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Abstract Numerous locations in Eastern Arabia contain
organic-rich Cenomanian-Turonian (C/T) sediments, includ-
ing Qatar, UAE, and Oman. The contrast between organic-
rich and organic-lean anoxic facies, as well as the local
to regional distribution of the C/T facies, is shown here.
These regions are confirmed to be rich in organic material
using bore-hole data, and our study has precisely identi-
fied their limits. The inorganic geochemical investigations
focus on the Cenomanian-Turonian Mishrif Member of the
upper Wasia Formation. This elemental chemostratigraphy
approach is investigated as a timely and cost-effective sub-
stitution for carbon isotope determination during hydrocar-
bon exploration and development phases. The study reveals
information about how the palaecoceanography of intrashelf
basin changed throughout the Cenomanian-Turonian time.
The use of discrete redox-sensitive and primary productivity
along with sensitive trace element data and detrital-related
elements is demonstrated as one of the best methods to
emphasise the reducing conditions that reigned during the
OAE-2 in the area. The redox-sensitive proxies show three
broad pulses of anoxic to euxinic conditions associated with
the bottom water, separated by dysoxic to oxic conditions in
the Cenomanian-Turonian Mishrif Member. Either the basin
geometry or the expansion of an oxygen minimum zone
(OMZ) is the main factor that controlled the bottom redox
condition distribution during the deposition of the Mishrif
Member. Elemental chemostratigraphy has been utilised to
identify and characterise the OAE-2 phases in the study area
in the absence of carbon isotope perturbation data.
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1 Introduction

The Cenomanian-Turonian Oceanic Anoxic Event (OAE-2)
was a globally significant period of widespread ocean anoxia
and carbon cycle perturbation that occurred around 94 mil-
lion years ago (Schlanger and Jenkyns 1976; Schlanger et al.
1987; Jenkyns 1988; Wignall and Myers 1988; Dickson
et al. 2016; O’Connor et al. 2019; Petrizzo et al. 2021; Soua
et al. 2011, 2023) (Fig. 1). This event was characterised by
the deposition of organic-rich black shales and pronounced
global carbon isotope excursions, and it was associated with
a time of global warming and maximum sea levels (e.g.,
Arthur et al. 1990; Cecca et al. 1994; Wignall 1994; Kuhnt
et al. 1997; Zaghbib-Turki and Soua 2013; O’Connor et al.
2019).

In the eastern Arabian Plate, the Cenomanian-Turonian
interval is predominantly represented by carbonate-rich suc-
cessions, including the Mishrif Member of the Upper Wasia
Formation and lateral equivalents such as the Upper Sarvak,
Dokan, Natih, and Derdere formations (Ziegler 2001; Droste
and Van Steenwinkel 2004; Homewood et al. 2008; Brom-
head et al. 2022). These carbonates, which include rudist-
bearing shallow-water facies (Harris and Frost 1984; Jordan
et al. 1985; Burchette 1993; Alsharhan 1995; Van Buchem
et al. 2002, 2011; Soua 2012, 2016; Craigie 2015; Bromhead
et al. 2022), were deposited as a result of the late Cenoma-
nian global sea level rise that led to increased carbonate
production and reduced clastic (Sageman et al. 1998; Leckie
et al. 2002; Kuypers et al. 2002; Luning and Kolonic 2003;
Liining et al. 2004).
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Fig. 1 Palaeogeography and facies variations of the Arabian domain during Cenomanian-Turonian transition. (A) Palaeogeographic reconstruc-
tion map during C/T time [modified after Soua (2016) and references therein]. (B) Paleofacies of the Cenomanian-Turonian deposits and their

regional equivalents in Arabia (after Ziegler 2001)
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Organic-rich facies related to the OAE-2 event have been
reported from nearby intrashelf basins within the Natih,
Shilaif, and Khatiyah formations (Harris and Frost 1984,
Grantham et al. 1988; Alsharhan 1995). However, such
deposits have not been previously documented within the
Mishrif Member in Saudi Arabia. This study focuses on
examining the Cenomanian-Turonian dark to black shales
encountered within the Mishrif Member in the Rub’ Al
Khali basin, with the aims of (1) utilising inorganic geo-
chemical data as a chemostratigraphic tool to identify the
OAE-2 interval in the absence of carbon isotope analyses
and (2) proposing a depositional environmental model for
the formation of these organic-rich shales. In addition, as
mentioned, the OAE-2 has never been identified in the Rub’
Al Khali basin of Saudi Arabia. This study aims to use che-
mostratigraphy to emphasise the worldwide extension of this
globally significant event.

2 Geological setting
2.1 Geological overview

The Rub’ Al-Khali (RAK) basin is a large intrashelf basin
characterised by fluvio-clastic sediments in the west, intra-
basinal mudstones in the centre and a belt of carbonate
platforms in the east (Fig. 1b). The eastern boundary of
the carbonate platforms is fairly sharp, with rapid facies

changing into deeper water calcareous mudstones of the
Shilaif Basin (Newell and Hennington 1983; Ziegler 2001;
Van Buchem et al. 2011; Al-Anzi and Tourqui 2019; Bro-
mhead et al. 2022; Figs. 1b, 2).

The Wasia Formation is composed of distinct inter-
vals of sandstones and mudstones separated by intervals
of limestones including the Khafji, Safaniya, Mauddud,
Wara, Ahmadi, Rumaila, and Mishrif members in ascend-
ing stratigraphic order.

The end of the Cenomanian and beginning of the Turo-
nian mark a period during which a transition from passive
to active margins occurred and when tectonic activities
became the primary controlling force throughout the east-
ern margin of the Arabian Plate (e.g., Braud 1987; Bur-
chette 1993; Glennie 1995; Ziegler 2001; Sharland et al.
2001).

During this period, the growth and development of the
Rumaila and Mishrif carbonate platforms are generally
recognised as the defining elements of the Rub’ Al-Khali
basin. These features reflect the transition to more carbon-
ate-dominated systems which led to the development of
a steep platform margin with vast easterly dipping clino-
forms (Sharland et al. 2001; Sharp et al. 2010; Saura et al.
2011; Van Buchem et al. 2011).

The Mishrif Member can be locally subdivided into two
depositional cycles. The earlier cycle is largely prograda-
tional with a shallowing upward trend from organic-rich,
muddy distal limestones at the base to somewhat similar
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Fig. 2 Lithostratigraphy and age constraint of the Wasia Formation with reference to Mishrif Member and location of the OAE-2 event in Saudi

Arabia
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muddy lagoonal limestones at the top (Sharland et al.
2001) overlain by a later deepening upward cyle.

On the margins of the carbonate platform, rudist lime-
stones developed in a high-energy, shallow water envi-
ronment, contributing to the deposition of Mishrif Mem-
ber. Additional preserved intervals below the Pre-Aruma
Unconformity consist of muddy lagoonal limestones (e.g.,
Burchette 1993; Ziegler 2001; Sharland et al. 2001; Fig. 2).

The aforementioned unconformity developed during a
period of inversion and erosion along the platform margins
before the collision between the Arabian and Eurasian plates
and associated ophiolite obduction in Oman. At a later stage,
i.e., during the early Turonian transgression, Lower Tuwayil
Carbonates (lower Aruma Formation) onlap the Pre-Aruma
Unconformity (Powers 1968; Droste and Van Steenwinkel
2004; Le Nindre et al. 2008).

The Turonian is generally associated with a major uplift
of the southern Arabian Plate. The uplift resulted in a sig-
nificant erosional mid-Turonian unconformity (Harris et al.
1984; Droste and Van Steenwinkel 2004; Ghabeishavi et al.
2010) at the end of the early to Mid-Cretaceous Arabian
Plate Tectonostratigraphic Megasequence ‘AP8’ of Sharland
et al. (2001) and Davies et al. (2002). Compression within
the southern and eastern Arabian Plate occurred because
of the beginning subduction within the central Neotethys.
Subsequent, gradual closing of the southern branch of the
ocean (Robertson and Searle 1990; Fig. 1) was the precursor
to the Late Cretaceous ophiolite obduction (see Searle et al.
2014 for more details).

2.2 Mishrif stratigraphy and lithology

The term Mishrif was first described by Rabanit (1952)
based on Well Zubair-3 located in Basrah, Iraq. Owen and
Nasr (1958) defined the lithology in their lexicon, which
then was widely used by Powers (1968) to describe the
upper member of Wasia Formation. The Late Cenomanian-
Early Turonian carbonate-dominated sequence also con-
tains some locally organic-rich deposits in intra-shelf basi-
nal depressions. The Mishrif Member is also referred to as
Late Cenomanian-Earliest Turonian sequence ‘GSS K140’
(Sharland et al. 2001; Davies et al. 2002).

The Wasia Formation was labelled after Khashim Wasi
location, approximately 100 km SE of Riyadh, Saudi Ara-
bia (Steineke 1938 in Powers et al. 1966). Steineke et al.
(1958) assigned a Cenomanian age based on the presence of
the ammonite Neobilites vibrayeansusvhile Powers et al.
(1966) gave a Cenomanian-Turonian age based on foraminif-
eral assemblages described in Kuwait (Alsharhan and Nairn
1988).

The Wasia Formation is generally divided into different
intervals including mudstone and sandstone, alternating with
carbonate intervals. Locally, these facies alternate with thin,
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organic-rich carbonates (like the Safaniya Source Rock) that
were deposited during short marine transgressions.

Overall, these intervals represent two broad backstepping
cycles. Periods of maximum regressions are recorded in the
Khafji and Ahmadi members, and periods of elevated global
sea levels are recognised in the Mauddud and Mishrif mem-
bers (Van Bellen et al. 1959; Davies et al. 2002; Alsharhan
et al. 2014; Youssef et al. 2014 2019; Al-Anzi and Tourqui
2019).

In contrast to the local and short-lived marine transgres-
sions, deposition of the Mishrif carbonates extended across
the Rub’ Al Khali Basin.

3 Materials and methods

The Cenomanian-Turonian transition sequence, namely the
Mishrif Member of the Wasia Formation, is the primary
focus of the current study. To characterise the Mishrif Mem-
ber, rock samples have also been selected from the underly-
ing Rumaila Member and the overlying Aruma Formation.
In total, 196 core and ditch cutting samples are examined in
the current study (Well 1: 58 cuttings samples, Well 2: 46
cuttings samples, Well 3: 57 cuttings + 35 core samples).
Cuttings samples represent composite samples of 10-ft inter-
vals, while spacings between core samples are 3-5 ft.

A chemostratigraphic elemental dataset was generated
for three wells utilising inductively coupled plasma (ICP)
analysers (see below) at the company’s geochemical core
laboratories in Dhahran and integrated with wireline logs
along with core descriptions.

3.1 Elemental chemostratigraphy analysis methods

To prepare for inductively coupled plasma (ICP) analyses,
ca. 2 g sample material was cleaned, powdered, and dis-
solved in diluted nitric acid (HNO;) followed by fusion of
the samples using high-purity lithium metaborate (LiBO,)
flux. The sample preparation, fusion techniques, and ana-
lytical procedures were described in detail in Soua (2019).
Inductively coupled plasma optical emission spectroscopy
(ICP-OES) and inductively coupled plasma mass spectrom-
etry (ICP-MS) were utilised to determine the concentrations
of 50 elements. The precision error for the major elements
was < 1%, and the high abundance trace elements derived
from both ICP-OES and ICP-MS are between around
3%—5%. The acquired data have an accuracy error of 1% for
major elements and 5 ppm for trace elements.
Normalisation to aluminium (Al normalisation) and
enrichment factor (EF) calculations of elements are used in
this study primarily to reduce the effect of detrital input and
grain size variations on elements (e.g., Calvert and Pederson
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Fig. 3 Detailed lithostratigraphic interpretation based on wireline logs, sedimentology, biostratigraphy, and core descriptions for Well 1

4.2 Paleoproductivity proxies

Following Calvert and Petersen (1993), Algeo and May-
nard (2004), and Meyers et al. (2005) (Table 1), paleo-
productivity proxies are presented by Cugp and Nigg and
controlled by Pgp. In Well 1, P and Cu with less amplitude
are significantly enriched during a short interval during
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the first stages of enrichment in the basal Mishrif Member
(Fig. 4). Above this interval, Cugg values decrease close to
the background values more abruptly than Pgp. The nickel
(EF) dataset remains stable throughout the OAE-2 inter-
val. In Well 2 (Fig. 5), significant increases are shown in
the second stage of element enrichments. However, in Well
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3 (Fig. 6), the increases of the paleoproductivity proxies
are maintained in the upper Mishrif Member.

4.3 Clastic input

Enrichment factors of Si and K are utilised to mark possible
influences of siliciclastic input, e.g., through wind-blown

dust on elements used as proxies for redox conditions and
paleoproductivity. Silicon is assumed to originate from sili-
cates, such as quartz, feldspars, and phyllosilicates, although
a biogenic source cannot be excluded.

To identify possible biogenetic or diagenetic silica enrich-
ments, bivariate plots of SiO, versus other elements from the
siliciclastic fractions are constructed. Zr, Al,O5, and TiO,
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Table 1 Elements used to define the main parameters and proxies

Parameter Proxies Remarks References
(enrichment
factor)
Redox-sensitive Mo Alleged as redox sensitive and/or sulphide forming Dean et al. (1997), Lyons et al. (2003), Tribovillard
et al. (2006)
U It is associated with the organic-rich source depos- ~ Wignall and Myers (1988), Luning et al. (2004),

Primary productivity Cu
Ni

Clastic input Si

Al

Pyrite Fe

ited during redox conditions
Indicative of the OM flux to the sediments

Under normal reducing circumstances, Ni and Cu
can be fixed in sediments in significant propor-
tions. These elements are mostly incorporated
into the sediment in conjunction with OM and
are regarded as proxies of OM delivery to the
sediment

It can be associated with detrital apatite and/or bio-
genic phosphate delivered mainly by riverine flux

Si can be indicative of both grain size of the detrital
supply, including quartz grains, and the airborne
quartz silt abundance during early transgressive
interval. In contrast, a strong Si increase can be
associated with an increase in biogenic SiO,
(silica-secreting organisms)

Al is generally associated with clay minerals such
as kaolinite. It is also indicative of the detrital
fraction of sediments

Ti can be linked to Ti-bearing heavy minerals
(e.g., magnetite, illmenite, rutile, anatase, and/or
sphene). It can be found in the very fine fraction
of the sediment

Zr is usually associated with heavy minerals with
emphasis on zircon. It can be found in the very
fine fraction of the sediment. Can represent the
silicate fraction in carbonate rocks

K is generally associated with K-feldspar and clay
minerals such as illite. It is also indicative of the
detrital fraction of sediments. However, it can be
linked to organic matter

Fe enrichment appears to have no connection to
clastic abundance (K or Si), the origin of which
could be determined by comparing the aver-
age shale values. It is believed that the bacterial
sulphate reduction reactions necessary for the
production of pyrite produce sulphide ions (HS-),
which combine with reactive iron

Presence of the sulphur species (S) may be pro-
vided by H2S, which is generally available in or
near the redox boundary by several species such
as O,, NO3;, MnO,, FeOOH, which is believed to
be an elementary intervention for the formation
of pyrite

Tribovillard et al. (2006), Soua et al. (2011)
Brumsack (1989), Hatch and Leventhal (1992)

Calvert and Pedersen (1993), Algeo and Maynard
(2004), Meyers et al. (2005)

Delaney (1998), Compton et al. (2000), Soua et al.
(2008)

Soua et al. (2011)

Soua (2019)

Wright et al. (2010)

Wright et al. (2010), Soua (2019)

Craigie (2015), Larriestra et al. (2015), Soua (2019)

Lyons et al. (2003)

Middelburg (1991), Suits and Arthur (2000)

commonly represent the silicate fraction in carbonate rocks.
Bivarite plots of these elements therefore generally show
a positive trendline indicating covariance. Thus, if SiO,
diverts from the general trendline in these plots, enrich-
ment is indicated. SiO, vs. Al,O5 and SiO, vs. TiO, graphs
are presented in Fig. 7. The SiO, vs. Zr graphs, as utilised
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by other authors (e.g., Write et al. 2010), do not show an
ambiguous trend, except for Well 1, and are thus excluded
from interpretation of this study.

For Well 1, two samples show diversion from the gen-
eral trend line towards high SiO, concentrations. These are
expressed in the Sig excursions within the Rumalia Member
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and below the second (middle) element enrichment phase
(Fig. 4). No excess Si (Sigy) is identified in Well 2 (except
one sample in the basal Lower Tuwayil Member). Well 3
shows four samples with Sigy, two in the uppermost part
of the Mishrif Member of which one is associated with the
other element enrichments in upper anoxic phase (stage 3).

Potassium is presumed to be a siliciclastic indicator
due to its common occurrence in common silicates, such
as K-feldspars and phyllosilicates such as illite and micas.
Besides originating from silicates, K might be also be linked
to organic matter (e.g., Larriestra et al. 2015), particularly as
it does not show very strong covariance with Si in the study
wells. This is particularly true for a Kgp excursions in the
second (middle) anoxic phase, where Kgg covaries with Ug,
most prominently expressed in Well 1 (Fig. 4).

In Well 1 (Fig. 4), Kgp and Sigp suggest relatively stable
and low siliciclastic input. Well 2 and Well 3 show higher
EFs of Si and K and thus a possible increase of clastic input
with EF values increasing from Well 1 to Well 3, i.e., from
shallow to deeper basin settings (Fig. 8).

4.4 Pyrite and organic richness

The presence of pyrite (FeS,) is estimated from covaria-
tions of enrichment factors of the elements Fe, S, U, and

Mo. Unfortunately, no S data are available for Well 1 and
Well 2 because analysis was only carried out with ICP
techniques, while additional data from XRF (x-ray fluo-
rescence) including S are available for Well 3. Both fixa-
tion of Mo into the sediment and development of FeS,
require euxinic conditions, i.e., absence of O, (Table 2)
and free H,S. Notably, also Cu and Ni can be present as
sulphides or incorporated in traces into the pyrite lattice.
A correlation between these elements is therefore indica-
tive of euxinic conditions and utilised as a proxy for pyrite
development.

In Well 1, Fegg is mainly < 2 with a single value of
approximately 7 recorded in the basal part of Mishrif Mem-
ber coinciding with the substantial increases of Mo, U, Cu,
and P.

In Well 2, the above elements show covariations in the
base of the lower (first) element enrichment phase, through
the middle (second) phase, and in the top of the upper (third)
phase. Furthermore, Fegp in Well 2 shows higher values
reaching almost 10 compared to Well 1. These values are
multiplied in Well 3 and correspond with very high values
(7000) of Sgg in the upper part of Mishrif Member (Figs. 4,
5, and 6). Interpretation of pyrite in Well 3, however, is lim-
ited to the lower and upper part of the middle and the only
sample of the upper phases.
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Fig. 8 Generated geochemical cross-section indicating the paleoshelf reconstruction of the basin which hosted the paleooceanographic condi-

tion variations in different wells

Table 2 Redox classification of depositional environments using O, (after Tyson and Pearson 1991; Jones and Manning 1994)

Redox classes Oxic

Dysoxic-suboxic Anoxic Euxinic

O, concentration in bottom waters (mL O,/L H,0) 0,>2

2>0,>02 0,<0.2 (a) 0,=0 (b)

(a) No free H,S in the water column; (b) free H,S present in the water column

4.5 Geochemical signatures in the three study wells

The geochemical profiles of Well 1 (Fig. 4) show three dis-
tinct anoxic phases within the OAE-2. The first phase occurs
in the lower part of the Mishrif Member, i.e. just above the
Mishrif-Rumaila boundary. It is characterised by very high,
upward-decreasing Uy values as well as slight enrichments
in Mo, Cu, Ni, and P and to a lesser extent Fe (at the very
base).

A significant enrichment, again with an upwards decrease,
similar to Uy, is expressed in the Py log, with P acting as
a paleo-productivity proxy.

The second anoxic phase is marked by an abrupt increase
in Mogp at its base. Ugp values, together with Nigg and Kgp,
abruptly increase a little later at the maximum of Mogg. The
Ugr log shows an upwards decrease in values coinciding
with a decreasing trend in Py, as observed for phase 1.

Anoxic phase 3 is less expressive in the geochemical logs,
but it is clearly marked by increases in Mogg, Ugg, and Nigg
and a slight incursion in Kgg values. An increase in Pgg val-
ues is only marginal compared to phases 1 and 2 in Well 1.

While the first anoxic phase in Well 1 is mainly expressed
by its high U and P enrichments, in Wells 2 and 3 the sec-
ond anoxic phase has the highest enrichments in the other
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elemental proxies. This might reflect the locations of the
wells within the basin, i.e. from shallow (Well 1) to relatively
deeper basin settings (Well 3) (Fig. 8). Like in Well 1, the
enrichments during phase 1 occur abruptly at the base and
decrease upwards in Well 2, whereas in Well 3 these enrich-
ments increase upwards.

The second anoxic phases in Well 2 and Well 3 are more
pronounced than in Well 1; virtually all elemental proxies have
very high enrichment factors in Well 2, while it appears more
selective. In addition, it has to be noted that Mogg, Cugg, Ugp,
and Pg: show a generally upwards increasing trend in Well 2
and Well 3, with the exception of maxima in these proxies for
one sample in Well 3.

Anoxic phase 3 is in general less extensive and less thick
than the two previous phases. In Well 2 and Well 3, this phase
is recognised to be directly overlain by the Pre-Aruma Uncon-
formity; erosion of parts of anoxic phase 3 in these wells is
likely.
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