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ABSTRACT

The interaction of fluvial, tidal, and wave processes in coastal and paralic environments
gives rise to sedimentary successions with highly varied styles of facies architecture; these are
determined by the morphology and evolutionary behavior of the range of coastal sub-
environments, which may be difficult to diagnose in subsurface sedimentary successions with
limited well control.

This study presents depositional models to account for stratigraphic complexity in a
subsurface fluvial to shallow-marine succession, the Middle Jurassic Dhruma Formation, Saudi
Arabia. The study achieves the following: (i) it examines and demonstrates sedimentary
relationships between various fluvial, nearshore, and shallow-marine deposits; (ii) it develops
depositional models to account for the stratigraphic complexity inherent in fluvial to shallow-
marine successions; and (iii) it documents the sedimentology and the stratigraphic evolutionary
patterns of the lower Dhruma Formation in the studied area of Saudi Arabia. The dataset
comprises facies descriptions of 570 m of core from 14 wells, 77 representative core thin
sections, 14 gamma-ray logs, and FMI image logs from 4 wells. These data are integrated with
quantitative information from > 50 analogous systems from a wide range of modern and ancient
settings, stored in a relational database. Stratigraphic correlations reveal the internal anatomy
of the succession.

Facies associations are representative of fluvial channels, intertidal flats, pedogenically
modified supratidal flats or floodplains, river-influenced tidal bars, weakly storm-affected
shoreface and offshore-transition zones, storm-dominated delta-front and prodelta settings, and
an open-marine carbonate-dominated shelf. These sub-environments interacted in a complex
way through space and time. The vertical succession of the studied interval records an overall
transition from coastal-plain deposits at the base to marine deposits at the top. As such, the
succession records a long-term transgressive, deepening-upward trend. However, this general
trend is punctuated by repeated progradational events whereby coastal sand bodies of fluvial,
wave, and tidal origin prograded basinward during stillstands to fill bays along a coastline. The
nature of juxtaposition of neighboring sub-environments has resulted in a sedimentary record
that is highly complex compared to that generated by morphologically simple shoreface
systems that accumulate more regularly ordered stratal packages.
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INTRODUCTION

Coastal fluvial to shallow-marine settings comprise a range of environments including
estuaries, lagoons, tidal flats, strandplains, barrier islands, beaches, and deltas; these pass
basinward into marine offshore settings. Shoreline environments are defined and further
subdivided by the relative importance of fluvial, wave, and tidal processes (Boyd et al., 1992;
Harris et al., 2002). These environments are commonly classified using various simple yet
widely employed ternary classifications on the basis of dominant and subordinate process
regimes (Galloway, 1975; Johnson and Baldwin, 1986; Boyd et al., 1992; Porebsky and Steel,
2006; Ainsworth et al., 2011).

The interaction of fluvial, tidal, and wave processes in nearshore coastal environments
gives rise to the accumulation of depositional bodies that are represented in the sedimentary
record by a variety of types of architectural elements (Miall, 1985; Olariu et al., 2012;
Vakarelov and Ainsworth, 2013). The internal facies architecture and external preserved
geometry of these sedimentary units is determined by the morphology and the evolutionary
behavior of the range of formative coastal sub-environments (Dalrymple et al., 2003). The
coastal terminus of rivers, where many of the aforementioned physical processes interplay, is
termed the fluvial-to-marine transition zone (FMTZ), wherein there typically exists a
downstream transition from fluvial dominance to marine dominance (Dalrymple and Choi,
2007; Van den Berg et al., 2007; Gugliotta et al., 2019). This zone can extend for tens to
hundreds of kilometers upstream from shorelines at the lower reaches of rivers. Examples of
studies that document such reaches include: the present-day Fraser River delta, western Canada
(Dashtgard et al., 2012), the Fly River delta, Papua New Guinea (Dalrymple et al., 2003), and
the Amazon River, Brazil (Dalrymple et. al., 2015). The influence of fluvial processes can also
extend for hundreds of kilometers seaward from the shoreline in front of the river mouths during
episodes of high river discharge (Dalrymple and Choi, 2007 and Gugliotta et al., 2019). Several
studies have investigated depositional processes operating in this region, including
documentation of the gravity-flow deposits of the Fraser River delta front associated with
fluvial and tidal interaction (Ayranci et al., 2012), and remote-sensing analysis of the outward
delta plume of the Mekong River (Loisel et al., 2014). In recent years, a growing number of
studies have examined the detailed sedimentology of FMTZ-related deposits, from both modern
systems (e.g., La Croix and Dashtgard, 2014; La Croix and Dashtgard, 2015, Prokocki et al.,
2015; Gugliotta et al., 2017; Gugliotta et al., 2019) and from ancient successions (e.g., Van den
Berg et al., 2007; Shiers et al., 2014; Martinius et al., 2015; Gugliotta et al., 2016; La Croix et
al., 2019a).

In shallow-marine settings — given appropriate combinations of latitude, climate, water
depth, and a limited supply of nutrients and clastic detritus — carbonate deposition may occur
in parts of systems that are elsewhere dominated by clastic sedimentation (Vicalvi and
Milliman, 1977).

Sand bodies present in various accumulations of fluvial to shallow-marine origin are
known in the subsurface chiefly through drill-core and seismic data records. Examples of
successions representative of fluvial to shallow-marine sub-environments (including those of
the FMTZ) include the Triassic Mungaroo Formation, NW Shelf, Australia (Heldreich et al.,
2017), the Jurassic Brent Group, North Sea, UK (Livera and Caline, 1990), the Cretaceous
McMurray Formation, Alberta, Canada (Hubbard et al., 2011; Hein, 2015; Jablonski and
Dalrymple, 2015), and the Cretaceous Burgan Formation, Kuwait (Al-Eidan et al., 2001). In
these settings, sand-body accumulations can be laterally extensive over kilometers where they
represent large-scale depositional elements (Wightman and Pemberton, 1997; Shchepetkina et
al., 2016; Reynolds, 2017). However, although sand-prone overall, these types of successions
tend to be internally lithologically heterogeneous at a variety of smaller scales, for example as
exemplified by sandstone beds partitioned by thin but numerous mudstone interbeds (e.g.,
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Reineck and Wunderlich, 1968; Reineck and Singh, 1980; Thomas et al., 1987; Nio and Yang,
1991). As such, developing detailed sedimentological models of fluvial to shallow-marine
successions known only from the subsurface is challenging (Jackson et al., 2005; Martinius et
al., 2005; Ringrose et al., 2005; Massart et al., 2016). Gaining an improved understanding of
the sedimentary facies distribution and anatomy of these types of deposits is therefore important
for subsurface characterization. A key part of this is the development of predictive lithofacies
models (Dalrymple and Choi, 2007; Burton and Wood, 2013; Al-Masrahy and Mountney, 2015;
Dashtgard and La Croix, 2015; Al-Masrahy, 2017; Van de Lageweg et al., 2018) based on
observations of the lateral extent and continuity of architectural elements in the subsurface, as
inferred from subsurface data including cores, wireline logs, seismic data, and, in some cases,
pressure data. Nonetheless, it remains a difficult task to reconstruct the geometry and continuity
of sandstone bodies representative of fluvial to shallow-marine settings from subsurface data
alone. Uncertainty associated with attempts to characterize subsurface successions can be
reduced by utilizing analogues based on studies of outcrops and modern systems, and from
which quantitative measures of facies and architectural-element proportions, geometries, and
distributions can be obtained (e.g., Ainsworth et al., 2008, 2011; Colombera et al., 2012, 2016a).

The aim of this study is to document the nature of interaction in fluvial to shallow marine
systems. Specific objectives are as follows: (i) examine and demonstrate the relationships
between various fluvial, nearshore, and shallow-marine deposits, (ii) construct depositional
models to account for the stratigraphic complexity inherent in fluvial to shallow-marine
successions, and (iii) document the sedimentology and the stratigraphic evolutionary patterns
of the lower Dhruma Formation in the studied area of Saudi Arabia. The aim and objectives are
fulfilled through the consideration of a subsurface dataset from the lower Dhruma Formation
in Saudi Arabia (Fig. 1; exact well locations cannot be published due to the proprietary nature
of the dataset, though well positions relative to one another are indicated). The dataset enables
the characterization of sedimentary geobodies considered to represent fluvial to shallow-marine
paleoenvironments and allows prediction of the occurrence and arrangement of those geobodies
in the subsurface.

GEOLOGICAL SETTING

The Arabian plate, which formed part of the northeastern margin of the Gondwana
supercontinent, experienced diastrophic tectonic events throughout much of its geological
history (Hagq et al., 1988; Haq and Al-Qahtani, 2005; Fagqira et al., 2009; Stewart, 2016). In the
Permian, it was located at approximately 25° south of the paleoequator, before it progressively
shifted northwards during the Triassic and Jurassic (Scotese, 2001; Ziegler, 2001; Schlaich and
Aigner, 2017) to occupy a position close to the equator during the Mesozoic (Stampfli and
Borel, 2002; Golonka, 2007; Seton et al., 2012; Stewart et al., 2016). This shift of position was
accompanied by events that influenced the geology of the Arabian Plate. In the late Permian,
the Neo-Tethys Ocean started to form as a result of continental rifting and spreading between
the Zagros suture and Gulf of Oman. This led to the formation of a northeast-dipping passive
margin (Ziegler, 2001). In the Early Jurassic, back-arc rifting commenced along the eastern
Mediterranean basin, and this induced uplift in the western and southern parts of the Arabian
plate. This resulted in the development of a new northward-dipping passive margin to the Neo-
Tethys Ocean, with an associated open-marine shelf paleoenvironment (Ziegler, 2001).

The surface geology of the region is presently covered with aeolian sand dunes, except
for bedrock exposures that crop out in the western part of the basin near the Arabian Shield
(Fig. 1). The subsurface succession records the basin fill of an elongate basin that plunges to
the northeast from south of the Arabian Shield towards the United Arab Emirates (Soliman and
Al-Shamlan, 1980; Haq et al., 1988; Tawfik et al., 2016). The study region is bounded by the
Qatar Arch to the north and northwest, and by the Hadhramaut-Oman arches to the south and
southeast.
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In the fill of the studied basin, the lower part of the Middle Jurassic Dhruma Formation
is the focus of this study. The Dhruma Formation was first identified in outcrop and was
originally assigned as a member of the Tuwaiq Mountain Formation by Max Steineke in 1937
(summarized in Powers et al., 1966), but was subsequently ranked as a formation in its own
right by Brankamp and Steineke (Arkell, 1952). Later workers have subdivided the Dhruma
Formation into Lower, Middle, and Upper members based on distinct lithological changes
recognized in outcrop (Powers et al., 1966; Powers, 1968). More recently, the formation has
been further subdivided into seven informal units: lowermost D1 to uppermost D7 (Vaslet, et
al., 1983; Enay et al., 2009). Where exposed in outcrop, the lower Dhruma Formation is
subdivided to units D1 and D2, which are referred to in the literature as the Balum Member and
the Dhibi Limestone Member, respectively (Al-Husseini, 2009).

In the subsurface, the lower Dhruma Formation of the study area is composed dominantly
of a siliciclastic accumulation of coastal-plain and shallow-marine origin, equivalent to the D1
unit (or the Balum Member seen in outcrop). This siliciclastic succession passes vertically to a
carbonate-dominated succession, which forms the upper part of the lower Dhruma Formation
(equivalent to the D2 unit, Dibi Limestone Member seen in outcrop). The lower Dhruma
Formation was reported to represent marginal-marine to paralic environments by Stewart et al.
(2016) as part of their review of the Mesozoic subsurface succession. However, no detailed and
systematic sedimentological lithofacies analysis of the formation has been published
previously.

DATA AND METHODS

Subsurface Datasets

This study integrates techniques in lithofacies analysis, ichnology, and sequence
stratigraphy based on analysis of subsurface data from 14 wells that penetrate the lower Dhruma
Formation in the studied area, in Saudi Arabia. The dataset includes subsurface core data,
representative thin sections from core, gamma-ray logs, and image logs. Cores and thin sections
have been described in detail in terms of grain-size distribution, grain texture (clast shape,
sorting), sedimentary structures, bed thickness, bed contact types, and bioturbation intensity
using the bioturbation index scale (Taylor and Goldring, 1993). Using these descriptive criteria,
thirteen distinct lithofacies are identified in the succession. These lithofacies are grouped into
five principal facies associations that have been interpreted as being representative of vertical
accumulations arising in response to particular suites of depositional processes; each facies
association is considered representative of sedimentation in a particular paleoenvironment.

Based on correlations between the studied wells, three stratigraphic cross sections
(correlation panels) have been constructed, two in an orientation considered close to parallel to
the depositional strike of the sedimentary system, and one along a dip-oriented profile. These
three panels have been used to determine the spatial distribution of the defined facies
associations. Correlation has been undertaken principally based on analysis of the sedimentary
logs and the gamma-ray signatures. Well-log gamma-ray data from the studied wells were
placed against the descriptive sedimentary core logs to account for the uncored sections of the
lower Dhruma Formation. Logs and cores are commonly mismatched with respect to reported
depths due to the tools stretching because of high temperature in the deep boreholes (Crain,
2015). To address discrepancy between the reported depths of the sedimentary logs
(descriptions of the cores) and the gamma-ray logs, a standard core-to-log calibration technique
has been applied by matching the core gamma-ray logs (as obtained in the laboratory after
cutting the core) with the reference (wireline) gamma-ray logs. This typically required a core
shift of up to 7 m downward or upward with respect to the reference gamma-ray log. The
gamma-ray signature, which is a proxy for sand and shale in the subsurface, was used to derive
insight into vertical lithology trends. The gamma-ray signature of the uncored intervals has
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been interpreted based on the gamma-ray log responses typical of different depositional
settings. For example, the bell-shaped gamma-ray signatures correspond to channel-fill deposits
and the funnel-shaped ones correspond to prograding marine shelf or delta-front deposits (cf.
Emery and Myers, 1996). Age-diagnostic palynomorphs, described by Stewart et al. (2016),
were considered in this study to discriminate the relevant successions of the Middle Jurassic
lower Dhruma Formation from the underlying lower Jurassic and/or Upper Triassic formations.
FMI image-log analyses (results provided courtesy of Shahzad Ulhaq, Saudi Aramco) from four
wells have also been used to determine the paleoflow direction of the defined geobodies (e.g.,
dip directions of sedimentary structures of different types).

Constraining Uncertainty Associated with Inter-Well Correlation

This study is based primarily on a comprehensive one-dimensional subsurface dataset
from wells distributed over an area of approximately 150 km x 150 km (Fig. 1B). The two wells
that are closest to each other have a spatial separation of 4 km (wells 3 and 4), whereas the two
most widely separated wells are ~ 126 km apart (wells 12 and 13). Therefore, there exists a
degree of uncertainty.

In the subsurface study, cores and wireline-log signatures (gamma-ray logs) are the
principal data types utilized to infer depositional environments. These types of data indicate the
vertical extent of different geobodies, biostratigraphy content, and physical properties of the
rock (porosity, permeability etc.), and provide relative age dates through biostratigraphy.
However, determining the stacking patterns and the lateral connectivity of geobodies is not
straightforward. Uncertainty can be associated with facies interpretation of gamma-ray
signatures in cases where cores are unavailable. For example, shoreface and delta-front facies
may display similar characteristics and may be difficult to discriminate using well-log data
alone.

Geobody geometry has been estimated by employing appropriate modern and ancient
analogues from which distributions of geobody length and width can be derived; estimates of
geobody lateral extent can be attempted based on knowledge of their thickness. Analogue data
were obtained from a relational database detailing sedimentary architectures: the Shallow
Marine Architecture Knowledge Store (SMAKS) (Colombera et al., 2016a). The SMAKS
database has here been used to provide quantitative information on the architectures and
dimensions of geobodies for ancient shallow-marine and paralic siliciclastic successions
deemed analogous to the subsurface Dhruma Formation. The database was filtered and queried
to derive analog data that are the most suitable to this study. For example, data relating to
sedimentary units that represent only one part of a tidal flat (i.e., sand flat or mud flat) were
disregarded, as tidal-flat deposits described in this study include a full suite of sand flats, mixed
flats, and mud flats. Moreover, data on parasequence-scale shoreface sandstones (cf. Colombera
and Mountney, 2020a, 2020b), and on shallow-marine sandstones more generally were
considered. Examples of such deposits were filtered on their thicknesses to ensure that only
those that are comparable in scale to those observed in core were considered. Relationships
between the thickness and lateral dip extent of sedimentary units (i.e. facies associations) as
obtained from SMAKS, have been considered to guide well correlations in the studied
subsurface succession.

RESULTS

Fourteen distinctive lithofacies types have been identified from the analyzed cores of the
lower Dhruma Formation (Table 1). These have been grouped into five main facies associations
based on their arrangement and genetic relations to one another. The five facies associations
are categorized as follows: fluvial channels (FA1); intertidal flats and pedogenically modified
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supratidal or floodplains (FA2); river-influenced tidal bars (FA3); shoreface and delta (FA4);
and open-marine and shelf carbonates (FAS). Facies associations FA2, FA4, and FAS have
been further subdivided into two sub-associations each. Representative graphical sedimentary
log examples from which facies associations have been identified are shown in Figure 2.

Fluvial-Channel Deposits (FAI)

Description.--- This facies association was observed in 7 wells (see Table 2) and
commonly has an erosional base and occurs on top of FA2. FA1 is composed of fining-upward
packages of massive (Sm) and cross-bedded sandstone (Sx) that always pass upward to thinner
beds of heterolithic mudstone and sandstone (Hms) and mudstone (Ms). These deposits are
sand dominated and occur as a single package (e.g., middle of well 12 in Fig. 2), else as repeated
cyclically arranged packages (e.g., top of well 1 and base of well 12 in Fig. 2). A single package
of strata representing this facies association is 0.5 to 4 m in thickness. The sandy units are
commonly thicker (0.2 to 3.5 m) than the overlying heterolithic facies (0.1 to 0.8 m). The
sandstone units exhibit erosional bases that are commonly overlain by lag sediments (Lg),
mainly of very coarse sand grains and mud pebbles (Fig. 3A, B) whereas the overlying
heterolithic and mudstone facies show gradational or sharp bases. There also exists rare small-
scale (0.2 m) alternating sandstone (Sx) and heterolithic facies (Hms) towards the upper part of
the overall sandy section (Fig. 3C).

Generally, the sandstone facies grade upward into planar-bedded medium- to fine-grained
sandstone and siltstone units. The massive and cross-bedded sandstone consistently has sparse
floating mud chips (1.2 to 5 mm diameter) present in it, as well as sparse clasts of organic and
coaly debris (Fig. 3A, B). FA1 exhibits millimeter-scale, carbonaceous laminae draping the
cross-stratified sets in wells 10, 12 and 13. These laminae are faint in the lower parts of the
sandy units but more pronounced upwards. Localized double mud drapes occur in well 13 at
the transition between the sandstone and the overlying heterolithic facies (Fig. 3D). The
heterolithic units in this association are mud-dominated (mainly clay) and contain thin beds and
lenses of sand (Fig. 3E) and common wavy to lenticular bedding. They cap and/or separate
units composed of the sandy facies (Fig. 3C, D, E). Localized vertical burrows (Skolithos) are
observed at the upper contact of sandstone units that are directly overlain by the heterolithic
facies; these burrows likely originate at the interface with the overlying finer-grained sediments.
In the heterolithic facies, small sporadic forms of Planolites and other unidentified burrows are
present. The heterolithic facies is commonly overlain by the deposits identified in FA2b (Fig.
3F).

Interpretation.---The numerous erosional beds indicate repeated high-energy currents
eroding the underlying sediments. The massive coarse sandstone with lack of pronounced
sedimentary structures and bioturbation suggests rapid deposition by deceleration of high-
energy, heavily sediment-laden currents (Martin, 1995; Collinson et al., 2006; Dalrymple et al.,
2015). The abundance of clasts of mudstone, organic matter, and coaly debris suggests
reworking of pre-existing sediments, and perhaps transportation by fluvial currents. The vertical
trend of the succession, with lag sediments resting on an erosional base and passing upward
into massive sandstone, is a characteristic that is common of channel-fill deposits (Martini and
Aldinucci, 2017). The more cyclic occurrence of thick sandstone overlain by thin intervals of
heterolithic deposits is interpreted to represent alternation of high and low river flow stages.
The thick sandstone units were likely deposited during river-flood periods (high river
discharge), whereas the overlying heterolithic interval was likely deposited during inter-flood
periods (low river discharge) (Dalrymple et al., 2015). Possible tidal effects are indicated by
the presence of double mud drapes in well 13. Overall, this facies association is interpreted to
represent fluvial-channel and overbank deposits. The fluvial-channel deposits observed in well
13 with the possible tidal effect may represent deposition in the upstream region of the FMTZ.



Intertidal and Pedogenically Modified Supratidal Flat or Floodplain (FA2)
Intertidal-Flat Deposits (FA2a)

Description.--- This facies association was observed in eight wells (see Table 2). It was
observed at the bottom of the formation, where cored, across much of the study area. It
unconformably overlies the lower Jurassic carbonate deposits of the upper Marrat Formation.
This facies association overlies the fluvial deposits of FA1 in many wells. It mainly consists of
fining-upward packages (up to 5 m thick with an average of ~ 3 m) of heterolithic fine- to
medium-grained muddy sandstone that transitions to sandy mudstone facies (mainly clay)
(Hms). The sandy part contains cross-lamination and stacked symmetric bidirectional ripple
forms (Collinson and Mountney, 2019) that decrease in frequency and become isolated towards
the muddy part (Fig. 4A). Unidirectional ripples also exist in the sandy facies. Repeated double
mud drapes are observed in various parts in this facies association (Fig. 4A). It also shows
common flaser, wavy, and lenticular bedding as well as abundant thin, very fine sand lenses in
the finer interval (Fig. 4B). Distorted beds locally occur at the bottom of the sandstone facies.
In places, shrinkage cracks are observed in the muddy parts of this facies association. They
taper downward and have infills of sediment derived from the bed above. Low to intense
bioturbation is observed in sand-to-mud alternations, with bioturbation index values ranging
from 1 to 5 (Fig. 4C). Identified ichnoforms include Ophiomorpha, Planolites and
Diplocraterion.

Interpretation.---The presence of sand-to-mud alternation in the form of bidirectional
rippled sandstone, together with the flaser, wavy, and lenticular bedding, suggests deposition
during fluctuating energy levels (Reineck and Wunderlich 1968; Ginsburg 1975; Klein 1985).
In this context, sand grains are typically deposited as bedload during the more energetic flows
of a tidal cycle, generating bidirectional ripple forms (Boggs, 1995). By contrast, mud particles,
possibly flocculated, settle out of suspension on the underlying rippled sand during low-velocity
flows or at slack water, giving rise to the occurrence of flaser, wavy, and lenticular bedding
(Klein, 1985; Boggs, 1995). The unidirectional ripple forms may represent deposition by ebb-
or flood-dominant currents. Alternatively, the unidirectional ripples can possibly be products
of fluvial currents. The observed shrinkage cracks are interpreted to be desiccation cracks that
resulted from periodic subaerial exposure of the muddy deposits in the upper intertidal zone
(Dalrymple, 2010). They are not likely to be syneresis cracks, given their downward-tapering
form and fill of sediment derived from above (Collinson and Mountney, 2019). The vertical
succession of this facies association, with its fining-upward trends, is similar to those
interpreted as deposition in channel-related tidal flats (e.g.,Dalrymple, 2010; Desjardins et al.,
2017). Overall, this facies association may represent channel-related tidal flat setting which
dominated by tidal process. If the unidirectional ripple forms are of fluvial origin, the tidal flat
setting may be within the inner FMTZ.

Pedogenically Modified Supratidal Flat or Floodplains (FA2b)

Description.--- This facies association was observed in nine wells (see Table 2). The
heterolithic mudstone and sandstone of FA2a and those defined in FA1 repeatedly transition
upward to thick (a few meters to 10 m) intervals of greenish-gray non-stratified very fine
sandstone, siltstone, and mudstone (Sd), with intensive rooting (Fig. 4D). It also shows
variegated mottling in some wells, with a brownish-red color interchanging with a greenish-
gray color (Fig. 4E). In the highly oxidized facies, there exists centimeter-scale blocky volume
that is separated by millimeter-scale iron-rich matrix (Fig. 4E). This non-stratified facies
commonly shows thin beds of coal (~ 20 to 80 mm) (Fig. 4F, G), coarse- to pebble-size coal
clasts and organic debris, and up to 0.8-m-thick coaly mudstone beds (Cm). Pyrite nodules and
disseminated grains are observed in this FA and are associated with the presence of coal and
organic material. Furthermore, thin sections of this facies indicate high content of kaolinite, and
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organic and carbonaceous material (Fig. 4H, I). A low diversity of ichnogenera, mostly
Planolites, is observed with a bioturbation index that ranges from 1 to 3.

Interpretation.---The non-stratified nature of this facies association suggests post
depositional alteration to the sediments before lithification. The presence of rootlets across most
of the facies suggests subaerial exposure which facilitated colonization by plants. Kaolinite is
commonly formed during intense chemical weathering in warm and humid climate conditions
(Weaver, 1989; Robert and Chamley, 1991); its high abundance in this facies association
suggests that FA2b deposits were subjected to intense chemical alteration. The variegated form
of red and brown colors suggests oxidation of iron-bearing sediments, possibly during subaerial
exposure (Bromley, 1975; Pemberton and Frey, 1985; Pemberton et al., 1992; MacEachern et
al., 1992, 2012). Pedogenic processes are also indicated by the presence of the blocky volumes
that is separated by iron-rich matrix which suggest soil formation. Coaly debris and organic
material observed in this facies association in most of the locations may have been reworked
from localized vegetated swamps. This facies association is interpreted as subaerially exposed
supratidal deposits in the seaward position of the region (wells 1, 2, 4, 5, 7, 8) and may represent
altered floodplain deposits in more landward positions (wells 10, 12).

River-Influenced Tidal Bars (FA3)

Description.--- This facies association was observed in 3 wells (see Table 2) and
observed overlying and underlying the intertidal and supratidal deposits of FA2. The facies
association is composed of normally graded, centimeter- to decimeter-beds of non-stratified
very coarse to medium quartz-dominated sandstone (Sm), commonly with scoured bases
overlain by coarse-grained lag sediments (Lg). This massive sandstone shows relatively thicker
beds (0.4 m on average) and with more frequent erosional bases in well 11 compared to wells
3 and 4 where the massive beds are 0.10 m on average. It generally grades upward to stacked
sets of medium-grained trough and planar cross-bedded sandstone (Sx). Sedimentary structures
observed in Sx include planar cross-stratification, with foresets that possess thin (up to 5 mm)
single and double mud drapes (mainly clay). Sand and mud couplets were also observed within
bundles (Fig. 5SA). Furthermore, the cross-stratified sets are observed bounded by unbioturbated
erosional surfaces (reactivation surfaces). In Sx, there exist thin beds (20 to 40 mm) of non-
stratified very coarse sandstone that generally grade upwards to coarse and medium grain size
(Fig. 5B, C). These are commonly overlain by cross-bedded sandstone with double mud drapes
(Fig. 5C). The double mud drapes occur more frequently towards the top of the sandy part of
FA3. Towards the top of FA3, heterolithic (Fig. 5D) and non-stratified facies (Fig. SE) were
observed overlying the sandstone facies. The heterolithic and non-stratified facies are similar
to those observed in FA2. Thin sections record limited presence of kaolinite in Sx (Fig. SF, G).
Bioturbation is generally rare in FA3. This facies association exhibits a high proportion of
carbonaceous and organic material.

Interpretation.--- Single and double mud drapes, reactivation surfaces, and sand—mud
couplets are considered as possible tidal indicators (Visser, 1980; Dalrymple and Choi, 2007;
Dalrymple, 2010; Davis, 2012). Mud drapes typically represent deposition from suspension
during low-velocity tidal flow or at slack-water periods (Visser, 1980), whereas reactivation
surfaces indicate pause planes (discontinuities in sedimentation) or reversing tidal currents
(Boersma and Terwindt, 1981). Alternation of sand and mud beds in the form of bundles is
commonly described as the product of flood and ebb tidal cycles (Visser, 1980). However,
recent work demonstrates that such bundles may originate in tide-modulated fluvial settings
(Martinius and Gowland, 2011) or in purely fluvial settings (Ainsworth et al., 2011). The thin,
normally graded beds indicate deposition by high-energy currents possibly by fluvial currents.
The overlying double mud drapes and their upward increase in frequency of occurrence
supports an interpretation of increasing tidal influence over time. The coaly fragments, organic



material, and kaolinite present in this facies association imply reworking of sediments from a
coeval adjacent vegetated setting.

This facies association indicates interaction of tidal and fluvial currents. Tidal currents
are interpreted to be the dominant controlling process overall, though significant fluvial
influence is evident in places. Overall, the deposit of FA3 are interpreted as river-influenced
tidal bars in a potentially estuarine setting.

Shoreface to Offshore Transition and Delta-Front to Prodelta (FA4)
Weakly Storm-Affected Shoreface to Offshore-Transition Zone (FA4a)

Description.--- This facies association was cored in eight wells (see Table 2), where it
consistently overlies the oolitic ironstone of FAS5b. This facies association comprises
amalgamated coarsening- and thickening-upward packages (0.5 m to a few meters thick) of
massive mudstone (partly calcareous), heterolithic mudstone and sandstone (Hms), and fine- to
medium-grained hummocky cross-stratified sandstone (Shcs) and bioturbated sandstone (Sd).
These packages show increasing proportion of sand upwards. The mudstone units (Ms) are
homogeneous, with rare pronounced sedimentary structures. The heterolithic part is composed
of mudstone and very fine- to fine-grained sandstone and exhibits an upwards increase in sand
proportion (Fig. 6A). Local slightly asymmetrical lenticular ripples were observed in the
heterolithic unit (Fig. 6B). In facies Hms, rare thinly laminated sandstone beds with erosional
bases are present in places. In its upper part, FA4a is dominated by the presence of weakly to
intensely bioturbated, dominantly fine-grained sandstone of Sb (Fig. 6C), which commonly
grades up to cleaner (relatively lower mud content) lightly bioturbated sandstone with apparent
hummocky cross-stratification (Shcs). The bioturbated sandstone is composed of poorly sorted
grains and shows rare preserved cross bedding. Abundant rounded to elongate, concentrically
lined iron-rich ooids are scattered in various parts of this facies association (Fig. 6D). A slightly
diverse assemblage of ichnogenera is present in FA4a: Skolithos, Planolites, Ophiomorpha, and
Teichichnus; the bioturbation index varies from 2 to 5.

Interpretation.---The coarsening-upwards packages of mudstone, heterolithic strata, and
sandstone indicate increasing energy levels as a result of decreasing depositional water depth
(Van Wagoner et al. 1990 and Howell et al., 2008). The defined ripple forms observed are likely
products of wave activity above fair-weather wave base where propagating waves produce a
slight landward shift of sediment forming the asymmetrical shape (Reineck and Singh, 1980).
The observed intensity and diversity of bioturbation present in FA4a successions suggest broad
organism colonization, in low-energy settings (e.g., Pemberton et al. 2003). The decrease in
bioturbation in the sandstone facies and the presence of hummocky cross-stratification is
attributed to periods of storm wave activity, likely between the fair-weather and the storm wave
bases (Harms et al., 1975; Collinson and Mountney, 2019). Variations in bioturbation may also
reflect changes in sedimentation rate, whereby organisms colonize the sediments during periods
of low sedimentation rate (Bromley, 1996). The abundance of iron-rich ooids in this facies
association is attributed to reworking of pre-existing ooids. Overall, this facies association is
interpreted as a prograding storm-affected offshore-transition zone to shoreface environment.

Storm-Dominated River-Influenced Prodelta to Delta-Front Deposits (FA4b)

Description.--- This facies association was observed only in well 2; however, gamma-
ray signatures in two nearby wells (wells 3 and 4) show striking resemblance with the
corresponding gamma-ray signatures of well 2. FA4b was observed overlying the open-marine
carbonate deposits of FA5a in two coarsening- and thickening-upwards packages (that are ~ 9
and 10 m thick). These packages consist of mudstone (Ms), heterolithic mudstone and
sandstone (Hms), and fine to medium-grained sandstone (Sx and Shcs). The mudstone unit is
blocky and homogeneous in nature. The mudstone facies (Ms) shows numerous fine sandstone
lenses and thin to medium beds (up to 150 mm) of thinly laminated very fine sandstone,
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commonly with erosional bases, and exhibit moderate to weak bioturbation (BI:1 to 3) (Fig. 6E,
F). These deposits grade up to faintly laminated to low-angle cross-bedded fine to medium-
grained sandstone (Sx) and hummocky and swaly cross-stratified fine to medium-grained
sandstone (Shcs) (Fig. 6G, H). The facies association becomes more sand-dominated upwards.
Furthermore, several inversely graded beds (50 to 120 mm) are observed with well-rounded
medium to angular grains, floating mud chips and rare preserved gastropod shells. These beds
occur towards the upper parts of the sandstone units. The sandstone units are composed
primarily of quartz grains with common interstitial greenish chlorite cement (Fig. 6J).
Bioturbation is generally rare in the sandstone units, but a low diversity of ichnogenera (e.g.,
diminutive forms of Planolites, Skolithos, and fugichnia) was observed in Sx, disturbing the
original sedimentary structures.

Interpretation.---Similar to FA4a, FA4b deposits are indicative of increasing energy
levels, likely associated with a decrease in water depth, which is recorded by the coarsening-
and thickening-upwards trends. The mud in Ms and Hms in the lower part of each package
generally suggests deposition from suspension under quiet water conditions. Periods of storm
events eroding the muddy substrate are indicated by the presence of numerous erosionally based
sandy beds and lenses (Baniak et al., 2014). The bioturbated heterolithic strata are indicative of
storm power fluctuations (cf. Collins et al., 2020). Hummocky and swaly cross-strata present
in this facies association are typically wave-generated structures (e.g., Harms et al., 1975;
Meene et al., 1996). The inverse grading that occurs towards the upper parts of the sand-
dominated units may indicate deposition by hyperpycnal flows during waxing river discharge
(Bhattacharya and MacEachern, 2009). The overall scarcity of bioturbation indicates
environmental conditions that prevented organisms from flourishing. Such conditions might
have been due to high rates of sediment influx into the system, freshwater input, and/or high-
energy wave currents (MacEachern et al., 2007a, 2007b). The local presence of low-index and
low-diversity ichnogenera assemblages observed in the sand units is attributed to periods of
lower wave action and/or lower sedimentation rate, which might have enabled the temporary
activity of organisms (Bromley, 1996; Pemberton et al., 2012). Subsequent episodes of high
rates of sedimentation would have required the organisms to escape upward to reach the water-
substrate interface (Pemberton and MacEachern, 1997; Bann et al., 2008; MacEachern and
Bann, 2008, Pemberton et al., 2012). The observed ichnofossil assemblage represents an
impoverished and distal expression of the Skolithos ichnofacies (MacEachern and Bann, 2008).
Overall, this facies association is interpreted to have formed in a prograding storm-dominated
river-influenced delta-front to prodelta setting (cf. Collins et al., 2020).

Open-Marine Shelf (FAS)
Carbonate Shelf (FA5a)

Description.--- This facies association was observed in three wells (see Table 2). It forms
the lower part of the two packages defined in FA4b in well 2 and marks the top of the cored
section in wells 7 and 11. Packages of carbonate facies overlie FA4b and FA4a in well 2 and
FA4b in wells 7 and 11. Generally, this association comprises limestone (Ls) that changes in
composition and grain size upwards to calcareous mudstone (Msc). The limestone facies is
grain dominated (packstone to grainstone; Dunham, 1962). The limestone facies occur as
amalgamated bedsets of approximately 4 m thickness, or as thinner interbeds (50 to 150 mm)
between packages of facies Msc. The grain composition includes common outsized quartz
grains, abundant ooids, and shell and skeletal fragments that are commonly replaced by
dolomite rhombs. At the base of the deepest occurrence of this limestone, ooids and skeletal
grains are highly fragmented. This facies shows moderate to intense bioturbation (BI: 3 to 5)
(Fig. 7A, B). The overlying mudstone beds are marly at their bases but become less calcareous
toward their tops. Mudstone beds are blocky and show many drilling-induced fractures (Fig.
7C). In places mudstone beds reveal thin parallel lamination, and limited wavy to lenticular
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bedding and can exhibit an increasing proportion of sand upwards. In addition, Msc shows
scattered shell fragments in a clayey matrix. Bioturbation in Msc is generally sporadic and is
developed most intensely near lithological boundaries. Unlike the limestone units observed in
well 2, coarsening- and thickening-upward beds are preserved in wells 7 and 11 with smaller
packages of mud-dominated to grain-dominated limestone (wackestone to grainstone). The
grain types observed are primarily coated grains, ooids, intraclasts, and shell and skeletal
fragments. Dolomite cement dominates the lower part of the section (Lsd), and decreases in
abundance as it is replaced by calcite upwards.

Interpretation.---The calcite-rich sediments together with the abundant ooids, shells, and
skeletal fragments indicate periods of carbonate sedimentation. The ooids formed in agitated
shallow-water settings (Davies et al., 1978; Rankey and Reeder, 2012). The overall dominance
of grainstone in the carbonate facies is indicative of high-energy shoal environments. The
presence of skeletal and grain fragmentation at the base of the limestone in well 2 suggests
reworking by high-energy currents to leave a lag deposit, possibly during transgression. The
mudstone that occurs on top of the limestone is interpreted to be deposited from settling out of
suspension in quiet water conditions, possibly during a subsequent flooding (i.e., deepening)
event.

Iron-Rich Oolitic Shoal (FA5b)

Description.--- This facies association was observed in six wells (see Table 2). It is
observed overlying the tidal-flat and supratidal deposits of FA2 and the fluvial channel deposits
of FA1, with sharp bases. These deposits are always capped by the mudstone of FA4a. They
show an overall fining-upward trends and consists primarily of calcareous sandstone (Sc), ooid-
rich ironstone (Ore), and calcareous mudstone (Msc). The calcareous sandstone is carbonaceous
and composed of poorly sorted fine to medium quartz grains with abundant bioclasts and
scattered chamosite ooids (Fig. 7D, F). The ooid-rich ironstone is composed primarily of
orange-brown ooids, skeletal fragments, and sparse detrital quartz grains that are of fine to
medium sand size (Fig. 7E, G). The ooids show concentric laminae around various types of
nuclei, including clay, quartz, and skeletal fragments. They are mostly rounded to slightly
elongate in shape and are deformed in some instances (Fig. 7G). Some of these ooids are
completely or partly dissolved and replaced by dolomitic rhombs. The calcareous mudstone is
observed interbedded with and/or overlying the calcareous sandstone and the ooid-rich
ironstone. The mudstone facies comprises sparse ooids and skeletal fragments at the base of
beds; these decrease in abundance upward within beds.

Interpretation.---The dominance of ooids in this facies association indicates
accumulation in high-energy, shallow-water settings (Chen et al., 2017). The iron in these
accumulations could have been transported from the continent to the sea as Fe-bearing detritus
or Fe-clay colloids by river currents (Maynard, 1983; Einsele, 2000). The calcareous sandstone
with the abundant ooids and fragmented bioclasts also suggest reworking by wave activity in
close proximity to a carbonate source. The stratigraphic position of this facies association,
overlying the nearshore deposits of FA1 and FA2, and being overlain by marine deposits of
FAd4a, suggests deposition during a transgressive episode. This is in accord with how these
types of ooidal ironstones are commonly interpreted to form under transgressive conditions (cf.
Hallam and Bradshaw, 1979; Bayer et al. 1985; Van Houten 1985; La Croix et al., 2019b).

Paleocurrent Analysis

Subsurface cores do not reveal information required for paleocurrent identification, in
that the cores are not oriented. Rather, image logs of the boreholes provide the prevalent type
of data used to infer paleocurrent directions. In this study, Formation Micro Imager (FMI) logs
acquired from four wells were used to interpret the paleocurrent directions for the defined facies
associations. Interpretations of image logs are summarized in rose diagrams (Fig. 8), which
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report the dip directions of foresets of cross-bedded sandstones from shoreface (FA4a) deltaic
(FA4b), tidal-bar (FA3) and fluvial-channel (FAT) deposits. The foreset dip directions of the
shoreface sandstone cross-bedded sets from well 8 and the deltaic sandstone from well 2 show
broadly consistent north-northeast (present day) dip directions. Inclined forests of tidal-bar
deposits also show a broad northeast dip direction with limited variability. This broad
unidirectional bedding of tidal bars might indicate an ebb-dominant tidal current that is driven
by dominant river input at the estuary mouth. However, the position of the tidal bars with
respect to the channel remains uncertain. Overall, these observations indicate a broad
northeastward progradation and direction of sediment dispersal. However, the dip directions of
a fluvial channel interpreted from well 13 vary and indicate east, southeast, and northwest
(present day) dip directions, which could be due to the formative channel being sinuous and/or
to in-channel secondary, or possibly reversing, flow.

Spatial Distribution of Facies Associations

The studied cores are divided into two main facies belts: coastal-plain deposits
comprising FA1, FA2, and FA3 facies associations, and marine deposits, including the FA4
and FAS facies associations. To illustrate the spatial distribution of the facies, correlations
between the defined facies associations have been performed across the study area, principally
based on the available sedimentary log data and well log gamma-ray signatures, but also
supported by secondary analog data from the SMAKS database; a data summary is provided in
Figure 9. The three resulting correlation panels are shown in Figure 10A, B, C. The non-cored
intervals have been interpreted based on their gamma-ray signatures, which typically yield
information on the rock characteristics and enable lithological interpretations (Emery and
Myers, 1996).

The data obtained from the SMAKS database show the relationship between thickness
and dip length of numerous shoreface and shallow-marine sand belts, tidal bars and tidal flats.
Thickness-dip-length relationships of shallow-marine sand belts (Fig. 9A) indicate that a 10 m
thick sandstone (analogous to the sandstone observed in FA4b) ranges in dip length from a few
hundreds of meters to nearly 40 km. Limited data related to tidal flats and tidal bars were
obtained, from which a relationship cannot be obtained (Fig. 9B). However, some instances of
meter-thick tidal flats can be several hundreds of meters long in dip direction, and may reach
up nearly 2 km. For example, one 7.5-m-thick tidal bar is 1.5 km in dip length. These data have
been applied to help constrain expected sand body architectures in the correlation panels of
Figure 10.

Sections A-A’ and B-B’ have been constructed in an orientation approximately parallel
to the depositional strike of the system. These sections show an overall vertical transition from
a coastal-plain succession at the base to a marine succession at the top. Section A-A’ (Fig. 10A)
reveals a thicker succession of marine deposits overlying the coastal-plain deposits compared
to cross section B-B’ (Fig. 10B), which is itself interpreted to have occupied a position farther
landward (towards the west) by virtue of a thicker coastal-plain succession and thinner marine
succession. Section C-C’ (Fig. 10C) has been constructed in an orientation approximately
parallel to the depositional dip of the system (and intersecting panels A-A’ and B-B’). This
section reveals a dominance of coastal-plain deposits in the southwest of the area and
predominantly marine deposits in the northeast. This section demonstrates an overall
deepening-upward trend. However, six smaller-scale transgressive-regressive packages
superimposed upon the overall deepening trend are identified. These packages are most clearly
developed in the middle of section C-C’ (Fig. 10C).
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DISCUSSION

Controls on Sedimentation in the Lower Dhruma Formation

A depositional model depicting the evolution of the Middle Jurassic lower Dhruma
Formation over five intervals is presented in Figure 11. Vertically, the study succession records
an overall transition from coastal-plain deposits at the base to marine deposits at the top, as
demonstrated in Figure 10A and B. The overall stratigraphic architecture of the lower Dhruma
Formation is interpreted to be controlled by relative sea-level fluctuations, as well as by fluvial,
tidal, and wave processes, as documented above.

The lower part of the section (interval 1) is dominated by fluvial and tidally influenced
sedimentation, which resulted in the deposition of fluvial channel deposits (FA1), channel-
associated tidal flats (FA2a), and river-influenced tidal bars. The deposits of FA2 and FA3
possibly represent deposition in the FMTZ in a mixed-energy estuary. Extensive paleosols
(FA2b) are present across much of the study area; these indicate a prolonged period of subaerial
exposure. This is overlain by two transgressive-regressive packages (interval 2). The
transgressive components in these packages comprise reworked iron-rich oolitic shoal
sediments (FASb). The ooidal ironstone in this example is commonly interpreted to form from
reworking of iron-rich coastal plains during transgressive events as documented above (cf.
Bayer et al. 1985; Van Houten 1985). The regressive components are composed of
progradational, weakly storm-affected offshore-transition-zone and shoreface units (FA4a).
Interval 3 incorporates a package that is similar to those defined in interval 2, but with the
transgressive component displaying reduced iron content in wells 2 and 5; this indicates the
accumulation of carbonate sediments towards the northeast. Following the accumulation of
interval 3, interval 4 is represented by two successive carbonate-mudstone-sandstone packages.
The transgressive components of the two packages are represented by the fining-upwards
limestone of FA5a. These are overlain by the regressive components represented by the prodelta
and delta-front deposits of FA4b. These packages indicate two episodes of encroachment and
retreat of carbonate-producing shelf areas. This is attributed to variations in the balance between
the rate of relative sea-level change and the rate of supply of terrigenous sediment. Carbonate
sedimentation developed most widely during episodes of limited siliciclastic influx or relative
sea-level rise. By contrast, carbonate production was curtailed during episodes of increased
rates of terrigenous sedimentation, or falls of relative sea level. The same factors acted to drive
changes in shoreline position, which were paralleled by landward and basinward shifts in the
foci of carbonate deposition (cf. Tirsgaard, 1996). Interval 5 incorporates the weakly storm-
influenced shoreface deposits of FA4a in a more proximal position, farther southwest of the
study area. These deposits are themselves overlain by carbonates that are apparently present
across the entire study area.

Climate and Sediment Source

The Arabian Plate occupied a position near or at the equator during the Jurassic (Stampfli
and Borel, 2002; Golonka, 2007; Seton et al., 2012; Stewart et al., 2016). Al-Aswad (1995)
suggested that the climate of the Arabian Plate during the Jurassic was humid to semihumid.
This has also been supported by the increased presence of small fern spores (Classopollis) along
with an abundance of kaolinite in paleosols (e.g., Al-Hussaini, 2019). In the studied area, the
defined supratidal or floodplain deposits also show enrichment of kaolinite, which is indicative
of intense chemical alteration under a humid to semihumid climate (Weaver, 1989; Robert and
Chamley, 1991).

The source of the clastic sediments of the Middle Jurassic succession has been interpreted
by a number of authors. The eastern Mediterranean back-arc rifting in the Early Jurassic caused
residual highs of western and southern parts of the Arabian Plate (Beydoun, 1991; Ziegler,
2001). In the Middle Jurassic, the Hadramaut-Oman Arches were the only elevated hinterlands
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that could perhaps have acted as a source of sediments into various parts of the Arabian
Peninsula, and which could have been drained by extensive channel networks (Al-Aswad,
1995). Al-Aswad (1995) suggests that southern central Arabia was traversed by alluvial
tributaries draining the Hadramaut-Oman Arch, mainly from the south towards the north. The
location of the study area and the broad northeastern paleoflow direction recorded in FMI image
logs suggest that the siliciclastic sediments were likely sourced from the same southern Arabian
hinterlands to the south and southwest.

CONCLUSIONS

A core-based sedimentological analysis of the Middle Jurassic lower Dhruma Formation
in Saudi Arabia is presented. The study reveals that the lower Dhruma Formation was deposited
in a varied range of fluvial to shallow-marine environments that interacted in a complex way
over both space and time. Five lithofacies associations are identified based on the analysis of
the core data; each is considered indicative of sedimentation within a particular
paleoenvironment. The facies associations represent different paleoenvironments: fluvial
channels, intertidal to pedogenically modified supratidal flats or floodplains, river-influenced
tidal bars, deltaic and shoreface to offshore transition, and an open-marine carbonate-dominated
shelf. The deposits of the facies associations are interpreted to be controlled by the interaction
of fluvial, tide, and wave processes. At a larger scale, the pattern of sedimentation is controlled
by the interplay of sea-level change and sediment accumulation rate, causing zones of
sedimentation to shift with changes in the position of the paleoshoreline. The vertical
successions of the lower Dhruma Formation record an overall transition from coastal-plain
deposits at the base to marine deposits at the top. As such, the succession records a long-term
transgressive, deepening-upward event. However, this overall deepening trend was punctuated
by at least six progradational events whereby coastal deposits prograded basinward
episodically.
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TABLE CAPTIONS

Table 1. Summary of lithofacies observed in the lower Dhruma Formation.

Table 2. Summary of the facies associations defined in this study, along with their occurrence
with respect to well locations.

FIGURE CAPTIONS

Figure 1. A) Simplified regional geological map of the Arabian Peninsula, adapted from Stewart
et al. (2016). B) Well distribution map in the study area. The exact geographic location of the
wells cannot be published due to the proprietary nature of the dataset. C) Generalized
stratigraphy of Eastern Saudi Arabia.
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Figure 2. Representative sedimentary logs depicting the different facies associations defined in
the lower Dhruma Formation and their vertical relationships. A) "Fluvial channels" and
"intertidal flats and pedogenically modified supratidal or floodplain" facies associations. B)
"River-influenced tidal bars" facies associations. C) "Weakly storm-affected shoreface and
offshore transition zone" and "fluvial-influenced storm-dominated delta-front and prodelta”
facies associations; note the occurrence of the oolitic ironstone facies association FAS below
the shoreface successions. D) Carbonate shelf facies associations occurring in the uppermost
part of the cored section. E) Simplified paleogeographic map of the lower unit of the lower
Dhruma Formation based on this study. F) Legend with color codes for facies associations and
symbols used in the sedimentary logs. See text for further explanation.

Figure 3. Representative core photographs of "fluvial channel" facies association (FA1). A,B)
massive to faintly bedded sandstone with lag sediments at the bottom and common floating coal
debris and mud chips. B) Alternating sandstone and heterolithic facies. D,E) transition between
sandstone and heterolithic facies (white arrows indicate double mud drapes in Part D. F) Non-
stratified facies of FA2b overlying the FA1. G,H) Thin sections representing the petrography
of the sandstone facies (G) and heterolithic facies (H) defined in FA1; note variation in grain
size and mud content.

Figure 4. Representative core photographs of " tidal flat" (FA2a, A-C) and "paleosol" (FA2b,
D-G) facies associations. A,B) Heterolithic sand and mud facies; note the stacked bidirectional
ripple forms (black arrows) and double mud drapes (white arrows). C) Intense bioturbation in
the sand-mud alternation; D, E) Kaolinite-rich sandstone, siltstone, and mudstone with intense
rooting; note the color mottling in photograph E. F, G) Coaly mudstone. H, I) representative
thin sections of the heterolithic facies of FA2a.

Figure 5. Representative core photographs of the 'fluvial-influenced tidal bars" facies
association (FA3). A) Cross-bedded sandstone with apparent bundled bedsets showing internal
mud drapes. B, C) Cross-stratified sandstone showing thin beds of very coarse sand in medium-
grained sandstone; note the double mud drapes in part B. D, E) Heterolithic and kaolinite-rich
deposits that overlie the tidal-bar deposits. F, G) Representative thin sections of tidal-bar facies;
note the presence of kaolinite.

Figure 6. Representative core photographs of "offshore-transition zone to shoreface" (FA4a; A-
D) and prodelta to delta-front (FA4b; E-I) facies associations. A) Heterolithic facies overlying
bioturbated sandstone. B) Slightly asymmetrical wave ripple. C) Bioturbated sandstone. D)
Representative thin section showing deformed chamosite ooids in heterolithic facies. E, F) Thin
sandstone intervals interbedded with heterolithic and mudstone facies. G, H) Hummocky cross
stratification. I) Thin section showing abundant chlorite cement in hummocky cross-stratified
sandstone.

Figure 7. Representative core photographs of "open-marine shelf carbonate" facies association
(FAS). A, B) Bioturbated limestone. C) Calcareous mudstone. D) Calcareous sandstone
overlying massive mudstone. E) Ooid-rich ironstone. F, G) Representative thin-section
examples showing calcareous sandstone (F) and ooid-rich ironstone (G).
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Figure 8. Rose diagrams showing the dominant dip direction of cross-stratification in different
sandstone units, based on analysis of image logs. See Figure 4 for keys to facies associations
and symbols.

Figure 9. Cross plots showing thickness and lateral dip extent for analog sedimentary units that
broadly match with the defined facies associations, as derived from a sedimentological database
(Colombera et al., 2016a). A) Data relating to parasequence-scale sedimentary units
representing the product of regression of shoreface and more generally shallow-marine (i.e.,
encompassing sand-prone offshore transition) sand belts (Colombera et al., 2016a, 2016b;
Colombera and Mountney, 2020a). B) Data relating to architectural elements classified as "tidal
bar" and "tidal flat".

Figure 10A. Strike-oriented stratigraphic cross section (A-A'") showing the distribution of facies
associations and key stratigraphic surfaces as correlated along strike in a seaward position.

Figure 10B. Strike-oriented stratigraphic cross section (B-B') showing facies associations and
stratigraphic surfaces as correlated along strike in a landward position compared to cross-
section A-A'.

Figure 10C. Dip-oriented stratigraphic cross-section (C-C') intersecting the two strike-oriented
cross sections (A-A' and B-B') showing the distribution of facies associations and key
stratigraphic surfaces as correlated along depositional dip, and documenting the increase in
marine deposits towards the northeast (basinward).

Figure 11. A depositional model depicting the evolution of the Middle Jurassic lower Dhruma
Formation over five intervals. Each interval represents a synthesis of the five intervals
highlighted in Figure 10C.
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Key to Facies Association

- Fluvial Channel and Overbank (FA1)

[ intertidal Fiat (FA2.a)

- Supratidal Flat/Floodplain (Palaeosol) (FA2.b)
I:l Fluvially influenced Tidal Bars (FA3)

I:I Weakly Storm-affected Shoreface (FA4.a)
I:I Storm-Dominated Delta Front (FA4.b)

- Carbonate Shelf (FA5.a)

- QOoid-rich Ironstone (FA5.b)

Key to Sedimentary Structures and Composition

Cross Bedding Lag Deposits

Irregular Lamination chinoderms
El Flaser Bedding IE Bioturbation
Wavy Bedding Coated Grains

EI Lenticular Bedding Ooids

Hummocky Cross-Stratification Skeletal Fragments
Soft-Sediment Deformation El Organic and Coal Debris
[XT] Rootlets Foraminifera

See Table 1 for facies definition and description
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2-6-cm-thick intervals of coals 2 mm

are commonly associated with
paleosols (supratidal deposits).

Paleosol consisting of poorly
sorted, kaolinite-rich, rooted
sandstone, siltstone and
mudstone indicative of long
periods of subaerial exposure.

Bioturbation

Tidal-flat deposits consisting of fining-upward
cycles and characterized by flaser bedding at
the bottom and wavy to lenticular bedding
towards the top. Bioturbation occurs and
increases in intensity upwards. Coal and organic
debris are abundant in this facies association Unidirectional ripples forms and strata
as is the presence of pyrite nodules.
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Offshore mudstone with calcite cement at the base which
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Figure 11
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