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Detailed outcrop studies at the flanks of Al Kufrah Basin, Libya, reveal the nature of glacially-related
sedimentation and post-depositional deformation styles produced in association with the Late Ordovician
glaciation, during which ice sheets expanded northward over North Africa to deposit the Mamuniyat
Formation. At the SE basin flank (Jabal Azbah), the Mamuniyat Formation is sand-dominated, and incises
interfingering braidplain and shallow marine deposits of the Hawaz Formation. The glacially-related
sediments include intercalations of mud-chip bearing tabular sandstones and intraformational conglomer-
ates, which are interpreted as turbidite and debrite facies respectively. These record aggradation of an
extensive sediment wedge in front of a stable former ice margin. An increase in mudstone content northward
is accompanied by the occurrence of more evolved turbidites. A widespread surface, bearing streamlined
NW–SE striking ridges and grooves, punctuates this succession. The structures on the surface are interpreted
to have formed during a regional north-westward ice advance. Above, siltstones bearing Arthrophycus
burrows, and Orthocone-bearing sandstones beneath tidal bars testify to glaciomarine conditions for
deposition of the underflow deposits beneath. By contrast, the northern basin margin (Jabal az-Zalmah) is
appreciably different in recording shallower water/paralic sedimentation styles and major glaciotectonic
deformation features, although facies analysis also reveals northward deepening. Here, a siltstone wedging
from 8 to 50 m toward the north was deposited (lower delta plain), succeeded by climbing ripple cross-
laminated sandstones up to 60 m in thickness (distal through proximal delta mouth bar deposits) with
occasional diamictite interbeds. These rocks are deformed by thrusts and N50 m amplitude fault-propagation
folds, the deformation locally sealed by a diamictite then overlain by conglomeratic lag during ultimate
deglaciation. Integrating observations from both basin margins, a model of fluvial-dominated delta systems
feeding a pulsed debrite and turbidite fan system in a shallow proglacial shelf is proposed.
Heron).

ll rights reserved.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The sedimentary record of the Late Ordovician is extensive in North
Africa. In recent years, intensive efforts to unravel the sedimentology
and stratigraphy of Hirnantian glacial deposits have been made, most
particularly in western Libya, subsurface Algeria, and at outcrop in
Morocco (e.g. Ghienne et al., 2007; Le Heron et al., 2007; Le Heron and
Craig, 2008). As a sand-dominated package, Late Ordovician glaciogenic
deposits are of prime interest in eastern Algeria and western Libya as a
hydrocarbon reservoir within a proven petroleum system that is
sourced and sealed by lowermost Silurian shale (Le Heron et al., 2009).

InNorthAfrica, the easternmost LateOrdovicianglaciogenic deposits
yet described occur on the Gargaf Arch, inwestern Libya (Ghienne et al.,
2003; LeHeron et al., 2004). On the Arabian Peninsula, thewesternmost
occurrence of glaciogenic rocks is on the eastern flank of the Arabian
shield in the Al Qasim district (Clark-Lowes, 2005). Consequently, there
exists a 2500 kmwide data gap betweenW Libya and NW Saudi Arabia
where there is sparse evidence for Late Ordovician glacial deposits.
Limited data to date have been published documenting the presence of
streamlined subglacial bedforms and striae on Jabal az-Zalmah at the
northern Al Kufrah Basin margin (Le Heron and Craig, 2008), but no
further data have been forthcoming. The objective of this paper,
therefore, is to present a high quality sedimentological dataset for Al
Kufrah Basin, with data collected from outcrops at the northern and
eastern basin margins (Fig. 1). Our goal is to evaluate the nature of Late
Ordovician glaciation and deglaciation in the eastern Sahara.

Al Kufrah Basin occupies an area of approximately 400,000 km2 of
the eastern Sahara,mostly in SE Libya but extending also into NE Chad,
NW Sudan and SW Egypt. The basin is currently a frontier basin for
hydrocarbon exploration. It forms a broadly NNE-trending depression
that is bounded by four uplifted basement highs, the Tibesti Massif in
the west, the Jabal Aweinat Massif (including Jabal Azbah) in the east,
the Ennedi and Borkoumountains in the south, and Jabal az-Zalmah in
the north (Fig. 1). Outcrops of Lower Palaeozoic strata at these
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Fig. 1. Sketch map of Libya showing the location of Al Kufrah Basin and the two study areas. Jabal Azbah lies at the south-eastern flank of the basin whereas Jabal az-Zalmah defines
the northern basin flank. Well known study locations at the flanks of the Murzuq Basin are also shown: type sections for Lower Palaeozoic formations occur both on the Gargaf Arch
and in the Ghat area.
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locations reveal the nature of the sedimentary fill of the basin. As part
of a potential petroleum system sourced and sealed by Silurian shales,
Late Ordovician glacially-related deposits have already proven to have
been a major hydrocarbon reservoir across western Libya in the
northern Murzuq Basin (e.g. El Feel/Elephant Field: Craig et al., 2008)
and in eastern Algeria (e.g. the Tiguentourine/In Amenas fields: Hirst
et al., 2002). Therefore, using the central Saharan basins as an
analogue, these “glaciogenic reservoirs” are also expected to be of
major importance in Al Kufrah Basin. Consequently, a detailed
evaluation of the stratigraphic architecture of Late Ordovician strata
in this region is of great commercial as well as academic interest.

The academic significance of these strata hinges on the fact that
reconstructing the behaviour and dynamics of former ice masses such
as the Late Ordovician Saharan ice sheet (Le Heron and Craig, 2008; Le
Heron and Dowdeswell, 2009) provides critical boundary data that
can be fed into palaeo-climate models. Palaeogeographic models, or
gross depositional environment maps, are underpinned by funda-
mental sedimentological data collected at outcrop. Studies of ancient
glacial deposits from elsewhere have proposed that the aerial extent
of the glacial sedimentary record may even be inversely proportional
to the dimensions of the ice sheets that created them (González-
Bonorino and Eyles, 1995). Therefore, the collection and interpreta-
tion of new sedimentological data from ancient glacial successions
remain pertinent and integral in Palaeozoic palaeoclimatic research.
The impetus for geological research in Al Kufrah Basin has been
provided, to a large extent, by the Libyan National Oil Company (NOC)
leasing acreage in the basin, aggressively from 2005 onwards. Aside
from two AGIP wells drilled in the late 1970s/early 1980s, a hiatus
ensuedbefore drilling recommenced recentlyfirstwith Remsa shallow
boreholes in Jabal al-Hawaish, an explorationwell of RWE in 2007, and
finally with the StatoilHydro well spudded in late November 2008.
Geological research in Al Kufrah Basin has advanced rapidly in recent
years by a joint mapping project between Egyptian and Libyan
authorities. This collaboration produced 1:200,000 geological maps
for the south-eastern part of the basin in the Jabal Arkenu, Jabal Rūkn
and Jabal Azbah areas (Saïd et al., 2000). In these areas, the names of
most stratigraphic units in the Lower Palaeozoic derive from type
sections at the flanks of the Murzuq Basin in western Libya, located
either in Wadi Tannezuft (e.g. Tannezuft Formation; Radulovic, 1984)
or the Gargaf Arch (e.g. Hasawnah Formation, Hawaz Formation,
Mamuniyat Formation; Parizek et al., 1984; Gundobin, 1985).

2. Stratigraphy of the Lower Palaeozoic of Al Kufrah Basin

In Al Kufrah Basin, Late Ordovician glacially-related deposits
punctuate a sand-dominated paralic succession and are sharply
overlain by siltstones of the Tannezuft Formation (Fig. 2). The latter
have been studied previously from the perspective of a potential



Fig. 2. Chronostratigraphy of Late Ordovician successions across the North Africa platform and their extension into Al Kufrah Basin. Modified after Le Heron and Craig (2008). In the present paper, glacially-related deposits of the Mamuniyat
Formation are differentiated for the first time in Al Kufrah Basin. In both Jabal Azbah and Jabal az-Zalmah, these glacial sediments rest on the Hawaz Formation.
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hydrocarbon source rock in Al Kufrah Basin (Lüning et al., 1999).
Compared to the well-studied sections of the central Sahara (west
Libya and eastern Algeria), research in Al Kufrah Basin is in its infancy.
Early stratigraphic studies such as those of Bellini and Massa (1980)
and Bellini et al. (1991) were groundbreaking in the sense that they
provided a testable stratigraphic framework for the Palaeozoic
succession in Al Kufrah Basin. In southern Libya, the Lower Palaeozoic
succession is treated by most authors as a monotonous stratigraphy
that can be extrapolated over distances of N1000 km (e.g. Selley,
1997; Lüning et al., 1999; Ghnia et al., 2008). The type sections for
Cambrian and Ordovician formations are on the Gargaf Arch at the
northern flanks of the Murzuq Basin (Gundobin, 1985) whereas the
Silurian formations are defined in the Wadi Tannezuft region
(Radulovic, 1984). In some cases, type sections were never formally
proposed, and instead “type areas” evolved, as authors could not
decide on a representative section (e.g. Jurak, 1978). All subsequent
studies, including comparatively recent mapping campaigns adjacent
to the Egyptian border in Jabal Azbah (Saïd et al., 2000), extrapolate
the stratigraphy from these type sections and type areas to reach far-
distant outcrops in Al Kufrah Basin.

Stratigraphic investigations in Al Kufrah Basin, as elsewhere in
Libya, are hampered by the paucity of body fossilswithin the Cambrian
and Ordovician successions and the complete lack of absolute age
dates. At the western flank of the basin, Seilacher et al. (2002) studied
Cruziana trace fossils from Ordovician and Silurian sandstones that
they considered to have time-stratigraphic significance. Indeed,
systematic collation of these trace fossils has led to a putative
“Cruziana stratigraphy” (Seilacher, 1991, 2007). The use of trace fossil
stratigraphy is not without its faults, but may be the only potential
chronostratigraphic tool available to stratigraphers: attempts to
precisely date bentonite ash layers within the Hawaz Formation on
the Gargaf Arch have hitherto been unsuccessful (Ramos et al., 2006).
AMidOrdovician age is proposed for theHawaz Formation in that area
on account of the presence of arthrophycid burrows (Gundobin, 1985).

At the SE flank of Al Kufrah Basin, in Jabal Azbah, the Mamuniyat
Formation rests unconformably upon a substrate of marginal marine
sandstones and subordinate siltstones (Fig. 3). In amapping campaign,
Saïd et al. (2000) concluded that this substrate represented the
Hasawnah Formation, implying that the overlying Hawaz Formation
was missing. As a stratigraphic term, the Hasawnah Formation was
introduced by Massa and Collomb (1960) and despite later detailed
mapping at the 1:250,000 scale on the eastern Gargaf Arch (Jurak,
1978), lacks a formal type section. A Cambrian age is suspected (Massa
and Collomb, 1960; Jurak, 1978) but not proven. Detailed sedimen-
tological analyses of these sections were undertaken by Turner (1980,
1991). In Jabal Azbah,we recovered a variety of trace fossils from strata
mapped as the Hasawnah Formation by Saïd et al. (2000). These trace
fossils include the same taxa as found at the northern margin of the
basin in Jabal az-Zalmah, including Cruziana goldfussi (Lower
Ordovician) (Fig. 4A), and which has previously been collected from
the western margin of the basin at Jabal Eghei (Seilacher et al., 2002).
Furthermore, examples of Cruziana petraea are plentiful (Fig. 4B).
Thus, even if we account for the age uncertainties of the trace fossils,
the possibility of major diachroneity of the Hasawnah Formation
between the Gargaf Arch, where it is probably Cambrian (Massa and
Collomb, 1960; Jurak, 1978) and Jabal Azbah, where the sub-
Mamuniyat substrate contains Ordovician trace fossils (Seilacher,
2007) (Fig. 4) seems very unlikely. Hence, in Jabal Azbah, it is
suggested that the Mamuniyat Formation rests upon the Hawaz
Formation rather than the Hasawnah Formation (Fig. 3).
Fig. 3. Summary stratigraphy of the Ordovician succession of Jabal Azbah constructed in
the course of fieldwork from multiple localities. The contact between the pre-glacial
deposits of the Hawaz Formation and the glacially-related Mamuniyat Formation is
poorly defined but characterised by a channelised unconformity. Deposits of the Hawaz
Formation were not logged in detail and subsequent work is required to refine the
stratigraphy of this unit.



Fig. 4. Trace fossils of the Ordovician of Al Kufrah Basin. A: Ribbed Cruziana in hyporelief. The ornamentation of this specimen resembles that of Cruziana petraea of the Ordovician in
Jordan (Seilacher, 1983). B: Trilobite burrows interpreted as Cruziana goldfussi, which has been recovered previously from the eastern flanks of Al Kufrah Basin in Jabal Eghei and
assigned to the Lower Ordovician (Seilacher et al., 2002). C: Cruziana indet. D: Planolites burrows at the uppermost surface of the Mamuniyat Formation in Jabal az-Zalmah. These
burrows are typical of the contact between the Ordovician and Silurian elsewhere in North Africa.
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In Jabal az-Zalmah, the Cambro-Ordovician succession has never
previously been differentiated, with the exception of a “preview”

geological map of the region published by Sherif and Shagroni (2008),
on which both Hasawnah and overlying Hawaz formations were
recognised. In this region, the Hawaz Formation comprises alternating
fluvial braidplain and tidal bar sandstones with abundant Skolithus
burrows at intervals (Fig. 5) and most importantly Cruziana goldfussi
at the base and Cruziana petraea in the middle part of the succession
(Le Heron and Howard, 2008). Despite a thicker section, (N200 m:
Fig. 5), the Hawaz Formation comprises essentially comparable
paralic sandstones to those of Jabal Azbah with abundant evidence
of trace fossils (Fig. 4A–C). As noted above, these taxa imply Early and
Mid Ordovician ages implied respectively (Seilacher, 2007).

In the Mid Ordovician, southern Libya lay at high palaeo-latitudes
(Stampfli and Borel, 2002). The record of an abundant and diverse
trilobite fauna, as implied by the diversity of cruzianids (Seilacher
et al., 2002; Seilacher, 2007), together with the lack of evidence for
glacial depositional processes in these rocks (c.f. Anfray and Rubino,
2003; Ramos et al., 2006), appears to rule out a direct influence of ice
sheets on sedimentation during deposition of the Hawaz Formation.
Therefore, following Le Heron et al. (2009), the term “pre-glacial” is
adopted to refer to both the Hawaz Formation and time interval
preceding Late Ordovician glaciation throughout this paper. Owing to
the uncertainty surrounding the timing of onset and duration of Late
Ordovician glaciation (Armstrong, 2007), the term “glacially-related”
is applied to strata that are considered to reflect deposition under a
range of direct ice contact through ice distal to paraglacial settings.

Across southern Libya, it is thus clear that the pre-glacial deposits of
the Hawaz Formation, whilst not layer cake, are characterised by a
distinct lithological and facies continuity over large distances (c.f.
Radulovic, 1984; Ramos et al., 2006). In contrast, Late Ordovician
glacially-related deposits across western Libya are characterised by
lithological heterogeneity at a regional scale anddramatic lateral facies
changes. As these deposits have not hitherto been properly distin-
guished in Al Kufrah Basin, a brief summary of their type area is
necessary. Type sections for Late Ordovician glacially-related strata, as
for underlying units, occur on the Gargaf Arch where two formations
are formally recognised in both surface (Massa and Collomb, 1960;
Havlicek and Massa, 1973) and subsurface (el-Ghali, 2005) mapping,
namely the Melaz Shuqran Formation and the overlying Mamuniyat
Formation (Gundobin, 1985) (Fig. 2). At its type section on the Gargaf
Arch, the Melaz Shuqran Formation sits in sharp disconformity upon
the Hawaz Formation. It comprises green siltstones, diamictites, and
subordinate sandstones (Unit 1 of Le Heron et al., 2006). Slumps and
soft-sediment deformation features characterise the topmost part of
the Melaz Shuqran Formation. Facies analyses have led to interpreta-
tions of distal glaciomarine shelf settings (Sutcliffe et al., 2000, 2001;
Blanpied et al., 2000; Ghienne et al., 2003; Le Heron et al., 2006). These
occur immediately beneath erosively-based (channelised) mud-clast-
bearing conglomerates, and massive to parallel laminated sandstones
of the lower part of the Mamuniyat Formation. In a “preview”

geological map of the area, Sherif and Shagroni (2008) recognise the
presence of the Melaz Shuqran Formation in Jabal az-Zalmah.

On the Gargaf Arch, the Melaz Shuqran Formation is unconform-
ably overlain by the Mamuniyat Formation. This contact is char-
acterised by palaeovalley incision on the basis of field relations
(Ghienne et al., 2003; Le Heron et al., 2004) and the analysis of
LANDSAT satellite imagery (Le Heron and Craig, 2008). The contact is
characterised by striations and soft-sediment deformation, thereby
confirming both the presence of grounded ice sheets and providing a
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regionally correlatable set of palaeovalley incisions that extends into
the subsurface (Smart, 2000). Palaeovalleys vary from 5 to 10 kmwide
(Le Heron and Craig, 2008). Analogous structures are also reported
from widely space study areas across the North African platform and
(Mauritania: Ghienne and Deynoux, 1998; Algeria: Hirst et al., 2002)
and probably record subglacial meltwater excavation beneath the Late
Ordovician ice sheets (Le Heron et al., 2009). In summary, the Melaz
Shuqran and Mamuniyat formations provide a convincing testament
to Late Ordovician glaciation in southern Libya that should be borne in
mindwhen the correlative succession in Al Kufrah Basin is interpreted.

In terms of age constraints, an Hirnantian age has been attributed
to the Mamuniyat Formation on the basis of brachiopods (Havlicek
and Massa, 1973), palynological analysis of well cuttings (Mamgain,
1980), lithostratigraphic correlations with glacial sediments in
Morocco (Sutcliffe et al., 2001 and Refs. therein) and reference to
sharp inflexions in stable oxygen isotope data and eustatic sea level
curves (Brenchley et al., 2003). The Melaz Shuqran Formation,
however, is more problematic. Havlicek and Massa (1973) assigned
the formation a Caradocian (Katian–Sandbian) age based on brachio-
pod fossils, although these have subsequently been reinterpreted as
reworked (Spjeldnaes, 1981; Sutcliffe et al., 2001), with the Melaz
Shuqran Formation interpreted as sediments deposited during an
early stage of the latest Ordovician (Hirnantian) glaciation.

Above a bioturbated surface at the top of the Mamuniyat Formation
(Fig. 4D), shales and siltstones of the Tannezuft Formation occur in both
JabalAzbah and Jabal az-Zalmah (Figs 3 and5). In the caseof theMurzuq
Basin, these deposits are assigned a base-Silurian (Rhuddanian) age in
the Ghat area and amuch younger age on the Gargaf Arch (Lüning et al.,
2000, 2003) although in Al Kufrah Basin, the age of the basal deposits is
much less certain. Anunderstandingof the age of thebasal Silurian shale
is especially important because organically enriched “hot shale”
deposits of Rhuddanian (Lüning et al., 1999) and Aeronian ages (Le
Heron et al., 2008) are found in the Murzuq Basin and in northern
Morocco respectively, whereas in Jordan, organically enriched shales
appear to be of Hirnantian age (Armstrong et al., 2009). As these shales
are potential hydrocarbon source rocks in Al Kufrah Basin, the precision
with which they can be dated has important implications for
depositional models required to explain their distribution.

3. SE Al Kufrah Basin margin: the Jabal Azbah succession

The Lower Palaeozoic succession in Jabal Azbah (Fig. 1) crops out
along a NE–SW trending range of hills which extend toward the
Egyptian border. Exposure quality of the Ordovician part of the
succession is high, enabling a detailed assessment of stratigraphic and
sedimentological variations to be made along strike.

3.1. Basal contact with “pre-glacial” deposits and Ordovician stratigraphy

As previously noted, the Hawaz Formation in southern Libya
comprises a paralic, sand-dominated succession. In Jabal Azbah, these
deposits are characterised by trough and planar cross-stratified,
medium to coarse-grained sandstones with intercalated siltstones
that bear the Cruziana trace fossils (Fig. 3). The contact with the
overlying, cliff forming Mamuniyat Formation is poorly exposed,
but evidence for limited palaeotopography of about 10 m in amplitude
is demonstrable (Fig. 3) that can be described as a channelised
unconformity.
Fig. 5. Summary stratigraphy of the Ordovician succession in Jabal az-Zalmah, at the
northern Al Kufrah Basin margin, showing clear differentiation of the Mamuniyat
Formation from the underlying Hawaz Formation. The stratigraphy was constructed in
the course of fieldwork from multiple localities. The unconformity is characterised by
deep incision of up to 100 m depth. On the basis of sharp discontinuities, the
Mamuniyat Formation can be internally divided into three informal stratigraphic units.
A sharp contact with the overlying Tannezuft Formation (Lower Silurian) is also
observed in the central part of the Jabal az-Zalmah range.
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Glacially-related deposits of the Mamuniyat Formation attain
∼70 m, with a remarkably consistent thickness over N100 km along
strike from SW to NE. In addition to the basal unconformity, we
recognise an additional intra-Mamuniyat unconformity (Fig. 3). This
surface can be recognised in sections logged along almost the entire
outcrop belt of Jabal Azbah (Fig. 6). At the most basic level, this
unconformity separates typically massive, medium to fine-grained
sandstones below from cross-bedded sandstones above (logs 1, 2, 5, 6
and 7: Fig. 6). These deposits are referred to as the massive sandstone
facies association and the cross-bedded sandstone facies association
respectively. A detailed analysis of each of these facies associations is
provided in the following section.

The intra-Mamuniyat unconformity is best observed in central
Jabal Azbah (Figs. 6, log 6 and 7). The unconformity occurs several
metres beneath the contact with the Tannezuft Formation (Fig. 7A),
and is developed on gently dipping, fine-grained sandstone. It consists
of parallel ridges (1–2 m height, 1–5 m width), separated by
intervening grooves (Fig. 7B). The ridges are characterised by their
smooth morphology and locally high relief (Fig. 7C). Beneath the
ridged and grooved surface, convolute bedding on the scale of
decimetres can be observed (Fig. 7D), whereas in other exposures
bedding beneath the surface is deformed parallel to the ridge and
groove morphology. Elsewhere, en-echelon microfaults are observed
to cross-cut the topography (Fig. 7E).

The evidence of deformation beneath the ridged and grooved
topography allows an origin bywind abrasion to be dismissed. Instead,
the intra-Mamuniyat unconformity is interpreted as the result of
glacial erosion. Beneath an ice mass, ridges and grooves can form
either by iceberg grounding in the open shelf or in a glacial lake
(Woodsworth-Lynas and Dowdeswell, 1994), at the bottom of a
marine-terminating ice shelf whose bottom is in contact with the
sediment surface, (e.g. O'Brien and Christie-Blick, 1992) or alterna-
tively as a set of subglacial structures produced by shearing beneath a
fully grounded ice sheet (e.g. Le Heron and Craig, 2008). In the rock
record, structures formed in these different scenarios can be
distinguished as follows. Iceberg scour marks typically cross-cut at
high angles as icebergs drift in the open sea (e.g. Woodsworth-Lynas
and Dowdeswell, 1994). Structures formed at an ice grounding line
(O'Brien and Christie-Blick, 1992) will be laterally extensive along the
ice margin, but terminate abruptly basinward. Finally, structures
produced by regionally significant ice advanceswill be readilymapped
over larges regions (e.g. Stokes and Clark, 2001; Le Heron and Craig,
2008). Although our data do not allow us to determine the precise
origin of the ridges and grooves, it is argued that evidence of the
regional extent of the intra-Mamuniyat unconformity (Fig. 6) indicates
that the unconformity was produced subglacially.
3.2. Facies analysis

Two facies associations are recognised within the Mamuniyat
Formation of Jabal Azbah, namely the thickly bedded sandstone facies
association and a cross-bedded sandstone facies association. Whilst
distinguished entirely on their constituent facies, each facies
association occupies a distinct stratigraphic position: the thickly
bedded sandstone facies association characterises the lower and
middle parts of the Mamuniyat Formation, whereas above the intra-
Fig. 6. Correlation of logged sections of the Mamuniyat Formation across Jebel Azbah, constit
i.e. from left to right). Note inset satellite image for relative location of logged sections: pre
vertical transition from sandstones of the Mamuniyat Formation into shales and/or siltsto
sandstone facies association, recognition of regional discontinuities is difficult at this reso
association is considered to represent an unconformity of regional significance. The colour of
logged sections. Horizontal lines at the base of mudrock units on section 4 indicate surfa
correlated to either section 2 or 5. Co-ordinates of measured sections as follows. Section 1:
24°31.326′E. Section 5: 23°07.369′N 24°27. 276′E. Section 6: 23°10. 053′N 24°36.227′E. Sec
Mamuniyat unconformity, a cross-bedded sandstone facies associa-
tion is preserved (Fig. 6).

3.2.1. Thickly bedded sandstone association: analysis
The thickly bedded sandstone facies association is poorly bedded

(Fig. 8A) and comprises five constituent facies, namely (1) thickly
bedded, structureless to parallel laminated sandstone, (2) thickly
bedded, mega-rippled sandstone, (3) matrix-supported conglomer-
ates, (4) current rippled sandstone and (5) deformed siltstone. These
deposits are dominated by stacked sandstones and conglomerates,
reaching up to 60 m thick, and can be correlated across Jabal Azbah
over N100 km where they dominate the lower part of the Mamuniyat
Formation (Fig. 6). Descriptions, geometries, and interpretations are
provided below.

3.2.1.1. Thickly bedded structureless to parallel laminated sandstone.
This facies comprises white, medium to fine-grained sandstone. The
sandstones are moderately sorted, with scattered clay rip-up clasts,
and are organised into beds 1–2 m thick which are laterally extensive
over N100 m. Internally, beds either show normal grading (Fig. 6, e.g.
log 7) or no grain size variation. Dish and pillar structures are
commonplace. Each bed is characterised by gradual vertical transitions
from structureless to parallel laminated sandstones within individual
beds. At outcrop, stacked cycles of structureless to parallel laminated
sandstones occur. Finally, rare vertical burrows are observed.

The thickly bedded structureless to parallel laminated sandstone
facies are interpreted as high density, sandy turbidites. The presence
of normal grading suggests the presence of a high proportion of
entrained water within the flow to facilitate gravitational settling, i.e.
dispersive pressures were suppressed during transport (Mutti, 1992).
Interstitial water was expelled from the pore spaces during rapid
aggradation, resulting in the development of dish and pillar structures
(Lowe, 1982). The vertical transition from structureless to parallel
laminated sandstones is comparable to the Ta and Tb divisions
respectively of Bouma (1963), or alternatively to the S8 and S9
division of Mutti (1992) for efficient turbidites.

The lateral extent of the thickly bedded sandstone, coupled with
uniform grain size and stacked cycles of similar beds, points to 1)
laterally extensive, relatively unconfined turbidity flows, 2) hydrody-
namic flow efficiency to sort the sand effectively and 3) repeated flows
of a similar character at the same point on the shelf. The presence of
vertical burrows, which testify to amarine environment of deposition,
also indicates temporary quiescence between pulses of turbidity flow.

3.2.1.2. Thickly bedded, mega-rippled sandstone. This facies comprises
white, well-sorted medium to fine-grained sandstone that is
organised into sets of mega-ripples 1.5–2 m in amplitude (Fig. 6, e.g.
log 7, 86–10 m). The mega-ripples are usually asymmetrical in cross-
section (Fig. 8B) such that stoss and lee slopes can be distinguished. In
rare cases, however, mega-ripples are almost symmetrical with high
angle palaeo-slip faces (35–40°). Stoss surfaces are typically very well
preserved, truncation surfaces are conspicuously absent, and cosets
are generally difficult to distinguish.

The asymmetrical geometry of the mega-rippled sandstone
provides evidence for the migration of subaqueous dunes under
unidirectional flow. The excellent preservation of stoss surfaces,
coupled with the lack of internal truncation surfaces suggests that
uting a transect some 120 km in length along the strike of the outcrop belt (SSW to NNE,
cise co-ordinates of each are given at the top of each log. The upper datum is the sharp
nes of the Tannezuft Formation. As the sections are dominated by the thickly bedded
lution. However, the unconformity at the base of the cross-bedded sandstone facies
the unconformity surfaces is black where observed and greywhere interpreted between
ces, which whilst laterally continuous at the outcrop scale (over N200 m), cannot be
22°35.254′N 24°03.092′E. Section 2: 22°55.320′N 24°29.221′E. Section 4: 22°56.034′N
tion 7: 23°17.733′N 24°49.282′E.
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dune formation andmigration occurred under conditions of very high
sediment availability. In a regional sedimentological review, Ghienne
et al. (2007) discussed the geometries and modes of origin of very
similar mega-rippled sandstones in Hirnantian glacially-related
sediment from central and western Saharan outcrops. These workers
substantiated earlier work (Hirst et al., 2002), suggesting that these
facies indicate both high sediment availability and sustained flows
produced by major phases of meltwater release at an ice front. In
sands deposited during historical jökulhlaups, antidune structures
several metres in wavelength are commonly reported features that
result from up-flow migration of bedforms under trans-critical
(Froude number∼0.7–1) to super-critical (Froude numberN1) flow
conditions (Duller et al., 2008). Recognising stacked sets of these
bedforms in the Tamadjert Formation (Late Ordovician) of the Tassili
N'Ajjer, Algeria, Hirst et al. (2002) thus suggested that they were
deposited under the highest Froude numbers as up-flow migrating
antidunes. Jökulhlaup antidunes are probably formed under flow
velocities of ∼6 to 12 m s−1, an estimate consistent with eyewitness
accounts for historical events (Duller et al., 2008). Under the antidune
interpretation, palaeo-slip faces build up to a critical angle (35–40°)
before collapsing as the surface wave breaks, eroding the crest of the
bedform and re-depositing sediment upstream. The bedform must be
prevented from reworking under low flow conditions, either through
rapid fluctuations in flow velocity or lateral migration of the thalweg
of the flow (e.g. Fielding, 2006).

In contrast to Hirst et al. (2002), Ghienne et al. (2007) illustrated an
outcrop where organisation of the mega-rippled sets into discrete
cosets of climbing cross-strata, with internal sigmoidal geometry, can
be demonstrated. Hence, these conflicting data point to unidirectional
progradation of dunes in the direction of water flow, rather than
contra-flow. Whilst now well-studied from Icelandic sandar (Duller
et al., 2008), there is no reasonwhy identical structures should not also
develop in the aquatic (marine) environment (e.g. Ghienne et al.,
2007). Therefore, in a similar manner to mega-ripples within the
Mamuniyat Formation of western Libya and eastern Algeria, we
interpret these structures as the products of sustained subaqueous
flows under conditions of high sediment availability and discharge,
noting that detailed mathematical modelling is probably required to
settle the dispute.

3.2.1.3. Matrix-supported conglomerates. This facies consists of matrix-
supported conglomerates whose bed bases are sharp to channelised
(Fig. 8C, D). The conglomerates reach up to 5 m in thickness. Clasts
within these deposits include grey claystones, siltstones and fine-
grained sandstone. Both laterally and vertically, the extent of the
conglomerates is highly variable, “feathering” into sandstone beds.
Inverse-grading is characteristic.

The highly “feathered” nature of the matrix-supported, sandy
conglomerates, coupled with their inverse-graded textures, indicates
deposition by a waxing flow capable of providing clast support by
dispersive pressures (a “debrite”; Amy and Talling (2006)). The
channelised contact of this facies testifies to its erosionally-based
lower contact. In contrast to recent studies (Talling et al., 2007), the
debrite deposits do not occur at the base of a thick bed that is
succeeded vertically by an intra-bed discontinuity and then a Bouma
cycle above. Therefore, we prefer to consider that the debrites
correspond to discrete depositional events.

At ice sheet margins, meltwater efflux is typically sediment-laden,
and escapes from the ice sheet under high-pressure from meltwater
conduits (Powell and Molina, 1989; Powell, 1990; Powell and Cooper,
2002). In the glaciomarine environment, these sediment-laden flows
hug the sediment surface for a short distance before becomingbuoyant
from the density contrast between fresh meltwater and seawater
(Powell, 1990). Given sufficientmixing between themeltwater jet and
ambient seawater, flow detachment will occur resulting in 1) the
deposition of a barchanoid dune (Powell, 1990; Powell and Cooper,
2002) and 2) transportation of fine-grained material (clay and silt)
basinward by an advecting plume. Given that under this model a 3D
bedform is predicted, and evidence for tractive deposition is clearly
absent in the matrix-supported conglomerates, we suggest that
minimal mixing between the transporting medium and ambient
seawater was able to occur during sediment transport. This interpre-
tation is further strengthened by the absence of normal grading.

We propose that the matrix-supported conglomerates were
deposited at a palaeo-ice sheet grounding line directly from glacial
meltwater efflux (e.g. Hornung et al., 2007). Consequently, represent-
ing a palaeogeographic position in contact with a palaeo-ice margin,
this facies probably also represents the most hydrodynamically
proximal deposits in the thickly bedded sandstone facies association.

3.2.1.4. Current rippled sandstone. Well-sorted, fine to very fine-
grained white sandstones sit sharply above the thickly bedded
massive to parallel laminated sandstone facies (Fig. 8E). These fine-
to very-fine-grained sandstones contain asymmetric ripple cross-
lamination with curved foresets: individual ripple cross-lamina sets
are truncated by overlying laminae, although some climbing ripples
are also preserved (Fig. 8E). These facies reach 10 cm in thickness, and
show no vertical grain size variation within the cross-lamination.

The ripple cross-laminated, fine-grained sandstones record the
migration of curved ripples across a sandy substrate under variable
but generally low energy conditions (0.2–0.6 m s−1: Ashley, 1990).
The presence of climbing ripples indicates periodic conditions of high
sediment supply, but evidence for truncation points to local scour and
reworking.

Compared to the underlying thickly bedded structureless to
parallel laminated sandstone, the current rippled sandstone facies
have a much diminished thickness. This suggests that low energy
conditions represented by the ripple cross-lamination were compar-
atively rare during the deposition of the thickly bedded sandstone
facies association. Given the demonstrated vertical transition from
massive through parallel laminated thickly bedded sandstone, and
their interpretation as high density turbidites, it is tempting to
genetically link the current rippled sandstone facies to underlying
deposits as a classic waning flow signature (e.g. Td division of Bouma
(1963)). However, it is stressed that these facies are separated by a
sharp surface (Fig. 8E). This sharp surface could alternatively be
interpreted as a bypass or scour surface.

3.2.1.5. Deformed siltstone. These deposits occur exclusively in the
northern part of the Jabal Azbah region at Jabal Rukn. They consist
primarily of delicately interlaminated siltstones and very fine-grained
sandstones, with subordinate intercalated shale and breccia (Fig. 6,
log 7). The siltstones and fine-grained sandstones are paper-
laminated with intervals of current ripple cross-lamination. These
facies form the base and middle part of coarsening up cycles of 5–7 m
thickness. These paper-laminated facies are characterised by normal
grading between sandstone and siltstone couplets, convolute bed-
ding, recumbent intra-bed folds, ball and pillow structures, and flame
structures (Fig. 8F). The ball and pillow structures are best developed
beneath thin (∼5 cm) breccia horizons, which comprise a siltstone
matrixwith clasts offine-grained sandstone. Texturally, therefore, these
facies closely resemble the more thickly developed matrix-supported
conglomerates in the thickly bedded sandstone facies association. The
topmost part of the coarsening upward cycles are dominated by red to
buff coloured fine-grained sandstones bounded at their base by small
(0.5 m amplitude, 3–4 m wide) asymmetric channels. These pass
vertically into thinly bedded sandstones with stacked wave ripples.

Theassemblageofdelicately interlaminated siltstones, sandstonesand
rare breccias is interpreted as distal turbidite and occasional debris flow
deposits. The regular grading of the interlaminated, occasionally ripple
cross-stratified sandstones and siltstone is typical of regularly graded
distal turbidites of the Td and possibly Te divisions (Bouma, 1963). The
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rare occurrence of shale within the thickly bedded facies association as a
whole implies only limited fallout from flow lofting in this part of the
sedimentary system (e.g. Mulder et al., 2003) and is interpreted as
hemipelagic background deposition. Evidence for pulsed and rapid
deposition is provided by the multiple stratigraphic occurrences of
flame structures (interpreted as Rayleigh–Taylor instabilities: Hindmarsh
and Rijsdijk (2000)), recumbent intra-bed folds (downslope transport
and sliding of newly deposited, water rich sand layer upon siltstone) and
ball and pillow structures. The thin breccias are interpreted as deposition
from debris flows (Gani, 2004).

The topmost part of the 5–7 m thick cycles are interpreted as
turbidite channels. The asymmetry of these channels is typical of
Fig. 7.Morphological expression of the intra-Mamuniyat unconformity in central Jebel Azbah
of Jabal Azbah showing 1) a well-developed disconformity at the base of the Tannezuft Form
beneath it. Below this latter unconformity, the thickly bedded sandstone facies association
B: Morphology of the intra-Mamuniyat unconformity shows a series of positive and negativ
(N1 m) suggests that the ridges are geological rather than geomorphological phenomena
striations that are strike-parallel to the trend of the grooves. Note the presence of convolute
throws of ∼15 cm, traversing a groove on the unconformity surface. Identical structures ar
Formation (Late Ordovician) of the Western Cape Province, South Africa (Le Heron et al., 20
meandriform conduits on the medial portion of subaqueous fan
systems (Reading and Richards, 1994). The presence of stacked wave
ripples above these channels indicates shallow marine deposition
within fair weather wave base.

3.2.2. Thickly bedded sandstone facies association: summary
The thickly bedded sandstone facies association is interpreted as a

succession of glacially-derived debrites and turbidites. Under glacial
flood (jökulhlaup) conditions, river water discharging into the sea
produces a hyperpycnal flow as a fresh, sediment-laden, sea-floor
hugging current develops. An increase in gradient may result in the
development of a debris flow that forms the basal part of a
. See Fig. 6 for stratigraphic context. A: General view of the Lower Palaeozoic stratigraphy
ation and 2) the undulose nature of the intra-Mamuniyat unconformity a few metres
is preserved (Fig. 5); above it occurs the cross-bedded sandstone facies association.

e linear features (i.e. ridges and grooves) striking NW–SE. C: The relief of the structures
produced by wind abrasion. D: Metre-deep groove along the unconformity showing
bedding beneath the surface. E: Microfaults, with a normal sense of displacement and
e observed on an unconformity of broadly comparable age in the glaciogenic Pakhuis
05). Photos in this figure from logged section 5 on Fig. 6.



Fig. 8. The thickly bedded sandstone association of Jabal Azbah is dominated by stacked sandstones and breccias, forming continuous successions of up to 60 m thick. These deposits
dominate the lower part of the Mamuniyat Formation of Jabal Azbah, and can be traced over N150 km from SW to NE along strike, comprising a wedge of poorly to thickly bedded
massive or mega-rippled sandstone (A). B: Thickly bedded, mega-rippled sandstone facies, interpreted as the products of sustained flows, potentially under glacial outburst flood
conditions. These sandstones are punctuated at several intervals by matrix-supported sandy conglomerates that may show a channelised basal contact (C). D: Typical occurrence of
thematrix-supported conglomerate with abundant mud-clasts within amatrix of sandstone. E: Current rippled sandstone facies, resting sharply upon a clast-bearing, thickly bedded
to parallel laminated sandstone facies. Pen for scale. F: Flame structures within deformed siltstone facies: oblique fabrics are liesegang laminae.
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“hyperpycnite” that depending on the sediment source usually
consists, at its base, of inversely graded matrix-supported gravel;
this passes distally into a typical Bouma turbidite (Mulder et al., 2003).
As emphasised above, the matrix-supported conglomerate and both
types of thickly bedded sandstone facies appear to be distinct entities
(i.e. they occur in separate beds), rather than indicating the waxing
and waning of a single hyperpycnite (Mulder et al., 2003) or debrite–
turbidite flow (Talling et al., 2007). These processes may suggest that
the thickly bedded sandstone facies association was deposited
somewhat distally from the coast.

The thickly bedded sandstone facies association is broadly
comparable with the Late Ordovician turbidite sand sheets of
Wadi Analalin at the western flank of the Murzuq Basin. These,
thickly bedded sandstones (individual beds up to 15 m thick), are
traversed by sheet dewatering structures and were interpreted as
high density turbidite deposits separated by hemipelagic mud-
stones (Le Heron et al., 2006). The turbidite deposits are capped by a
boulder bearing sandstone sheet that also contains climbing mega-
ripples and was potentially deposited by a jökulhlaup outburst
(Unit 4 of the Mamuniyat Formation: Le Heron et al. (2006) and
Ghienne et al. (2007)). Nevertheless, the Wadi Analalin density
current deposits stand in contrast to the Jabal Azbah sections by the
abundance of well-defined mudstone intervals and the conspicuous
lack of matrix-supported conglomerates. In Jabal Azbah, the lateral
extent, thickness and continuity of the thickly bedded sandstone
facies association, coupled with the absence of obvious canyons
and/or major channels at its lower contact are strongly indicative of
a line sourced sedimentary system (e.g. Reading and Richards,
1994). Within the context of a glacially sourced sedimentary
system, the stacked occurrence of gravity flow deposits may
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correspond to high frequency (e.g. seasonal) pulse of meltwater
release.

3.2.3. Cross-bedded sandstone facies association: analysis
This facies association rarely attains N8 m thickness, and com-

prises four facies which include (1) tabular and trough cross-bedded
sandstone, (2) tabular cross-bedded sandy conglomerate, (3) shelly
sandstone and (4) bioturbated sandstone. It occupies a unique
stratigraphic position above the intra-Mamuniyat unconformity
(Fig. 6, logs 1, 2, 5, 6 and 7).

3.2.3.1. Tabular and trough cross-bedded sandstone. These deposits
comprise poorly to moderately sorted quartz arenites that are
medium to coarse-grained. Tabular cross-stratification dominates
the cross-bedded facies association, although trough cross-beds also
Fig. 9. Facies typical of the cross-bedded sandstone facies association in central Jabal Azbah. A
foresets. B: A single set of planar cross-strata, developed within a granular conglomerate. The
C: Abundant orthocones, with test chambers partially disarticulated, within medium-graine
are the only examples of body fossils found by the authors in the Lower Palaeozoic of Jabal A
sandstone. E: Planolites (surface trails) at the top of the Mamuniyat Formation.
occur. In both cases, sets do not exceed 50 cm thickness, and granule-
sized grains are observed to both line foresets and lie within them
(Fig. 9A). Stoss slopes are truncated and only lee slopes are preserved.
Palaeocurrent analyses from planar cross-beds reveal complex
palaeocurrent orientations in central Jabal Azbah (Fig. 6, log 5), with
a mean palaeocurrent vector toward the NE; a relatively strong
component of flow toward the SE is also recorded.

The tabular and trough cross-bedded sandstones record the
migration of 2D and 3D subaqueous dunes respectively with velocities
of ∼0.6–1.1 m s−1 predicted to entrain coarse-grained sand as
bedload (Ashley, 1990). The height of cross-bed sets has previously
been used to infer dune form height and propose palaeo-water depths
(e.g. Leclair et al., 1997), but owing to the lack of stoss slope
preservation it is not possible to calculate bedform dimensions. The
spread of palaeocurrent data would not be expected from fluvial braid
: Planar cross-bedding developed within coarse-grained sandstone, with granule-lined
se structures are sandwiched between laminated, fine- to medium-grained sandstones.
d sandstone. These fauna, along with broken brachiopod tests within the same deposit,
zbah. D: A sub-horizontal, manganese-encrusted tubular burrow within coarse-grained
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bars which tend to show a more unidirectional flow (e.g. Miall, 1996).
Furthermore, lateral accretion in meandering fluvial systems is
recognised as a pronounced palaeo-flow at 90° to the downstream
direction as point bars accrete to the river banks. In addition, lateral
accretion in fluvial systems is easily recognised as this process
produces bedforms of a much greater dimension (e.g. Donselaar and
Overeem, 2008). The environment of deposition is given further
consideration below.

3.2.3.2. Tabular cross-bedded sandy conglomerate. This facies comprises
tabular cross-stratified quartz gravels that are, stratigraphically,
closely associated with the tabular and trough cross-bedded sand-
stones. The tabular cross-strata are sandwiched between structureless
to poorly stratified, coarse-grained sandstones (Fig. 9B). The sandy
conglomerates are poorly sorted, yet compositionally mature, with
clasts dominated by crystalline quartz and a very small percentage of
lithic fragments (siltstone and sandstone). Clasts are rounded to well-
rounded and do not exceed granule size.

The positioning of tabular cross-strata between poorly stratified,
coarse-grained sandstone beds could be interpreted as either 1) flow
waxing from lower plane beds to dune beds and subsequent waning
back to lower plane beds or 2) rapid velocities (N1.1 m s−1; upper
plane beds of Ashley (1990)) with sufficient waning to allow the
development of dune forms. Regardless, relatively high energy condi-
tions are favoured to form cross-strata in coarse-calibre sediment,
whereas the recognition of poorly stratified (plane bed) sandstones
above and below indicates significant fluctuations in energy.

3.2.3.3. Shelly sandstone. These deposits comprise fine- to medium-
grained, light orange coloured, cross-stratified sandstones with
abundant carbonate shell fragments. Disarticulated orthocone cepha-
lopods dominate the body fossil assemblage. In some cases, tests are
only partly disarticulated, allowing the complete morphology of the
phragmocone to be examined (Fig. 9C). Additional body fossils
include disarticulated brachiopod fragments and occasional burrows.

The presence of shelly fauna within the cross-bedded sandstone
facies association is remarkable for several reasons. Firstly, they are
the only body fossils discovered by the present authors in the Lower
Palaeozoic succession of Jabal Azbah; they were not reported by Saïd
et al. (2000). Secondly, they occur within sediments that lie just above
the intra-Mamuniyat unconformity, which we interpret as a subgla-
cial erosion surface. The orthocones, brachiopods and rare burrows
testify to a marine environment, within an interlude of unusually high
biogenic productivity (at least when compared against the absence of
body fossils in other Lower Palaeozoic rock units). Although partially
disarticulated, the recognition of complete orthocone tests suggests
that skeletal material largely accumulated from in situ fall out of
pelagic material, rather than pointing to considerable periods of
reworking to form a coquina. Therefore, the recognition of body fossils
within the cross-bedded sandstone facies association supports its
interpretation as a shallow marine deposit.

3.2.3.4. Bioturbated sandstone. Three fundamental types of bioturbated
sandstone occur within the cross-bedded sandstone facies associa-
tion. The first comprises thick (2.5 cm diameter), isolated, horizontal
tubular burrows in coarse-grained sandstone to sandy conglomerate
(Fig. 9D). These examples are manganese encrusted and are poor in
surface detail. The second type of bioturbation is restricted to fine to
very-fine-grained sandstone, and is characterised by Planolites-type
surface trails (Fig. 9E). These burrows occur on two distinct intervals
in the topmost levels of the cross-bedded facies association,
immediately beneath siltstone of the Tannezuft Formation. The third
type is Arthrophycid worm burrows, which are found in fine-grained
sandstone, but generally poorly developed when compared to
examples in the Hawaz Formation.
The ichnotaxa of the isolated, horizontal burrow is uncertain.
Nevertheless, a robust organism able to withstand high energy environ-
ments and/or abrasion from coarse-grained sand, such as Thalassinoides,
is suggested. Planolites, by contrast, exhibits a delicate morphology and
probably reflects a quiescent mode of life and comparatively low
sediment input (Seilacher, 2007). In its stratigraphic context at the top
of the Mamuniyat Formation in Jabal Azbah, the Planolites-bearing
intervals are interpreted to correspond to condensed sedimentation at
the end of glaciation and shut off of the glacial sediment supply.
Arthophycus, meanwhile, is probably produced by a more robust worm
able to withstand slightly higher energy conditions, and its recognition
confirms Ordovician rather than Cambrian age (Seilacher, 2007).

3.2.4. Cross-bedded sandstone facies association: summary
Both the tabular and trough cross-bedded sandstone and the

tabular cross-bedded conglomerate facies record the formation of
marine bars under variable energy conditions on a generally sandy
substrate. A small proportion of lithic clasts (siltstone and sandstone)
notwithstanding, the compositional maturity of these deposits
strongly suggest reworking of older deposits rather than an additional
(new) sediment source. The presence of spectacular body fossils as
shelly sandstone, with minimal disarticulation/reworking, points to
sedimentation within a marine environment. This interpretation is
strengthened further by the occurrence of three burrow types within
the bioturbated sandstone, namely large horizontal burrows of
unknown affinity, Arthophycus and Planolites. We propose that the
cross-bedded sandstone facies association was deposited as a series of
submarine, tidally influenced bedforms. Whilst several classical
features associated with modern tidal deposits are absent from this
facies association (such as clay drapes, reactivation surfaces and
herringbone cross-bedding; e.g. Visser, 1980; Yoshida et al., 2004) we
also point out the complete absence of structures produced by fair
weather waves (symmetrical ripples) or storm wave oscillation
(hummocky or swaley cross-bedding; Cheel and Leckie, 1993).
Furthermore, the evidence for highly variable depositional energy is
consistent with tidal processes.

4. NE Al Kufrah Basin margin: the Jabal az-Zalmah succession

4.1. Basal contact with “pre-glacial” deposits and Ordovician stratigraphy

The contact between the pre-glacial and syn-glacial deposits is
poorly exposed in Jabal az-Zalmah. However in the central part of the
wadi, evidence for a deeply incised unconformity can be identified
(Fig. 10). In this area, the Hawaz Formation is recognised as a
stratiform, bioturbated sandstone unit reaching several hundred
metres thickness (Fig. 11, log 1). In Jabal az-Zalmah, the Mamuniyat
Formation can be split into three informalmembers, referred to as JD1,
JD2 and JD3 in ascending stratigraphic order. Unit JD1 (Fig. 5) is
generally characterised by a coarsening upward profile from siltstone
through sandstone (logs 2 and 4, Fig. 11) reaching up to 100 m
thickness in the northern part of Jabal az-Zalmah where its base is
characterised by trough cross-bedded sandstones resting unconform-
ably on the bioturbated deposits of the Hawaz Formation (Fig. 11,
log 4). Above these deposits, units JD2 and JD3 are recognised. These
units are best developed in the central-southern part of Jabal az-
Zalmah (Fig. 11, log 2). JD2 is bounded at its base by a sharp to high
relief unconformity (c.f. logs 2 and 3, Fig. 11). It attains ∼10 m
thickness, and rests on a succession of fractured and folded sandstones
and, locally, a diamictite. JD3, meanwhile, is preserved very locally in
the south-central part of the wadi. Resting on a sharp disconformity,
this deposit is thin (b1 m) and comprises a pebble conglomerate
passing laterally in to a sandstone surface bearing Planolites burrows
(logs 2 and 3, Fig. 11).

The upper surface of JD3 also corresponds to the upper surface of
the Mamuniyat Formation/lower contact of the Tannezuft Formation



Fig. 10. Palaeotopography on the top surface of the Hawaz Formation in Jabal az-Zalmah, which reaches at least 100 m of relief. To the right of the photograph, layer-cake Hawaz
Formation sandstones, characterised by sub-horizontal bedding are truncated by an unconformity, upon which deformed sandstones and siltstones of theMamuniyat Formation rest
to the left of the photograph, including a soft-sediment striated pavement.
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(Fig. 11, log 2). In Jabal az-Zalmah, the lower 20 m of the Tannezuft
Formation comprises inter-bedded siltstone, wave rippled and
hummocky cross-stratified, fine-grained sandstone (Fig. 11, log 2).
These deposits are organised into 5–10 m thick parasequences,
culminating approximately 20 m above the Mamuniyat–Tannezuft
contact in a thin limestone bed that bears graptolites as sediment-
infilled moulds (Fig. 11, log 2). A detailed analysis of these deposits is
outside the scope of this paper. However, the predominance of wave
rippled and hummocky cross-stratified sandstones implies wave
agitation in a variable energy, post-glacial shelf setting.

4.2. Facies analysis

4.2.1. Green siltstone (prodelta) facies association
This facies association comprises three constituent facies over the

Jabal az-Zalmah region, including (1) olive green siltstone, (2) dark
coloured shale and (3) pebble trains. The maximum observed
thickness of the facies association is 50 m toward the north of the
main Jabal az-Zalmah wadi; to the middle and south of the region, the
deposits are considerably thinner (b8 m).

4.2.1.1. Olive green siltstones. These distinctive, poorly bedded but
weakly stratified deposits (Fig. 12A) are of high variable thickness
over Jabal az-Zalmah, thickening considerably from ∼8 to 50 m, over
approximately 30 km to the northeast (c.f. Fig. 11, logs 2 and 4). They
are interrupted only by very thin occurrences of other facies (dark
shale and pebble trains: see below), and characterised by olive green
weathering, poorly stratified siltstone. Despite the olive green
weathering (Fig. 12A), freshly excavated surfaces reveal predomi-
nantly brown-grey fresh specimens, occasional red siltstones at the
contact with overlying deposits are afossiliferous; both convincing
evidence for bioturbation and body fossils are lacking. The siltstones
are devoid of ripples.

The poorly bedded character of the olive green siltstone facies,
coupledwith the absence of both fossilmaterial and rippleswithin these
deposits makes them challenging to interpret. The absence of wave
ripples or hummocky cross-stratification may suggest deposition
beneath both fair and storm weather wave base. However, such an
interpretation requires caution because in high latitude settings, sea ice
build-upmay suppress the formation of surfacewaves. During summer,
sea ice volume contracts over the Arctic Ocean during the summer
leaving the coastlines free of ice (Serreze et al., 2007). Therefore, in
ancient peri-glacial shelf successions, the absence of wave indicators
(symmetrical ripples, HCS)may not necessarily indicate that an area lay
below storm wave base; rather, sedimentation under a cover of sea ice
may also be implied.

4.2.1.2. Dark shale. The dark shale facies correspond to dark grey to
black thinly bedded and laminated shale intervals that occur
interstratified with olive green and vari-coloured siltstone. The colour
is revealed upon outcrop excavation. The shale intervals do not attain
N1 cm thick. These facies are well-developed in the central Jabal az-
Zalmah wadi (Fig. 11, log 2).

The dark grey to black colour of these shales may potentially
represent elevated contents of organicmatter, although outcrop studies
of Tannezuft shale coupled with proxy studies for organic enrichment
(Fello et al., 2005) indicate that colour of desert shales may be
misleading in cases. Regardless, the occurrence of thin shale intervals
within siltstones points to minimal traction activity on the sediment
surface. The shale facies are interpreted as thin veneers of hemipelagic
sediment.

4.2.1.3. Pebble trains. This facies comprise a bed of well-rounded,
pebble-sized clasts (Fig. 12B). The clasts are composed of very fine-
grained sandstone and siltstone, forming a clast-supported con-
glomerate, 1–2 clasts in thickness. These deposits are locally devel-
oped in the central part of Jabal az-Zalmah (Fig. 11, log 2) where they
are both immediately underlain and overlain by olive green siltstone
deposits.

The well-rounded, clast-supported nature of the pebble conglomer-
ates implies a significant period of sediment transport prior to
deposition. The restriction of the pebbles to a 1–2 clast thick train,
coupled with the occurrence of olive green siltstone both above and
below, may indicate rapid influx of sediment within an otherwise
quiescent silty sea floor by e.g. a storm. This interpretation, however, is
weakenedby the absenceof sea-floor oscillation indicators suchaswave
ripples, hummocky or swaley cross-stratification. Owing to the fact that
similar pebble horizons have been interpreted as the products of ice
raftingwithin theMelaz ShuqranFormationof theGargaf Arch (Sutcliffe
et al., 2001), we interpret these deposits as dropstone deposits.

4.2.2. Green siltstone (prodelta) facies association: summary
The green siltstone facies association is interpreted as the deposits of

periodic, distal underflows, punctuated by intervals of ice rafting
(dropstone pebble trains). In these deposits, it is noteworthy that
evidence forwave activity is not present, suggesting either that the olive
green siltstonewas deposited beneath stormwave base, or alternatively
beneath a cover of sea ice which would suppress wave agitation of the
sea floor. It is also of note that bioturbation is absent, an observation
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Fig. 12. The green siltstone (prodelta) facies association. A: Outcrop character of olive green
siltstones: note their poorly bedded character and lithological homogeneity. B: Well-
rounded quartz pebbles belonging to the “pebble train facies”, in hand specimen.
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compatible with the regular influx of distal turbid flows. Under these
interpretations, the dark shale facies, corresponding to rare hemipelagic
deposits, are suggested to record short-lived breaks in underflow
deposition. In bathymetric terms, such a succession of distal underflow
depositsmay correspond to distal shoreface settings and/or the offshore
zone.

4.2.3. Rippled and tabular sandstone (deltamouth bar) facies association:
analysis

The rippled and tabular sandstone facies association (Fig. 13) always
occurs stratigraphically above the green siltstone facies association.
Together, the stratigraphic superposition of these facies associations
defines a well-developed coarsening upward succession, the top of
which is represented by a soft-sediment striated pavement (Fig. 13D).
The rippled and tabular sandstone (delta mouth bar) facies association
is well represented throughout Jabal az-Zalmah. It is most spectacularly
preserved in the north of the region (Fig. 13A) where six constituent
facies can be observed. These comprise (1) trough cross-bedded
sandstones, (2) climbing rippled sandstone, (3) wave rippled sand-
stone, (4) tabular parallel laminated sandstone, (5) grey siltstone and
(6) muddy diamictite.

4.2.3.1. Trough cross-bedded sandstones. This facies has one geographic
occurrence within the rippled and tabular sandstone facies associa-
tion, and is exposed near the top of Unit 1 in northern Jabal az-Zalmah.
Fig. 11. SW to NE correlation of logged sections of the Mamuniyat Formation in Jabal az-Z
relative position of sections (see inset satellite image) for relative position of sections. In a s
the log datum. The colour of the unconformity surfaces is black where observed and grey wh
Section 1 compiled from 25°40.584′N 23°15.154′E and 25°40.151′E 23°13.941′E. Section 2: 2
26°03.225′N 23°41.824′E, 26°02.292′N 23°41.765′E and 26°05.596′N 23°43.642′E.
It comprises well-sorted fine to medium-grained sandstones contain-
ing low angle foresets, in some cases abruptly truncated at a low
angle, with overlying cross-beds downlapping onto the truncation
surface. The facies attains 3–5 m thickness.

The trough cross-bedded sandstones record the migration of three
dimensional bars under conditions of moderate to high energy (e.g.
Bridge and Demicco, 2008). The truncation of the bedforms at low
angles indicates scour then reactivation of the slip face of the dune
(e.g. Allen, 1982). These processes indicate variation in current
velocity and possibly subtle changes in current flow direction.

4.2.3.2. Climbing-rippled sandstone. This facies is prevalent throughout
Jabal az-Zalmah, and most spectacularly in the north of the study area
(Fig. 13B). It comprises very fine to fine-grained sandstones displaying
current ripples that climb in multiple directions. The climbing rippled
sandstones form continuous, uninterrupted intervals of up to 10 m
thickness. The set boundaries between the climbing ripples dip at up
to 30° with respect to the base of the beds in which they are
contained. In each ripple set, both stoss and lee slopes in ripple cross
laminae are fully preserved.

Stacked sets of climbing ripples are interpreted as the deposits of
primarily unidirectional currents, with some variation in the direction
of sediment input to account for different directions of climb, under
conditions of high sediment supply. The complete preservation of
stoss slopes and the absence of truncations that might be expected by
scour, indicate deposition in a setting that was not prone to
reworking. The high angle of climb between ripple sets provides
additional support to deposition under high sediment supply,
promoting aggradation.

4.2.3.3. Wave rippled sandstone. This facies is similarly developed in
fine-grained sandstone, typically lying above occurrences of the
climbing rippled sandstone facies. It comprises sharp-crested sym-
metrical ripples organised into cosets up to 50 cm thick. The crests of
successive ripple sets show minimal evidence of lateral migration
(Fig. 13C).

The symmetrically rippled sandstone is interpreted to record the
development of rolling grain ripples by wave agitation under
relatively low energy conditions (Nichols, 2009). Their formation
requires a shelf position above fair weatherwave base (probably a few
tens of metres) (e.g. Bridge and Demicco, 2008). The conspicuous lack
of lateral migration of ripple crests testifies to deposition under purely
aggradational conditions.

4.2.3.4. Tabular, parallel laminated sandstone. This facies comprises very
fine to fine-grained, well-sorted, white sandstone and occurs through-
out Jabal az-Zalmah but most extensively in the north of this region
(Fig. 11, log 4). Two subfacies are recognised: 1) parallel laminated,
tabular bedded sandstone 10–30 cm thick, and 2) irregularly based to
channelised massive sandstones. In this latter subfacies, channels are
N5 mwide and b0.5 m deep. The sandstones are interbedded with grey
siltstone and occasional muddy diamictite (Fig. 11, log 4; see below).
The tabular parallel laminated sandstone facies, interrupted by grey
siltstone and diamictite, forms thicknesses of up to 60 m.

The parallel laminated sandstone facies are interpreted to record
the high energy deposition of bedload under upper plane bed
conditions on a shoreface. High energy conditions are indicated by
the irregularly based to channelised sandstones, which may be
attributed to minor rip channel erosion. The considerable thickness
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almah, constituting a transect ∼60 km in length from (see inset satellite) location for
imilar way to the Jabal Azbah correlation, the base of the Tannezuft Formation provides
ere interpreted between logged sections. Co-ordinates of measured sections as follows.
5°38.185′N 23°21.045′E. Section 3: 25°48.555′N 23°32.087′E. Section 4 compiled from:



Fig. 13. Representative facies of the rippled and tabular sandstone (delta mouth bar) facies association in northern Jabal az-Zalmah. In this region, the Mamuniyat Formation is unconformably overlain by Tertiary conglomerates rather than
siltstones of the Tannezuft Formation. A: The main sandstone package, occupying the upper part of a coarsening upward succession and capped by a soft-sediment striated surface. B: Climbing ripple cross-lamination. C: Aggradational, rolling
grain wave ripples. D: Soft-sediment striated surface, consisting of folded but parallel ridges and grooves on a sandstone surface of probable subglacial origin.
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of these facies (albeit interrupted by finer-grained deposits) indicates
deposition under conditions of generally high sediment supply.

4.2.3.5. Grey siltstone. Interbedded with the tabular, parallel laminated
sandstone facies, and forming poorly exposed beds of 0.05–0.1 m
thickness, grey siltstones are commonly parallel laminated and well-
sorted. They are interpreted as comparatively lower energy deposits
than the parallel laminated sandstones.

4.2.3.6. Muddy diamictite. Excavation of poorly exposed beds between
the tabular, parallel laminated sandstone facies reveals a grey, clast
poor, muddy diamictite. This facies is poorly bedded, soft, and
contains grains of medium to coarse-grade sand “floating” within a
silty clay matrix. Both the lower and upper contacts with overlying
and underlying beds is usually obscured; where observed, the upper
contact is typically irregular and truncated by minor channels at the
base of tabular, parallel laminated sandstone facies.

The muddy diamictite facies is interpreted to record deposition
fromminor debris flow events under subaqueous conditions. Textural
comparison to Late Ordovician sandy diamictites at the northern and
western flank of the Murzuq Basin (Le Heron et al., 2006) and in the
central Anti Atlas range of Morocco (Le Heron, 2007) suggests that the
muddy diamictite facies in Jabal az-Zalmah lack characteristic features
such as striations, dropstone textures and shear structures commonly
associated with deposits of direct glacial origin. Nevertheless, we do
not rule out the possibility that the muddy diamictite might represent
the re-mobilisation of glacial deposits.

4.2.4. Rippled and tabular sandstone (deltamouth bar) facies association:
summary

Occupying the middle and top of a coarsening upward succession
(Fig. 11, log 4), the rippled and tabular sandstone facies association is
interpreted to record deposition as a glacially-influenced, medial to
proximal delta mouth bar. The climbing-ripple cross-laminated sand-
stone was deposited under high rates of sediment supply promoting
aggradation under constant and sustained flows. Such flows may be
expected at the transition from distal delta front to delta mouth bars
where stacked current ripples are commonplace (e.g. Bhattacharya and
Walker, 1992; Bhattacharya and Giosan, 2003). However, wave
reworkingof themouthbar is strongly suggestedbyboth theprevalence
of rolling grain wave ripples and parallel laminated shoreface
sandstones, with the shallowest deposits (trough cross-bedded sand-
stones) recording the migration of shoreface dunes.

4.2.5. Glaciotectonic deformation
A soft-sediment striated surface occurs at the top of the rippled and

tabular sandstone facies association in northern Jabal az-Zalmah
(Fig. 13D). In addition, both the green siltstone facies association and
the rippled and tabular sandstone facies association are affected by a
series of large-scale deformation features (Fig. 14A–D). Considered
together, these facies associations record the progradation of a
glacially-influenced delta system that was, locally at least, reworked
by wave processes. The deformation is capped by the proximal mouth
bar deposits (Fig. 13A). Deformation in underlying deposits is
dominated by contractional structures which include sub-horizontal,
westward-verging thrusts that develop a ramp and flat geometry with
a relief of up to tens of metres (Fig. 14A, B). Despite the lithological
transition fromgreen siltstone to fine-grained sandstone as an obvious
position for a detachment, this transition is not exploited (Fig. 14C, D).
In the absence of silicification and/or iron/manganese cementation
and the lack of evidence of fault breccias/diffuse breakage zones, the
features described above are interpreted as the product of soft-
sediment deformation features. Whilst deformation due to delta
collapse under conditions of high sediment supply is also known to
produce large-scale soft-sediment deformation structures, e.g. off-
shore the modern Nile delta, similar structures are reported from
across both northern and southern Africa in Late Ordovician
glaciogenic deposits in a range of facies (Le Heron et al., 2005). We
thus prefer a glaciotectonic mode of deformation for the structures at
Jabal az-Zalmah. Indeed, the thrust features are compatible with
glaciotectonic (proglacial) deformation, with Pleistocene examples in
Denmark preserved at an even greater scale (Pedersen, 2005).
Deformation during delta shoaling is interpreted on account of the
absence of deformation structures within the proximal mouth bar
deposit.

5. Depositional models

TheMamuniyat Formation in Al Kufrah Basin should be considered
in the context of other North African basins in which intensive efforts
to understand the sedimentary record of Late Ordovician glaciation
have been made in recent years. Studies such as those of Deynoux and
Ghienne (2004) and Le Heron et al. (2005) have, in particular,
discussed the assemblages of soft-sediment deformation structure
that are difficult to attribute to any other process than a glacial
mechanism. Based largely upon research on the Gargaf Arch and in the
Ghat area of the Murzuq Basin, but also encompassing comparative
field data from Morocco, SE Algeria and South Africa, Le Heron et al.
(2005) presented a model for the genesis of soft-sediment deforma-
tion structures in theMamuniyat Formation via a series of subglacial to
proglacial mechanisms. These workers proposed that soft-sediment
striated surfaces, of which they recognised two types, formed
subglacially rather than by icebergs on account of their regional
distribution and consistent orientation. The two types recognisedwere
1) intraformational, stacked surfaces (multiple, closely spaced
stratigraphic occurrences interpreted to record intrastratal detach-
ment beneath a partially frozen sediment column) and 2) “fluted”
surfaces (one stratigraphic occurrence, forming beneathwet orwarm-
based ice). This latter type of striated surface is spectacularly
represented in central Jabal Azbah (Fig. 7B–E), and hence provides
excellent evidence for subglacial shearing and deformation. In SE Al
Kufrah Basin, the evidence for glaciation is thus strong. Therefore,
sedimentary models in this area should consider a strong ice sheet
influence on sedimentation.

In Jabal az-Zalmah, evidence of a significant palaeotopography on
the upper surface of the Hawaz Formation (a major unconformity) is
also noted of up to and perhaps N100 m (Figs. 10 and 11). The
magnitude of this incision exceeds the typical envelope of 45–80 m
eustatic sea level fluctuation associated with the Hirnantian glacia-
tion, quoted in the literature from a variety of sources and estimates
(Le Heron and Dowdeswell, 2009 and Refs. therein), hence indicating
excavation of an overdeepened valleys by a process other than fluvial
lowstand incision (e.g. Catuneanu, 2006). Evidence for glaciotectonic
deformation in Jabal az-Zalmah is provided through soft-sediment
striated surfaces (Fig. 13D), en-echelon fracture sets, and large-scale,
proglacial deformation structures (Fig. 14). Consequently, as in Jabal
Azbah, analysis of soft-sediment deformation structures within the
Mamuniyat Formation of Jabal az-Zalmah testifies to ice-induced re-
mobilisation of sediment shortly after deposition. Therefore, it is
appropriate to consider the deposition of the Mamuniyat Formation
under a major glacial influence (Fig. 15).

Glacial sedimentary environments can be classified as glaciomarine
and glacioterrestrial on the basis of ice margin position with respect to
the shoreline (Fig. 15A). Erosional features common to both glacioter-
restrial and glaciomarine environments may occur, the key examples
being: 1) erosively-based ice stream drainage conduits (large basins up
to 1000 km long, 200 kmwide, several hundredmetres deep) produced
by fast-flowing ice and 2) tunnel valley drainage networks produced
largely by meltwater processes (2–8 km width, several tens of km
length, ∼100 m deep). These latter structures typically occur as a series
of interconnected (anastomosing) incisions, are well reported from the
Pleistocene of the central North Sea, and have been extensively



Fig. 14. Large-scale, soft-sedimentdeformation structures, interpretedas theproducts of glaciotectonic deformation, innorthernmost Jabal az-Zalmah.A andB: Typical, anomalous dips for
the region: note, in particular, vertical bedding at the base of the section and sub-horizontal sandstones to the right. An abrupt contact between vertical and more shallowly dipping
sandstones is observed, and a fault contact interpreted. C: Recumbant folds in the rippled and tabular sandstone facies association thrust over thegreen siltstone facies association.D:Detail
of the recumbant fold figured in C. The lower limb detaches into a thrust below the geologist's feet. This structure verges to the east, hence implying a top-to-the east sense of transport.
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investigated on 3D seismic data (Praig, 2003; Lonergan et al., 2006). In
the Danish sector of theNorth Sea, anastomosing incisions of up to 150–
300 m depth are interpreted as having formed under the influence of
three end-member processes, namely glacial excavation/sculpting to
account for some of the steeper sided valleys, “steady state” meltwater
drainage, and finally catastrophic release of meltwater (Huuse and
Lykke-Andersen, 2000). These are of exactly analogous dimensions to
those studied previously in North Africa (e.g. Ghienne et al., 2003; Le
Heron et al., 2004; Hirst et al., 2002; Le Heron, 2007) and whilst the
precise role of direct glacial excavation of tunnel valleys remains



Fig. 15. Basin-scale depositional model for the Mamuniyat Formation in Al Kufrah Basin. A: Interpreted configuration of the ice margin over the basin at its maximum extent during
the Late Ordovician. B: Gross depositional environments of the Mamuniyat Formation during the initial phases of ice sheet retreat, emphasising the nature of facies linkages between
Jabal Azbah and Jabal az-Zalmah regions. The Jabal az-Zalmah deposits indicate shallow water deltaic facies (mouth bar and prodelta muds) whereas those in Jabal Azbah are
interpreted as comparatively deeper water debrites and glacioturbidites. Therefore, an ice margin terminating in slightly deeper water is envisaged for Azbahwith amarginal marine
ice front in Jabal az-Zalmah. Although no unequivocal tunnel valley networks have been discovered in our study, those that may be encountered during hydrocarbon exploration are
predicted to contain a hybrid of glacioturbidites and distal delta facies. No vertical scale is implied.
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unclear, tunnel valleys of successive generations of both LateOrdovician
and Pleistocene ages respectively cluster in together (c.f. Smart, 2000;
Kristensen et al., 2007), pointing to basin configuration as a prime
control on their location (Le Heron et al., 2009).
Palaeo-ice stream pathways are recognised primarily on the basis of
geomorphological criteria, particularly attenuated subglacial bedforms
that can be mapped over extensive areas known as mega-scale glacial
lineations (MSGLs: Stokes and Clark, 2001). In the Late Ordovician
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of North Africa, a palaeo-ice streampathwaywas suggested for Jabal az-
Zalmah by Le Heron and Craig (2008) based principally on LANDSAT
data analysis, recognising MSGLs, which were ground truthed with
a strike-parallel striated pavement. Therefore, following earlier inter-
pretations (Le Heron and Craig, 2008), an ice stream carved incision
appears to be the most credible interpretation for large-scale palaeo-
topography on the upper surface of the Hawaz Formation in central
Jabal az-Zalmah (Fig. 10), but a meltwater (tunnel valley) origin should
not be discounted. A well established example of a Late Ordovician
ice stream, also LANDSAT defined, straddles the Libyan–Algerian border
in the Tassili N'Ajjer (Le Heron, 2004; Moreau et al., 2005).

Our outcrop investigations in Jabal Azbah identified two distinct
facies associations – namely the thickly bedded sandstone facies
association and a cross-bedded sandstone facies association – separated
by an intra-Mamuniyat unconformity, which we have interpreted as a
subglacial erosion surface (Fig. 7).Dealingwith thosedeposits below the
intra-Mamuniyat unconformity, a succession of gravity flow deposits
was identified, dominated by sandy turbidites and subordinate debrites
(Fig. 8). The lateral extent of these deposits over approximately 100 km
in a NNE–SSW direction (Fig. 6) supports the suggestion that they form
part of an extensive, line sourced apron that extended parallel to the
former icemargin during LateOrdovician times (Fig. 15B). Furthermore,
the interpretation is supported by the amalgamated nature, the lateral
extent, and the comparatively constant thickness (b100 m) of the
thickly bedded sandstone facies association, together with the absence
of major incisions (i.e. tunnel valleys) that may point to channelisation
ofmeltwater at point sources. Nevertheless, evidence for scour events as
indicated by abrupt increase in grain size in stratigraphic section (c.f.
logs 5–7, Fig. 6) indicates substantial cannibalisation along the ice
margin, even if major incision did not take place. The ubiquitous
presence offine-grained intraclastswithin the thicklybedded sandstone
facies association suggests that ample clay and silt were being deposited
by settling of lofted plumes on top of the fan. These sediments, and the
water-laden sandstones beneath them, would have been particularly
prone to failure, giving rise to a continuumof cohesive andfluidflowson
the fans. It is suggested thatwhen submarine outwash sediments failed,
the mud-clast rich portion of the resulting flowmay have initially been
retarded by friction, but then been lubricated bywater-ejected from the
sand-rich highly concentrated density-flow portion of the flow which
has run-on ahead (Haughton et al., 2003).

Given the relative abundance of tunnel valleys of LateOrdovician age
across North Africa and the Middle East (Le Heron et al., 2009), the
complete absence of major incisions, at least in the data presented
herein, may be surprising, although it is explicable in a line sourced
setting characterised by little topographic variation parallel to a palaeo-
icemargin. The cross-bedded sandstone facies association, in contrast to
the thickly bedded sandstone facies association, is considered to record
sedimentation under non-glacial conditions. The contrasting interpre-
tation of these two facies associations is explored later in the context of
regional correlation.

In Jabal az-Zalmah, the cross-bedded sandstone facies association is
absent and whilst the thickly bedded sandstone facies association is
present, it is only thinly represented (Fig 11, logs 2 and 3). Instead, the
green siltstone facies association and the rippled and tabular sandstone
facies association are dominant, interpreted to record prodelta and delta
mouth bar deposits respectively (Fig. 15B). Delta progradation was
interruptedbyglaciotectonic deformationand thrusting. Thedeltaic facies
associations clearly indicate a shallow water system (e.g. Bhattacharya
Fig. 16. Two contrasting correlation frameworks for Late Ordovician glaciogenic deposits
B: Process-based correlation. There are two fundamental differences between the two interpr
Zalmah and has no equivalent in Jabal Azbah: in the process-based interpretation the deltai
interpretation JA1 is considered a temporal, lateral equivalent of JD1. Secondly, under the li
correlation also works under the process-based model, an additional important stratigrap
Immediately above this surface, a thin transgressive lag occurs in Jabal az-Zalmah, whereas
tidal bars of the cross-bedded sandstone facies association. The colour of the unconformi
colouration implies the interpreted geometry of the unconformities as they are correlated b
and Giosan, 2003); the line sourced gravity flow deposits of the thickly
bedded sandstone facies association probably belongs to the upper part of
a sand-rich, line sourced slope apron complex (e.g. Reading and Richards,
1994). We therefore interpret the line sourced gravity flow deposits of
the thickly bedded sandstone facies association as the deepest water
deposits encountered at outcrop in Al Kufrah Basin, belonging to part
of a laterally extensive subaqueous fan complex (Fig. 15B). Palaeocurrent
measurements from the Hawaz Formation indicate a northward-dipping
palaeoslope, which is in agreement with previous studies from Murzuq
and other Libyan and North African basins which suggest a northward-
dipping shelf basedon features suchas striationorientations (e.g. El-Ghali,
2005; Ghienne et al., 2003; Le Heron and Craig, 2008).

6. Correlation and stratigraphic models

The correlation of Ordovician glacially-related deposits between
Jabal Azbah and Jabal az-Zalmah is complicated by the rarity of body
fossils and poorly defined or informally applied lithostratigraphical
nomenclature elsewhere on the Sahara Platform. Prior to this study,
preliminary mapping of Al Kufrah Basin (e.g. Sherif and Shagroni,
2008; Herzog et al., 2008) has largely ignored the occurrence during
the Late Ordovician of a widespread glaciation that covered most of
Gondwana (Deynoux andGhienne, 2004; Ghienne, 2003;Monodet al.,
2003; Young et al., 2004; Le Heron and Craig, 2008). In Mauritania,
Ghienne (2003) recognised a significant basal unconformity at the
base of the glacially-related Late Ordovician succession that may in
part account for thickness variations affecting the Lower and Middle
Ordovician successions. At least one further glacial erosion surface has
been recognised within the base of the glacial succession in Morocco,
Algeria and northern Libya, correlated with the Hirnantian glacial
maximum and has been used as a basis for interbasinal correlation
across North Africa (Le Heron and Craig, 2008; Fig. 2).

Owing to the lack of biostratigraphic constraint for the Mamuniyat
Formation in Al Kufrah Basin, we consider two competing strati-
graphic models: 1) a lithostratigraphic framework and 2) a process-
based correlation that accounts for significant lateral facies changes
between Jabal Azbah and Jabal az-Zalmah within a complex
glaciogenic system (Fig. 16). For both models, glacially-related
successions are subdivided into two informal units or members in
Jabal Azbah (JA1–2) and three units in Jabal az-Zalmah (JD1–3). This
subdivision is made on the basis of recognising significant disconti-
nuities within the Mamuniyat Formation; the difference between the
lithostratigraphic versus process-based stratigraphic interpretations
is highlighted at the level of a basin-wide correlation (Fig. 16).

6.1. Glacio-stratigraphy

6.1.1. Glacial depositional sequences
Problems associated with the definition of glacial depositional

sequences were reviewed recently by Le Heron et al. (2009): a brief
résumé is provided herein. Glacial depositional sequences are
packages of glacial or glacially-related strata that record separate
cycles of glacial advance and retreat across a basin. The term glacially
related is used to refer to successions deposited under the overall
influence of an ice sheet in the hinterland, also encompassing a range
of sediments deposited in paraglacial settings. In basins which have
experienced multiple glaciations/glacial cycles, glacial depositional
sequences may be stacked vertically, in which case they are bounded
of the Mamuniyat Formation across Al Kufrah Basin. A: Lithostratigraphic correlation.
etations. The first is that in the lithostratigraphic model unit JD1 is restricted to Jabal az-
c deposits pass laterally (distally) into glacioturbidites. Hence, under the process-based
thostratigraphic interpretation, the correlation of JA2 with JD2 is proposed. Whilst this
hic surface can be proposed, notably a surface recording initial post-glacial flooding.
in Jabal Azbah, substantial dilation of this lag occurs, to correlate with the fossiliferous
ty surfaces is black where observed to occur at each basin margin, whereas the grey
etween the basin margins.
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above and below by glacial erosion surfaces (GES: i.e. unconformities
produced subglacially). In the process-based interpretation, two GESs
are recognised (Fig. 16). Owing to the greater preservation potential
of glacial retreat deposits as opposed to the glacial advance deposits
within a single glacial cycle, they have been described elsewhere as
deglaciation sequences (Visser, 1997). They are most likely to be
preserved in submarine proglacial environments where they are
rapidly covered by subsequent transgressive deposits during rapid sea
level rise. Deglaciation releases large volumes of sediment thatmay be
rapidly deposited in a range of palaeo-environments from subaerial to
subaqueous proglacial (Fig. 15). Preservation potential in subaerial
environments is lower owing to the effects of glacio-isostatic rebound
and reworking by fluvial and aeolian processes.

6.1.2. Glacial erosion surfaces (GESs): recognition
Glacial erosion surfaces are unconformities that underlie glacial

depositional sequences. They may be produced by the direct action of
ice abrasion, meltwater, or a combination of the two. A summary of
these unconformities was recently provided in Ghienne et al. (2007).
At the largest scale, direct abrasion by fast-flowing ice (ice streams)
carves cross-shelf troughs; excellent Late Ordovician examples in
North Africa are recognised from Wadi Tannezuft/Tihemboka in
western Libya (Moreau et al., 2005) and in the Tagounite Trough
region of southern Morocco (Le Heron and Craig, 2008). Ice stream
sculpted palaeo-troughs measure up to 200 km wide and up to
1000 km long, closely comparable with the dimensions of the Lambert
Glacier ice stream in east Antarctica. Smaller-scale, largely meltwater
produced incisions are represented by the base of 4–6 kmwide, ∼30–
50 km long, ∼100 m deep tunnel valley incisions, well documented
from Saudi Arabia (Vaslet, 1990), Jordan (Powell et al., 1994; Turner
et al., 2005), the Gargaf Arch (Le Heron et al., 2004), the Tassili N'Ajjer
(Hirst et al., 2002), Mauritania (Ghienne and Deynoux, 1998), and the
Anti Atlas of Morocco (Le Heron, 2007).

6.1.3. Glacial erosion surfaces (GESs) in Al Kufrah Basin
In Al Kufrah Basin, the number and stratigraphic position of GESs

identified depend on whether a lithostratigraphic or process-based
interpretation (Fig. 16) is adopted. In the lithostratigraphic model,
three glacial erosion surfaces (GES) are recognised, whereas in the
alternative, process-based interpretation, only two GESs are identi-
fied. Below, we consider the glacio-stratigraphy of Al Kufrah Basin
under both scenarios.

In the lithostratigraphic interpretation, unit JD1 of Jabal az-Zalmah
does not have a lateral equivalentwithin Jabal Azbah (Fig. 16A). This is
because both the green siltstone (prodelta) deposits and the rippled
and tabular sandstone (delta mouth bar) facies associations that
characterise JD1 are of limited lateral extent and are restricted to Jabal
az-Zalmah. A clearly observed palaeotopography (GES1) defines the
basal surface of the glacially-related succession in Jabal az-Zalmah
(Fig. 10). In both lithostratigraphic and process-based correlation
frameworks, JD1 occupies the accommodation space created by glacial
erosion; in the lithostratigraphic model, this unit is truncated to the
south where in Jabal Azbah, JA1 was deposited (Fig. 16). Hence, under
the lithostratigraphic approach, the first GES to be encountered in
stratigraphic section at Jabal Azbah is somewhat younger than the first
GES is the stratigraphy at Jabal az-Zalmah. By contrast, under the
process-based model, JD1 is a lateral equivalent of JA1 which is
bounded by surfaces of approximately the same ages across the basin.
In this case, GES1 can be traced around the basin: the differing nature
of the deposits above this unconformity is attributable to lateral facies
variation (see below).

In the lithostratigraphic correlation, the base of unit JA1 defines
the second GES: this unit is correlatedwith JD2 on the basis of massive
character, the ubiquitous distribution of rip-up clasts, and white-
weathering colouration of these sandstones. By contrast, under the
process-based correlation, the second GES is placed at the base of unit
JD2 in Jabal az-Zalmah and the base of unit JA2 in Jabal Azbah. The
emphasis in this correlation is the recognition of evidence for
subglacial shearing in underlying sediments, which under this
model are interpreted to result from the same phase of ice sheet re-
advance across the basin. Examples encountered in this study include
ridge-groovemorphology and soft-sediment folding beneath an intra-
Mamuniyat unconformity (Fig. 7B–E) and a folded, soft-sediment
striated surface (Fig. 13D).

In Jabal az-Zalmah it is more difficult to trace the key surfaces
along strike due to thickness variations and apparent truncation
against cross-cutting overlying units. As noted earlier, one reason for
this may be that Jabal az-Zalmah was the site of repeated deformation
and erosion by a fast moving ice-stream during the glaciation. This
may also serve to explain the presence of large-scale (tens to hundred
of metres) soft-sediment deformation in the dramatically folded
locality in northern Jabal az-Zalmah (Fig. 14). Fast-flowing ice streams
over a deformable bed have been invoked as a mechanism for similar
belts of soft-sediment deformation on Laurentide and Antarctic
shelves (Fitzsimons and Colhoun, 1995; Ó Cofaigh and Evans, 2001).

Recognition of glacial erosion surfaces, ice retreat and ice margin
successions provides a key to establishing a chronology of events at
the regional scale. If it can be demonstrated that either ice advances
are orbitally-paced or that the duration of the glaciation is short then a
similar chronology of events, documented in discrete basins around
the ice sheetmargin strengthen the correlations. Current estimates for
the duration of the Hirnantian glaciation are typically below 500 kyr
(Sutcliffe et al., 2000; Armstrong, 2007).

6.1.4. Glacial depositional tracts and basin-wide ice sheet dynamics
Lodgement and basal tills deposited during ice advance are absent

in the studied Al Kufrah Basin sections. In many ancient examples
lodgement tillites are thin and discontinuous, so the bases of deglacial
sequences frequently coincide with erosive sequence boundaries (e.g.
Visser, 1997). A marked erosive surface appears when outwash
deposits directly overlie deposits of previous sequences. In Al Kufrah
Basin, rather than the typical striated and polished pavements
observed on crystalline and consolidated glacial pavements (Ham-
brey, 1994), the glacial erosive surfaces are typical of soft, fine-grained
sediments deformed by advancing ice (Ó Cofaigh et al., 2002; Le
Heron et al., 2005). Therefore, any subglacial tills produced would
closely reflect the fine-grained sediments supplied by the ice sheet:
sediments that were easily reworked by outwash processes.

In northern Jabal az-Zalmah, the lithologically distinct JD1 of the
Mamuniyat Formation overlies Hawaz Formation sandstones that
contain Skolithos (Fig. 11, log 4). JD1 comprises both the green
siltstone facies association and the rippled and tabular sandstone
facies associationwhich are organised into a demonstrable coarsening
upward succession (Fig. 11, log 4). The stratigraphic relationships
between the Hawaz Formation and JD1 can be compared to those in
western Libya where the Melez Shuqran Formation lies disconform-
ably upon the Hawaz Formation. In Ghat, the deposits form coarsening
up accumulations of muddy and sandy diamictites locally reaching
60 m thickness (Le Heron et al., 2006). The basal part of the Melez
Shuqran Formation is characterised by deep water fine-grained
lithologies with inter-bedded conglomerates. These have been inter-
preted as being deposited in an over-deepened basin forming in
response to ice loading, with the conglomerates deposited from
iceberg fallout (Sutcliffe et al., 2001). In this interpretation the facies
shift at the base of the green siltstones represents the initiation of ice-
induced loading of the crust.

In the lithostratigraphic interpretation (Fig. 16A), unit JD1 alone
represents an ice advance-retreat tract. The coarsening upward profile
of this unit, recording delta shoaling, records increasing proximity of an
advancing ice sheet, as indicated by the topmost surface of this unit
which bears soft-sediment striae (Fig. 11, log 4; Fig. 13D). Therefore, it
bears some comparison to the Melaz Shuqran Formation of western
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Libya. However, under the alternative, process-based correlation
(Fig. 16B), we propose that unit JD1 is laterally equivalent, at least in
part, to JA1 in Jabal Azbah.

Following the development of GES1 during an initial glacial
advance, stable ice margin sedimentation characterised both Jabal
Azbah and Jabal az-Zalmah, with a line sourced turbidite fan forming
in the former area and a wave and ice sheet influenced delta in the
latter area. However, the size and lateral extent of the ice-contact
submarine fans dominating JA1 in Jabal Azbah suggest that the ice
margin must have been stable, whilst delivering significant volumes
of sediment to the basin. Close lithological comparisons can be made
between JA1 and JD2, despite the comparatively reduced thickness of
the latter. On the process-based interpretation, two phases of stable,
ice margin efflux are therefore suggested (Fig. 16B).

Recent studies in Antarctica have shown how ice sheets can be
stabilised by the formation of wedges of sediment at the grounding
line (Alley et al., 2007, Anandakrishnan et al., 2007). In the Pleistocene
of the North Sea, Lønne (1995) also described how fans can coalesce to
form a continuous apron of sediment. Furthermore, in the subsurface
of Algeria, Le Heron and Craig (2008) noted the remarkable along-
strike continuity of beads or ridges of sediment interpreted as
continuous aprons of sediment during Late Ordovician deglaciation.
A similar, relatively stable ice margin situation is envisaged for Al
Kufrah Basin where N100 km strike-length outwash fans were able to
accumulate along the palaeo-ice margin in Jabal Azbah.

6.1.5. Initial (post-glacial) flooding
Under the lithostratigraphic correlation, units JA2 and JD3 are

considered equivalent (Fig. 16A). By comparison, under the process-
based framework, unit JA2 in Jabal Azbah is split into a lower part
(bounded at its basebyGES2), and anupper part (boundedat its base by
an initial flooding surface and at its top by a maximum flooding surface
within the lower part of the Tannezuft Formation). Therefore, under the
process-based correlation, the upper part of JA2 is lithostratigraphically
part of theMamuniyat Formation but probably genetically related to the
post-glacial transgression. The validity of this model is supported by 1)
the occurrence of tidal deposits (the cross-bedded sandstone facies
association) at this level in Jabal Azbah, with abundant orthocones
and 2) the occurrence of a thin pebbly layer interpreted as a
transgressive lag (Fig. 11, log 2). Therefore, it is probable that the initial
transgression in Jabal az-Zalmahwas largely erosive, leaving only a thin
transgressive veneer, whilst in Jabal Azbah greater accommodation
space enabled more fully developed tidal bar facies to accumulate.

7. Conclusions

• Full stratigraphic differentiation of theMamuniyat Formation, a unit
containing evidence for Late Ordovician glaciation and a principal
reservoir target in the subsurface Al Kufrah Basin, has been
undertaken in eastern Sahara for the first time. The differentiation
was based on fieldwork at Jabal az-Zalmah and Jabal Azbah, at the
north and eastern basin margin respectively. Reappraisal of
sedimentary rocks underlying the Mamuniyat Formation yields an
ichnofauna which suggests that glacially-related deposits sit on an
Ordovician succession, rather than Cambrian strata as suggested by
previous authors (e.g. Saïd et al., 2000). The pre-glacial substrate is
assigned to the Hawaz Formation.

• Detailed sedimentological analysis of the Mamuniyat Formation
reveals four facies associations. These are (1) a thickly bedded
sandstone facies association (glacially-derived turbidites and associ-
ated debrites deposited at a stable ice margin), (2) a green siltstone
facies association (prodelta deposits), (3) a rippled and tabular
sandstone facies association (medial and proximal delta mouth bar
deposits) and (4) a fossiliferous, cross-bedded sandstone facies
association (tidal bar facies deposited following the main deglacia-
tion). The gravity flow deposits are found at both the north and
eastern basin margins, whereas the deltaic deposits are restricted to
Jabal az-Zalmah. Finally, the cross-bedded sandstone facies associa-
tion is only fully developed in Jabal Azbah as part of the post-glacial
system.

• The number of glacial erosion surfaces (GESs) recognised at each
basin margin depends on the approach taken to basin-wide
correlation. Under a purely lithostratigraphic approach, up to
three significant subglacial unconformities are predicted. Taking a
more realistic, process-based approach that recognises significant
lithofacies variations within glacial depositional sequences, two
GESs can be proposed.

• The Mamuniyat Formation attains a thickness of b100 m along
strike at Jabal Azbah, where the thickly bedded sandstone facies
association comprises the lower part of the formation and the cross-
bedded sandstone the upper part. No evidence for major glacially-
related valley systems (e.g. tunnel valleys) was identified in this
region, although evidence for scour of important local extent is
identified in the turbidite apron on the basis of grain size changes.
No valleys comparable to tunnel valleys recognised elsewhere
across the Saharan Platform were identified. In contrast, the top
surface of the Hawaz Formation in Jabal az-Zalmah shows relief of at
least 100 m. Following the interpretations of previous authors (Le
Heron and Craig, 2008) it seems likely that this topography is
glacially-sculpted, either by the passage of a palaeo-ice stream or
through subglacial meltwaters.
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