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ARTICLE INFO ABSTRACT

Editor: Thomas Steuber The Upper Cretaceous succession in Jordan records the evolution of an upwelling system characterised by the

widespread deposition of phosphorites, siliceous mudstones, and carbonate mudstones with TOC contents of up

Keywords: to 30 wt%. Here, we investigate the Maastrichtian succession of Jordan along a basin-scale SW-NE transect (~61
Late Crfataceous km) using a multi-proxy approach that integrates sedimentological and geochemical datasets within a high-
g:l‘g:llrlgguctivit resolution biostratigraphic framework.

OMZp ¥ Regional correlations reveal hierarchical depositional cyclicity and a diachronous distribution of organic
Tethys matter that progressively shifted landward through time. Maximum TOC enrichment occurred under conditions
Organic-rich carbonates of high paleoproductivity associated with an upwelling system. Trace-element enrichments (Ni, Cu, Zn, Mo, U,
Jordan and V) further suggest a strong coupling between productivity and the development of an oxygen minimum zone

(OMZ), analogous to modern upwelling systems. The organic-rich carbonate interval was deposited from the
early Maastrichtian (UC16b) to the late Maastrichtian (UC20a), representing approximately 2.5 myr of sustained
high-productivity conditions in central Jordan.

During the late Maastrichtian, a major paleoceanographic reorganization occurred, weakening the upwelling
system and causing a split in organic carbon and mineral carbon productivity cells on the Levant shelf. Organic-
matter productivity continued into the Paleocene in the nearshore realm (southern Jordan), driven primarily by
continental runoff. In contrast, in the more distal, ssaward part of the shelf, sediment production shifted toward
carbonate-producing planktonic microorganisms.

This study thus provides a dynamic picture of Maastrichtian paleoproductivity in Jordan and presents a model
that may apply to other locations along the submerged southern Neo-Tethys Ocean margin shelves.

important role of primary productivity in the accumulation of organic
matter, mostly driven by increases in nutrient supply (e.g., Parrish and

1. Introduction

During the Cretaceous, the accumulation of organic-rich marine
sedimentary rocks is enhanced by a combination of global paleoenvir-
onmental conditions, including greenhouse climates, major trans-
gressive periods, and widespread oceanic anoxia events (Arthur et al.,
1990; Wilson and Norris, 2001; Gale et al., 2002; van Buchem et al.,
2002; Wilmsen, 2003; Schlager, 2005; Gambacorta et al., 2016; van
der Meer et al., 2022). In addition, other authors have emphasized the
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Curtis, 1982; Pedersen and Calvert, 1990; Parrish, 1995; Leckie et al.,
2002; Katz, 2005; Huc et al., 2005; Hay, 2009; Jenkyns, 2010; Bohacs
et al., 2020). Upwelling zones are commonly associated with
enhanced nutrient supply and drive the widespread distribution of
phosphatic, siliceous, and organic-rich carbonate rocks along Paleozoic
and Mesozoic continental shelves (e.g., Parrish and Curtis, 1982; Piper
and Link, 2002; Ader et al.,, 2014; Canadas et al., 2024). Similar
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successions are also observed in modern upwelling systems offshore
regions of Namibia, Peru, and the Gulf of California (Shannon and
Nelson, 1996; Borchers et al., 2005; Inthorn et al., 2006; Boning et al.,
2015; Dale et al., 2015).

During the Late Cretaceous to Eocene, a long-term transgressive
phase occurred along the southern margin of the Neo-Tethys Ocean
(Flexer and Reyment, 1989; Gvirtzman et al., 1989; Adatte et al., 2002;
El-Azabi and Farouk, 2011; Powell and Moh'd, 2011). This transgression
resulted in the deposition of hemipelagic to shallow marine carbonate
rocks, characterised by significant lateral variations in lithology, and
locally also in thickness. These successions have been studied in Tunisia,
Egypt, Lebanon, and Jordan, for their stratigraphic and paleogeographic
significance, as well as their economic importance, including phosphate-
rich deposits and hydrocarbon source rocks (Glenn and Arthur, 1990;
May, 1991; Tantawy et al., 2001; Soudry et al., 2013; Khoury, 2019).

In Jordan, the Maastrichtian hemipelagic carbonates rocks of the
uppermost Belga Group consist at the base of granular phosphatic
marlstone that grades upward into dark-gray, organic-rich marlstone.
This interval represents the immature source rock of the Muwaqqar
Chalk Marl (MCM) Formation, with total organic carbon (TOC) content
values reaching up to 30 wt% (Abu-Mahfouz et al., 2019; Usman et al.,
2025). A sharp color change marks the end of the organic-rich interval,
followed by interbedded chalky limestone and marlstone with low TOC
values (<1 wt%) (Fleurance et al., 2013; Abu-Mahfouz et al., 2019;
Bazeen et al., 2020).

The high paleoproductivity recorded in the Levant region during the
Late Cretaceous is commonly attributed to a prolonged upwelling sys-
tem that prevailed along the margins of the Neo-Tethys Ocean for
approximately 19 myr (Almogi-Labin et al., 1993; Soudry et al., 2006;
Edelman-Furstenberg, 2009; Ashckenazi-Polivoda et al., 2011 Powell
and Moh'd, 2011; Abed, 2013; Alsenz et al., 2013; Meilijson et al.,
2014). Upwelling currents transport cold, nutrient-rich deep waters
into shallow marine environments, enhancing bio-productivity and
promoting the accumulation of sediments enriched in phosphorus (P),
silica (Si), and organic carbon (Corg). In addition, increased continental
runoff and weathering rates may also enhance nutrient supply in
shallow waters, thereby boosting bioproductivity and organic matter
accumulation. The relative influence of these nutrient sources may vary
between proximal and distal depositional settings (Leckie et al., 2002;
Wilmsen, 2003; Erba, 2004; Batenburg et al., 2016; Poulton et al., 2015;
Shmeit et al., 2022).

Another factor controlling the accumulation of organic-rich sedi-
ments in marine carbonate settings is the development of anoxic bottom
water conditions, commonly associated with restricted or partially
restricted environments (Demaison and Moore, 1980; Tissot et al., 1984;
Hay, 1995; Tyson, 2005; McArthur et al., 2008; Jenkyns, 2010). A
compressional tectonic regime and associated basin segmentation along
the northern African and Arabian plates affected accommodation space
and the distribution of phosphatic and organic-rich facies of Coniacian-
Maastrichtian successions of the Negev, Sinai, and western Egypt
(Gvirtzman et al., 1989; Kuss et al., 2000; Guiraud et al., 2005). Simi-
larly, organic-carbon enrichment in the Maastrichtian MCM Formation
of Jordan has been attributed to deposition within fault-controlled ba-
sins related to the same regional compressional phase (Abed and
Amireh, 1999; Abed et al., 2005; Powell and Moh'd, 2011; Fleurance
et al.,, 2013; Ali Hussein et al., 2015; Alqudah et al., 2015; Hakimi
et al.,, 2016; Beik et al., 2017, 2018, 2019; Sokol et al., 2017;
Grohmann et al., 2023; Aljurf et al., 2026). A recent tectonostratigraphic
study by Kalifi et al. (2025), however, suggests that only minor synse-
dimentary subsidence occurred in Jordan during the Maastrichtian,
contrasting with traditional depositional models proposed for the MCM
Formation. At the same time, modern upwelling systems demonstrate
that intense oxygen minimum zones (OMZs) can also develop in
oceanographically open settings, such as along the Namibian and
Peruvian continental shelf margins, where they may occur at water
depths as shallow as ~50 m (Boning et al., 2004; Boning et al., 2015;
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Sweere et al., 2016).

Previous studies of the Maastrichtian of Jordan, largely based on
cored wells, have focused on the organic-rich source-rock interval while
largely neglecting the overlying chalky marlstone (Ali Hussein et al.,
2015; Alqudah et al., 2015; Plado et al., 2016; Beik et al., 2017; Puura
et al., 2017; Giraldo-Gémez et al., 2018; Abu-Mahfouz et al., 2019) or
have relied on essentially one-dimensional sections (e.g., Usman et al.,
2025; Aljurf et al., 2026). This has limited the assessment of spatial
and temporal variability and obscured the key controlling factors.
Although those studies generally agree that the long-term sea-level rise
promoted the development of upwelling systems along the Neo-Tethyan
margins, the mechanisms controlling organic-matter accumulation and
preservation, as well as the abrupt transition from bituminous mudstone
to chalky marlstone, remain poorly constrained and understood.

To address these gaps, this study integrates new shallow-cored wells,
outcrop sections, and published datasets from central and southern
Jordan (Alqudah et al., 2015; Plado et al., 2016; Puura et al., 2017; Beik
et al., 2019; Messaoud et al., 2025). A regional-scale, high-resolution
sequence stratigraphic analysis is combined with refined age constraints
based on calcareous nannofossil biozones (CNZ). Newly acquired drill
cores from central Jordan cover the entire Maastrichtian succession,
including the Campanian-Maastrichtian and Cretaceous-Paleogene
(K/Pg) boundaries as well as the MCM chalky marlstone, an interval
rarely preserved in outcrop due to its clay-rich, soft-weathering char-
acteristics. Recent studies on the biostratigraphy and tectonostratig-
raphy of the Upper Cretaceous of Jordan (Kalifi et al., 2025; Messaoud
et al., 2025) provide the framework to re-evaluate the controls on
MCM Formation deposition, focusing on the relative influence of pale-
oceanographic processes, particularly upwelling dynamics, on the
accumulation and preservation of organic matter. The main objectives of
this study of the early Maastrichtian-Danian deposits in Jordan are thus
to:

(i) document regional patterns in lateral facies change (sedimen-
tology and geochemistry) within the MCM Formation, along a 61
km long transect, integrating shallow core data and wireline logs,
and constrained by a nannofossil-based time framework;

(ii) characterise the different orders of cyclicity in the studied inter-
val and investigate the role of variations in productivity, bottom-
water energy, and oxygenation; and

(iii) assess the relative contributions of upwelling-driven and conti-
nental run-off driven productivity, and their variations in time
and space by integrating information from the literature into our
dataset and conclude with the proposition of facies maps and a
depositional model.

2. Geologic settings

During the Late Cretaceous, the northwestern edge of the Arabian
Plate was part of a shallow carbonate platform along the southern
margin of the Neo-Tethys Ocean (Fig. 1a) (Ziegler, 2001; Powell and
Moh'd, 2011). Regional tectonics and long-term sea-level rise (on sec-
ond- and third-order scales) influence the sedimentation patterns and
depositional architectures of two major lithostratigraphic groups: the
Ajlun and Belga Groups (Fig. 1b) (Powell, 1989; Andrews, 1992; Powell
and Moh'd, 2011). The Ajlun Group, consisting of six formations, pri-
marily comprises open marine carbonates in the distal domain and
shallow-water carbonates with fluvial-deltaic sandstones in the more
proximal domain, near the paleo-shoreline, which was oriented
approximately NE-SW (Flexer and Reyment, 1989; Schulze et al., 2003;
Powell and Moh'd, 2011; Chirakal et al., 2025). A new high-resolution
age model, based on fossil assemblages (ammonites, foraminifera, and
calcareous nannofossil zonation), dates the group from the late Albian to
the early Coniacian (Messaoud et al., 2025).

The overlying Belqa group was deposited during the late Coniacian
to Eocene (Powell and Moh'd, 2011; Messaoud et al., 2025). It comprises
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Fig. 1. (a) Paleogeographic reconstruction of the southeastern Neo-Tethys margin during the Late Cretaceous (~70 Ma) (modified from Scotese et al., 2025). (b)
Schematic lithostratigraphic column and main depositional sequences of the Ajlun and Belga groups along the Dead Sea Rift (modified from Powell and Moh'd,
2011). (c) The geological map of Jordan showing the locations of the studied cored wells and outcrop (modified from Kalifi et al., 2025). Published well data
(yellow dots) from Alqudah et al. (2015), Plado et al. (2016), and Beik et al. (2019). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

six formations in sequential order (Fig. 1b): (1) Wadi Umm Ghudran
(WUG), mainly chalk, chert and sand facies; (2) Amman Silicified
Limestone (ASL), rich in cherts and chalky marlstone; (3) Al Hisa
Phosphorite (AHP), mainly intercalations of phosphatic marlstone, chert
and oyster mounds deposited in shallow water settings; (4) Muwaqqar
Chalk Marl (MCM), which is the focus of this study, is generally
composed of bituminous chalk and marly facies; (5) Umm Rijam Chert
(URQC), abundant chert beds intercalated with marly limestone; (6) Wadi
Shallalah Chalk (WSC), characterised by chalk and marls interbedding
(Andrews, 1992; Powell and Moh'd, 2011). The thickness of the Belga
Group is highly variable across Jordan, ranging from 500 m in the
central and northern parts to 100 m in the south (Kalifi et al., 2025).
During the early Maastrichtian, a phase of rapid transgression and
high productivity led to the deposition of the organic-rich MCM

Formation, covering a large portion of Jordan (Powell and Moh'd,
2011). The lower part of the MCM Formation is predominantly
composed of phosphatic-rich marls and bituminous chalk, while white
chalky marls characterise the upper part. The TOC content in the
organic-rich beds ranges from 3 to 30 wt%, and is characterised by
kerogen Type II- and high sulfur Type II (IIS), sulfur content between 2
and 12 wt%, and Tmax values ranging from 389 to 424 °C (%Ro <0.6),
indicating a thermally immature source rock (Hakimi et al., 2016; Abu-
Mahfouz et al., 2019; Usman et al., 2024). The K/Pg boundary hiatus has
been identified within the MCM Formation (Messaoud et al., 2025). The
top of the formation is marked by high bioturbation (Thalassinoides),
abundant shallow marine fauna, and the first appearance of the hard,
chalky limestone of the URC Formation (Powell and Moh'd, 2011; Beik
et al., 2017).
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During the Late Cretaceous, the margins of the Arabian Plate became
tectonically active due to a major plate tectonic reorganization initiating
the closure of the Neo-Tethys Ocean (Ricou, 1994; Vaughan and
Scarrow, 2003; Agard et al., 2006; Matthews et al., 2012). In intra-
plate settings, this phase induced both compressional and extensional
tectonic regimes along the northern Arabian Plate (Guiraud and
Bosworth, 1997; Litak et al., 1997; Kuss et al., 2000; Guiraud et al.,
2005a; Kalifi et al., 2025). Compressional deformation (e.g., Syrian
Arc) affected only the northernmost part of Jordan during the Coniacian
to early Campanian (Mikbel and Zacher, 1986; Kalifi et al., 2025). In
contrast, the extensional/transtensional deformation was expressed by
the (re)-activation of the NW-SE trending Azraq-Hamza graben system,
with tectonic activity reaching a maximum during the early Campanian
(ASL Formation) and declining significantly into a sag phase, charac-
terised by subtle differential subsidence during the late Campanian to
Eocene (AHP, MCM, and URC formations) (Fig. 2) (Kalifi et al., 2025).

3. Materials and methods
3.1. Materials

The Maastrichtian interval was investigated using four cored wells
from central Jordan and one outcrop section in southwest Jordan
(Fig. 1c; Table 1). Well 6, located in the Attarat Um Ghudran area, was
selected as the reference well as it is a continuous succession that covers
almost the entire Maastrichtian interval (only small sections are
missing), including both the organic-poor and organic-rich lithofacies of
the MCM Formation. The cored interval is approximately 140 m thick
and was sampled at high resolution (every 0.5 m) and logged at centi-
meter scale for texture, fabric, grain types, sedimentary structures, trace
fossils, and bioturbation index (BI) (Lazar et al., 2015).

Wells 1 and 2, drilled in the Al-Lajjun area (Fig. 1c), are integrated
into the 2-D transect (A-A'). Both well cores include the Campanian-
Maastrichtian boundary (Messaoud et al., 2025) and were slabbed and
analyzed. A detailed geochemical description of Well 2 was previously
published by Usman et al. (2025).

The Wadi Bustani outcrop is located along the uplifted escarpment
on the eastern flank of the Dead Sea Transform, in southern Jordan
(Fig. 1c). The MCM Formation is here about 200 m thick and was logged
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as a continuous section at the meter scale.

An overview of the collected data is provided in Table 1 and includes
hand and powder samples, thin sections, photographic records, natural
gamma-ray (NGAM), as well as spectral gamma-ray (SGR) logs acquired
using a handheld device (Radiation Solutions Inc. RS230 BGO Super-
Spec).

We also incorporated published data from cored wells located
adjacent to the Attarat Um Ghudran, Azraq-Hamza, and Jarf area
(Fig. 1c), reported by Alqudah et al. (2015), Plado et al. (2016), and Beik
et al. (2019). These wells provide wireline petrophysical logs,
biostratigraphic constraints, and geochemical data, which were used to
calibrate core depths and establish a robust basin-scale correlation.

3.2. Methods

3.2.1. Petrographic analysis

Thin sections were studied with a LEICA DM 750P polarizing light
microscope at different magnifications (2.5x, 4x, and 10x) and digi-
tized with the ZEISS Axioscan 7 slide scanner for enhanced image range
acquisition. The thin sections were dyed with an Alizarin Red solution
on one half and impregnated with blue epoxy to aid in descriptions,
including grain type, lamination, matrix, bioturbation index, fractures,
and diagenetic features. Carbonate rocks were classified using the
guidelines proposed by Dunham (1962) and with some modifications
based on the dominant component, such as grain type or main miner-
alogy (Fliigel and Munnecke, 2010; Lazar et al., 2015).

3.2.2. Biostratigraphic analysis

A total of 90 samples from wells 1, 2, and 6 were analyzed for
calcareous nannofossils using the standard smear-slide preparation
technique (Bown and Young, 1998). Microscopic examination focused
on identifying age-diagnostic taxa to establish biostratigraphic con-
straints for the uppermost Campanian to the Danian interval and
emphasized biozonal assignments to estimate sedimentation rates and
locate major stratigraphic boundaries. Cretaceous intervals were
assigned using the UC™ (Tethyan Province) biozonation of Burnett
(1998), with updates by Thibault (2016), while Danian strata follow
the NP zonation of Martini (1970). Taxonomic concepts adhere to Perch-
Nielsen (1985) and Bown and Young (1998). Biozonal boundaries were

Maastrichtian-Paleocene
MCM Formation
(study interval)
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Fig. 2. Thickness maps and schematic cross-sections showing the tectonostratigraphic evolution of central Jordan from the early Campanian to the Paleocene,
modified from Kalifi et al. (2025). The Azraqg-Hamza Graben system reached maximum activity during deposition of the ASL Formation, followed by a progressive
reduction in tectonic activity during deposition of the AHP Formation and transition to a broad sag basin with only minor differential subsidence during deposition of

the Maastrichtian-Paleocene MCM Formation.
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Table 1
Overview of the data collected in this study.
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Data processed in this study

Name Thickness (m) Well logging Biostratigraphy Thin section Geochemical analysis

XRF XRD ICP-OES TOC
Well 1 20 SGR CN biozonation - - 33 - 35
Well 2 71 SGR CN biozonation 15 - - - -
Well 6 139 NGAM CN biozonation 24 119 - 48 275
Well 7 134 SGR - - - - - 56

CN biozonation
Wadi Bustani 210 - (Messaoud et al., 2025) 19 - - - 17
Total 58 119 33 48 383
Data compiled from published sources
Well name Thickness (m) Well logging Additional Data Reference
Well 2 71 SGR TOC, XRD, ICP-OES, Thin section Usman et al. (2025)
BH1 117 NGAM General lithological description, U (ppm), P2Os (%)
BH3 104 NGAM General lithological description, U (ppm), P20s (%) Plado et al. (2016) and Puura et al. (2017)
BH5 139 NGAM General lithological description, U (ppm), P2Os (%)
— i i 0, 0,

8:2; égo B SE E;Zigzzgzg: igf] (;Z: sz gzgg:oﬁ Alqudah et al. (2015) and Beik et al. (2019)

- Not measured.

defined using the First Occurrences (FO) and Last Occurrences (LO) of
key taxa.

3.2.3. Geochemical analysis

A total of 505 samples were crushed and ground to a particle size of
<10 pm for bulk analysis using an agate mortar to ensure homogeni-
zation and minimize inconsistencies (Craigie, 2018). Organic and inor-
ganic geochemical analyses were performed at the Core Lab facilities at
King Abdullah University of Science and Technology (KAUST), Saudi
Arabia.

Programmed pyrolysis analysis was conducted using the Rock-Eval
7S (Standard Analyzer Unit, Vinci Technologies) to measure its TOC
content and evaluate its thermal maturity. TOC values are given in
weight percent (wt%). The calcium carbonate content equivalent was
calculated from the mineral carbon content parameter (MinC) from the
Rock-Eval 7S (Behar et al., 2001; Jiang et al., 2017). Assuming that the
inorganic carbon fraction resides as calcium carbonate (CaCOs), the
following stoichiometric formula was applied: CaCO3 = MinC x 8.333.

The mineralogical composition of selected samples from Well 1 were
analyzed using the X-ray diffraction (XRD) technique. Powder XRD
patterns (20 ranging from 5° to 70°) were obtained in a Bruker D8
Advance X-ray diffractometer equipped with Cu Ka radiation (A = 1.54
A). The mineralogical fractions were semi-quantified in the EVA V4
software, which includes the Powder Diffraction File (PDF-4) database.

X-ray fluorescence (XRF) and Inductively Coupled Plasma Optical
Emission Spectroscopy (ICP-OES) analyses were performed to determine
the elemental composition. Major and minor element concentrations,
expressed in wt%, were measured with a Bruker S8 TIGER Wavelength
Dispersive X-Ray Fluorescence (WDXRF) spectrometer equipped with
the GEO-QUANT analytical method designed for geological samples.

For trace element analysis, the experiment was conducted in two
phases. In the first phase, powdered samples (~0.2 g each) were
digested using the inverse aqua regia method, which involved a mixture
of nitric acid (HNOs) and hydrochloric acid (HCI) in a 3:1 volumetric
ratio (Xu et al., 2012). Acid digestion was performed using an Ultra-
WAVE system (Milestone). The resulting solutions were diluted with
Milli-Q water to a final volume of 10 mL. The trace element concen-
trations were measured with an Agilent 5900 ICP-OES instrument and
calibrated with two certified reference materials (CRMs). Concentra-
tions are reported in parts per million (ppm). In order to evaluate redox-
sensitive elements, the enrichment factor (EF) was calculated using the
composition of the Upper Continental Crust (UCC), as follows: Xgr = (X/
ADsample/(X/Alycce (Taylor and McLennan, 1985).

4. Results

In this section reference Well 6 (Fig. 1c) is presented in detail,
including facies descriptions, high-resolution biostratigraphic, and
chemostratigraphic analyses (Fig. 3, Supplementary Materials). Based
on similar characteristics, a lithostratigraphic subdivision is presented.
Subsequently, a regional well log correlation is constructed to evaluate
lateral and vertical sedimentological and geochemical facies variations.

4.1. Sedimentary facies classification

Thin-section descriptions follow the classification of the MCM
organic-rich interval in Well 2 by Usman et al. (2025), complemented by
new observations from this study. Nearly all samples exhibit a fine-
grained matrix, with common bioclastic components (foraminifera,
ooids, peloids, bivalves, and fish fragments) classified primarily as
wackestone to packstone, with localized bioclastic grainstone beds. A
total of 17 microfacies, grouped into 10 lithofacies, are distinguished
(Table 2). Lithologies are defined as phosphatic bituminous marlstone,
bituminous marlstone, dolomitic limestone, chalky marlstone, and
chert.

4.2. Lithostratigraphic units

Based on variations in sedimentary features, organic and inorganic
components, Well 6 has been subdivided into five lithostratigraphic
units (Fig. 3). These are:

4.2.1. Unit 1. Phosphorite (uppermost AHP)

The basal lithostratigraphic unit is 7.65 m (139.45 to 131.8 m depth)
thick and characterised by upward coarsening lithofacies with moderate
to high organic carbon content (TOC <10 wt%). Although carbonate-
dominated, this interval contains elevated phosphate concentrations,
reaching up to 14.10 wt% P50s5 (Fig. 3), as reflected by the common
occurrence of phosphatic-coated grains and phosphatic bioclasts
(Fig. 4). The phosphorite Unit 1 is composed of laminated phosphatic
marls (LF1) and highly bioturbated phosphorite (LF2) interbedded with
decimeter-thick beds of carbonate and chert concretions and siliceous
mudstones. The top of the phosphatic-rich unit at 131.8 m marks the
lithostratigraphic boundary of the AHP and MCM formations.

4.2.2. Unit 2. Organic-rich carbonate (lower MCM)

This unit is approximately 55 m thick (131.8 to 76.95 m depth). The
bulk composition is generally characterised by high CaCOs contents
(15-93 wt%) and organic carbon (TOC up to 23.2%); however, some
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Table 2
Summary of the microfacies and lithofacies classification for reference Well 6.
LF# Sedimentary Microfacies Lithology Bioclastic Non-bioclastic Main components and Description
Facies components components Sedimentary structures
Wavy and lenticular Peloidal-rich mudstone to
) ) Large bioclast Phosphate-coated ?amination. Normal grading packstone e.mbeddeq ina
Laminated Fla. Thin . . is observed in upward carbonate-rich matrix. Wavy
. . . Phosphatic fragments (>1 mm) grains (>2 mm), .. A
LF1 phosphatic laminated peloidal . transitions from mudstone to  lamination and normal
marls and planktonic carbonate nodules . . . .
marls packstone X packstone. Bioturbation (BI grading are observed in
forams (5 cm height) . L
= 3)—dominance of upward transitions from
Thalassinoides (Th) mudstone to packstone
Strongly bioturbated peloidal
Phosphate-coated Sedirflentary structures .or phosphates. The mair'l
rains (>2 mm) bedding are not recognized components are peloidal and
Reworked/ F2b. Peloidal- Large pelagic g . L due to the strong phosphatic ooids. Chaotic
. L Granular . phosphatic ooids, . X SN
LF2 bioturbated oolitic packstone . bioclast fragments . bioturbation (BI = 5)— fabric with poorly sorted
R phosphorites peloids, and . N .
phosphates to grainstone (>1 mm). dominance of Thalassinoides carbonate and phosphatic-
carbonate nodules . . .
. (Th) and Chondrites (Ch) coated grains embedded in a
(5 cm height) . .
burrows carbonate or silica-rich
matrix
F3a. Organic-rich
. foraminiferal Mainly . .
Bioturbated T Normal grading, wavy Light to dark brown
. packstone o foraminifers, . L ! L.
organic-rich . Bituminous X Peloids and coated parallel lamination with foraminiferal packstone to
LF3 F3b. Organic- common fishbone . X . . .
wackestone to . marlstone . grains some local lenticular fabric grainstone with burrow-
moderate bioclast debris, and rare ..
packstone . ) (e.g., foraminiferal lags) mottled texture.
packstone to echinoderm spines
grainstone
F4a. Thinly
laminated OM-rich
mudstone
F4b. Organic-rich
foraminiferal
ke Parallel lami
Laminated wackestone . . Mainly foraminifers a}ra el to wavy am'lnated Dark brown foraminiferal
L F4c. Wavy to Bituminous . . with some local lenticular
LF4 organic-rich . . and rare fishbone Rare peloids . L. wackestone to packstone.
lenticular matrix chalk . fabric (e.g., foraminiferal .
wackestone R debris Rare bioturbated.
OM-rich lags)
foraminiferal
packstone
F4d. Si-rich black
laminated
mudstone
5-15 cm thick bioclasti
F5a. Reworked Common mollusk . . cm Fek blocrastie
. Coated black grains grainstone beds. The coated
phosphatic fragments, . .
R . . . (2-4 mm) and grains and bioclasts are
. grainstone Bioclastic halimeda . structureless, reworked X
LF5 Lag deposits . . . peliods are poorly . densely packed into a
F5b. Peloidal limestone fragments, benthic grains well cemented . .
. . sorted and poorly crystalline matrix composed
bioclastic-rich forams, and . s
) . rounded of sparite, silica cement, or
grainstone fishbone debris. R
peloidal cement.
Mainl Whitish to reddish
F6a. Foraminiferal foram}i,ni fers. and No clear lamination and foraminiferal packstone to
LF6 Chalky marls packstone to Chalky marls large biocla;t N/A heavily packed foraminifera grainstone. The matrix is
grainstone g grains composed of fine carbonate
fragments (>2 mm). .
lime
F7a. Planktoni
7a . a.n onie Light yellow to whitish color
foraminiferal C . . .
. Radiolarian and . . lime mudstone. The fabric is
Pelagic wackestone to . No clear-to-thinly laminated. -
LF7 Chalk planktonic N/A well-sorted. IntraP porosity is
mudstone packstone L. Chert nodules (3 cm) R .
o foraminifers common in foraminifer
F7b. Radiolarian
chambers
packstone
F8a. Peloidal/ o Whitish foraminiferal
Phosphatic foraminiferal Well-sorted No clear lamination and ackstone to grainstone. The
LF8 P Chalk Mainly foraminifers . . heavily packed foraminifera p . & )
chalk packstone to phosphatic grains rains matrix is composed of fine
grainstone 8 carbonate lime and peloids.
Fine-crystalline, nonplanar
F9a. Dolomite dolomlt.e, and medium-
Dolomitic nonplanar Fine to medium tight crystalline, planar-s
LF9 . . Dolostone Rare foraminifers N/A . B dolomite. The matrix is
limestone F9b. Dolomite crystalline dolomite .
lanar-s cloudy, with only a few
P calcareous fossils identified
from the precursor sediment
Massive and hard black
F10a. Highl H hert, highly fractured, with
LF10  Bended chert a. Zighty Chert N/A N/A OMOGENEOUS ot Chert, ughty tractured, wi

fractured chert

structureless

silica-filled veins that are
always distinct
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Fig. 4. Key features of the phosphorite Unit 1. (a) Core slab photograph of sub-horizontal burrows common in LF1. Note that primary lamination is partially
preserved. Well 2, depth 64.8 m. (b) Photomicrographs in plane-polarized light of the burrow infilled material, which consists of poorly sorted and poorly rounded
carbonate and phosphatic grains. (¢) Zoom-in of the host sediment described as wavy-laminated phosphatic-rich packstone embedded into a peloidal and argillaceous
matrix with lens structures. (d) Core slab photograph showing a burrowed carbonate concretion and the strong bioturbated fabric in LF2. Horizontal and vertical
burrows are abundant in the lower part of the lithofacies, becoming less abundant upwards. Well 1, depth 17.5 m. (e) Photomicrographs in plane-polarized light of
the burrows infilled material, such as phosphatic ooids and phosphatic coated grains (>2 mm). Well 2, depth 68.8 m. (f) BSE image of the cemented matrix (darker

gray) and phosphatic ooids (lighter gray). Th = Thalassiniodes burrow.

intervals contain moderately high SiO, concentrations (e.g., 97 to 87 m
depth), reaching up to 37.20 wt% (Fig. 3). Minor concentrations of
element oxides include SO3 (average 7.35 wt%), PoOs (average 3.41 wt
%), and Al,O3 (average 2.14 wt%). The dominant lithology is bitumi-
nous marlstone with an argillaceous-rich matrix (Fig. 5c and g), and
bituminous chalk (Fig. 5f), which constitute nearly 80% of the unit and
are classified as either strongly bioturbated (LF3) or weakly bioturbated
(Fig. 5a) to laminated (LF4) (Fig. 5d). The bituminous chalky marlstone
are interbedded with four dolomitic limestone beds (LF9), each
decimeter-thick (Fig. 5i) and lag deposits (LF5) (Fig. 5j and k).

4.2.3. Unit 3. Chalky marls (middle MCM)

The light colored, chalky marls have a thickness of 25 m (76.95 to 52
m depth) and consist primarily of carbonate-rich sediments, with
average CaCOgs contents of 70.5 wt% (Fig. 3). The most common lith-
ofacies in Unit 3 are foraminiferal packstone (LF6) with large bioclast
fragments (Fig. 6b) and planktonic foraminiferal mudstone to wacke-
stone (LF7) with a coccolith-rich (calcareous nannofossils) matrix
(Fig. 6d). Toward the top of this unit, a subtle decrease in carbonate
content coincides with the occurrence of reddish-colored beds (Fig. 6a)
and the increase in detrital proxy elements such as SiOz and Al-0s, where
the concentrations reach maximum values of 26.5 wt%, 6.4 wt%, and
shows a strong positive linear correlation (Fig. 7a. R? = 0.91). The top
surface of Unit 3 is interpreted as the K/Pg boundary (see below).

4.2.4. Unit 4. Phosphatic chalk (upper MCM)
This unit is 33 m thick (19 to 52 m depth) with high CaCO3 con-
centrations (63.5 wt%). SiO:z locally reaches a maximum of 57.40 wt%.

In contrast to the chalky marls of Unit 3, the SiO2 concentrations show a
weak correlation with Al:Os (Fig. 7a RZ = 0.23) and are primarily
associated with chalcedony precipitation within foraminiferal tests
(Fig. 6g). The base of Unit 4 is composed of marly chalks from LF6,
which transition upwards into chalks and “sandy” bioturbated phos-
phatic chalks from LF8. The peloidal-rich facies (Fig. 6f) coincides with
elevated P20s concentrations (locally reaching a maximum of 18.40 wt
%) and the highest peaks of gamma-ray signal.

4.2.5. Unit 5. Pelagic chalk (uppermost MCM)

This unit is 14 m thick (19 to 5 m depth) and consists of white chalks
(Fig. 6e) intercalated with chert nodules (2-3 cm in length). The
dominant lithofacies are foraminiferal mudstone and radiolarian mud-
stones (LF7) (Fig. 6h). SiO2 concentrations increase progressively up-
ward, exceeding 50 wt% near the top. Silica occurs as silicified fossils,
particularly planktonic foraminifera, as well as microcrystalline quartz
overgrowths within the matrix (Fig. 6i). The top of Unit 5 is a 1-m-thick
fractured chert bed interpreted as the base of the overlaying URC
Formation.

4.3. Biostratigraphy and sedimentation rate

A total of nine calcareous nannofossil biozones (CNZ) are distin-
guished in Well 6 (Fig. 3), which provide an excellent high-resolution
biostratigraphic framework for the lithostratigraphic units:

The phosphorite Unit 1 is assigned to the UC16a nannofossil subzone
(late Campanian). The top of UC16a nannofossil subzone is marked by a
clear litho- and biostratigraphic transition coinciding with the LO of
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Fig. 5. Key lithofacies features of the organic-rich carbonate Unit 2. (a) Core slab photograph of common fabric in LF3. Well 2, depth 24.8 m (b) Photomicrographs in
plane-polarized light of the matrix and lenticular fabric composed mainly of foraminifera. Well 6, depth 126.6 m. (c) BSE image. Common benthic foraminifers and
phosphatic components, such as fish bones and coated grains embedded in the argillaceous-rich matrix. (d) Core slab photograph of the parallel to wavy laminated
bituminous mudstone. Well 2, depth 52 m. (e) Photomicrographs in plane-polarized light. Planktic forams are the dominant bioclastic component in LF4, common
benthic forams, and scarce fish bone detritus. Well 6, depth 131.8 m. (f) BSE image of the fine to medium silty matrix, typically composed of nannofossil-rich
fragments, disseminated organic matter, and pyrite. (g) Foraminiferal mudstone with argillaceous matrix in LF3. Well 2, depth 50 m. (h) SEM image of common
benthic foraminifera identified in Unit 2, Gavelinellidae?Gavelinella. (i) Tight planar-s dolomite within Unit 2. The fabric is almost completely replaced by cloudy
dolomite grains with some preserved sedimentary precursors. Well 6, depth 87.5 m. (j) Core slab photograph of lag deposits (LF5) cutting the underlying sediments
with an erosive base, a common feature at the base of Unit 2. Well 6, depth 127.1 m. (k) Photomicrographs in plane-polarized light zoomed in on LF5 with large
mollusk fragments (partially silicified), abundant benthic foraminifera, and coated grains embedded in a calcitic crystalline matrix. Ch = Chondrites burrow, Zo =
Zoophycos burrow.
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and foraminiferal-rich packstone (LF8) within Unit 4. Well 6, depth 27 m. (g) Cross-polarized light reveals the typical radial character, or “sweeping” extinction of
chalcedony. Well 6, depth 41 m. (h) Radiolarian mudstone (LF7) within Unit 5. Well 6. depth 12.5 m (i) Zoom-in SEM image radiolarian mudstone. Radiolarian tests
are partially filled with calcite and biogenic silica overgrowth (white arrows).
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Fig. 7. Geochemical cross-plots for selected samples in Well 6. (a) Relationship between SiO, and Al,O3 by lithostratigraphic unit. All samples from Unit 3 (chalky
marls) fall within the range of ratios characteristic of modern pelagic eolian dust (gray shading) (modifed from Ikeda et al., 2017). (b) Bulk Ni concentration versus
TOC content showing a strong positive correlation. Ni/TOC ratios from Well 6 are compared with modern sediments from the upwelling settings of Namibia
(Robinson et al., 2002) and Peru (Boning et al., 2004). The dashed lines denote the Ni/TOC ratio characteristic of Peru margin sediments (after Boning et al., 2015).
(c) A moderate positive correlation between Ni and TOC is observed in the phosphorites of Unit 1. Units 3, 4, and 5 are not plotted due to their very low TOC contents
(<0.1 wt%). (d) Relationship between U and P by lithostratigraphic unit, showing a strong positive correlation in the phosphatic-rich facies of Units 1 and 4.

Uniplanarius trifidus at 131.8 m level and used as a marker of the
Campanian-Maastrichtian boundary. Unit 1 spans roughly 200 kyr and
has a minimum average sedimentation rate of 2 cm/kyr.

The organic-rich carbonate Unit 2 spans the UC16b to lower UC20a
(early Maastrichtian) nannofossil subzone, with a duration of approxi-
mately 2.5 myr. Calculated sedimentation rates vary substantially across
the unit, ranging from 1.3 cm/kyr in UC18 to 2.5 cm/kyr in UC20a.

The chalky marl Unit 3 is assigned to the middle UC20a-UC20b
nannofossil subzones (late Maastrichtian), spanning approximately
800 kyr. The average minimum sedimentation rate of 6 cm/kyr is
significantly higher than the organic-rich carbonate interval.

The K/Pg boundary is marked as a stratigraphic hiatus of approxi-
mately 2 myr, evidenced by the absence of the interval from the latest
nannofossil subzone UC20b to the Paleocene nannofossil Zone NP3 in
Well 6.

The phosphatic chalk Unit 4 spans the preserved portion of calcar-
eous nannofossil zones NP3 to NP7 in the studied core, and represents an
approximate duration of 1500 kyr. Sedimentation rates decrease from 6

11

cm/kyr to 2 cm/kyr through this interval. However, the complete
NP3-NP7 succession is not preserved, and the missing portion may
reflect erosion, a stratigraphic hiatus, condensation, or a combination of
these processes. Therefore, the calculated duration refers only to the
preserved section recovered in the core. The duration of the overlying
pelagic chalk Unit 5 cannot be reliably constrained from the available
data and is therefore left open.

In wells 1 and 2 (Fig. 1c), the Maastrichtian MCM interval has been
assigned to nannofossil subzones UC16b to lower UC20b based on the
LO of U. trifidus and FO of Micula murus. The Paleocene MCM interval is
absent in the Al-Lajjun area.

4.4. Geochemical characterization

4.4.1. Major and trace element concentrations

Selected major and trace elements are plotted against the lithos-
tratigraphic units of Well 6 in Fig. 7 and listed in the supplementary
material (Tables S1 and S2). The bulk composition is predominantly
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carbonate-rich, with average CaO contents of 50.1 wt% and CaCOs
contents of 57.5 wt%. However, some intervals contain significant
phosphatic and silica-rich fractions, particularly in units 4 and 5 (Fig. 3).
Similar mineralogical compositions are observed in Well 1 (Table S3)
and in Well 2 reported by Usman et al. (2025). In both wells, calcite is
the dominant mineral phase, followed by quartz, apatite, and dolomite.
A summary of the XRD results for Well 1 is presented in Table 3.

Enrichment factors (EF) provide an effective assessment of the
authigenic enrichment (Xgr > 3) or depletion of an element (Algeo and
Tribovillard, 2009). The elemental concentrations and EF of 48 bulk
samples from the Upper Campanian-Danian succession are presented in
Table 4 and Fig. 8. Redox-sensitive elements copper (Cu), chromium
(Cr), molybdenum (Mo), nickel (Ni), uranium (U), and vanadium (V) in
the organic-rich intervals (139 to 76.95 m depth) are enriched by factors
from 2.98 to 923.31 relative to the Upper Continental Crust (UCC)
(Table 4). Despite its low TOC content, the chalky facies interval (76.9 to
5 m) also exhibits relatively high ratios of trace elements, particularly
within the phosphatic chalk Unit 4 (Fig. 8). The Mo/Al ratio reaches up
to 172.3, representing a 923-fold enrichment relative to the UCC. The
highest Mo values occurr in Unit 2, averaging 122.9 ppm (Table 4). In
contrast, the organic-poor interval (units 3, 4, and 5) shows lower
concentrations, averaging 38 ppm. Cr/Al and Cu/Al show enrichment in
all samples with minimum EF of 2.5 and 2.3, respectively, relative to the
UCC content. Ni concentrations are also enriched in all measured sam-
ples, with a minimum concentration of 16.7 ppm, representing an EF of
14-fold enrichment relative to the UCC (Table 4). Ni is positively
correlated with TOC in organic-rich samples, with a coefficient of
regression of 0.87 in the phosphorite marls Unit 1 and 0.73 for the
organic-rich carbonate Unit 2 (Fig. 7b). Titanium (Ti) concentrations
show relatively low variability within the organic-rich facies (149.47
ppm average) but reach a maximum of 364.9 ppm in the chalky marl
facies of Unit 3 (Table S2).

The U/Al ratio is enriched in all samples by a factor ranging from
2.87 to 527.10 relative to the UCC, with the highest values occurring in
phosphatic-rich facies of units 1 and 4 (Fig. 8). Additionally, U shows
weak correlation with TOC (R? = 0.001, Fig. 7¢) but a strong positive
correlation with P (Fig. 7d), particularly in the phosphatic-rich facies,
including phosphorite marls from Unit 1 (RZ = 0.70) and phosphatic
chalk from Unit 4 (R? = 0.85).

Remarkably, Co/Al and Mn/Al are significantly depleted relative to
the UCC in nearly all samples. The Mn/Al ratio in the UCC is 74.62
(Taylor and McLennan, 1985), whereas the highest value recorded in the
organic-rich facies is only 37.45. The maximum Co/Al ratio in the same
interval is 0.77, considerably lower than the UCC ratio of 2.11 (Fig. 8,
Table 4).

4.4.2. Bulk organic geochemistry

A total of 275 samples, covering all lithostratigraphic units in Well 6,
were analyzed to characterise their organic matter content (Fig. 3,
Table S4). Given the immature nature and the high organic carbon
content of these rocks, we categorized TOC content from the Upper
Campanian-Danian interval as follows: organic-rich (>10 wt%),
organic-moderate (0.5-10 wt%), and organic-poor (<0.5 wt%). Organic
matter was observed as bitumen filling foraminiferal chambers and
fractures, as well as disseminated throughout the matrix (Fig. 5e and f).

Table 3
A summary of XRD values for the samples from Well 1.

Mineral Minimum (%) Maximum (%) Average (%)
Calcite 48.52 87.86 73.88
Dolomite 0.16 29.29 2.50
Apatite 2.22 21.05 6.17

Clay 2.72 9.73 4.68

Quartz 2.23 25.41 10.04
Pyrite 0.31 4.99 2.59
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In the phosphorite Unit 1, TOC values range from 1.44 to 16.80 wt%,
with an average of 5.79 wt%, and weak negative linear relationship with
CaCOs (Fig. 9a). Unit 1 is considered organic-moderate and has good to
excellent source-rock quality (Fig. 9b). According to the pseudo-Van-
Krevelen diagram (Fig. 9c), samples correspond mostly to kerogen
Type II and IIS, which is characteristic of marine environments with
sulfur enrichments (Hart and Steen, 2015; Dembicki, 2009).

The organic-rich carbonate Unit 2 represents the Maastrichtian
source rock. The interval contains the highest TOC values, reaching up
to 23.2 wt%, with an average of 10.5 wt%, and is considered organic-
rich. The TOC showed a reasonable inverse linear relationship with
CaCOs (Fig. 9a). It is an excellent oil-prone source rock, characterised by
high Hydrogen Index (HI) values (average 800 mg HC/g TOC) and low
Oxygen Index (OI) values (24 mg COz/g TOC) (Fig. 9b). The kerogen is
classified as Type II and IIS (Fig. 9c), and the calculated vitrinite
reflectance (%Ro) reaches up to 0.34%, indicating that this interval is a
thermally immature source rock (Tissot and Welte, 1984). While the
entire unit displayed elevated TOC values, the interval between 111.6 m
and 89 m is particularly enriched in organic carbon “TOC-rich interval”
with nearly all samples containing more than 10 wt% TOC (average
12.46 wt%).

The chalky marls, phosphatic chalks, and pelagic chalk units were
categorized as an organic-poor interval, with an average content of only
0.12 wt%, and poor hydrocarbon generation potential (Fig. 9b). Rock
eval results in Wadi Bustani samples show relatively low TOC values
(TOC < 0.21 wt%) (Table S5).

4.5. Well log correlation and orders of cyclicity

In order to investigate the lateral continuity of the observed litho-
logical and geochemical variations, a 61-km-long 2D regional transect
(A-A") with a SW-NE orientation has been constructed in central Jordan
(Fig. 10). In all wells, the lithostratigraphic units have been identified
based on the gamma-ray logs, and where available, facies distribution,
TOC content, and the lithological markers (e.g., dolomitic limestone
beds). Detailed calcareous nannofossil biostratigraphy obtained from
wells 1, 2, and 6 provides essential age-dating constraints.

The regional correlation was flattened at the top of nannofossil
subzone UC16a, identified in wells 1, 2, and 6, which corresponds to the
Campanian-Maastrichtian boundary. This boundary also marks the top
of the phosphorite Unit 1 and is characterised by a strongly bioturbated
phosphorite interval with a prominent positive gamma-ray signal mak-
ing it a reliable and traceable marker across all wells (Fig. 10). Overall,
all correlated wells show notable similarities in their organic-matter
content and mineralogical composition, yet they display substantial
lateral variability in both thickness and stacking patterns.

Usman et al. (2025) identified three depositional cycles within the
MCM organic-rich interval in Well 2 (here Unit 2). In this study, the
cyclicity, expressed by variations in the gamma-ray logs, lithofacies, and
TOC, is traced laterally across multiple wells. The cycles are punctuated
by dolomitic limestone beds, some of which have a regional expression,
particularly in wells from Attarat Um Ghudran area (Fig. 10). Plado et al.
(2016) identified three dolomitic limestone beds in BH-1, BH-3, and BH-
5 wells, which were lithostratigraphically correlated with three levels in
wells 6 and 7, corroborated by geochemical and petrographic data
(Figs. 3 and 5i). The gamma-ray logs exhibit remarkably similar trends
in these five longest wells and delineate packages with consistent
thickness across the transect. In contrast, wells 1 and 2 are shorter and
more condensed and consequently exhibit less clearly expressed log
patterns (Fig. 10).

The phosphorite Unit 1 comprises two similar coarsening-upward
successions, defined as cycles C; and Cy. Each cycle represents a rela-
tively short-term duration of ~100 kyr and a relatively low sedimen-
tation rate (2 cm/kyr). Both cycles begin with fine-grained, laminated
phosphorites at the base, with low-diversity trace-fossil assemblages
dominated by horizontally oriented burrows (Fig. 4a) associated with a
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Table 4
Trace element concentrations and enrichment factors (EF) for selected samples from Well 6. The Upper Continental Crust (UCC) normalization is after Taylor and McLennan (1985).

Depth (m) Co (ppm) Co EF Cr (ppm) Cr EF Cu (ppm) Cu EF Mn (ppm) Mn EF Mo (ppm) Mo EF Ni (ppm) Ni EF U (ppm) U EF V (ppm) V EF

7.7 1.23 0.205 152.67 5.221 57.72 6.553 24.66 0.117 15.35 29.045 111.96 7.222 7.32 7.420 147.75 3.919
10 4.26 0.955 93.83 4.307 29.56 4.505 45.35 0.288 8.84 22.455 81.23 7.034 8.98 12.220 71.44 2.544
12 1.45 0.745 85.12 8.953 16.52 5.769 19.32 0.281 4.23 24.619 38.67 7.673 4.24 13.220 41.23 3.364
15.45 0.72 0.199 84.49 4.777 38.75 7.274 26.7 0.209 13.22 41.363 69.69 7.433 10.29 17.247 75.52 3.312
18.3 6.84 2.716 30.6 2.488 22.64 6.112 158.91 1.788 28.73 129.275 87.46 13.416 12.86 30.999 59.16 3.732
21.8 0.77 0.521 215.98 29.926 25.61 11.781 28.74 0.551 17.5 134.173 57.88 15.128 60.54 248.658 174.21 18.724
27 0.37 0.188 618.07 64.271 107.97 37.275 9.66 0.139 6.59 37.918 108.06 21.197 46.53 143.426 301.35 24.308
30 1.06 0.145 1436.32 40.196 189.37 17.595 13.83 0.054 23.45 36.313 458.82 24.221 36.44 30.230 2282.12 49.541
345 1.23 0.082 550.56 7.492 96.79 4.373 11.45 0.022 40.65 30.607 218.24 5.602 41.98 16.933 282.78 2.985
38.5 0.78 0.157 348.39 14.373 58.58 8.024 10.42 0.059 13.27 30.293 129.35 10.066 17.2 21.035 305.02 9.761
42.5 1.66 0.245 466.64 14.078 135.78 13.599 14.38 0.060 187.53 313.043 342.35 19.482 24.94 22.303 1376.02 32.201
47.7 2.45 1.267 69.03 7.314 9.94 3.496 34.47 0.505 9.32 54.638 33.63 6.721 26.46 83.100 21.83 1.794
50.8 0.45 0.244 64.39 7.145 7.46 2.748 16.09 0.247 4.46 27.386 21.21 4.440 16.51 54.309 16.84 1.450
53.7 1.86 0.108 320.15 3.808 58.69 2.318 16.88 0.028 56.76 37.360 129.12 2.897 8.15 2.874 397.66 3.669
55.7 1.8 0.115 409.45 5.352 52.24 2.267 17.12 0.031 70.47 50.974 140.96 3.476 13.1 5.076 332.41 3.371
59.7 1.95 0.221 316.61 7.333 54.54 4.194 22.16 0.071 86 110.216 98.27 4.293 11.58 7.950 297.5 5.345
62.5 1.14 0.107 391 7.497 62.43 3.974 17.49 0.046 98.66 104.670 166.01 6.004 13.41 7.622 563.14 8.375
66 0.28 0.103 111.63 8.421 12.33 3.088 5.73 0.060 20.77 86.697 47.15 6.709 3.57 7.983 92.31 5.402
70.5 0.25 0.079 160.15 10.318 19.08 4.081 8.53 0.076 15.92 56.757 36.47 4.432 9.36 17.877 239.82 11.986
78.6 0.19 0.094 130.37 13.233 9.34 3.148 10.11 0.142 22.23 124.860 31.11 5.957 22.51 67.732 107.03 8.427
81.7 2.02 0.345 222.36 7.785 83.62 9.720 15.24 0.074 247.77 480.020 217.01 14.333 24.81 25.750 445.91 12.111
84.7 0.91 0.284 188.97 12.091 51.07 10.848 8.18 0.072 208.08 736.681 163.75 19.764 24.48 46.429 425.17 21.102
86.2 1.87 0.175 390.18 7.481 70.04 4.458 15.16 0.040 242.15 256.886 139.89 5.059 22.67 12.884 320.31 4.764
89.4 2.4 0.202 256.52 4.413 52.25 2.984 21.91 0.052 263.07 250.423 141.96 4.607 21.64 11.036 651.11 8.689
90.5 2.25 0.180 329.23 5.387 70.16 3.811 18.31 0.041 281.79 255.114 180.55 5.572 25.82 12.523 772.42 9.803
92.2 1.16 0.234 260.22 10.737 62 8.493 13.11 0.075 156.78 357.949 125.7 9.784 25.44 31.116 229.93 7.359
94 1.1 0.250 271.65 12.623 87.36 13.477 11.65 0.075 142.63 366.730 164.76 14.442 18.6 25.620 337.87 12.178
96.3 1.54 0.183 221.13 5.374 46.23 3.730 16.49 0.055 97.73 131.418 98.86 4.532 16.3 11.742 280.57 5.289
97.85 0.62 0.188 161.32 10.017 33.47 6.900 10.01 0.086 70.86 243.468 76.04 8.907 26.56 48.888 121.94 5.873
99.8 1.05 0.185 196.2 7.099 46.73 5.613 10.98 0.055 46.18 92.456 94.94 6.480 22.86 24.518 118.43 3.324
101.45 1.29 0.181 242.34 6.981 53.91 5.156 14.36 0.057 61.51 98.046 108.88 5.917 16.1 13.748 145.78 3.258
103.45 0.68 0.219 191.98 12.675 42.64 9.346 10.17 0.093 57.39 209.659 93.75 11.676 21.54 42.156 142.35 7.290
105.7 0.89 0.225 228.54 11.815 43.45 7.458 10.25 0.073 108.18 309.464 1159 11.303 19.16 29.362 236.03 9.465
108.7 2.03 0.162 364.8 5.962 69.65 3.779 22.02 0.050 188.25 170.229 127 3.915 29.65 14.363 380.96 4.829
110.44 2.53 0.234 312.58 5.921 52.85 3.324 21.28 0.056 90.9 95.274 105.36 3.765 22.54 12.656 242.21 3.559
112.55 0.56 0.212 104.64 8.099 23.16 5.952 8.11 0.087 19.32 82.747 58.23 8.502 15.78 36.206 63.84 3.833
114.65 0.79 0.226 121.87 7.151 30.13 5.870 9.05 0.073 19.05 61.855 62.99 6.973 13.41 23.326 90.46 4.118
116.45 0.39 0.318 135.14 22.579 4491 24.912 7.13 0.165 99.87 923.307 95.86 30.213 29.46 145.907 373.74 48.438
118.55 0.87 0.344 242.67 19.624 76.82 20.625 9.29 0.104 156.98 702.445 153.58 23.428 23.87 57.221 355.33 22.290
121.25 1.02 0.196 164.72 6.487 54.65 7.145 11.74 0.064 72.77 158.571 75.42 5.603 22.38 26.126 180.78 5.522
123.85 0.26 0.270 51.92 11.057 18.59 13.143 6.45 0.190 51.95 612.154 48.41 19.447 28.55 180.225 134.7 22.251
126.8 0.89 0.365 204.26 17.163 70.82 19.757 9.05 0.105 123.45 573.978 135.63 21.498 34.46 85.833 556.59 36.278
128.85 0.57 0.184 67.99 4.487 16.35 3.582 18.04 0.165 31.74 115.911 25.18 3.135 8.92 17.451 164.09 8.401
130.65 0.76 0.268 182.76 13.178 69.88 16.729 10.89 0.109 210.88 841.390 110.43 15.021 21.31 45.549 690.4 38.616
132 0.08 0.174 48.04 21.409 22.51 33.305 8.14 0.502 18.45 454.969 16.73 14.064 39.9 527.098 145.9 50.437
133.2 0.47 0.238 133.68 13.893 43.05 14.854 14.05 0.202 89.75 516.113 58.27 11.423 18.11 55.791 276.78 22.313
134.5 0.33 0.167 191.66 19.903 20.61 7.106 13.58 0.195 56.95 327.239 56.96 11.158 28.16 86.684 357.38 28.788
139.55 0.45 0.265 164.98 19.868 20.72 8.284 18.38 0.306 32.21 214.636 45.63 10.366 16.69 59.580 154.53 14.436
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Fig. 8. Biostratigraphic column of Well 6 and selected trace-element proxies normalized to Al. The blue line represents the Upper Continental Crust (UCC) reference
ratios for each element (after Taylor and McLennan, 1985). Note that Co/Al and Mn/Al are depleted relative to the UCC reference, whereas the other elements show
enrichment. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

a)

o Type | (lacustrine) s
@ Unit 1 (R =0.01) oil
@ Unit 2 (R? = 0.56) 1004 2
° Excellent
Excellent .
Type Il
% ¢ ° feo [5) e limen) Mixed
2 60 o® s O 10 O e
Cr ) e eg° ° = oy -
® o-.® Good 5

Z o 600" © o g o 2 -
3 e o s .o ’ ° (i) Fair e L ° =
o e g% €8 S ° - _
8 20 ° 0e® %S g ° E 4 ounit1 2 © unit1

° e @°° 99 ° ° r : o @ Unit2

° @5z, @Unit2 Bt
e ° ¢ - ® Unit3
Unit 3 i Gas
° ° ° e o } ) Poor ° 9 s
101 2° o 0.14 o @ Unit4 Type Ill (terrestrial)
4 @units
° X : L Type IV (inert) ‘
oor Fair |Good| Excellent bid °
0 T T T 0.01 T a T 0 T r T
5 1 1 20 25 0.01 0.1 10 100 50 100 150 201
TOC (wt.%) TOC (wt.%) Oxygen Index (mg CO,/g Cw)

Fig. 9. Organic geochemical characterization of Well 6. (a) Negative linear correlation between calculated CaCOs and TOC. The phosphorites (Unit 1) show a very
weak relationship, whereas the organic-rich carbonate unit (Unit 2) displays a moderate correlation. (b) Samples from Units 1 and 2 indicate excellent hydrocarbon
generation potential, whereas Units 3, 4, and 5 exhibit poor hydrocarbon generation potential. (c) Pseudo-Van Krevelen diagram plotting HI versus OI to determine
the original organic matter type. The data suggest a mixture of Type II and Type IIS kerogen. Sulfur-rich samples with high HI and very low OI plot along the Type I

trend in the pseudo-Van Krevelen diagram (after Dembicki, 2009).

low gamma-ray signal. Toward the top, both cycles progressively grade
into coarser-grained, reworked, and highly bioturbated phosphorites
(Fig. 4d). The phosphate content of Unit 1 is high, with apatite
(Cas(PO4)3F) concentrations reaching up to 21 wt% in Well 1 (Table S3)
and 23 wt% in Well 2 (Usman et al., 2025). Similarly, Plado et al. (2016)
reported maximum P20s concentrations at the same gamma-ray datum
in wells BH-1, BH-3, and BH-5 (Fig. 10). High gamma-ray responses in

14

organic-rich mudstones are commonly attributed to the enrichment of
radioactive elements such as uranium (Rider, 2002). However, the
U-TOC relationship might be suppressed by the presence of phosphate,
which acts as a sorbent, triggering high U precipitation (Baturin and
Kochenov, 2001; Liining and Kolonic, 2003). In Unit 1, U concentra-
tions are closely associated with phosphorous (Fig. 7d), suggesting that
the elevated gamma-ray response primarily reflects U enrichment within



ST

Lithostratigraphic units Others BH-5 & =
[ Phosphorites €3 ) e s, Welb alS|2
P ~~~ Sequence Boundary (SB) : g E £3 815|s|,
i 1 $ L
B Organic-rich carbonate .. Infered SB 03 5 NGAM/AP) § 3 .% £ NGAM (API) &5 Well 7 &las|?
= Chalky marls T tho o o 40 o eo 0 =2 .
. — Calcareous biozones = g e . & = Pgs| o | &
I Phopsphatic marls 3 1 TOC (W.%) 8 = NGAM (API) =
[] Pelagic mudstone ~~ "777" Infered biozones 7 In| T 5 10 15/ 100 200 %0 40 50 €0 700 800
" 12|
B Dolomitic beds —— Cycles BH-1 18
E 3 12| [=
§ 2 3 = 10 Pg. .~
g £ NGAM (API) ] s
o 35 =1 S| &
0 100 200 300 400 500 600 BH-3 3 5 g -g
o a| o -
£ 3 4 S| 8| @
§2 ] ERE
8 3 NGAM (API) < T | 8
0 a3 i=
100 200 300 400 500 600 1Z|= o
3 § =
5 .
E e
I ("]
s | =
©
| B e
] o |EEgle=
= 5, Well2 55| . 8| |2
: §8 190 5= U iSiS
Evfs 15| . oS
g £ =
85853 sGRAaP) - MEMZS  ____ _EES 3 | |3
0 , ] = o
= 0 100 200 7| : ]
i8 TOC (w.5%) = = =
J0 3 = @
18 : =
? = < o| . s 5]
-0 18 E
18 S
o 1° b
< 3 =
2058 EE |
? s| 8
By >
52" ; =
8|6
-4 ° 28
Y S S| e
Rig o o
15 O |
g S 3 | T|lL
19 3 2
: = <1909
_ . Well1 40 jo S |g|E
E £33 5 10 T e
£ 5 8 1o 43 IR
N E TS B = ©
£ =
o Z 5 £ N Q i |=
0O o0ouw 3 SGR (API) =l | s o~
o — \ i &l 2 >
13 ) 50| 1= = Z
o 8 o~ i3 8 &
15 19 7 7 w
18 =
=13 : <
bl 6018 8 .
42 O o
g 10 ~ «
Q =d 1
4= e 1 Q =
EHE 48 3 Z|E
20 pr—— 15 Ll S|&
0 510 15 20 70435 8§ %
TOC (wt.%) 1
A

r >

AL-Lajjun area

Fig. 10. Regional correlation panel of lithostratigraphic units across key sections in central Jordan. The transect is flattened at the top of UC16a, which coincides with a prominent gamma-ray peak and high phosphorite

Attarat Um Ghudran area

content. Mineralogical compositions for BH-1, BH-3, and BH-5 are from Plado et al. (2016) and Puura et al. (2017).

D 32 22YUDS-DIPLY W

986€11 (920Z) 669 £30102209D]Dg “A30]03DWI202DID “AYydp.180a30aDID



M. Ardila-Sanchez et al.

phosphatic facies rather than organic-carbon enrichment (Fig. 7c).
Phosphorite Unit 1 is clearly identified in cored wells 1, 2, and 6,
showing comparable upward-coarsening cycles and trends in bio-
turbation intensity (Fig. 4).

In contrast, the organic-rich carbonate Unit 2 exhibits much more
lateral facies variation along the transect. Its thickness decreases
significantly toward the southwest (Al-Lajjun area), reaching only about
20 m in Well 1 compared to the average 50 m observed in the other wells
(Fig. 10). Bioturbation and dolomitic limestone beds also vary laterally,
being common in Well 6, markedly reduced in Well 2, and very rare in
Well 1. Nannofossil age dating was essential for correlating these wells
across significant lateral facies changes. Five depositional cycles are
identified in this unit:

Cycle M; is marked at the base by the transition from the underlying
phosphorite Unit 1 (AHP-MCM transition) to a phosphate-lean interval
capped by a decimeter-thick dolomitic limestone bed (Fig. 10). This
cycle represents a relatively short interval of ~250 kyr, spanning the
early Maastrichtian UC16b and part of the UC17 nannofossil zones, with
a minimum sedimentation rate of ~2 cm/kyr. The M; cycle shows
marked variability in facies distribution and gamma-ray response from
east to west. Well 6 is dominated by bioturbated mudstone, intercalated
by several centimeter-thick lag deposits and carbonate concretions, and
shows a relatively high concentration of redox proxies, particularly of
Mo, V, and U (Fig. 8), which are also present in the BH wells (Plado et al.,
2016). Whereas the condensed wells 1 and 2 display a sharp transition to
laminated mudstones and bioclastic wackestone. Although current-
related sedimentary structures (e.g., ripples, wavy lamination) are
common in wells 1 and 2 (Fig. 5b and d), no lag deposits were identified
in those sections. The gamma-ray log shows a subtle upward decrease,
punctuated by high peaks related to the phosphatic-rich layers (Fig. 10).
The top of cycle M; is laterally marked by the first dolomitic limestone
bed, recognizable for its low gamma-ray values, which can be followed
from Well 7 to BH-1 but not recognized in wells 1 and 2. The TOC
content also varies laterally along this cycle. Wells 1 and 2 are charac-
terised by high average TOC contents, 16 wt% and 15 wt%, respectively,
whereas in Well 6, the average TOC is 11 wt%.

Cycle Mj spans the nannofossil Zone UC17 with a duration of ~300
kyr and a sedimentation rate of ~3.3 cm/kyr. The lithofacies distribu-
tion and geochemical composition along this cycle are likely similar to
those of the underlying Cycle M; (Fig. 3). It is characterised by some lag
deposits cutting bioturbated mudstones and by a continuous upward
decrease in gamma-ray response. The highest TOC values or “TOC-rich
zone” in Well 2 occur during this cycle and average 17.6 wt% (Usman
et al., 2025). In contrast, Well 6 records lower TOC values for the
same interval, averaging 9.8 wt% (Fig. 10). The top of the cycle M in
Well 2 coincides with the top of “Cycle 1” in Usman et al. (2025),
characterised by a laterally traceable drop in the TOC and gamma-ray
response (Fig. 10).

Cycle M3 spans the calcareous nannofossil zones UC18 and part of
UC19, with an estimated duration of ~900 kyr and a low sedimentation
rate (~1.33 cm/kyr) (Fig. 3). During deposition of cycle M3, Well 6
records predominantly laminated to bioturbated marls facies charac-
terised by increase in detrital proxy concentrations (SiOz, Al-0s, and Ti),
together with a slight decrease in CaO (Fig. 3). At the same time-
equivalent interval of Well 2, Usman et al. (2025) described silica-rich
facies mainly dominated by biogenic silica (opal CT). The gamma-ray
response shows a subtle upward increase toward the top of the cycle,
followed by a sharp decrease at the level of a dolomitic limestone bed
along the A-A’ transect. This bed is also marked by a distinct low
gamma-ray peak and can be traced across all wells (Fig. 10).

Cycle My is marked at the top by another dolomitic limestone bed
that can be followed in most wells, except wells 1 and 2. The sequence
covers most of the nannofossil Zone UC19, with a duration of ~700 kyr,
and an estimated sedimentation rate of ~2 cm/kyr. This sequence is
characterised by laminated facies in all cored wells, abundant fram-
boidal pyrite, and a slight decrease in detrital proxies (Fig. 5f). The
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gamma-ray log shows a strong response associated with the phosphatic-
rich intervals at the base of this cycle observed in wells 6 and 7, which
can be followed regionally. It is followed by a slight decreasing upward
trend. The TOC content of this sequence shows the highest TOC values,
“TOC-rich zone”, in wells 6 and 7 (Fig. 10). In sharp contrast, in Well 1,
where this sequence is probably only partly preserved, the facies has
changed to chalky marls, with no organic matter (Fig. 10).

Cycle Ms spans part of the late Maastrichtian nannofossil Zone
UC20a, with an estimated duration of 400 kyr and a sedimentation rate
of ~2.5 cm/kyr, and dominated by highly bioturbated, carbonate-rich
lithofacies in wells 2 and 6 (Fig. 5a). The top of Cycle Ms is defined by
the transition from TOC-rich marls to TOC-lean chalky marls across most
of the wells, except in Well 7, where this transition occurs at a higher
stratigraphic position. The top of Cycle Ms coincides with the top of
“Cycle 3” defined by Usman et al. (2025) in Well 2. Cycle M5 is not
clearly expressed in the gamma-ray log along the transect; however,
TOC contents are markedly high and show stratigraphic variability, with
peaks reaching the highest recorded values (e.g., 29.25 wt% in Well 7;
Fig. 10).

The overlying cycle Mg covers the upper part of the UC20a and all the
UC20b nannofossil zones, with an estimated duration of 800 kyr, and an
average sedimentation rate of 6 cm/kyr. Cycle Mg is marked at the top
by the K/Pg boundary, identified in Well 6, and correlated laterally
using a distinctive positive excursion in the gamma-ray signal (Fig. 10).
The base of this cycle is marked by an abrupt decline in TOC values
along the transect, with concentrations decreasing to an average of 0.17
wt% in Well 6. In contrast, although TOC values also decrease in Well 7,
they remain relatively high, averaging ~7.5 wt%, indicating a dia-
chronous transition from organic-rich facies to marlstones during this
cycle. The shift to chalky and marly limestones may reflect a major
paleoenvironmental transition from a high-productivity, anoxic setting
to more oxygenated conditions. This interval is also characterised by a
stronger positive correlation between SiO: and Al:0s (Fig. 7a), sug-
gesting a closer association between silica and detrital material than in
the underlying organic-rich facies. A general decrease in the gamma-ray
response is observed throughout this cycle, coinciding with the end of
the organic-rich interval and the increase in CaCOs content within the
chalky marlstone facies (Fig. 3). The high carbonate content likely
diluted the concentration of radioactive elements, thereby limiting the
gamma-ray response, as carbonate rocks typically contain lower
amounts of K, Th, and U compared with clay-rich sediments (Liining and
Kolonic, 2003).

Cycles Pg; and Pg, are two similar sequences that contain the
Paleocene nannofossil zones NP3/NP4, representing a duration of
approximately 1500 kyr. The base of cycle Pg; corresponds to the K/Pg
boundary clearly marked by an abrupt positive shift in gamma-ray
response and sharp change in bulk geochemical composition in Well 6
(Fig. 3). Given the organic-poor nature of these cycles, the elevated
gamma-ray response is interpreted to be primarily influenced by U
associated with phosphatic-rich facies, as described in Unit 4 (Fig. 4).
This interpretation is supported by the strong positive correlation be-
tween U and P concentrations observed in Unit 4 (RZ = 0.85; Fig. 7d).
The top of Pgy is placed at the top of a strong gamma-ray response (>400
API) easily traceable laterally in BH wells from Plado et al. (2016).

Cycle Pg3 comprises the Paleocene nannofossil zones NP5/NP7 and
corresponds to the uppermost MCM Formation. The cycle is laterally
correlated using the distinctive low gamma-ray response from “clean”
chalk facies described in Unit 5 from Well 6 (Fig. 10). The top of the Pg3
cycle is defined by the first appearance of a hard and fractured chert bed
of the URC Formation (Andrews, 1992).

5. Discussion
5.1. Controls on organic carbon enrichment

High concentrations of organic carbon in open marine continental
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shelves, particularly within shallow-shelf environments, are rarely
controlled by a single process. Instead, TOC enrichment reflects the
interplay of multiple processes and conditions, including enhanced
carbon burial efficiency often associated with enhanced ocean mixing in
upwelling settings, expansion of the oxygen minimum zone (OMZ)
during transgressive phases, restricted circulation, and low detrital input
(Arthur et al., 1990; Wilson and Norris, 2001; Bohacs et al., 2005;
Bjerrum et al., 2006; Inthorn et al., 2006).

Previous geochemical studies of the Maastrichtian MCM Formation
have emphasized the important role of upwelling-driven productivity
and redox conditions in organic-carbon accumulation and preservation
(Fleurance et al., 2013; Usman et al., 2025). Comparable successions
characterised by bituminous mudstones, cherts, and phosphorites, have
been documented in other Mesozoic intervals, including the Con-
iacian~-Campanian successions of the southern Neo-Tethys margin (e.g.,
the Tarfaya Basin, Morocco, the Levant region) (El Albani et al., 1999;
Soudry et al., 2006) and the Turonian-Santonian successions of the
Caribbean Seaway (e.g., the La Luna and Villeta formations, Colombia)
(Macellari and De Vries, 1987; Villamil et al., 1999), as well as in
modern upwelling systems, such as the Namibia and Peru margins
(Robinson et al., 2002; Boning et al., 2004).

In Jordan, the new geochemical data presented in this study provide
strong evidence for both elevated paleoproductivity and enhanced
preservation. Therefore, productivity-sensitive and redox-sensitive
proxies are evaluated to assess their contributions to organic-carbon
enrichment within the Maastrichtian MCM Formation. Cu, Ni, and Zn
are important micronutrients widely used as proxies for marine pro-
ductivity (Tribovillard et al., 2006; Sweere et al., 2025). The enrichment
of these elements in sediments is largely controlled by the biogenic
cycle, through their incorporation into phytoplankton cells, followed by
complexation with organic matter and subsequent transport to the
seafloor (Tribovillard et al., 2006; Boning et al., 2015). Elevated Cu/Al
and Ni/Al ratios, and specifically for Ni, with its abnormal enrichment
(Table 4) and good correlation with TOC (Fig. 7b), indicate a substantial
authigenic contribution relative to high-nutrient influx, comparable to
that observed in Pleistocene sediments deposited in the Benguela cur-
rent system (Robinson et al., 2002). In addition, low Co/Al and Mn/Al
ratios and very low enrichment factors (<0.5) characterise most of the
MCM organic-rich interval (Fig. 8). This depletion of Mn and Co is
indicative of strong oxygen-deficient bottom waters, comparable with
those observed in modern upwelling sediments (Boning et al., 2004;
Borchers et al., 2005; Brumsack, 2006; Sweere et al., 2016). Under such
conditions, dissolution of Mn oxyhydroxides promotes remobilization of
Mn and Co into the water column, resulting in the depletion of both
elements in the sediment (Tribovillard et al., 2012).

In addition, high concentrations of Cr, Cu, Mo, Ni, U, V, and Zn in the
bituminous marlstone suggest deposition controlled by redox conditions
(Table 4) (Brumsack, 2006; Tribovillard et al., 2006; Bennett and
Canfield, 2020). The same trace elements have been shown to be typi-
cally enriched in modern upwelling settings with strong oxygen deple-
tion (Robinson et al., 2002; Boning et al., 2004; Sweere et al., 2016;
Bennett and Canfield, 2020). For instance, the chemical speciation of Mo
from its unreactive form, MoO+>~ to thiomolybdate species (MoS+27), is
typically controlled by the presence of free hydrogen sulfide (H»S) under
euxinic waters and readily absorbed into organic matter (Algeo and
Lyons, 2006; Tribovillard et al., 2012). Mo can be incorporated into
sediments through terrigenous input, biogenic material, or direct
authigenic uptake from seawater; however, because Mo plays only a
minor role in biological cycles, its contribution from planktonic detritus
is typically very small, particularly in the absence of strong redox gra-
dients (Brumsack, 1986; Robinson et al., 2002; Calvert and Pedersen,
2007).

Although significant remobilization of redox-sensitive elements is
generally associated with sediment oxygenation (e.g., bioturbation) or
late-burial diagenesis (Algeo and Tribovillard, 2009), the diagenetic
redistribution cannot be entirely excluded during deposition. Fleurance
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et al. (2013) documented localized U remobilization along calcite veins
and fractures within the AHP and MCM formations; however, they
concluded that the abnormal enrichment of some trace metals is pre-
dominantly authigenic and largely reflects deposition under oxygen-
depleted conditions. Within the studied MCM interval, the vertical
consistency of Cu, Mo, and V enrichments and their close association
with the organic-rich interval support a similar interpretation. Uranium,
however, appears to be more closely associated with phosphatic in-
tervals than with TOC (Unit 1 and Unit 3; Fig. 7d), suggesting that its
enrichment was further influenced by phosphogenesis and its incorpo-
ration into authigenic phosphate phases.

The succession exhibits low detrital content, as indicated by Al0s
concentrations below 6 wt%, whereas high SiO5/Al;,03 ratios are not
correlated with elevated ZrOs concentrations (Table S1), further sug-
gesting limited terrigenous input. Consequently, the strong Mo enrich-
ment (61 < EF < 923) observed in these organic-rich facies most likely
reflects highly reducing depositional conditions (euxinic conditions),
rather than any substantial input from planktonic or terrigenous
material.

Sedimentation rates also largely control the accumulation and
preservation of organic matter in marine sediments. High rates generally
enhance carbon burial by limiting the exposure time for microbial
degradation or dilution effects (Demaison and Moore, 1980; Stein, 1986;
Arthur et al., 1990). Conversely, low sedimentation rates prolong
exposure within the oxic zone, promoting more complete oxidation of
organic matter under well-oxygenated bottom-water conditions
(Canfield, 1994). However, under anoxic or euxinic bottom-water con-
ditions, the effect of sedimentation rate on organic matter preservation
becomes secondary to redox control. In such settings, even low rates can
coincide with high TOC contents because the absence of oxygen sup-
presses microbial degradation and bioturbation, thereby enhancing
preservation of organic matter and significant enrichment of authigenic
trace elements (Demaison and Moore, 1980; Emerson, 1985; Arthur
et al., 1990; Tribovillard et al., 2006). For example, the Atlantic
“black shales” deposited during the OAE2 exhibit both high TOC and
trace-element enrichments, despite slow sediment accumulation,
reflecting strongly reducing conditions that stabilized the organic matter
and favored the formation of authigenic phases of elements, especially
Mo, U, and V (Arthur et al., 1990). Relatively low sedimentation rates
ranging between 1.3 and 3.3 cm/kyr. Were estimated within the
organic-rich carbonate Unit 2 (Fig. 2), including in the “TOC-rich zone”
which averages ~2 cm/kyr and is comparable to those reported by
Ashckenazi-Polivoda et al. (2011) in the Negev area of ~2.4 cm/kyr.
Similarly, in modern upwelling margins such as the Benguela and Cal-
ifornia systems, even low sedimentation rates can lead to substantial
organic-carbon enrichment, since up to ~30% of primary productivity is
exported below the euphotic zone (Brumsack, 1986; Algeo and
Maynard, 2004; Tribovillard et al., 2012; Algeo and Li, 2020).

Thus, the Maastrichtian organic-rich interval of the MCM Formation
reflects the combined influence of enhanced nutrient supply sustained
by a prolonged regional upwelling system, while organic-matter pres-
ervation was promoted by limited dilution and dysoxic and anoxic
conditions at the sediment-water interface despite relatively slow
sedimentation rates. Together, these factors allowed the deposition of
laterally continuous TOC-rich intervals along central Jordan (Fig. 10).
This interpretation contrasts with previously proposed models, in which
the organic-matter enrichment was attributed to restricted circulation
within fault-controlled basins (Abed and Amireh, 1999; Abed et al.,
2005; Powell and Moh'd, 2011; Fleurance et al., 2013; Ali Hussein
et al., 2015; Hakimi et al., 2016; Beik et al., 2017, 2018, 2019; Sokol
et al.,, 2017; Grohmann et al., 2023). Although a major graben struc-
ture developed in the Sirhan area in northern Jordan during the Con-
iacian to early Campanian (Fig. 2), only minor subsidence differences
occurred during the Maastrichtian MCM Formation, which coincided
with the geodynamic sag phase (Kalifi et al., 2025).
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5.2. Regional depositional cycles

The decimeter to meter-scale cycles identified in the studied interval
exhibit a hierarchical organization comparable to third and fourth-order
sequences, and likely influenced by orbital forced (Milankovitch-scale)
processes that controlled climatic changes, ocean currents, marine
productivity, and weather conditions during the Late Cretaceous
(Sageman et al., 1997; Gale et al., 2002; Wilmsen, 2003; Schlager, 2005;
Wendler et al., 2014; Gambacorta et al., 2016; Li and Schieber, 2018;
Usman et al., 2025; Levell and van Buchem, 2026).

5.2.1. Campanian depositional cycles

The Campanian cycles C; and Cy, which comprise the uppermost part
of the AHP Formation, fall within the range of fourth-order cycles (~100
kyr). The cycles reflect depositional conditions that promoted phos-
phogenesis, bounded by a regionally expressed lateral shift toward
carbonate facies belts (Fig. 10). The organic-rich and laminated phos-
phorites observed in the lower part of each cycle may indicate deposi-
tion under stressed bottom-water conditions (Soudry et al., 2006;
Fernandez-Martinez et al., 2021). In the Negev region, similar stacking
patterns have been described in the Phosphate Member of the Mishash
Formation, where the laminated facies are referred to as “pristine
phosphorites” formed by the authigenic precipitation of carbonate-
fluorapatite minerals and deposited under suboxic conditions (Pufahl
et al., 2003; Soudry et al., 2006; Levy et al., 2023).

The phosphatic grainstone facies at the top of each Campanian cycle
is interpreted as the result of reworking by bottom currents or storm-
induced winnowing of earlier laminated pristine phosphorites (Abed
and Amireh, 1999; Pufahl et al., 2003). Additionally, the homogeniza-
tion of sediments was largely driven by intense biogenic reworking by
benthic fauna (Fig. 4d), suggesting longer episodes of oxic-suboxic
bottom water conditions. Comparable facies have been reported in
Devonian phosphatic black shales, where low sediment accumulation
rates, coupled with active sediment reworking, promoted high phos-
phate concentrations (Li and Schieber, 2015).

The rhythmic oxic-anoxic fluctuations recorded in hemipelagic
carbonate successions are commonly interpreted as expressions of
monsoon-driven climate variability, which is sensitive to precession
(~20 kyr) and obliquity (~41 kyr) orbital forcing (Sageman et al., 1997;
Prokoph and Thurow, 2000; Wilson and Norris, 2001; Gale et al., 2002).
The integration of high-resolution biostratigraphy, geochemical proxies,
and bioturbation patterns in this study suggests that the observed
oxic-anoxic fluctuations and repetitive reworking and redeposition of
phosphate are most likely linked to the short eccentricity (~100 kyr)
Milankovitch cycles.

5.2.2. Maastrichtian depositional cycles

The MCM Formation represents a deepening of the depositional
environment that occurred during the onset of a transgressive phase in
the early Maastrichtian (Powell and Moh'd, 2011; van der Meer et al.,
2022; Messaoud et al., 2025). The marked decrease in grain size,
(mudstone to packstone facies with abundant planktonic foraminifera;
Fig. 5) suggests deposition in a relatively deeper setting compared to the
underlying phosphorite Unit 1 (Fig. 3). The internal heterogeneity of the
MCM Formation is expressed by two orders of depositional cycles, which
are particularly well developed within the organic-rich interval (Unit 2).

Low-oxygen conditions and relatively high-energy bottom currents
appear to have predominated during cycles M; and M. This interpre-
tation is supported by the presence of low-diversity trace fossils domi-
nated by horizontally oriented burrows (Fig. 5a), the abundance of
planktonic foraminifera (Fig. 5e), and the scarcity of benthic forami-
nifera (e.g., Gavelinella spp.) (Fig. 5h), which are tolerant of low-oxygen
environments under relatively high food supply (Ashckenazi-Polivoda
et al., 2011). The common occurrence of mud lenses (Fig. 5b) and lag
deposits (Fig. 5j) within this cycle is interpreted as active bedload
transport by bottom currents (Schieber et al., 2010; Emmings et al.,
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2020). In this lithofacies, the absence of a micritic matrix indicates
high-energy bottom-current conditions, during which finer clay-sized
particles were winnowed out, leaving mainly sand-sized grains (Fliigel
and Munnecke, 2010). The remaining bioclasts, such as mollusks,
algae, and fish bones, are highly fragmented (Fig. 5k), suggesting long-
distance transport and reworking before being mixed with unbroken
benthic fauna that had not been transported.

However, the absence of these features in wells 1 and 2, combined
with the presence of “TOC-rich intervals” (Fig. 10), suggests that the
southwestern wells (Al-Lajjun area) were located in a more distal posi-
tion, characterised by lower-energy conditions and strongly anoxic
bottom waters, contrasting with the more proximal settings in the
Attarat Um Ghudran area, where higher-energy bottom currents pre-
vailed. The lateral variations along the A-A’ transect likely reflect
medium-order depositional cycles, possibly related to long eccentricity
(~405 kyr). The centimeter-scale heterogeneity and erosive surfaces
observed in the succession may also record the superposition of higher-
frequency cycles. In modern analogs, erosive surfaces within mudstone
successions are commonly associated with limited accommodation
resulting in active reworking influenced by storms or bottom-water
currents (Schieber, 1998; Lazar and Schieber, 2022).

In the M3 cycle, the increase in detrital proxies, particularly Al-Os
and Ti, likely indicates dilution of TOC concentrations in Well 6. In
contrast, in Well 2, Usman et al. (2025) reported markedly elevated opal
cristobalite-tridymite (CT) attributed primarily to biogenic silica pro-
duction rather than detrital input. These lateral geochemical variations
suggest the presence of at least two distinct primary-producer zones, or
paleoproductivity cells, controlling the distribution of carbonate and
silica during Cycle M3 along the A-A’ transect (Fig. 10). In modern up-
welling systems, similar facies mosaics reflect lateral variations in
nutrient supply: diatoms (silica-secreting microorganisms) dominate the
central, most active upwelling belts, whereas calcareous nannoplankton
and dinoflagellates become more abundant toward the distal margins
where nutrient levels are comparatively lower (Robinson et al., 2002;
Boning et al., 2004).

During Cycle My, high concentrations of opal CT were reported by
Puura et al. (2017) in the BH wells, coinciding with increased SiO:
concentrations and the occurrence of the “TOC-rich zone” in Well 6. This
contrasts with the more distal wells 1 and 2, where the TOC-rich zone
developed earlier during cycle M, therefore indicating a diachronous
peak in productivity and organic-matter accumulation. This pattern
likely reflects a temporal migration of paleoproductivity cells across the
basin (Fig. 10).

The last cycle within the organic-rich carbonate Unit 2, Cycle Ms,
represents a short-term depositional cycle with highly bioturbated
mudstone identified along the transect, inferring a more oxygenated
sediment/water interface, which may have contributed to the decrease
in TOC content. However, a distinctive characteristic of this cycle is the
occurrence of a pronounced TOC peak in most of the wells (Fig. 10).

The transition from the organic-rich interval to the organic-poor
chalky marl facies of Unit 3 occurred during UC20a in Cycle Mg across
all wells in central Jordan, at approximately 69.2 Ma (FO of Lith-
raphidites quadratus) (Fig. 10). The same lithostratigraphic transition has
been documented in the PAMA section, located in a more distal position
in the Levant region, where it occurs slightly earlier within the plank-
tonic foraminiferal Pseudoguembelina palpebra Zone, at approximately
69.85 Ma (Ashckenazi-Polivoda et al., 2011; Meilijson et al., 2014). The
strong correlation of detrital elemental proxies from Unit 3 (Fig. 7a),
which corresponds to cycle Mg (Fig. 10), suggests an increase in conti-
nental runoff. This trend is consistent with regional lithological and
faunal shifts reported in more distal sections of the Levant region, where
the abrupt change from organic-rich to organic-poor facies has been
attributed to a weakening of the upwelling system and a decline in
surface-water fertility under greenhouse warming (Ashckenazi-Polivoda
etal., 2011; Alsenz et al., 2013). Consequently, this phase likely reflects
a major reorganization of the marine ecosystem, transitioning from
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eutrophic, upwelling-dominated conditions to more mesotrophic and
oligotrophic, and oxygenated environments during the late Maas-
trichtian in Jordan. In addition, isotopic data presented by Beik et al.
(2018) correlated TOC minimum values with a negative 513C excur-
sion, which has been interpreted as reflecting enhanced runoff and
long-eccentricity (~405 kyr) forcing during UC20b (time-equivalent to
Cycle Mp).

In central Jordan, the K/Pg boundary in outcrop sections is defined
by a bioturbated and erosive surface characterised by chert concretions
and phosphatic marls (Bazeen et al., 2020; Farouk et al., 2014; Alhejoj
et al., 2020). These authors highlight the presence of crushed Creta-
ceous foraminiferal assemblages and transported plant debris. Similar
reworked Late Cretaceous taxa have also been described from calcareous
nannofossils in the lower Danian section of the Wadi Bustani outcrop
(Messaoud et al., 2025). In the present study, although lateral resolution
is limited by the core material, the K/Pg boundary is confidently con-
strained by high-resolution calcareous nannofossils zone (CNZ), and the
sharp geochemical change (high phosphate concentrations) is consistent
with the characteristics observed in nearby outcrop sections (Fig. 3). The
Danian Pgl and Pg2 cycles suggest high-energy bottom-water condi-
tions and repeated erosional episodes, as indicated by the abundant
reworking of Cretaceous material.

5.3. Late Campanian to early Danian facies evolution in Jordan

In order to better understand the temporal and spatial evolution of
the Maastrichtian paleoproductivity, two new transects have been
established with two age-dated wells (OS-2 and 0S-28; Alqudah et al.,
2015; Beik et al., 2019) and the age-dated Wadi Bustani outcrop sec-
tion (Messaoud et al., 2025) (Fig. 11). The significant lateral variations
in TOC distribution observed in these sections highlight both a dia-
chronous component and a geographical component of the organic
matter deposition. The age dating of the sections allows us to illustrate
the facies evolution in four steps: latest Campanian phosphorites, early
Maastrichtian organic-rich carbonate, late Maastrichtian marly chalk,
and Danian phosphatic chalk (Fig. 12). These maps, which also include
additional control points (Alqudah et al., 2015; Beik et al., 2019), serve
as the basis for the proposition of a depositional model (Fig. 13).

5.3.1. Latest Campanian phosphorites (uppermost AHP)

The initiation of the robust upwelling system along the southern
margin of the Neo-Tethys Ocean was driven by the interplay between
major global oceanographic reorganizations and local tectonic events
that began during the late Coniacian (Almogi-Labin et al., 1993; Soudry
et al., 2006; Edelman-Furstenberg, 2009; Powell and Moh'd, 2011;
Abed, 2013). The westward-flowing Tethyan Circumglobal Current
(TCC) is thought to have intensified following an early Santonian cool-
ing event, increasing both its velocity and its capacity to transport
nutrient-rich deep waters onto shallow marine platforms (Hein et al.,
1993; Pucéat et al., 2005; Soudry et al., 2006; Hay, 2009).

Under this high-productivity system, the phosphorite Unit 1
described here was deposited near the Campanian-Maastrichtian
boundary (UC16a), reflecting repeated small-scale cycles superimposed
on long-term eustatic sea-level fluctuations (Miller et al., 2005; van der
Meer et al., 2022). The same phosphorite interval is reported overlying
large oyster mounds (buildups ~30 m thick) from central and south
Jordan. This interval exhibits very low sedimentation rates, less than 1
cm/kyr, and is characterised by reworked calcareous nannofossils
(Messaoud et al., 2025). Some authors assigned this interval as an
overall shallowing event up to the Campanian-Maastrichtian boundary,
characterised by an intensely Thalassinoides-burrowed bed as the top of
the AHP Formation (Powell and Moh'd, 2011; Ahmad et al., 2020;
Messaoud et al., 2025). However, other authors have interpreted the
phosphate-rich deposits as a condensed unit associated with a rise in sea
level and deposited during the final phase of a transgressive systems
tract (TST) (Pufahl et al., 2003; Abed et al., 2007).

19

Palaeogeography, Palaeoclimatology, Palaeoecology 699 (2026) 113986

Similar condensed intervals are reported in the surrounding areas. In
the Western Desert of Egypt, the Campanian-Maastrichtian boundary
near the FO of the planktonic foraminiferal Rugoglobigerina hexacamer-
ata Zone (71 Ma) (Tantawy et al., 2001), approximately equivalent to
the calcareous nannofossil Zone UC16. Regardless of the exact water
depth interpretation of this unit, the top surface in Western Desert of
Egypt is interpreted as a regional transgressive surface, characterised by
a sedimentation break, reworked phosphate limestone with Chondrites
burrows and glauconitic sands (El-Azabi and Farouk, 2011; El Ayyat,
2015). Low sedimentation rates (1.4 + 0.5 cm/kyr) also occurred near
the Campanian-Maastrichtian boundary, slightly below the base of the
foraminiferal P. palpebra Zone in southern Negev (Soudry et al., 2006;
Meilijson et al., 2014). The condensed interval is here interpreted as an
MFS characterised by interbedded pristine and reworked peloidal
phosphates and an unconformity that underlies the early Maastrichtian
organic-rich carbonates. The top of our phosphatic Unit 1 is correlated
with the top of the Phosphate Member of the Mishash Formation,
defined at the base of P. palpebra Zone (71.6 Ma) (Ashckenazi-Polivoda
et al., 2011; Meilijson et al., 2014).

The different regional interpretations of the Campa-
nian-Maastrichtian sequence boundary might be explained by varia-
tions in biostratigraphic approaches, the influence of local tectonics,
basin geometry (e.g., the Syrian Arc, Red Sea rifting), or the relative
position with respect to the paleoshoreline at the late Campanian.
Although the nature of the sequence boundary remains open in the
context of our study, it is important to emphasize the regional shal-
lowing of the depositional settings and the occurrence of generalized
sediment starvation in Jordanian sections below this surface (Messaoud
et al., 2025), conditions under which high-energy bottom currents likely
became the dominant sedimentary process for the reworking and rede-
position of Campanian pristine phosphorites from the AHP Formation
(Fig. 13a).

5.3.2. Early Maastrichtian organic-rich carbonates (lower MCM)

The early Maastrichtian marks a major transgressive phase across the
northern Arabian Plate (Miller et al., 2005; Powell and Moh'd, 2011; van
der Meer et al., 2022). Sedimentological observations, including
reduction in grain size, a drastic decline in bioturbation, and the
dominance of planktonic foraminifera, indicate in Jordan progressive
deepening of the depositional environment compared to the upper
Campanian phosphorite interval below. In parallel, the strong enrich-
ment of redox-sensitive trace elements further supports the establish-
ment of persistently suboxic to anoxic bottom-water conditions during
this phase of inner-platform drowning (Fig. 12a).

Biostratigraphic studies from adjacent regions in southern Negev
have documented a significant turnover in primary communities (e.g.,
diatoms, coccolithophores, dinoflagellates, planktic and benthic fora-
miniferal assemblages), which likely contributed to enhanced organic
matter production and redox conditions during the early Maastrichtian
(Almogi-Labin et al., 1993; Ashckenazi-Polivoda et al., 2011; Meilijson
et al., 2014). These ecological changes may also have directly influ-
enced the mineralogical composition of bulk sediments. Although a
detailed microfossil assemblage analysis is beyond the scope of this
study, the enrichment of paleoproductivity proxies (Ni, Cu, Si, P, TOC)
together with the prevalence of thick siliceous-rich mudstone (e.g.,
Cycle 2 in Usman et al., 2025) facies supports deposition beneath highly
productive, diatom-dominated surface waters, typically associated with
nutrient-rich, mesotrophic to eutrophic conditions.

In more distal sections (e.g., PAMA section; Ashckenazi-Polivoda
et al., 2011; Meilijson et al., 2014), the “TOC-rich zone” occurs in the
lower part of the outcrop succession (44.2-34.4 m), occurring within the
FO of the planktonic foraminifera Pseudoguembelina kempensis (~71.5
Ma), and approximately time-equivalent to the deposition of the “TOC-
rich zone” in our Well 2 during UC17 (Fig. 10). In more proximal sec-
tions (e.g., 0S-02 core; in Beik et al., 2019), this high TOC interval ap-
pears later, during the later nannofossil zones UC18/19 (Fig. 11b).
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Fig. 11. Regional correlation of key sections of the Late Cretaceous-Paleocene succession in Jordan. (a) A-B transect across central Jordan. (b) C-D transect across
southern Jordan. Calcareous nannofossil biozones for the Wadi Bustani section follow Messaoud et al. (2025). Biostratigraphic and geochemical data for cores OS-02
and 0S-28 are from Alqudah et al. (2015) and Beik et al. (2019).
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Fig. 12. Spatiotemporal distribution of organic-rich facies during the Late Cretaceous-Paleocene projected on isopach maps for the total thickness of the MCM
Formation. The paleoshoreline was located farther south of present-day Jordan, likely in Saudi Arabia (Kalifi et al., 2025). Isopach maps are from Kalifi et al. (2025).
Biostratigraphy for the Wadi Bustani section follows Messaoud et al. (2025). Biostratigraphic and geochemical data for cores OS-02 and OS-28 are from Alqudah et al.

(2015) and Beik et al. (2019).

Consequently, peak paleoproductivity and the distribution of maximum
TOC concentrations developed diachronously. The rapid sea level rise
over the margin may have promoted the landward migration of up-
welling cells, transporting nutrient-rich waters and expanding the OMZ
toward more proximal settings as flooding advanced across the platform
(Figs. 12a and 13b).

5.3.3. Late Maastrichtian marly chalk (middle MCM)

The shift from the organic-rich interval to the Marl Member of the
Ghareb Formation in southern Negev is described as conformable and
occurred at approximately 69.85 Ma (Abramovich et al., 1998;
Ashckenazi-Polivoda et al., 2011). In central Jordan, the transition from
the bituminous mudstone to the chalky interval within the MCM For-
mation occurred slightly later, during nannofossil zones UC20a/UC20b
(approximately 69.18-69.0 Ma) in wells 2 and 6, likewise without evi-
dence of a depositional hiatus. According to Ashckenazi-Polivoda et al.
(2011), the sharp decline in TOC in southern Negev coincides with a
shift in foraminiferal assemblages, reflecting a progressive decrease in
surface-water productivity and an increase in bottom-water
oxygenation.

Consistent with this interpretation, Giraldo-Gomez et al. (2018) and
Beik et al. (2019) also suggested a transition to moderately oxygenated
waters and increase of humid conditions based on benthic foraminiferal
assemblages and clay mineral assemblages in the OS-02 core during
UC20b, accompanied by a reduction in TOC concentrations (C-D tran-
sect, Fig. 11b). Their results further indicate that organic-matter accu-
mulation persisted diachronously into the Paleocene in eastern and
southern Jordan (Figs. 11a and 12c). Consequently, the associated
oxygen-depleted zone likely remained active in more landward settings,
where nutrient supply may have shifted from upwelling-driven to
enhanced continental runoff, promoting continued organic-matter
accumulation in these proximal areas (Figs. 12b and 13c).

Shoaling of OMZ boundaries is a characteristic process well
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documented in major eastern boundary current systems, such as the
California, Humboldt (Peru), and Benguela currents (Keeling et al.,
20105 Gilly et al., 2013), as well as in semi-restricted basins such as
the Black Sea (Anderson et al., 1994). Off Peru and northern Chile, the
OMZ is exceptionally thick and strongly stratified, with its upper
boundary shoaling seasonally to depths as shallow as ~50 m (Boning
et al., 2004; Fuenzalida et al., 2009; Scholz et al., 2011). This shallow
expression contrasts with more distal or open-ocean settings, where the
OMZ weakens as a tongue-like shape, and its upper boundary deepens
under the influence of subtropical gyre circulation (Fuenzalida et al.,
2009). Shoaling of OMZ is often associated with periods of intensified
continental weathering and enhanced nutrient delivery to proximal
areas (Gilly et al., 2013). Increased runoff promotes water-column
stratification and elevated primary productivity, shifting surface wa-
ters from oligotrophic “blue-water” conditions to euphotic-to-
mesotrophic “green-water” conditions (sensu Wilmsen, 2003). Such
nutrient-enriched waters have been shown to trigger widespread anoxia
and enhance organic-matter preservation during the Cretaceous (Leckie
et al., 2002; Erba, 2004; Batenburg et al., 2016; Poulton et al., 2015;
Shmeit et al., 2022).

In the studied interval, the increase in detrital proxies and the decline
in TOC observed during UC20b (Cycle Mg) may represent a regional
expression of the latest Maastrichtian global oceanographic and climatic
perturbations recorded globally by 8'3C oscillations at middle to high
latitudes (Thibault and Gardin, 2007; Voigt et al., 2012; Jung et al.,
2013), and locally with the Arabian Plate maximum flooding surface
K180 at ~68 Ma (Sharland et al., 2004), which is documented across
multiple regions along the Tethyan margin and may have contributed to
a reconfiguration of the upwelling system (Philip et al., 2002; Powell
and Moh'd, 2011; Beiranvand et al., 2014; Meilijson et al., 2014).

This large-scale reorganization likely enhanced continental runoff
and reduced surface-water productivity, shifting toward more oligo-
trophic surface-water conditions, and favoring nannoplankton
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production, as reflected by the abrupt increase in CaCOs content forming
the bulk sediment and by higher sedimentation rates (Fig. 3). The more
oxygenated depositional conditions also favored increased benthic ac-
tivity, as evidenced by the common occurrence of bioturbation within
the chalky units in Well 6. In contrast, suboxic to anoxic conditions
persisted in more proximal areas of southern Jordan, enhanced by
increased nutrient availability associated with runoff (Fig. 13c).

5.3.4. Danian chalky marls (uppermost MCM)

The deposition of the Upper Maastrichtian succession was inter-
rupted by the global K/Pg boundary event, which is expressed across
North Africa and the Arabian Plate as a regional unconformity (Kuss
et al., 2000; Tantawy et al., 2001; Adatte et al., 2002; Philip et al.,
2002; Farouk et al., 2014). In central Jordan, the overlying Danian in-
terval records evidence of this hiatus, including significant submarine
reworking of Cretaceous fauna (Messaoud et al., 2025) and possible
subaerial exposure (Alhejoj et al., 2020). The Danian MCM facies reflects
the continued flooding and encroachment of the northern Arabian Plate
during the Paleocene (van der Meer et al., 2022; Farouk et al., 2014),
resulting in the establishment of deeper marine conditions across the
region, as evidenced by the occurrence of pelagic chalks, including
radiolarian-rich mudstones in Unit 5 (Fig. 12c).

6. Conclusions

An integrated stratigraphic framework (high-resolution biostratig-
raphy, sedimentology, and geochemical analysis) of the early
Maastrichtian-lower Danian succession has been established in seven
wells located in central Jordan to investigate the evolution of paleo-
productivity across a proximal-to-distal continental shelf margin tran-
sect of ~61 km. The main findings are summarized as:

o A stratigraphic time framework combining hierarchy and stacking
patterns of depositional cycles, constrained by calcareous nanno-
fossil biozonation, has been defined for the MCM Formation. This
cyclicity reflects fluctuations in bottom-water energy, oxygenation,
nutrient supply, and productivity, driven by longer term paleo-
ceanographical processes, and shorter-term orbitally forced
processes.

During the latest Campanian, a regional shallowing phase favored
the deposition of phosphorites under mesotrophic conditions,
accompanied by sediment starvation and reworking of phosphatic
deposits in central Jordan. This interpretation is consistent with the
regional expression of the Campanian-Maastrichtian boundary
across the northern Arabian Plate.

The organic-rich interval of the MCM Formation in central Jordan
was deposited from the early Maastrichtian (UC16b) to the late
Maastrichtian (UC20a), spanning approximately 2.5 myr of sus-
tained high productivity. The widespread and laterally continuous
bituminous facies documented in this study are more consistent with
basin-scale organic-matter enrichment controlled by enhanced
paleoproductivity and redox conditions associated with an upwelling
system, rather than by localized fault-controlled basins.

The base of the late Maastrichtian is characterised by the abrupt
transition from organic-rich to organic-poor chalky marl facies
which is interpreted as the result of a regional reorganization of the
paleoceanographic dynamics. The upwelling system weakened in the
late Maastrichtian, and the main nutrient supply was replaced by
continental run-off-driven proximal productivity (green water con-
ditions) and an organic-poor, coccolith-dominated (blue water con-
ditions) distal productivity.

The depocenter of organic-rich deposition migrated diachronously
eastward (landward) toward nearshore settings, where high pro-
ductivity persisted into the Paleocene in southern Jordan and adja-
cent Saudi Arabia.
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