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Abstract. The Late Ordovician Dubaydib Sandstone Formation in south Jordan consists of a 155m sequence
of clastic sediments made up of three lithofacies: channeled sandstone (CS), hummocky cross-stratified
sandstone (HCS) and silty shale (SS). The formation has been divided into three members: lower, middle and
upper. This paper focuses on the middle member.

The channeled sandstone facies is confined to the middle member of the Dubaydib Sandstone
Formation, and is partly overlain by the hummocky cross-stratified facies. Both facies are either surrounded
by or interfinger with the silty shale facies, and are arranged in three distinct fining-upward sequences. In
cach seqernce ke hamnelal tmugh ras-tedded r structureless) sandstone abruptly overlies a scoured
charnel floor, occasionally covered by intraformational clasts. It passes upwards into hummocky cross-
bedded and rippled sediments usually associated with a marine fauna. Individual channels are supertmposed
on each other forming more complex, compound channel forms. The channe! formation is attributed to storm
generated offshore rip currents in the subtidal zone, and idividual beds within each channel body is thought
to record successive storm surge events, during the prevailing tempestite conditions.

Introduction

The Dubaydib Sandstone Formation, previously known as the Sabellarifex Sandstone
[1} in the southern desert of Jordan comprises about 155m of siliciclastic sediments. It
has been divided into three members: lower, middle and upper [2]. These sediments
conformably overly the Hiswah Sandstone Formation and are conformably
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overlain by the Mudawwara Sandstone Formation [2-8]. A Llandeilo to Caradoc age has
been suggested for the Dubaydib Sandstone Formation based on its stratigraphic position
[5] since samples analyzed for their palynological content were totally barren (H.
Dwaikat, written comm., 1990). During the present work, two litholgical sections were
measured and described in Sahl el Suwwan (Figs. 1-3).

In the middle member of the Dubaydib Sandstone Formation an interesting palaeo-
morphological phenomenon (channels) evidently occur in the shallow water, nearshore
environment of the southern Tethys sea. Channels are absent from the lower and upper
members. A detailed sedimentological study was carried out in order to describe and
interpret the sedimentary structures, facies and depositional environments of these
subaqueous sandy channels.

Description of facies

The middle member comprises 54.5m of fine- grained trough cross-bedded and
hummocky cross-stratified sandstones, with subordinate silty shales, overlying
channeled bases. It can be divided into three facies: channeled sandstone, hummocky
cross-stratified and silty shale facies (Plate 1 A to C). The channeled sandstone facies is
cither localized within or interfingers with the silty sand facies. These lensoid shale
bodies vary in size when traced laterally and vertically along the outcrop (Plate 1 B and
C). Sandstones and silty-shales are generally arranged in three distinct fining-upward
sequences, in which the sandstone abruptly overlies a scoured channel floor,
occasionally covered by intraformational clasts (Plate 1 C) [8]. Nevertheless, it is not
uncommon to find the sandstones amalgamated and locally concentrated into the basal
third of the member (Plate 1).

The channeled sandstone facies (CS)

This facies attains a total thickness of about 20m, and consists of fine-grained,
micaceous, massive, light-brown quartzarenite, which passes upward into cross-bedded
sandstone. Individual sandbodies possess an elongate channel geometry with erosive
bases and gradational tops, and are either localized within or interfingering with silty
shales (Plate 1 B, Figs. 2:4). '

The most striking feature of this facies is the presence of several superimposed
channel sandbodies from 2.2-12m thickand 9-80m wide, cutting into silty shales [8].
The channels, which are gentle to steep-sided, decrease in slope with increasing channel
width, and cross-cut the face of the outcrop at three distinct stratigraphic levels. They
form part of three prominent fining-upward sequences (Plate 1 B and D).
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Fig. 1. Location map of study area in the southern desert of Jordan, showing position of section
localities referred to the text.
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Fig. 2. Graphic log of the middle dubaydib sandstone formation at Sahl es Suwwan area, locality No. 1,
south Jordan.
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Fig. 3. Graphic log of the middle Dubaydib sandstone formation at Sahl es Suwwan area, locality No. 2,
south Jordan.
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Plate 1 (A-F).
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A. Silty-sandy rippled horizon incised between two massive sand bodies, with a sharp upper and
lower contacts. Middle member, Dubaydib Sandstone Formation, Section 4. (Hammer is 30cm long).

B. General view showing a well defined channel, with steep slope margins (arrow). Note the
superimposed channel pattern to the right. Middle member, Dubaydib Sandstone Formation, Section 4.

- C. Vertical section showing channel cut into silty shale material under high energy conditions,
responsible for breaking and deposition of huge intraformational silty 2and sandy blocks up to Zm long.
The massive and structureless nature of the overlying 12m-thick sandstones indicates rapid dumping.
Middle member, Dubaydib Sandstone Formation, Section 2.

D. Vertical section showing sharp contact between the lower and middle members of the

Dubaydib Sandstone Formation. The channeled facies appear to be concentrated in the basal part of
the member.

E. Water escape structures (ball and plllew) in an interbedded sequence of siltstone and
sandstone, possibly due to differential compaction (thixotropy). Middle member, Dubaydib Sandstone
Formation, Section 2 (Hammer is 28¢m long).

F. Overturned cross-beds forming simple recumbent fold with completely overturned limbs. The

fold nose is near to the upper surface. Middle member, Dubaydib Sandstone Formation, Section 2.
(Scale is 15¢cm long). :

The channels are filled by fine-grained sandstone which is generally structureless,
except towards the channel margins where a concentric pattern of infill, concordant with
the margins, can be seen. These marginal laminations grade into massive sandstone fill.

The channel fill facies is unrelated to the silty shale facies which they cut, except in
one channel (Plate 1 C) which has large intraformational clasts up to two metres long.
These angular to subrounded clasts and boulders appear to have been eroded and
redeposited from the underlying siltstone, The top of the channels is flat and
gradationally overlain by a particular association of sedimentary structures occurring
above channels: trough cross-bedding, low-angle cross-stratification, hummocky cross-
stratification, horizontal lamination, cross-lamination and ripple marks (Figs. 2-4).

At each channeled level the sandy facies appears as individwl lensoid bodies which
wedge out laterally (Plate 1 B). The concave-up channel scour surface can be defined in
each channel, occurring on different scales ranging in width from a few metres to tens of
metres in cross-section. Individual channels are superimposed on each other forming

more complex, compound multistorey fills, with each storey bounded by an erosional
base (Plate 1 B).

Sets of large-scale low-angle cross-bedding up to 13m wide and up to one metre
thick are present in which foreset azimuths show an offshore unidirectional orientation
towards the northeast, with a vector mean of 52° (Fig. 4). The foreset laminae are



68 Issa M. Makhlouf

smooth and pass upwards into rippled foreset laminae. The bounding surfaces have
sharp to planar undulating erosive bases and non-erosive tops. The base of the bed may
possess sole marks including balling-up structures, load casts, pot and gutter casts and
water escape structures (Plate 1 E), occasionally lined with intraformational clasts. The
upper bounding surface of bed sets and foresets may be sharp, planar or wave rippled,
gradational or bioturbated, especially in the upper half of the member where trace fossils
(Cruziana, Sabellarifex, Rusophycus) are abundant.

Sandstones with low-angle cross-stratification infill broad shallow erosional scours
several metres broad but only a few tens of centimetres deep. This is commonly
associated with planar lamination, which may display primary current lineation trending
NE-SW, the dominant internal structure.

Overturned cross-bedding was also observed in this facies to form single or double
(S-shaped) recumbents, the bottom set being tangential to the lower bedding plane; the
overturned cross-set reaches thicknesses up to 95cm . Both recumbents are overturned
towards N30°E-S210°W (Plate 1 F). A water escape structure can also be seen with
rounded lower surfaces and angular penetrating crests at the top (Plate 1 E).

The hummaocky cross-sratified facies (HCS)

Hummocky Cross-Stratified beds dominate the upper member of the Dubaydib
succession. However, they are not uncommon in the middle member. Some hummocky
cross-stratified beds occur above the channeled sandstone facies. They are composed of
fine-grained quartzarenites, well sorted, micaceous, light grey to yellowish in colour. In
some cases, hummocky cross-stratified layers occur as interbeds within the silty-shale
facies, with laminations parallel to the undulating surface of the swales and hummocks,
but lacking any preferred orientation to the cross-stratification. These structures are
characterised by the following features: (1) The lower surface of individual sets is
erosional and undulate to broad troughs, (2) the laminae within the sets are nearly
parallel to the lower erosional surface, and (3) the dip directions of the erosional surfaces
and overlying laminae are not systematic.

This facies is identified by the presence of “antiforms” with low-angle laminae, a
lack of orderly spacing and orientation sharp erosional bases. This facies is commonly
interstratified with shale or siltstone, with abundant marine fauna (Sabellarifex).
Bedding surface and foreset surfaces are either smooth or display ripples of diverse
forms and orientations.

The silty shale facies (SS)

In the middle Dubaydib Sandstone Formation, this facies occurs as a unit about
30m thick. It is composed of siltstones and subordinate claystones and rare fine-grained
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sandstones that are light brown, pinkish, yellowish, greyish and cream-coloured, and
contain several types of ripple marks including symmetrical, current modified, linguoid,
climbing and interference ripples ranging in wavelength from 8-20cm and 1.5-2cm in
amplitude . Brownish siltstone usually drapes the ripple marks and is commonly
preserved along the ripple troughs. Wave ripple cross-lamination has been observed in
the silty shale facies, including linsen and flaser bedding. The cross-lamination is mainly
bi-directional. Based on measurements of ripple mark trends in the middle member,
rose diagrams indicate a ENE-WSW palacocurrent direction (Fig. 4).

Parallel laminations are also common and usually overlie the ripple cross-
lamination with gradationial contacts. These are present as alternations within the silty
lithology. This facies is also characterised by the presence of horizontal (Cruziana and
Rusophycus) and vertical (Sabellarifex) burrows.

Discussion

In southern Jordan and during the Ordovician time clastic detritus was supplied
from the south where the Arabo-Nubian Shield was situated. These clastics were
reworked by shoreline processes of the Tethys sea which lay to the north, giving rise to
a series of major and minor transgressive -regressive events. The terrigenous influx

would have been derived from the reworking of the Cambro-Ordovician substratum
under wave and tide conditions.

In the middle member, channeled sandstone and silty-shale facies are arranged in
various sequences, most of which fine upwards. Fining-upward trends reflect the gradual
change from an upper flow Tegime (storm surge) to a lower flow regime (waning stage)
[5]. The presence of numerous V-shape profiles of channel sandbodies with sharply
defined margins, cross-cutting the face of the exposure at three vertical levels, suggests
that various superimposed channels were formed. The channeled sandbodies are
elongated in a NE-SW direction, with a consistent NE unidirectional palacocurrent
direction indicating that the sandbodies represent channels whose long axes were
oriented normal to the NW-SE shoreline and directed offshore [8].

These sediments are considered to be shallow marine by virtue of their locally
intense bioturbation (Cruziana and Rusophycus traces), and concentrations of vertical
burrows  (Sabellarifex). Furthermore, the absence of late stage emergence run-off

(ladder-back ripples, mudcracks, rain drop imprints etc.) suggests a subtidal
environment of deposition.
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The wave-dominated conditions are marked by the oscillating ripple marks, types
of lamination and bi-directional cross-lamination which are more typical of wave
processes (Fig.4). The unidirectional palacocurrent patterns (Fig.4), which, based on
trough and low-angle cross-stratification directions, are directed offshore and are
interpreted as representing the direction of the offshore rip currents resulting from storm
surge, or possibly due to a gravity-driven high-energy transport as a consequence of an
oversteepened slope in conjunction with sea-level changes.

The various types of sandstone lamination can therefore be interpreted in terms of
fluctuating wave intensity and water depth. The highest energy sand layers in each facies
can be equated with increased wave agitation accompanying storms, with several types
of sedimentary structures including trough-cross bedding, low-angle cross-stratification
and hummocky cross stratification (Fig. 4).

The channel formation is attributed to the storm generated offshore rip currents in
the subtidal zone, as evidenced by the presence of trace fossils and dense vertical
burrows in the silty shale facies in which the channels are incised. The locally
structureless nature of the channel-fill sandstone indicates that the channel-fill formed by
rapid deposition, where hydrodynamic sorting was inhibited. Mass flow conditions may
contribute to the establishment of the structureless nature of the channel-fill sandstones,
which could take place shortly after deposition. On reduction of storm flow in the
channel area, dune deposition commenced and various types of cross-beds were
established. '

Although the abundance of such channels in the middle member of the marine
Dubaydib section is impressive, they are noticeably absent in the underlying and
overlying strata. However, the marine character of sedimentation is quite clear, since
marine fossils such as Brachiopod coquina and Skolithos together with Cruzigana and
Harlaniq_trace fossils occur throughout many beds.

Channeled sandy beds are interpreted as having been depositel rom ani g
sediment-laden currents. Each bed is thought to record a single storm event comprising:
(1) Initial storm erosion, (2) deposition and (3) post- storm reworking [9]. After storm-
generated cuwrent erosion, deposition occurred as the storm decreased in intensity with
the highest-energy deposits (channel lags) interpreted as storm channel-fills. These
channels concentrate the strongest flows and therefore may preserve coarser sediment
irrespective of the speed of filling [10]. The absence of laminations in the channeled
sand body suggests that the channels were filled rapidly as the storm waned. Successive
storm surge events and the resulting offshore rip currents were responsible for cutting
channels up to 12m deep and then filling them with sand, after multiple occasions of
partial filling and excavation relative to sea level fluctuations, which marks the base of
each incised channel (Fig.4).
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The models presented by Dalrymple et al (1992) [11] for incised-valley estuaries
are not applicable for the Dubaydib channels, because they lack primary features
distinguishing estuaries, such as tripartite Zonation, barrier, tidal inlet, tidal delta
deposits, elongate sand bars and broad sand flats of the tide-dominated estuaries.

Preservation of a very coarse lag concentration including intraformational pebbles,
boulders and large blocks of siltstone and fine sandstone (Plate 1 C), is thought to result
from the reworking of the sea floor over extensive areas by storm waves and associated
currents, but may also form at the mouth of storm surge channels [9]. In addition,
intense storms are capable of extensive coastal erosion, with storm surge rip currents
particularly effective in transporting shoreline sands offshore. The different types of
sedimentary sructures may reflect both particular stages of sand body development and
vertical and lateral variations within a single channel [9].

Trough cross-bedding is attributed to high energy conditions, formed as a result of
three dimensional dune migration down the channel following the storm surge. The
unidirectional trend of the trough cross-bedded sets in the Dubaydib channels (Fig.5)
indicates the strong offshore-directed unidirectional flow during the highly erosive
tempestite conditions [12].

Deposition under decelerating flow conditions is indicated by the upward decrease
in grain size and the scale of dune bedforms in the channel fill, prior to channel] shifting
and abandonment. The occurrence of cross-laminated, fine-grained sandstone with
numerous mud-drapes, mudflakes and cross-bed sets with minor bioturbation indicates
deposition in response to tidal currents, and currents of fluctuating strength with
abundant fine-grained suspended sediment [9]. Cross-laminated sandstones include both
wave and current formed varieties including climbing cosets, and the various
laminations are frequently arranged in microsequences reflecting increasing and
decreasing energy conditions. The occurrence of cross-bedded (cross-bed sets ca. 4-
25cm thick) and flat bedded sandstones, numerous mudflakes and occasional mud-
drapes indicate migration of dunes in response to tidal currents, possibly enhanced by
storms [9]. Waning current conditions are demonstrated by graded beds and by the
frequent occurrence of lower flow regime structures, including wave and current ripple
cross-lamination immediately above the parallel laminated or cross-stratified beds. Post
storm reworking is indicated by wave rippling or bioturbation above the channel top.

The most frequently recognised forms of wave action in the silty-shale facies of the
middle member are symmetrical wave ripples, present as chevron structures, consisting
of superimposed, oppositely-dipping laminations. These ripples were prodiced y qual
or near-equal oscillatory wave velocities in which the ripples grew mainly through
vertical accretion. In certain horizons, however, wave ripples migrated in one preferred
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directions thereby producing unidirectional cross-lamination. Water escape structures
are formed as a result of differential loading and thixotropy. The presence of pot and
gutter casts imply rapid filling during the same storm events that created depressions,
particularly during the initial stages of the storm events, while during the latter stages

oscillatory flow conditions prevail, as evidenced by wave-ripples and lamination in the
sandy infills [12].

The formation of hummocky cross-stratification [13] is related to progressive
shoaling of the sea floor, where the shelf bottom became increasingly affected by storm
waves. As a result the bottom was scoured into an undulating surface of broad swales
and hummocks, in which the suspended sediment quickly dropped into laminatjons
parallel to the undulating surface [14].

Storm-dominated shallow seas have complex surface patterns and varied bottom
surge directions, which explains the apparent lack of preferred orientation of any sole
marks, cross-stratification or shells [13]. The waning stages of the storm are represented
by upward progression of stratification types deposited under low energy conditions and
by the local occurrence of slightly finer-grained sand or silt. Post-storm activity and the
return to normal-weather conditions are indicated by (1) reworkmg of sediments by
oscillatory waves, (2) horizontal burrowing along rippled surfaces, and (3) deposition of
interbeds of finer-grained silt and mud [14].

In the channeled sandstone facies, sediment transport was consistently towards the
northeast , parallel to sand body elongation (Fig.4), whereas wave ripple crests were
mainly normal to this trend (Fig.4). A bi-directional trend may be indicative of tidal
reversals but the unidirectional palaeocurrent pattern represents  a storm enhanced
current system. Indeed the relationship between current direction and wave ripple trend
is suggestive of storm enhanced currents. The channels are oriented perpendicular to the
regional palacoshoreline directions and may represent deposits of sand material
produced during floods and coastal storm attack and transported seaward as the storm
surge waned. '

Local stratal architecture of sequences and systems tracts can be highly variable as
a function of local physiography, subsidence rate, eustacy, and sediment flux [15]. The
basic premise of sequence stratigraphy is that cyclically varying rates of relative sea-
level change result in varying rates of new space added to accomodate sediment influx;
this in turn, results in cycles of deposition that are punctuated by sequence boundaries
and -maximum flooding surfaces [16, 17, 18]. Although a detailed sequence stratigraphic

analysis . is beyond the scope of this paper, a sequence stratigraphic framework is
considered.
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The Dubaydib storm-generated channels probably have no direct analogue, as they
differ from the characteristic tidal channels which typically fine-upwards and are
internally well structured, and lack several features, such as; the bidirectional
herringbone cross-stratification, ebb and flood caps, reactivation surfaces, subaerial
. exposure features (desiccation cracks) and late stage emergence runoff (ladder-back

ripples). Tidally influenced channels do not have a massive structureless fills with
sheared marginal laminations.

It was stated by Reinson [19] that *“the studies of Land (1974}, Hubbard (1978),
Carter (1978) and Hayes (1980) indicate that the channel-fill sequences resulting from
barrier-inlet (or tidal channel) migration have the following characteristics: (1) an
erosional base often marked by a coarse lag deposit; (2) a deep channel facies consisting
of bidirectional large-scale planar and/or medium-scale trough ¢ross-beds; (3) a shallow
channel facies consisting of bidirectional small to medium-scale trough cross-beds
and/or plane beds and ‘wash out’ ripple laminae; and (4) a fining-upward textural trend
and a thinning upward of cross-bed set thickness. Shoreface and inshore tidal deposits
usually form a series of coarsening- and fining-upward successions representing
regressive and transgressive depositional events, which is not the case here {20]. The
channel deposits under study associated with the two facies above (HCS and SS
facies)only represent fining-upward sequences, which were laid down under storm-
dominated mid-shelf conditions, whereas, the deposits of the upper member represents
coarsening-upward sequences related to eustatic sea level changes (Fig. 4).

Palaeoenvironmental model

Depositional conditions were variable during Late Ordovician times. A major
southerly transgression of the Tethys Ocean covered most of Jordan, and deposited
predominantly clastic sediments at the margins of the Arabo-Nubian Shield, providing a
good example of a linear clastic shoreline.

Facies and palaeocurrent analysis suggests that most of the Dubaydib sediments
were deposited under shallow water marine conditions along the inner shelf and
shoreface environments. Stacking of fining- and coarsening-upward cycles indicates
fluctuation in the rate of advance and retreat of the shoreline, and the establishment of
several minor transgressive and regressive events.

The extensive development of subaqueous channels in the middle member of the
Dubaydib Sandstone Formation implies that deposition was largely a function of
episodic phases of highly erosive tempestite conditions. After periodic storm-generated
offshore rip current erosion, deposition occured in the incised-channels as the storm
decreased in intensity, and several superimposed channel sandbodies were established.
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