species rich-
ness (Figs. 4-5). This drop was significant, with species richness
decreasing from � 5–7 species per sample before the warming
event to only 1–2 species per sample during the event (Figs. 4-5).
Moreover, most species in this interval temporarily disappeared,
except for M. staurophora and W. barnesiae, which remained pre-
sent in significant numbers, accounting for � 28% and up to 100%
of the whole calcareous nannofossil assemblage, respectively. The
high abundance of these taxa suggests the presence of stressful
marine conditions, which could be indicative of a very shallow
marine environment associated with low-productivity conditions.
These taxa can be regarded as opportunistic species, as noted in
previous studies (e.g., Tantawy, 2003). In contrast to the Late Cre-
taceous period, the Danian was characterized by a dominance of
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warm-water calcareous nannofossils indicatives at the expense of
cool-water taxa (Fig. 5). This is evident from the high relative abun-
dance of the warm-water indicator species such as Coccolithus
pelagicus and Ericsonia subpertusa (Fig. 4). The TI indicates clearly
that warm conditions were prevalent during the Danian interval
(Fig. 5).

Regarding the paleo-productivity, low-productivity taxa are
dominated below the K-Pg transition. They exhibited fluctuations
throughout the Late Cretaceous interval and reached the maximum
(100%) at a depth of 235.2 m (Fig. 5). Instead, sporadic occurrences
of high-productivity taxa were observed, with the highest value
(38%) recorded at a depth of 232 m (Fig. 5). During the Danian per-
iod, the low-productivity taxa diminished, while the high-
productivity taxa were recorded sporadically, reaching their high-
est value (6%) at a depth of 138.8 m. These findings align well with
the results of the Nannoplankton Index of Productivity (Fig. 5).

Based on the affinities of the calcareous nannofossils, the
trophic state could be classified into two categories: oligotrophic
and eutrophic. During the Late Cretaceous of the Quseir section,
the relative abundance of calcareous nannofossils represents either
the eutrophic or oligotrophic group that fluctuated significantly
throughout the interval (Fig. 5). The eutrophic percentage was high
during the latest Campanian time, reaching up to 52%, while the
oligotrophic percentage extends up to 24% (Fig. 5). However, the
Maastrichtian time displays a wavered pattern, where the
eutrophic state and NI dominate except for the two episodes 1
and 2, which indicated an oligotrophic state (Fig. 5). During the
Danian time, overall oligotrophic conditions were dominated,
reaching up to 86% at a depth of 96 m, whereas eutrophic condi-
tions peaked at 34% at a depth of 154 m (Fig. 5).

The cluster and nMDS analyses conducted on the Q-mode (sam-
ples) reveal six distinct clusters labeled I, II, III, IV, V, and VI (Fig. 6).
Cluster I comprises three samples characterized by the absence or
scarcity of calcareous nannofossil content. The nMDS analysis
shows a clear pattern with significant correlation coefficients
among these samples. Cluster II consists of nine samples, except
for the 279.7 m and 304 m samples, which exhibit a high occur-
rence of calcareous nannofossils during the Maastrichtian interval.
The nMDS analysis confirms a strong correlation among this group,
aligning with the cluster analysis results. Cluster III comprises
seven samples, excluding the 235.2 m sample, and is characterized
by notably low species abundance and diversity. On the nMDS
biplot, clusters I to III are positioned on the positive side (Fig. 6),
representing late Campanian-Maastrichtian samples.

Cluster IV consists of four samples located in the lower negative
quadrant on the left side of the nMDS chart (Fig. 6). These samples
exhibit moderate species abundance and richness (Fig. 3). Cluster V
includes 14 samples with high species abundance and diversity,



Table 1
The paleoecological preferences of some calcareous nannofossil indicators according to the following references, 1-Van Simaeys et al. (2004), 2-Garecka (2012), 3-Wei and Wise
(1990), 4-Faris et al. (2017), 5-Thierstein (1981), 6-Roth and Bowdler (1981), 7-Roth and Krumbach (1986), 8-Pospichal and Wise Jr (1990), 9-Shafik (1990), 10-Thibault and
Gardin (2006), 11-Roth (1978), 12-Perch-Nielsen (1979), 13-Hallock (1987), 14-Gibbs et al. (2006), 15-Huber and Watkins (1992), 16-Watkins (1992), 17-Erba (1992),
18-Williams and Bralower (1995), 19-Eshet and Almogi-Labin (1996), 20-Perch-Nielsen (1985), 21-Bartol et al. (2008), 22-Persico & Villa (2004), 23-Wei et al. (1992), 24-Lees
(2002), 25-Pospichal (1996), 26-Thierstein (1976), 27-Watkins et al. (1996), 28-Bralower (2002), 29-Firth and Wise Jr (1992), 30-Aubry (1992), 31- Monechi et al. (2000).
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positioned around the lower negative side of the nMDS 1 axis
(Fig. 6X and Y). Cluster VI comprises seven samples strongly corre-
lated with each other, as indicated on the nMDS biplot (Fig. 6X and
Y). These samples demonstrate the highest species abundance and
diversity throughout the succession (Fig. 3). Clusters IV to VI,
located on the left of the nMDS, represent the Danian interval
(Fig. 6).

The R-mode analysis of the cluster and nMDS data reveals three
clusters (Fig. 7A and B). Cluster I discriminates five calcareous nan-
nofossil taxa based on their relative abundance and affinities,
namely A. cymbiformis, B. constans, W. barnesiae, M. staurophora,
and Watznaueria biporta. This cluster aligns with the group I
obtained from the nMDS data, where this calcareous nannofossil
assemblage is positioned on the right (positive) side, resembling
the Cretaceous samples in the Q-mode analysis. Cluster II repre-
sents nine calcareous nannofossil taxa, including Cruciplacolithus
primus, Cruciplacolithus tenuis, Cervisiella operculata, Prinsius mar-
tinii, Prinsius dimorphus, Gomphiolithus magnus, Gomphiolithus mag-
nicordis, Sphenolithus prmus, and Biantholithus sparsus. Cluster III is
defined by the two most abundant Danian taxa, C. pelagicus and E.
subpertusus. The nMDS biplot illustrates that groups II and III are
positioned on the left (negative) side of the chart, showing similar-
ities with the Q-mode analysis of the Danian interval.
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The Q-mode of the nMDS data discriminates the Quseir section
into warm and cool intervals (Fig. 6Y). The Campanian-
Maastrichtian samples displayed on the positive side of the plot
indicate a cool climatic condition, and include taxa such as A.
cymbiformis, M. staurophora, W. barnesiae, W. biporta, and B. con-
stans (Fig. 7B). Furthermore, these taxa show an increase towards
the right side of the positive eigenvalues, suggesting eutrophic
conditions (Fig. 7B and Table 1). Conversely, the Danian samples
placed on the negative side represent a warm climatic episode.
The negative left side is dominated by warm water-tolerant taxa,
including C. pelagicus, E. subpertusus, P. martini, P. dimorphus, C. pri-
mus, C. tenuis, B. sparsus, G. magnus, and G. magnicordis that indicate
an oligotrophic condition based on their enrichment status
(Fig. 7B).

4.3. Redox-sensitive metals

Redox-sensitive elements explored in this study (Figs. 8 and 12)
show that the secular distribution of Mo and MoEF, which indicate
enrichment relative to PAAS, has a comparable trend to that of the
TOC and HI profiles (Fig. 8). In the Upper Member, Mo and MoEF
values reach a minimum (as low as 1.2 ppm and � 1, respectively),
while they peak during the lowermost Dakhla TOC peak (reaching
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as high as 253 ppm and � 400, respectively; Fig. 8). Moreover, the
Mo contents and enrichment factors in the current study are con-
sistent with those previously reported in the Maastrichtian strata
of the study area (e.g., Fathy et al., 2023a).
4.4. Chemical index of alteration (CIA)

The CIA values of the Quseir section (Fig. 8) exhibit significantly
lower values in the Duwi Formation, ranging from 56.3 to 91.8 (av-
eraged 77.4), compared to the Dakhla Formation, which ranges
from 73.7 to 90.5 (averaged 86.4). Similarly, the Al/Ti ratio in the
Duwi Formation ranges from 4.0 to 34.5 (averaged 18.4), which
is significantly lower than the Al/Ti values in the Dakhla Formation,
ranging from 19.8 to 39.7 (averaged 27.9; Fig. 8). On the A-CN-K
triangular plot (Fig. 9), most of the samples from the Duwi mem-
bers are located between the slightly weathered rock field (Upper
Member) and the moderately weathered rock field (Lower, Middle,
and Uppermost members; Figs. 8-9). Conversely, the samples from
the Dakhla Formation are situated sporadically in the moderately,
but mainly in the intensively weathered rock fields (Figs. 8-9).
4.5. Organic matter characteristics and stable isotopes

The Duwi Formation displays TOC content ranging from 0.25%
to 5.5%, with an average of 1.1%. In contrast, the Dakhla Formation
exhibits two distinct organic-rich cycles, with the highest content
peaking at � 4–5 m at the base of the lowermost cycle, reaching
up to 14% and averaging 7.8% organic carbon content (Fig. 10).
The kerogen types in the Quseir section were determined based
on the HI values (Fig. 10). The Lower and Upper members contain
terrigenous Type-III kerogen, while a significant portion of the
Dakhla Formation as well as the Middle and Uppermost Duwi
members exhibit mixed marine Type-II kerogen. A significant por-
tion of the Hamama and Beida members, along with the TOC peak
in the lowermost Hamama Member, are characterized by aquatic
algal Type-I kerogen in the studied Quseir section.

In the Duwi Formation, the d13COrg values ranged from �29.1‰
to �24.5‰ (Fig. 10). A positive carbon isotope excursion was
detected during the Upper Member, reaching a maximum value
of �24.4‰. Additionally, a negative carbon isotope excursion of a
magnitude �2‰ (with a minimum of �29.2‰) was observed at
the lower TOC peak of the Dakhla Formation (Fig. 10). Moving
upwards, the d13COrg values returned to heavier values in the
remaining Upper Cretaceous strata (Fig. 10). Around the K-Pg tran-
sition, a negative shift was noted, reaching a minimum value of
�27.5‰, with a magnitude of � -1.8‰ (Fig. 10). The remainder
of the Beida Member is characterized by similar values of normal
marine organic matter.

The d15N data exhibit a range of 4.7‰ to 7.8‰ in the Duwi For-
mation and 5.4‰ to 9.3‰ in the Dakhla Formation (Fig. 10). In the
Duwi Formation, the Upper Member displays isotopically depleted
values, while isotopically enriched values are observed around the
Hamama-Beida transition, which corresponds to the K-Pg
transition.

Conversely, the d34S values demonstrate an opposing trend
compared to the d15N values. The strata with the heaviest values
are found in the rhythmically laminated mudstone of the Upper
Member, reaching up to 3‰. Depleted strata are observed around
the transition from the latest Maastrichtian to the earliest Danian
(Zones CC26a to NP3; Fig. 10), with a minimum as low as
�43.2‰ (Fig. 10). Moving further up-section, d34S values indicate
a gradual enrichment, reaching values as high as �1.3‰ around
the NP3-NP4 zonal transition, which coincides with the peaks in
TOC% and HI (Fig. 10).
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4.6. Re-Os isotopes

This study shows Re-Os isotope data that extend tens of meters
above and below the K-Pg transition, providing a broader perspec-
tive. The temporal distributions of 187Os/188Os and 187Re/188Os
ratios both exhibit similar patterns (Fig. 10). The 187Os/188Os values
are mostly � 1, surpassing the average composition of Cenozoic
seawater (0.2–1.06, Ravizza, 2001), with a maximum observed
during the lowermost Dakhla TOC spike (�3.7). However, the 187-
Re/188Os ratios are generally lower than for average seawater com-
position, with a peak occurring in the lowermost Dakhla TOC peak
(�2709). A slight depletion in both ratios was observed around the
Hamama-Beida transition (K-Pg), reaching values as low as 1.2 and
575 for 187Os/188Os and 187Re/188Os, respectively (Fig. 10). Most
samples exhibit 187Os/188Os and 187Re/188Os ratios higher than
the average continental crust (1.05–1.4 and 34.5, respectively;
Peucker-Ehrenbrink and Jahn, 2001).
5. Discussion

5.1. Climatic perturbation

The late Cretaceous time was marked by a global cooling trend,
which led to a sea-level lowstand at � 65.5 Ma (Li and Keller,
1998). In the Quseir section, the Campanian-Maastrichtian period
is consistent with the overall global cooling trend (Linnert et al.,
2014; Thibault et al., 2016; Linnert et al., 2017). Interestingly, the
late Maastrichtian experienced two warming events (Thibault
and Husson, 2016) that were attributed to the global impact of
the Deccan volcanism (e.g., Courtillot et al., 1986; Ravizza and
Peucker-Ehrenbrink, 2003). Chenet et al. (2009) proposed that
Phase 2 of the Deccan volcanism (the most intense phase) could
have contributed to shaping the widespread and stressful environ-
mental conditions represented in the K-Pg event. These two tran-
sient warming episodes are observable in the Quseir section
(Fig. 5). The first warming episode, during the Lithraphidites
quadratus (CC25b) Subzone, coincides with Phase 1 of the Deccan
volcanism from 68.36 to 66.99 Ma (Gradstein et al., 2004; Keller
et al., 2012). Conversely, the CC26a Subzone in the Quseir region
exhibited a cooling trend, as evidenced by higher positive d18O
readings (e.g., Keller et al., 2002). The warm-water species W. bar-
nesiae decreased in number during this cooling episode, while
cold-water species such as A. cymbiformis, M. staurophora, and B.
constans thrived (Fig. 5). Furthermore, the latest Maastrichtian
warming episode is thought to have occurred at a period of stress-
ful conditions, which may be connected to global climate change.
This interpretation is based on the occurrence of the Micula prinsii
Subzone (CC26b), which is associated with Phase 2 of the Deccan
volcanism during the latest Maastrichtian (Keller et al., 2002;
Keller et al., 2012; Punekar et al., 2014). Additionally, the early
Danian zones NP2-NP4 were deposited during an overall warm cli-
mate trend, as evidenced by the increased abundance of C. pelagi-
cus and E. subpertusus, which is consistent with the findings of
Keller et al. (2002) and Tantawy (2003).

CIA has been widely utilized to evaluate the degree of chemical
weathering. High CIA values are often associated with warm and
humid paleoclimatic conditions and depleted CIA values (typically
below 60) indicate weak or absent chemical weathering effects
corresponding to cooler and/or arid paleoclimate (Nesbitt and
Young, 1982; Zhai et al., 2018; Zhang et al., 2021). Moreover, K-
metasomatism can influence CIA values, and therefore we used
the A-CN-K ternary diagram (Fig. 9) following Fedo et al. (1995).
The diagram reveals that the Quseir core section largely conforms
to the ideal weathering trend (the violet arrow in Fig. 9), indicating
a minimal influence of K-metasomatism. Most samples from the
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Quseir section are situated within the moderately and intensively
weathered rocks field according to the diagram (Fig. 9). An excep-
tion is observed in the Upper Member of the Duwi Formation,
which consists of rhythmic and wavy laminated silty mudstone
layers located within the slightly to moderately weathered rocks
field (Fig. 9).

To ensure reliable paleoclimatic reconstructions using CIA val-
ues, it is desirable to consider first-cycle sediments to minimize
the reworking effect (Roy and Roser, 2013). Major and trace ele-
ment contributions in fine-grained clastic rocks can be utilized to
determine the source of sedimentary material (McLennan and
Taylor, 1991; Garver et al., 1996). Certain metals (Ti, Zr, Th, La, Y,
and Sc) are reliable indicators of sedimentary provenance due to
their low solubility and high stability during geological processes.
Based on cross-plots of TiO2 vs. Zr (Hayashi et al., 1997; Fig. 11A),
Th/Co vs. La/Sc (Cullers, 2002; Fig. 11B), and Cr/V vs. Y/Ni (Hiscott,
1984; Fig. 11C), it can be inferred that most of the studied intervals
originated primarily from an intermediate or mixed felsic/mafic
igneous protolith with minor felsic affinity. The Th/Sc vs. Zr/Sc
cross-plot indicates the potential influence of sediment recycling
during deposition (McLennan et al., 1993; Fig. 11D), which aligns
with the previously suggested protolith composition. Furthermore,
the relatively depleted Zr/Sc ratios in the Quseir section suggest
that the compositions were predominantly influenced by the par-
ent rock composition with limited or no contribution from a recy-
cled source, supporting the findings of Fathy et al. (2018). Based on
the preceding analysis, the CIA values in the Quseir section exhibit
an increasing trend towards younger sediments, with values
mostly exceeding 65 (Fig. 8). However, the Upper Member stands
out as an exception, displaying lower CIA values as low as 56
(Fig. 8). These values are below the average shale values (70–75;
Nesbitt and Young, 1982), and could be attributed to the relatively
coarser nature of the sediment and its proximity to the hinterland.
Notably, a similar moderate grade of chemical weathering was
recorded during the Late Campanian in Egypt’s Western Desert
(Fathy et al., 2023b).

Refractory elements such as Al and Ti are major components
that are not sensitive to variations in redox conditions and to dia-
genetic processes (Yarincik et al., 2000). Al is typically found in
fine-grained aluminosilicates (clays) that are formed through
intense chemical weathering under warm/humid climates (Zhang
et al., 2021). On the other hand, Ti is predominantly present in
the form of heavy minerals, transported into the marine system
through wind action, particularly in arid climates (Beckmann
et al., 2005). As a result, the Al/Ti ratio is primarily controlled by
the protolith and the delivery mechanism under specific climatic
conditions, where its variability can be used as a paleoclimate
proxy for marine sediments (Yarincik et al., 2000; Zhang et al.,
2015; Zhai et al., 2018; Zhang et al., 2021). Elevated values indicate
significant fluvial input under a humid climate, while low values
suggest a greater contribution from windblown sources in an arid
climate. A general correspondence is observed between the profiles
of Al/Ti ratios and CIA values in the Quseir section (Fig. 8). This
alignment suggests a relatively cooler, windier, and comparatively
more arid climate during the late Cretaceous strata of the study
section. The Beida Member (Danian) is characterized by a warm/
humid climate, which led to intensified chemical weathering and
an increased influx of weathered detritus from the hinterland.
These findings support the climate-related interpretations derived
from the calcareous nannofossils. The persistently warm/humid
climate during the deposition of the Dakhla Formation likely led
to intensified continental weathering and elevated runoff influx,
resulting in the delivery of nutrient-rich sediments to the marine
ecosystem. This, in turn, would have facilitated water column
stratification and enhanced the preservation of organic matter.
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5.2. Paleo-redox evolution

As indicated in Algeo and Tribovillard (2009), it has been
observed that low-oxygen marine systems display patterns of
Mo-U covariation, which can be linked to distinct characteristics
and processes within the depositional environment. These include
variations in benthic redox conditions, the functioning of particu-
late shuttles within the water column, and variations in watermass
chemistry. Therefore, it is crucial to explore the Mo-U covariation
within the studied strata to gain valuable insights.

The variations in Mo content within the analyzed section
approximately parallel the profile of TOC (Fig. 8), being positively
correlated with organic carbon. This suggests that Mo is predomi-
nantly sequestered through complexation with organic matter,
although other mechanisms may also play a role (e.g., Phillips
and Xu, 2021). The Mo enrichment factor (MoEF) within the study
section can be categorized as follows: values ranging from 1 to 10
(Lower and Upper members of Duwi Formation; Fig. 8), values
oscillating around an enrichment factor of 10 but remaining below
100 (Middle, Uppermost, Hamama, and the majority of Beida
members; Fig. 8), and values exceeding 100 (lowermost Hamama
Member and the carbonate-rich bed in the Beida Member at depths
of � 80–100 m; Fig. 8). MoEF values between 1 and 10 typically
indicate non-euxinic conditions characterized by the presence of
H2S in the pore water. MoEF values exceeding 100 suggest persis-
tently euxinic conditions, indicating the possible coexistence of
Mo and H2S in the water column (Scott and Lyons, 2012). The rel-
atively moderate MoEF values (10–100) observed in a significant
portion of the Quseir section can be attributed to one or more fac-
tors. These factors may include (1) a dilution effect resulting from
significant detrital input due to a high sedimentation rate, (2) vari-
ations in water column pH where Mo precipitation is inversely
proportional to pH (Helz et al., 2011), (3) a Mo-depleted euxinic
environment, and (4) an intermittently euxinic water column
within an environment that fluctuates between euxinic and anoxic
non-euxinic conditions (Scott and Lyons, 2012). Among these fac-
tors, the third and fourth explanations appear more plausible, as
the sedimentation rate ranged 25–35 m/Ma and no substantial evi-
dence of dramatic pH variations was observed.

In oxic environments, Mo is predominantly soluble and exists as
the molybdate anion. However, in the presence of free H2S in the
water column or pore water, the molybdate anion can rapidly
transform into the thiomolybdate form. This form can be effec-
tively scavenged and incorporated into sediments through pro-
cesses such as organic matter adsorption and the formation of
authigenic minerals, leading to significant Mo enrichment in sedi-
ments (Algeo and Lyons, 2006; Tribovillard et al., 2006). On the
other hand, U remains in a conservative form under oxic conditions
but can be reduced to an insoluble form at the sediment–water
interface in anoxic conditions, resulting in its removal and subse-
quent sequestration in the sediment (Algeo and Lyons, 2006;
Tribovillard et al., 2006; Algeo and Tribovillard, 2009). Further-
more, Mo has a higher affinity for binding with oxyhydroxides
compared to U. Therefore, the covariation of Mo and U enrich-
ments can be utilized to identify the Fe-Mn shuttling effect, where
elevated Mo enrichments occur without a corresponding increase
in U enrichments (Algeo and Tribovillard, 2009). Consequently,
anoxic-euxinic settings are favorable for the preservation of Mo
and U, leading to higher enrichments of them in sediments com-
pared to suboxic-oxic sediments (Tribovillard et al., 2006; Algeo
and Rowe, 2012).

The data from the studied Quseir section demonstrates a gener-
ally high degree of enrichment for Mo and U, with the proportion
of Mo and Umostly being 1–3 times that of seawater for most sam-
ples from the Middle, Hamama, and Beida members (Fig. 12A).
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However, samples from the Lower, Upper, and a portion of the
Uppermost members of the Duwi Formation exhibit proportions
of Mo and U ranging 0.3–1 times that of seawater (Fig. 12A;
Algeo and Tribovillard, 2009). In this discussion, we examine the
intervals of the studied Quseir section in oxygen-deficiency
decreasing order, from more anoxic to less oxygen-deficient
conditions.

The plot suggests the persistence of more oxygen-depleted con-
ditions during the deposition of the Middle Member and the
Dakhla Formation. This is indicated by a higher enrichment of
Mo compared to U, with some samples falling outside the unre-
stricted marine zone, suggesting a certain degree of restriction.
The Mn-Fe oxyhydroxides shuttling in a few samples from the
Middle Member of the Duwi Formation accelerates the transfer
of Mo to the seafloor, resulting in a strong enrichment of authi-
genic Mo over U (Algeo and Tribovillard, 2009). Furthermore, a sig-
nificant portion of samples from the Lower and Uppermost
members predominantly fell within the range of 0.3–1 times the
marine water proportion. However, some samples from the Upper-
most Member exhibit proportions lower than 0.3, indicating a
higher enrichment of U without a corresponding enrichment in
Mo (Fig. 12A). This can be attributed to the association of phospho-
rite strata in this Member, suggesting possibly suboxic to intermit-
tently anoxic conditions. Lastly, the Upper Member demonstrates
very limited enrichment of both Mo and U, primarily falling within
the oxic zone of the diagram (Fig. 12A).

5.3. Hydrographic restriction assessment

The availability of seawater Mo is governed by hydrographic
restriction (Algeo and Lyons, 2006). The Mo/TOC ratio is commonly
used to assess the degree of sub-chemoclinal watermass restriction
during sedimentary rock deposition (Fig. 12B-C; Algeo and Lyons,
2006). Unrestricted oxygen-deprived conditions result in high
Mo/TOC ratios due to enhanced watermass exchange
(�45 ± 5 lg g�1/%), while Mo/TOC ratios tend to decrease with
increasing watermass restriction (as low as �4.5 ± 1 lg g�1/%;
Algeo and Lyons, 2006). The lower Mo/TOC ratio can be plausibly
explained by Mo depletion in seawater during sediment accumula-
tion, attributed to limited deep-water renewal known as the basin
reservoir effect (Algeo and Lyons, 2006; Chang et al., 2018). Addi-
tionally, the decreased aqueous Mo concentration may be a result
of Mo removal to sediments in weakly euxinic environments with
insufficient re-supply through deep-water renewal (Algeo and
Lyons, 2006).

Indeed, basin restriction has been documented on the Egyptian
shelf during the late Cretaceous deposition, with several paleo-
high areas reported in northern Egypt (Said, 1990; Barrier and
Vrielynck, 2008), which were tectonically active during earlier
periods (Bevan and Moustafa, 2012). Basin restriction has also been
observed during the Paleogene period, where the deposition was
likely triggered by a significant tectonic event resulting from the
folding and/or inversion of the Syrian Arc (Höntzsch et al., 2011),
leading to differential uplifts and subsidence during phases of
extension and intervening inversion events (e.g., Bosworth and
Tari, 2021). The circulation in the paleo-lows would have been par-
tially restricted, causing the base of the water column to become
bathymetrically isolated and oxygen-deprived across the shelf
(Robinson, 1995). Additionally, well data has shown the disappear-
ance of the Campanian Brown Limestone source rock Formation in
the north of the southern edge of the inversion structure. This sug-
gests that these structures provided a paleo-topographic relief,
influencing the distribution of the organic-rich facies (Bevan and
Moustafa, 2012).

The Algeo and Lyons (2006) model is most effective for samples
deposited under anoxic conditions. Therefore, for the Mo-TOC
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covariation, samples with MoEF values > 10 were selected from
eachMember (Fig. 8 & 12B-C). The cross-plot suggests that a signif-
icant portion of the samples fell within either the Black Sea or the
Framvaren Fjord trend (Upper, Hamama, and Beida members),
while only two samples from the organic-rich TOC peak of the
Hamama Member plot within the Cariaco Basin trend (Fig. 8 and
12B-C). This indicates an overall depletion of seawater Mo concen-
tration in at least semi-restricted sub-chemoclinal conditions
(Algeo and Lyons, 2006). Furthermore, the Mo/TOC profile (Fig. 8)
reveals that the majority of samples plot in the strongly restricted
field, excluding the lowest Dakhla TOC peak. Specifically, the Mid-
dle, Uppermost, Hamama, and Beida members have average Mo/
TOC ratios of 4.9, 6.0, 3.4, and 3.2 lg g�1/%, respectively. When
compared to the average value of euxinic sediments from the latest
Proterozoic-Phanerozoic (27 lg g�1/%; Scott et al., 2008), these
data suggest an overall depletion of the seawater Mo reservoir
under a certain degree of sub-chemoclinal watermass restriction
(Algeo and Lyons, 2006).

From another perspective, strong element enrichments may
have occurred due to local factors, such as stratigraphic condensa-
tion resulting from significantly low sedimentation rates, rather
than global oceanic changes (Miller et al., 2017). Therefore, the
sedimentation rate factor plays an important role in Mo sequestra-
tion within a basin. For instance, the highest abundances of TOC
and Mo are found in the lowermost Hamama Member, as these
strata are considered a maximum flooding surface systems tract
(El-Shafeiy et al., 2016). The substantially reduced sedimentation
rate might have hindered the dilution of organic carbon and Mo
contents and/or supplied Mo renewal to the system via transgres-
sion. These conditions persisted under oxygen-deficient seawater
until the sedimentation rate increased again during the deposition
of the rest of the Hamama strata and the overlying Beida Member
(Fig. 8).

5.4. Productivity

Eshet et al. (1992) and Eshet and Almogi-Labin (1996) con-
ducted productivity estimations by analyzing the abundance of
calcareous nannofossil species and comparing their distribution
with that of other organisms, such as planktonic foraminifera
(Almogi-Labin et al., 1993) and organic-walled dinoflagellate cysts
(Eshet et al., 1994). Their findings revealed that relative species
abundances were influenced during periods of high productivity,
while calcareous nannofossil diversity and abundance reached
optimal conditions during periods of low productivity. During high
productivity periods, an adverse effect was observed by Thunell
and Sautter (1992), where the planktonic foraminiferal occur-
rences increased at the time of diminishing the calcareous nanno-
fossil population. In contrast, Young (1994) hypothesized that
calcareous nannofossil abundance increased with high productiv-
ity but declined in hyper-eutrophic settings. The Quseir section
offers additional insights into the relationship between calcareous
nannofossil abundance, species diversity, and environmental con-
ditions in this region of central Egypt. Notably, Tantawy (2003)
confirmed the relationship between calcareous nannofossils and
productivity that observed in other regions of the Tethys. He
observed that during the late Maastrichtian, high abundance and
species richness of calcareous nannofossils were associated with
low surface productivity. There is a notable increase in low-
productivity taxa during the late Cretaceous in the Quseir section,
with only sporadic occurrences of high-productivity taxa. Mean-
while, calcareous nannofossils exhibit high species richness values,
which aligns with the findings of Keller et al. (2002). The decline in
productivity towards the end of the Maastrichtian is consistent
with similar trends observed in other regions of the Tethyan Ocean
(e.g., Barrera and Keller, 1994; Keller et al., 2002; Keller et al.,
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2012). The observed patterns in calcareous nannofossil species
richness are similar to those reported by Keller et al. (2002), except
for the CC25b Subzone, where both abundance and species rich-
ness were lower. This decline could be attributed to poor preserva-
tion and/or the presence of a shallow, stressed environment in the
Quseir region. During the Danian period, productivity was high, as
indicated by the sporadic occurrence of high-productivity taxa
within the NP3 and NP4 zones. This finding is consistent with
the conclusions of Tantawy (2003), where high surface productiv-
ity was inferred from the d13C signature of bulk sediments.

Although TOC content usually represents a small fraction of the
total primary productivity in an aqueous system, it serves as a pri-
mary proxy for productivity, depositional environment, and
preservation (Canfield, 1994). Moreover, HI data are valuable for
distinguishing the sources of sedimentary organic matter. The tem-
poral distribution of TOC and HI (Fig. 10) approximately corre-
sponds to the denudation of calcareous nannofossils distribution
(Fig. 5). On average, the Duwi Formation exhibits lower values of
TOC and HI compared to the Dakhla Formation. The discrepancy
between the temporal distribution of TOC and HI contents and that
of the productivity-related calcareous nannofossils taxa can be
attributed to the presence of other phytoplankton and their ability
to perform photosynthesis during the K-Pg time (e.g., Sepúlveda
et al., 2019).

5.5. Implications from d13COrg – d15N patterns

The carbon and nitrogen isotopic signature can provide valuable
information on organic productivity and C-N cycling. Bulk d13COrg

can, on average, indicate the carbon isotope composition of the
preserved organic carbon in sediments (Meyers, 1997; Hayes
et al., 1999). It is worth mentioning that the studied strata in the
Quseir section contain organic matter that is either immature or
very early mature (Tmax � 440 �C; El-Shafeiy et al., 2017). There-
fore, the d13COrg values were not influenced by thermal degradation
during maturation processes, which commonly result in the loss of
light carbon isotopes with generated hydrocarbon, leaving behind
residual organic carbon enriched with the 13C isotope. Thus, the
data presented here largely represent the primary signature. The
variability in d15N values in the Quseir section can be mostly attrib-
uted to changes in denitrification in the water column, nitrogen
fixation, and/or nutrient uptake by phytoplankton when nitrate
was sufficient (Robinson et al., 2012).

Most Cretaceous organic-rich strata consist of marine organic
matter with depleted d13COrg values between �28‰ and �26‰
(Dean et al., 1986) due to the availability of dissolved CO2 during
the high pCO2 conditions of the Cretaceous period. Furthermore,
the generally depleted d13COrg in the late Maastrichtian and early
Danian strata can be attributed to the contribution of light atmo-
spheric carbon linked to the released CO2 from the Deccan volcan-
ism (Rosenberg et al., 2021). Examining the d13COrg of the Quseir
section reveals temporal heterogeneity in the bulk d13COrg archives
(Fig. 10). A slight negative carbon isotopic shift, reaching a mini-
mum of �29‰, is observed in the Middle Member of the Duwi For-
mation, where predominantly mixed marine organic matter was
preserved (kerogen type II; Fig. 10). A plausible explanation for this
observation is the surface water stratification during the deposi-
tion of these strata (El-Shafeiy et al., 2014; 2017). The stratified
water column caused the isotopically light organic matter that
underwent oxidation to be retained at the bottom of the photic
zone, leading to a shift towards lighter isotopic values in photosyn-
thesizers. A similar explanation was proposed for the mid-
Cretaceous black shales in the Kerguelen Plateau (Meyers et al.,
2009).

The d13COrg values of the Upper Member, however, are relatively
heavy, reaching a maximum of �24.5‰, compared to the rest of
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the Quseir section (Fig. 10). This observation suggests an increased
input of detrital plant debris and terrestrial organic matter (e.g.,
Kodina, 2002) to the proximal side of the shelf, which was pre-
served in this Member. In contrast, the d15N values of this Member
exhibit the lightest values along the Quseir section, approaching
the d15N value of C3 land plants (+0.5‰; Peterson and Howarth,
1987; Fig. 13). Therefore, the light d15N values also indicate that
the organic material is mainly derived from terrestrial plants, pre-
dominantly C3 plants with a d13COrg value of approximately �27‰
(Meyers, 1997). This is also confirmed by its HI values (Fig. 10).
Oxygenated conditions have seemingly prevailed during this mem-
ber, where the d15N signature shifts to lighter values compared to
the Middle Member. However, the d15N values remained heavier
than those typically observed in C3 plants. This discrepancy could
be attributed to the re-mineralization process and the release of
isotopically light NH4 (e.g., Prahl et al., 2003) that have altered
the d13COrg signature, resulting in heavier values after the release
of 13C-depleted carbon back into the (in)organic carbon pool (e.g.,
Freeman, 2001). Similarly, the relatively organic-lean strata of
the NP2 Zone are also characterized by organic material of terres-
trial origin (Fig. 10), where the d13COrg values approximate those of
present-day C3 land plants (�-27‰; Fig. 8; Meyers, 1994).

Shifts of a magnitude � 2‰ to lower values are noticeable in
both d13COrg and d15N at the lowermost and organic-richest layer
in the Hamama Member across the CC25b-CC26a transition, right
above the warm Episode 1 (Figs. 5 and 10). This layer represents
a maximum flooding surface systems tract (El-Shafeiy et al.,
2016) and contains typical marine organic material (Fig. 10).
Hence, a higher quantity of land plants is a rather unlikely explana-
tion for such isotope depletions. Instead, this layer shows the peak
of high-productivity taxa (Fig. 5). The isotope data of d13COrg and
d15N were seemingly influenced by local factors (such as strati-
graphic condensation) that affected the isotopic fractionation dur-
ing nitrogen and carbon fixation by primary producers. As this
layer demonstrates high productivity and an oxygen-deficient
water column, it can be suggested that an elevated denitrification
rate would have led to an environment with limited inorganic dis-
solved nitrate, and thereafter motivating nitrogen fixation
occurred possibly aided by bacteria, and thus diluting the isotopic
signature via isotopically light N2 input (e.g., Cao et al., 2021).
However, it is unlikely to explain the d15N excursion as a testimony
to nitrogen fixation by diazotrophs, which yields lower d15N values
from �3‰ to + 1‰ (Kuypers et al., 2004; Ader et al., 2016). Like
nitrogen, the carbon isotope signature seemingly resulted from
an episodic recycling of isotopically-light CO2, which influenced
the 13C content of the bio-produced organic material. This model
was postulated in the Toarcian oceanic anoxic event in the pres-
ence of photic zone euxinia (Küspert, 1982; Schouten et al.,
2000). The degradation of organic matter by anaerobic bacteria
under an oxygen-deficient water column can produce
isotopically-light CO2 that can accumulate underneath the redox
boundary and can be combined with surface waters (Schouten
et al., 2000). Another possible factor can also be the diagenetic con-
sequence, where differential removal of 13C-enriched and 15N-
enriched fractions (e.g., carbohydrates and proteins) took place
and led to a negative shift in d13COrg and d15N compared to the bulk
algal matter (Meyers, 1994; Lehman et al., 2002). It is worth men-
tioning that light d13COrg (-29‰) and d15N (-4.5 to �5‰) values
were recorded at the onset of the Oil Shale Member of the Negev
section representing a maximum flooding surface systems tract
with a TOC peak up to � 20% (Meilijson et al., 2018). The isotope
shift was attributed to the early mineralization of organics during
the denitrification process and the preferential breakdown of the
protein component in oxygen-deficient bottom-water conditions
(Schneider-Mor et al., 2012). Bacterial ingrowth can supply d15N-
depleted components to the organic material that boosts the lower



M. El-Shafeiy, D. Chen, Z. Chu et al. Gondwana Research 129 (2024) 142–166
d15N values (Libes and Deuser, 1988). However, the influence of
selective diagenesis of isotopically heavy or light organic fractions
is usually small (<2‰; Dean et al., 1986; Meyers, 1997).

The TOC and HI peaks in the CC26-NP2 zones coincide with an
increment in the d15N values (Fig. 10), which implies increased
denitrification rates resulted from productivity-induced expansion
of oxygen-deprived conditions (Cao et al., 2021). The enrichment in
d15N around the K-Pg transition in the Quseir section, reaching a
maximum of + 8.6‰, can be attributed to increased bacterial den-
itrification and/or phytoplanktonic nitrate assimilation due to
increased marine productivity (high TOC and Type I kerogen;
Fig. 10). Similar trends were observed in El Kef and Aïn Settara sec-
tions (Sepúlveda et al., 2019). Alternatively, the d13COrg shows a
negative shift of magnitude�2.8‰ close to the K-Pg transition that
appears to be of a global pattern that has a magnitude between
�0.5 and �3.0‰ (Meyers, 1992), being observed in several sections
including El Kef and Aïn Settara sections (Sepúlveda et al., 2019).
This excursion was believed to signify a depressed productivity
period during the early Danian where organic matter could have
re-mineralized quicker than being biosynthesized (Meyers, 1992;
Esmeray-Senlet et al., 2015). However, this interpretation is seem-
ingly not the only factor, as relatively elevated TOC and HI values
are observable right above the K-Pg transition (Fig. 10). Another
important influence could be the intensified volcanic CO2 in the
atmosphere resulting from the Deccan phase 2 eruption that may
have resulted in negative d13C excursion around the K-Pg transition
(Sial et al., 2016; Fig. 10).

The cross-plot of d15N vs. d13COrg provides valuable insights into
the origin of organic matter (Fig. 13). Comparing our data with the
data from Meyers (1997) can imply that our section encompasses
d13COrg values that mimic, on average, the Cenomanian-Turonian
(C/T) black shale values except for the Upper Member that contains
heavier values (Fig. 13). However, the d15N data diverge signifi-
cantly from the C/T black shales, instead resembling the d15N val-
ues observed in marine plankton (+8.6‰) and dissolved nitrate
(+7‰ to +10‰) for most intervals (Fig. 13; Meyers, 1997). Addi-
tionally, our d15N data partly resembles those of El Kef and Aïn Set-
tara sections in Tunisia (Fig. 13; Sepúlveda et al., 2019). Notably,
the Upper Member shows d15N values similar to those of the Cali-
fornia River and the Black Sea (Fig. 13). The diagenesis of the
organic matter via microbial effect in most intervals of the Quseir
section has caused a slight deviation from the typical d15N values.
The denitrification of the nitrate anion in anoxic water conditions
selectively releases light nitrogen isotopes, leaving the remaining
nitrate enriched in the heavy isotope that is available for algal uti-
lization (Meyers et al., 1997). Instead, Schneider-Mor et al. (2012)
implied that the main mechanism that determines the d15N values
in the Negev section, which is deeper marine than the Quseir sec-
tion, was the selective decomposition of specific organic fractions
via denitrification and/or anammox. They recorded an increasing
trend in the d15N values from the base of the section (top Phos-
phate Member) to the Marl Member, which can mirror a decline
in the preferential removal of N-rich components with changing
from anoxic to more oxygenated benthic conditions (Fig. 13). Our
data from the Quseir section, however, demonstrates overall
higher d15N values than those from the Negev section (Fig. 13).
We assume that this discrepancy is due to the less efficient selec-
tive decomposition process in the Quseir section, possibly influ-
enced by its proximity to land and the non-persistent anoxic/
euxinic conditions. These findings align with the presence of Type
III kerogen and less anoxic intervals in the Quseir section.

5.6. Implications from pyrite d34S profile

The sulfur isotope composition of sulfides preserved in sedi-
mentary records can potentially reflect that of sulfides formed dur-
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ing sulfate reduction processes but with greater depletion
(Canfield, 2001). Assimilatory sulfate reduction occurs in auto-
trophic organisms and results in minimal isotopic fractionation,
whereas dissimilatory sulfate reduction is typically carried out by
heterotrophic organisms (bacterial sulfate reduction) under reduc-
ing conditions (Sharp, 2017). Dissimilatory reduction plays a key
role in the sulfur budget evolution within an ecosystem, having a
rate that is inversely proportional to the magnitude of fractiona-
tion (ranging 3–46‰, averaging 18‰; Canfield et al., 1998;
Canfield, 2001; Sharp, 2017). During sulfate reduction, H2S is typ-
ically 34S-depleted, and subsequent pyrite formation occurs. More-
over, the disproportionation processes of sulfur intermediate
compounds generate significant fractionation, which can explain
the highly depleted sulfides d34S values observed within marine
sediments (Canfield and Thamdrup, 1994; Canfield and Teske,
1996 Canfield et al., 1998; Böttcher and Lepland, 2000). Dispropor-
tionating bacteria are found in high abundance in sediments at the
sediment–water interface, where bioturbation may occur (Böttcher
et al., 2001). However, it has been reported that marine sulfate-
reducing bacteria can deplete 34S by up to 66‰ relative to sulfate
through reduction solely, without involving oxidative sulfur
cycling (Sim et al., 2011).

It is noteworthy that the study strata exhibit four distinct mor-
phologies of disseminated syn- and diagenetic pyrite, as observed
by Soliman and El Goresy (2012). These morphologies include
grouped multi-framboids, individual framboids, growth idiomor-
phic framboids, as well as single and aggregated euhedral pyrite
crystals. Among these, the two predominant types are the multi-
framboids and individual framboids. Soliman and El Goresy
(2012) reported that around 75% of individual framboids have an
average size ranging between < 5 lm and 5–10 lm.

Strong variations were observed in the pyrite d34S profile in the
Quseir section (Fig. 10) due to the heterogeneous nature of sulfate
reduction and pyrite formation processes (McKay and Longstaffe,
2003). In particular, the Duwi Formation exhibits a higher and
abrupt temporal variability in d34S values (-31.4 to + 28.1‰) com-
pared to the overlying Dakhla Formation (-42.1 to + 2.4‰). The
Upper Member is signified by its highly positive d34S values,
averaging + 13.1‰ (Fig. 10), which are indicative of surface runoff
sulfur precipitation (+3 to + 15‰; Chen et al., 2020). It is important
to note that the d34S values of sulfide can serve as a sedimentary
record not only for the origin of sulfur but also for the concentra-
tion of sulfate in the water (Canfield, 2001). Considering that the
Upper Member was identified as a lowstand systems tract with rel-
atively more oxygenated conditions, a significant amount of runoff
water and coarser sediments were transported to the shelf system.
The limited extent of sulfate reduction can be confirmed by the sig-
nificantly decreasing pyrite and Mo contributions throughout this
interval (Figs. 8, 10, and 12A). Consistently, high pyrite d34S values
were observed in the Duwi phosphorites (Baioumy, 2011), as well
as in the late Cretaceous hydraulically-connected coastal plain silts
and sands of the Marshybank Formation (+13.2‰; McKay and
Longstaffe, 2003). The latter study explained the 34S enrichment
as a result of dissolved residual sulfide, enriched in 34S, migrating
from overlying marine sediments, which was also observed in
brackish and freshwater sediments. Another important factor is
the re-oxidation of sulfide, where 32S-sulfide was likely consumed
at a faster rate than 34S-sulfide (Fry et al., 1988), leading to an
increase in the d34S values of the remaining sulfides.

During the two Mo-rich spikes that represent the lowermost
stratum of the Hamama Member (at � 230 m) and carbonate-
rich strata (at 80–90 m depth; Fig. 10), the presence of anoxic-
sulfidic bottom waters likely indicates significant sulfide formation
through high rates of sulfate reduction. This process led to a deple-
tion of sulfate and an enrichment of remaining porewater sulfate in
34S, resulting in pyrites with slightly depleted d34S values com-



Table 2
Re and Os analysis data and their isotope data for samples from the Quseir section. Initial 187Os/188Os ratios were computed based on 65 Ma.

Sample Re (ppb) 2RSE(%) Os (ppb) 2RSE 187Re/188Os 2 s% 187Os/188Os 2 s Rho 187Os/188Osi

171.70 74.8 0.02 0.565 0.21 714 0.24 1.178 0.003 0.93 0.40
187.50 48.4 0.02 0.456 0.26 575 0.30 1.217 0.003 0.96 0.59
191.80 66.8 0.02 0.586 0.25 614 0.26 1.170 0.009 0.23 0.50
203.60 80.3 0.02 0.505 0.24 897 0.28 1.578 0.004 0.94 0.61
211.40 38.7 0.02 0.445 0.27 464 0.30 1.076 0.003 0.94 0.57
218.50 46.9 0.02 0.536 0.22 470 0.25 1.131 0.002 0.97 0.62
225.20 56.8 0.04 0.619 0.19 477 0.21 0.860 0.002 0.91 0.34
228.30 330 0.03 0.84 0.35 2689 0.50 3.552 0.017 0.98 0.64
230.30 328 0.02 0.84 0.35 2709 0.51 3.679 0.018 0.99 0.74
233.00 5.72 0.06 0.122 0.96 244 1.05 0.905 0.008 0.97 0.64
240.60 14.9 0.02 0.129 0.90 639 1.0 1.413 0.013 0.99 0.72
245.10 58.4 0.03 0.668 0.22 471 0.24 1.171 0.002 0.74 0.66
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pared to other intervals (Canfield, 2001; Pasquier et al., 2021;
Fig. 10). This interpretation is supported by the elevated pyrite
content observed in these specific intervals (Figs. 8 and 10).

Immediately above the TOC peak in the lowermost Hamama
Member, and up to a depth of 140 m, including the K-Pg transition,
there are significantly depleted pyrite d34S values, reaching a min-
imum of �43.8‰ at 150 m depth (Fig. 10). From the CC26b Zone to
the K-Pg transition, which encompasses substantially higher pyrite
contents (Fig. 10), neither TOC% nor HI values indicate oxic condi-
tions. Low marine sulfide d34S values can indicate bacterial sulfate
reduction and pyrite formation in a sulfate-replete (or open) pore
system (McKay and Longstaffe, 2003). Comparably, low d34S values
of sulfides have been reported in the dissolved sulfide just below
the oxic-anoxic boundary of the water column in the Black Sea
and the Cariaco Trench (�36 to �38‰; Fry et al., 1991). However,
some samples from this interval show significantly lower values.
Therefore, diagenetic processes can explain low pyrite d34S values
in this interval by causing disproportionation of sulfur intermedi-
ates in organic-lean strata or by sulfate reduction without extracel-
lular oxidative sulfur cycling (Sim et al., 2011). However, from the
K-Pg transition to 140 m depth, there is a gradual decline in pyrite
content, as well as TOC%, HI, and Mo contributions, being mini-
mum during the NP2-NP3 transition (Figs. 8 and 10). This suggests
a gradual decrease in the rate of sulfate reduction, which typically
leads to more depleted pyrite d34S values. It is possible that dispro-
portionation of sulfur intermediate species occurred, resulting in
significantly depleted pyrite d34S values.

5.7. Re-Os isotope signature: Seawater vs. Terrestrial

Ancient organic-rich marine sediments can reveal temporal
variations in the Os isotope composition of seawater (Cohen,
2004). The present-day seawater 187Os/188Os ratio is relatively uni-
form with a value of 1.06 (e.g., Peucker-Ehrenbrink and Ravizza,
2002), which has significantly changed over time. The major
sources of Os isotopes in seawater can include unradiogenic contri-
butions from hydrothermal alterations of juvenile oceanic crust
(187Os/188Os: �0.12; Peucker-Ehrenbrink and Ravizza, 2002), unra-
diogenic contributions from extraterrestrial meteorites and cosmic
dust (187Os/188Os: �0.127; Peucker-Ehrenbrin and Ravizza, 1996),
or radiogenic contributions from weathering of the continental
crust (187Os/188Os: �1.9; Cohen, 2004) via river systems (187Os/188-
Os: �1.4) and/or aeolian dust (187Os/188Os: �1.05; Peucker-
Ehrenbrink and Ravizza, 2002). Compared to the Sr isotope proxy,
the Os isotope profiling approach in marine sediments can quickly
respond to abrupt changes in input composition or weathering flux
to seawater due to the relatively short residence time of Os in sea-
water (10–40 Ka; Peucker-Ehrenbrink and Ravizza, 2002; Cohen,
2004).

The Re and Os contents of the Quseir section (Fig. 10 and
Table 2) are significantly higher than the average upper continental
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crust (0.03 and 0.198 ppb, respectively; Peucker-Ehrenbrink and
Jahn, 2001). These findings support Peucker-Ehrenbrink and
Blum’s (1998) conclusion that the release of Os from weathered
organic-rich shale is equivalent to the release from a much greater
volume of upper crustal granites. Additionally, all the 187Re/188Os
values of the analyzed samples are higher than those of the upper
continental crust (34.5; Peucker-Ehrenbrink and Jahn, 2001). How-
ever, they are lower than the average composition of present-day
seawater (Fig. 10). Similarly, a significant portion of these ratios fell
below the typical values for organic-rich sediments (�800;
Peucker-Ehrenbrink and Ravizza, 2002). Conversely, most of the
187Os/188Os ratios of the examined samples are relatively similar
to the average ratio in the upper continental crust (1.4 ± 0.3;
Peucker-Ehrenbrink and Jahn, 2001), with an exception observed
in the lowermost layer of the Hamama Member (Fig. 10). Whereas
these ratios are higher than the present-day seawater composition,
they are generally lower than the average organic-rich sediments
(2.22 and 2.27; Dubin and Peucker-Ehrenbrink, 2015), except for
the lowermost Hamama samples.

Quseir samples exhibit significantly more radiogenic present-
day and initial 187Os/188Os values (Table 2) than previously stud-
ied K-Pg pelagic sections elsewhere (e.g., Ravizza and Peucker-
Ehrenbrink, 2003; Ravizza and VonderHaar, 2012, among others).
Furthermore, samples from the Duwi Formation contain Re-Os
contents, as well as 187Re/188Os and 187Os/188Os ratios, that are
as radiogenic as those reported in samples from the Red Sea
phosphate mines (Baioumy et al., 2011). This suggests that the
Quseir organic-rich sediments are primarily influenced by
increased continental weathering under a warm/humid climate
and subsequent influx of 187Os/188Os through runoff, likely due
to increased exposure resulting from crustal uplifts (e.g., Yin
et al., 2023). Such terrestrial influx could have potentially altered
the Re and Os geochemistry of the studied sediments, indicating
that the initial 187Os/188Os values may not reflect the typical mar-
ine signature during deposition (Table 2). A weak to moderate
correlation (r2 of 0.38) was observed between Os and TOC%. This
suggests that Re/Os isochrons can yield significant uncertainties
due to Os drawdown caused by restriction, and the dating
method assumes that a group of samples should have a uniform
187Os/188Osi ratio (McArthur et al., 2008). Additionally, organic-
rich sediments generally contribute disproportionately to a sig-
nificant portion of Re (>50 %) and a smaller fraction of Os (5–
10 %) inventories in the upper continental crust (Dubin and
Peucker-Ehrenbrink, 2015). The recycling of such sediments can
contribute to an increased and more radiogenic 187Os/188Os val-
ues of seawater. Furthermore, 187Os/188Os values from restricted
basins and coastal areas may differ from those of open ocean sea-
water due to the influence of local riverine Os input (cf., Yin
et al., 2023).

It was suggested that the coeval shift towards more negative
d13C values and more radiogenic 187Os/188Os values during the
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Cenozoic era is consistent with the increased weathering on
organic- or sulfide-rich rocks on the continent (e.g., Dubin and
Peucker-Ehrenbrink, 2015; Yin et al., 2023), which biases the iso-
tope composition towards radiogenic 187Os/188Os and depleted
d13C in marine records (Ravizza and Esser, 1993; Peucker-
Ehrenbrink and Ravizza, 2002). However, this explanation should
be supported by evidence of older rock exposure as a potential
source of radiogenic Os. During the Alpine Cycle, a late Santonian
compressional phase affected the African-Arabian plate, leading
to widespread E–W to ENE–WSW folds in central Africa, eastern
Africa, and the southern Red Sea region (Guiraud et al., 2005;
Fig. 1). This compressional phase persisted until the end of Creta-
ceous. The highly exposed continental provinces in these areas
experienced tropical weathering (Guiraud et al., 2005) that may
have served as a potential source influencing the Re-Os geochem-
istry of the Quseir section.

The geochemistry of the studied Quseir section reveals an
observable perturbation between the present-day and initial ratios
of 187Os/188Os and 187Re/188Os during the spike in TOC% in the low-
ermost Hamama Member (Fig. 10 and Table 2). Samples at
approximately � 230 and 228 m depth exhibit a significant posi-
tive shift in these ratios compared to the underlying and overlying
strata (Fig. 10), accompanied by notably high Os and Re contents,
and negative d13COrg shift (section 5.5.; Fig. 10). A similar observa-
tion was documented in the falciferum Zone of the Toarcian mud-
stone in Yorkshire (Cohen et al., 2004). It was attributed to an
increased rate of oxidative weathering of the continental crust dur-
ing that time, caused by elevated temperatures resulting from
heightened levels of atmospheric CO2. However, McArthur et al.
(2008) reinterpreted the same excursion in Yorkshire as an ele-
vated initial 187Os/188Os, indicating an increased influx of riverine
input that was amplified by marine isolation and subsequent Os
drawdown into sediments. This latter interpretation aligns with
the condensation and watermass restriction observed in such
strata in the Quseir section. Another excursion to higher 187Os/188-
Os ratios was recorded during the late Paleocene thermal maxi-
mum in the North Atlantic and Indian Oceans, which is
consistent with a global increase in weathering rates (Ravizza
et al., 2001). Within the interpretative framework mentioned
above, the present study 187Os/188Os positive excursion coincides
with the observed spike in warm taxa near the same layer
(Fig. 5), linked to phase 1 of the Deccan CO2, representing a tran-
sient warming event. Additionally, a step-wise shift from moder-
ately weathered to highly weathered CIA values can be observed
for the same layer (Fig. 8). However, the assumption of increased
riverine influx may be questioned due to the presence of kerogen
Type I organics in this layer. The model proposed by McArthur
et al. (2008) investigated the effect on isotopic composition
through dilution with freshwater. The model suggests that minor
contributions of freshwater could lead to varying initial 187Os/188-
Os ratios. We propose that the local drawdown of Os, resulting
from provisional watermass restriction, stratigraphic condensa-
tion, and anoxia, is likely linked to runoff inputs during deposition.
However, without data from a time-equivalent transect of sections,
it remains poorly understood whether the observed shift indicates
a regional or global change in seawater isotopic signature during
the late Maastrichtian.
6. Conclusions

Based on integrated elemental and isotopic distributions from a
biostratigraphically-constrained core in the Quseir area near the
northern Red Sea coast, the key conclusions regarding paleocli-
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matic and paleoenvironmental variations during the K-Pg transi-
tion are as follows:

1. Late Cretaceous strata exhibit a global cooling trend with a drier
climate and reduced chemical weathering, supported by CIA, Al/
Ti ratios, and nannofossil assemblages. Two notable warming
episodes coincide with the early phases of the Deccan volcan-
ism. Conversely, early Paleocene deposition indicates a period
of warmer/humid climate, evidenced by an increased abun-
dance of warm-water taxa and intensive chemical weathering.

2. Redox-sensitive elements (Mo and U) show enrichments 1–3
times higher than seawater in the Middle, Hamama, and Beida
members. Lower, Upper, and Uppermost members display
lower redox-sensitive element input due to relatively more
oxygenic conditions. Strata deposited under oxygen-deficient
conditions suggest a potential association with watermass
restriction, as indicated by Mo-TOC covariations.

3. Sporadic occurrences of high-productivity taxa during the
Danian period suggest increased productivity compared to the
late Cretaceous, consistent with temporal distributions of
organic carbon (TOC) and hydrogen index (HI).

4. Examination of sediment core d13COrg and d15N data reveals ver-
tical heterogeneity influenced by various factors. These include
the type and re-mineralization potential of organic matter
(Upper Member), redox conditions/preservation efficiency
(Middle, Hamama, and Beida members), and stratigraphic con-
densation and recycling of isotopically light CO2 (Küspert
model) in the lowermost Dakhla TOC peak. While some factors
have localized effects, certain isotopic shifts correlate with
regional or global sections, such as the negative d13COrg shift
around the K-Pg transition.

5. Strong variations in pyrite d34S are likely due to heterogeneous
sulfate reduction and pyrite formation in Quseir sediments.
Fluctuations in d34S are primarily linked to changes in riverine
influx and pore-water openness (Upper Member). Moreover,
changes in sulfate reduction rate and redox conditions are asso-
ciated with spikes in TOC and Mo intervals. Furthermore, diage-
netic disproportionation of sulfur intermediate species is
influential in the CC26 to lower NP3 zones.

6. The Quseir section exhibits significantly more radiogenic 187-
Os/188Os values compared to pelagic K-Pg sections elsewhere.
This difference is attributed to continental weathering products,
proximity to land, and runoff influx of 187Os/188Os under a
greenhouse climate. Therefore, the 187Os/188Os ratios may not
reflect a typical marine signature. At the onset of the Hamama
Member TOC spike, a positive shift in 187Os/188Osi to 0.74
(present-day 187Os/188Os of 3.68) occurred. However, without
supporting data from a time-equivalent transect, it remains
uncertain whether this more radiogenic shift represents a glo-
bal or regional seawater isotopic change.
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