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Fieldwork at the flanks of Al Kufrah Basin, Libya, reveals that Late Ordovician ice sheets were present in
the eastern Sahara and that they extended northeastward toward Egypt. Evidence for grounded ice sheets
is preserved at the both the southeastern (Jabal Azbah) and northern (Jabal az-Zalmah) basin margins.
Characteristic soft-sediment deformation structures, including soft-sediment folds, small-scale faults
and striated pavements indicate subglacial shearing and the formation of glacial erosion surfaces. These
findings support the presence of a Late Ordovician ice margin in the eastern Sahara and add vital new
constraints to reconstructions of the morphology of North African grounded ice sheets. Prior to our study,
there existed two plausible models on ice sheet geometry. The first was that separate ice sheets – namely
a north and west African ice sheet and an Arabian ice sheet – extended over this part of western North
Gondwana. The second was that ice cover was continuous. The presence of a suite of subglacially-gener-
ated deformation structures adds considerable credence to the latter interpretation.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

This paper is concerned with evidence for glaciation within a
clastic succession of Late Ordovician age in Al Kufrah Basin, eastern
Libya (Fig. 1). The case for Late Ordovician glaciations in the Tassili
N’Ajjer on the Algerian–Libyan border is long since established
(e.g. Beuf et al., 1971), but in recent years, systematic studies have
been undertaken at the flanks of other Saharan basins that have
spawned a considerable literature with more modern interpreta-
tions. For example, facies models and palaeogeographic summaries
of Ghienne et al. (2007) emphasised that the northward advance of
ice sheets peaked at a glacial maximum in the late Hirnantian (total
duration �3 Myr) and that up to five advance-retreat cycles of a
large ice mass occurred in this short interval. More palaeo-glaciolog-
ically focussed research has attempted to carefully define palaeo-ice
front positions across this area, positioning palaeo-ice streams at the
glacial maximum and the location of major meltwater conduits dur-
ing ice sheet retreat (Le Heron and Craig, 2008). The most recent
studies based on both detailed outcrop and seismic reflection data
(Le Heron, 2010) have given up-to-date palaeo-glaciological analy-
ses of the Late Ordovician record in western Libya within the
Murzuq Basin. Thus far, papers have been published specifically
dealing with the evidence for and nature of the Late Ordovician
glaciation in Al Kufrah Basin.

In recent years, concerted efforts have been made to unravel the
Lower Palaeozoic stratigraphy of Al Kufrah Basin, and describing
All rights reserved.
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and interpreting putative Late Ordovician glaciogenic deposits
within this succession has been a primary research objective. A
number of international oil companies have exploration commit-
ments in this basin, providing the impetus for new data to be gath-
ered. No oil or gas discoveries have yet been made. By analogy to
the stratigraphically and structurally comparable Murzuq Basin
in SW Libya (Davidson et al., 2000), Early Silurian shale of the Tan-
nezuft Formation is suggested to be the main source rock interval
and underlying glaciogenic sandstones of the Mamuniyat Forma-
tion are the primary reservoir target (Lüning et al., 1999). The re-
sults of a 1999 field trip to the western Al Kufrah Basin, in Jabal
Eghei, were released, albeit only in part, within Ghnia et al.
(2008). These latter authors figured a soft-sediment striated pave-
ment, interpreted to have been produced by subglacial erosion, but
no sections or supporting data were published in that paper. Aside
from this work, no evidence for glaciogenic processes has hitherto
been presented from Al Kufrah Basin in the international literature.
Extreme difficulty of access has led to imaginative but ultimately
unsubstantiated papers that make stratigraphic predictions about
the probable presence of Late Ordovician glacial deposits in Al Kuf-
rah Basin based on what is known from the neighbouring Murzuq
Basin, albeit without fieldwork (Clark-Lowes, 2008).

As prospective hydrocarbon reservoirs in Al Kufrah Basin, an
understanding of the strength of evidence for glaciation, and its
impact on stratigraphic architectures, should be deemed essential.
By contrast to shallow marine successions deposited under non-
glacial conditions which normally accumulate within orderly para-
sequence stacking patterns, glacially-related successions form
complex and lithologically heterogeneous successions that are

http://dx.doi.org/10.1016/j.jafrearsci.2010.04.001
mailto:d.leheron@es.rhul.ac.uk
http://www.sciencedirect.com/science/journal/1464343X
http://www.elsevier.com/locate/jafrearsci


Fig. 1. Location of Al Kufrah Basin in southern Libya. Outcrops examined in the course of this fieldwork are located in the northern (Jabal Az-Zalmah) and south-eastern (Jabal
Azbah) regions.
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typified by dramatic lateral facies changes (e.g. Brodzikowski and
Van Loon, 1991). In glaciogenic reservoir successions, such as the
Late Ordovician examples of North Africa, the basin-scale arrange-
ment of sedimentary successions is conditioned by such factors as
the geometry of ice sheet grounding lines, together with internal
flow heterogeneities within the ice sheets (e.g. ice streams) and
the processes of reworking during meltwater release (Le Heron
et al., 2009). At outcrop, the continuity of sandstone bodies, the
style of subglacial bedforms which are preserved and, in particular,
how glacially-related unconformities are manifested provide
crucial data for the characterisation of glaciogenic reservoirs in
the subsurface.

This paper aims to present new data on Late Ordovician depos-
its at both the south-eastern and northern flank of Al Kufrah Basin,
and consider what evidence, if any, may be used to support or re-
fute the hypothesis that ice sheets were present in the eastern Sa-
hara at this time. It is not the purpose of the present study to
deliver a comprehensive sedimentological analysis, but rather to
highlight the implications of the presence or absence of Late Ordo-
vician glacial deposits in this area for (1) palaeogeographic recon-
structions and (2) hydrocarbon exploration.
2. Study area

Al Kufrah Basin is a large (400,000 km2) intracontinental basin
in the eastern Sahara, within which substantive evidence for an-
cient (Late Ordovician) glaciation has never before been found.
Existing geological data is limited, as a result of an historical lack
of interest by the oil industry prior to the present attempts to ex-
plore the basin. General papers have been published on basin scale
structure and stratigraphy (Bellini et al., 1991), Palaeozoic sedi-
mentology (Turner, 1991), and insights into the hydrocarbon po-
tential of this basin are available (Lüning et al., 1999). A joint
mapping project between Egyptian and Libyan authorities pro-
duced 1:200,000 geological maps for the southeastern part of the
basin (Saïd et al., 2000), for which many formation names were
correlated from their type sections in western Libya. Palaeozoic
rocks of Neoproterozoic to Carboniferous age form the basin fill
(Bellini et al., 1991) and these crop out at four basin-flanking
uplifts.

During the course of this study, Lower Palaeozoic outcrops were
visited in the Jabal Azbah region (SE basin flank) and in the Jabal
az-Zalmah region to the north of the basin (Fig. 1). In this latter
area, only regional-scale overview maps are currently available
(Persits et al., 1997). However, a 1:200,000 scale geological map
sheet is pending, a preview of which was recently published within
Sherif and Shagroni (2008). Therefore, as type sections or even type
areas have yet to be formally established, Cambrian through
Ordovician strata remain undifferentiated. Other outcrops of Lower
Palaeozoic rocks do occur at the other basin margin uplifts, namely
at the western basin flanks in Jabal Eghei (Seilacher et al., 2002)
and in the Ennedi-Bourkou Range, Chad (Fig. 1). These latter
outcrops are out of bounds due to landmines and prevailing civil
unrest. By contrast, outcrops in Jabal Eghei were revisited with
CASP in 2008 and these will be the subject of a future paper.
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3. Sedimentary successions forming the substrate to Late
Ordovician glacial deposits

The rock type(s) that constitute the bed to any ice sheet or gla-
cier exert fundamental controls not only on the behaviour of that
ice mass but also its potential to produce the debris that is incor-
porated into glaciogenic sediments. Reviewing the mechanisms
of debris entrainment by ice sheets in the context of Neoproterozo-
ic glaciations, Etienne et al. (2007) also emphasised the role of ba-
sal freeze-on as sediment transportation mechanism, a process
which has been argued as a possible mechanism to explain ice
stream shutdown in West Antarctica (Christoffersen and Tulaczyk,
2003). In the geological record, as in the case of modern-day ice
masses, it is probable that temperate and polythermal ice masses
were of major importance in glaciogenic sediment production
(e.g. Etienne et al., 2007). As it is established that porewater pres-
sures at the ice-bed interface exert a major influence on ice flow
rate (e.g. Boulton and Caban, 1995), it is very useful to consider
the pre-glacial sedimentary succession in Al Kufrah Basin.

In eastern Libya, as over much of the Saharan platform, Late
Ordovician glaciogenic deposits of the Mamuniyat Formation rest
Fig. 2. Stratigraphic context of Late Ordovician glaciogenic deposits and the
disconformably to unconformably upon a succession of shallow
marine to fluvial sandstones (Turner, 1991) that we assign to the
Haouaz Formation (Fig. 2). At the SE flank of Al Kufrah Basin, in
the Jabal Azbah region (Fig. 1), the Cambro-Ordovician succession
was differentiated by Saïd et al. (2000) who provided a differing
interpretation. These workers proposed a bipartite Cambro-
Ordovician stratigraphy that comprised the Hassouna Formation
(Cambrian) overlain by the Mamuniyat Formation (Late Ordovi-
cian). No substantiation in terms of age was provided for the
Hassouna Formation, the term being extrapolated from a type area
on Jabal Hassouna in the Murzuq Basin. Subsequent workers (e.g.
Lüning et al., 1999) recognised ichnofauna of an Ordovician affinity
in the pre-glacial strata, and hence we prefer the term Haouaz For-
mation for these deposits. It should be noted that much relies on
the chronostratigraphic application of trace fossil analyses and
subsequent studies elsewhere in southern Libya have contended
that Cruziana trace fossils are age significant (Seilacher et al.,
2002).

From the perspective of a palaeo-glaciologist, the name and age
of the strata underlying the Mamuniyat Formation should be of
little practical significance and of minimal concern in this paper.
Phanerozoic fill of Al Kufrah Basin, modified after Le Heron et al. (2009).



D.P. Le Heron, J. Howard / Journal of African Earth Sciences 58 (2010) 354–364 357
The rheology of these deposits as a subglacial substrate and their
composition as a sediment source for the glaciogenic deposits
themselves is much more important. Both the Hassouna and
Haouaz formations, at their respective type sections, comprise sev-
eral hundred metres of alternating fluvial through shallow marine,
multi-storey sandstone successions (Hallett, 2004). In the type area
for both formations, thickly bedded, trough and planar cross-
stratified sandstones dominate, Skolithus-burrowed horizons are
significant, and sandstones are separated by occasional siltstones
(c.f. Čepek, 1980; Ramos et al., 2006). Petrographically and
architecturally, therefore, there is little to differentiate them, and
their influence on Late Ordovician ice sheet dynamics is likely to
have been similar.

Sandstones beneath the Mamuniyat Formation in Al Kufrah
Basin display very similar sedimentological characteristics to those
in the Murzuq Basin. For instance, in our Jabal Azbah study area
(Fig. 1), sandstones beneath the Mamuniyat Formation probably
reach at least 300 m thick (Saïd et al., 2000) and siltstone interca-
lations are more common in the upper part of the succession. By
comparison, in Jabal az-Zalmah, (Fig. 1), a similarly thick succes-
sion (at least 200 m) is observed for the Haouaz Formation where
fine to medium grained sandstone with rare siltstone intercala-
tions forms the subglacial substrate. In recently published work,
both the Hassouna and overlying Haouaz formations have been
recognised in this region, which are dominated by medium to
fine-grained cross-bedded sandstones with subordinate siltstone
intervals (Sherif and Shagroni, 2008).
4. Late Ordovician glaciogenic deposits and glacially-associated
landforms

4.1. The glacial record in Jabal Azbah

4.1.1. Striated surfaces and outburst deposits: description
Late Ordovician glacial sediments usually rest sub-horizontally

upon the pre-glacial Hassouna Formation in the Jabal Azbah region
(Fig. 2A). The glaciogenic succession largely comprises white,
thickly bedded, fine-grained sandstone (Fig. 3), and contains flat
discontinuities (Fig. 4A). Megaripples reaching 2 m amplitude,
and wavelengths of 4–6 m form the most common facies (Figs. 3
and 4B). Planar-bedded sandstones are also important. These
sandstones are cut by dewatering structures, and preserve flame
structures. The flat discontinuities that punctuate the succession
are overlain by maroon, �10 cm thick, very fine-grained sandstone
units (Fig. 3). The discontinuities themselves display a well devel-
oped patina/ ferruginous crust (Fig. 3 and 1 m, 22 m, 39 m, 41 m).
At two of these intervals (22 m and 41 m on the measured section),
strikingly parallel shallow grooves and ridges are preserved on the
top surface of these units (Figs. 3 and 4E–G). These linear features
are oriented 346�NW (lower occurrence) and 005�N (upper
occurrence).
Fig. 3. Sedimentary log of Late Ordovician glacial deposits in Jabal Azbah, SE flank
of Al Kufrah Basin. Note positions of sedimentary facies photographs shown on
Fig. 4. Composite log from 22�51.7520N 24�24.0950E (base of section, wadi floor) to
22�51.9450N 24�24.0560E (top of section).
4.1.2. Striated surfaces and outburst deposits: interpretation
The preservation of large-scale megaripples within the white

sandstone, together with their thickly bedded nature, implies that
they were deposited during a sustained flow under conditions of
high sediment bed load such as a glacial outburst flood or jökulh-
laup (Duller et al., 2008). Their close association with planar-bed-
ded sandstones implies that these latter facies were deposited
during upper flow regimes when current velocities were too high
to allow the development of 3D bedforms. High rates of sediment
supply and rapid deposition are also supported by the presence of
indications of sheet dewatering and flame structures. The geome-
try of the linear ridges and grooves noted from two maroon sand-
stone horizons are strikingly similar to soft-sediment-striated
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Fig. 4. Sandstones bearing striated surfaces in Jabal Azbah. (A) General view of sediment-striated surface (arrowed) separating parallel-laminated sandstones beneath from
megaripple-bearing sands above. Note planar nature of the surface. Sandstones beneath the surface are not affected by any type of soft-sediment deformation. Scale is given
by 15 cm long notebook (circled). (B) A megaripple above the striated surface shown in A; see text for interpretation. (C) Ferruginous patina/crust, characteristic of the soft-
sediment-striated surface. (D) Regionally planar character of striated surfaces is typical in Jabal Azbah. Note people for scale. (E–G) Photographs of the same striated surface
taken from different perspectives, showing mm-scale ridges and grooves characteristic of identical surfaces elsewhere in North Africa (e.g. Le Heron et al., 2005). Photographs
taken between 25�51.9450N 24�24.0560E and 22�51.7520N 24�24.0950E.
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surfaces from areas affected by glacial erosion by Late Ordovician
ice sheets across other areas of North Africa (c.f. Deynoux and Ghi-
enne, 2004; Le Heron et al., 2005). Therefore, by analogy with those
described elsewhere on the Saharan platform, these structures are
interpreted to reflect shearing beneath an ice sheet. Whilst striated
surfaces were recently reported from the western Al Kufrah Basin
in Jabal Eghei, (Ghnia et al., 2008), the description of these struc-
tures in Jabal Azbah appears to provide the first compelling
evidence for glaciation in the eastern Sahara.

4.1.3. Multi-storey sandstones unaffected by striations: description
In other parts of Jabal Azbah, a thick succession (>80 m) of unin-

terrupted sandstone occurs above a high relief (�7–10 m) uncon-
formity (Fig. 5), which separates bioturbated pre-glacial deposits
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below from Late Ordovician glacial sediments above. In contrast to
strata discussed above, this succession is not punctuated at inter-
vals by red-weathering, striated surfaces. Instead, the sandstone
succession comprises: (1) structureless coarse-grained, rip-up clast
bearing sandstones overlain by (2) 55 m of massive deposits organ-
ised into stacked metre-scale lenticular units passing gradationally
upward into (3) parallel laminated sandstone. These rocks are
capped by a trough cross-bedded, coarse grained sandstone to
granular conglomerate, that are in turn truncated by a sharp sur-
face, above which a 10 m thick succession of maroon and grey silty
shales is preserved (Fig. 5). These latter deposits belong to the Tan-
nezuft Formation, which is attributed an Early Silurian age (Said
et al., 2000).
4.1.4. Multi-storey sandstones unaffected by striations: interpretation
The high relief unconformity at the base of the succession is

interpreted as an erosion surface cut either by ice or meltwater.
Fig. 5. Sandstones devoid of striated surfaces in Jabal Azbah (see Fig. 3 for legend).
The topmost part of this measured section contains Lower Silurian mudrocks of the
Tannezuft Formation (Said et al., 2000). Location: 23�11.3110N 24�36.8920E.
Given the occurrence of soft-sediment-striated surfaces in neigh-
bouring sections, a subglacially sculpted unconformity is the most
plausible interpretation. Given the lack of evidence for soft-sedi-
ment deformation structures within overlying sandstones that
might point to a subglacial origin (e.g. Van der Wateren et al.,
2000), the structureless, mud-chip bearing sandstone above the
basal surface is interpreted as ice-proximal, proglacial outwash
deposits. The structureless nature of this deposit might imply deb-
ris flow processes typical of efflux near a subglacial conduit (Powell
and Cooper, 2002). The substantial thickness (55 m) of poorly-bed-
ded, massive sandstone above these basal deposits is interpreted to
record rapid sediment accumulation at the ice margin, whilst the
channels/scours that punctuate this succession are indicative of
cannibalisation of underlying deposits by successive flows. There-
fore, the absence of striations in such multi-storey sandstones is
attributed to cannibalisation and reworking of the substrate by
successive flows. The poorly structured, lithologically monotonous
nature of these ice-marginal deposits stands in contrast to the
architecture of grounding line moraines in modern high latitude
Fig. 6. Sedimentary log of Late Ordovician glacial deposits in Jabal az-Zalmah,
northern outcrop of Al Kufra Basin (see Fig. 3 for legend). Note the positions of
sedimentary facies photographs shown on Fig. 7. Note, also, the exceptionally thin
nature of this succession (6 m), compared to an estimated 500 m total thickness of
the underlying, previously undifferentiated Cambro-Ordovician succession (Fig. 2A;
Bellini et al., 1991).
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settings, which commonly comprise a gravelly, often glaciotecton-
ized core that passes laterally into poorly sorted tills and bergstone
diamict deposits (Powell and Cooper, 2002).

The cross-bedded sandstone bed at the top of the succession is
stratigraphically sandwiched between the ice-proximal, glaciogen-
ic underflow deposits and the Tannezuft Formation above. Given
the generally accepted interpretation for the Tannezuft Formation
as a post-glacial, transgressive deposit (Lüning et al., 1999, 2000),
the cross-bedded sandstone interval may be interpreted as sub-
aqueous bars that developed during post-glacial transgression:
similar bar systems are widely reported at a similar stratigraphic
position from across North Africa, including in the Anti Atlas of
Morocco (Le Heron, 2007).

4.2. The glacial record in Jabal az-Zalmah

As noted above, evidence for Late Ordovician glaciogenic depos-
its in the northern Al Kufrah Basin has never actively been sought,
and the Cambro-Ordovician succession within which they occur
has only been examined from a regional mapping perspective (She-
rif and Shagroni, 2008). Consequently, the presence of glaciogenic
deposits Jabal az-Zalmah provides a reasonable stratigraphic fix
(Late Ordovician) within an otherwise unconstrained interval
spanning about 100 Myr of Earth’s history (i.e. Cambrian through
end Ordovician). Below, we describe and interpret sedimentary
rocks believed to have been deposited during the Late Ordovician
glaciation at two localities. These are considered separately below
as they contain different scales of soft-sediment deformation struc-
tures that are interpreted to have developed by subglacial defor-
mation processes.

4.2.1. Small-scale glaciotectonic deformation structures: description
In central Jabal az-Zalmah, a thin (6 m) succession of deformed

sandstones and siltstones rests sharply upon undeformed white,
Fig. 7. Glaciogenic deposits, Jabal az-Zalmah. For stratigraphic positions, refer to Fig. 8. (
Note that this outcrop displays a rough ‘‘lee slope” downglacier, interpreted as a topogr
sandstone. Their generally convoluted nature, the absence of a consistent vergence to the
indicators that these features formed in unconsolidated sediment. (C) Step fractures – w
(D) Horizontal surface burrows of the Planolites type, immediately beneath Lower Silur
quartzitic and fine-grained sandstone (Fig. 6). The upper surface
of this sandstone is undulose and polished (Figs. 6 and 7A). The
surface shows a striated stoss side and an irregular, scalloped lee
face (Figs. 6 and 7A). The striations trend 016�. Undulations on this
surface are onlapped by deformed, 2 m thick red, micaceous shale
(Fig. 6), in turn capped by intensely folded current ripple-cross
laminated sandstone (Figs. 6 and 7B). The folds are crosscut by
small-scale faults (Fig. 7C). At the top of this succession, an upper
sandstone bed displays wave ripples that show small Planolites
burrows (Fig. 7D). These occur directly below poorly exposed,
green weathering, laminated siltstone for which an Early Silurian
age has previously been established (Lüning et al., 1999).
4.2.2. Small-scale glaciotectonic deformation structures: interpretation
In central Jabal az-Zalmah, the glacially-related strata are dis-

tinguished from pre-glacial deposits on the basis of (1) a character-
istic assemblage of soft-sediment deformation structures within
them and (2) the absence of ubiquitous Skolithus burrows found
in underlying deposits. The undulose, striation-bearing surface is
interpreted as an ice-cut glacial erosion surface. Like comparable
surfaces in Jabal Azbah, this surface strongly implies the passage
of a grounded ice sheet. Therefore, the NE orientation of the striae
indicates flow of ice toward Egypt. The preservation of a thin shale
unit/bed above this glacial erosion surface is unusual when com-
pared to equivalent glacial successions in NW Africa where clast-
poor diamictites or conglomerates typically occur above striated
surfaces (Le Heron et al., 2009). These diamictites record ice-prox-
imal outwash. In contrast, the shale may imply interglacial (or non-
glacial) still water sedimentation, reflecting quiescent deposition
between moraine banks at the grounding line (e.g. Powell and Coo-
per, 2002). The small faults and folds that affect the fine-grained
sandstones above the shale are well documented in Late Ordovi-
cian glacial deposits elsewhere (Deynoux and Ghienne, 2004; Le
Heron et al., 2005), where this suite of structures implies a range
A) Polished striated surface. Interpreted direction of ice movement shown by arrow.
aphy formed by ice-pluck processes. (B) Tight, asymmetric antiform within rippled
se folds, and the lack of deformation in overlying Silurian mudrocks are three strong
ith millimetre to centimetre throws on microfaults – crosscut the folds shown in B.
ian mudrocks of the Tannezuft Formation. Outcrop: 25�48.5550N 23�32.0870E.



Fig. 8. Deformation structures within the pre-glacial substrate (undifferentiated Cambro-Ordovician sandstones, bearing Skolithus burrows) in Jabal az-Zalmah. The
deformation structures are capped sharply by a surface bearing soft-sediment striations. These structures are interpreted to record the deformation of unconsolidated
sediment. Their restriction, both laterally and to this stratigraphic level, supports this interpretation. The short wavelength of the box folds (<30 m), separated by up to 300 m
of relatively undeformed strata, suggest that they may have formed as large subglacial grooves (or mega-scale glacial lineations) beneath Late Ordovician ice sheets prior to
deposition of the Mamuniyat Formation. Location: 25�50.0000N 23�29.3820E.
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of subglacial deformation processes. The folds are suggestive of
ductile deformation under warm-based ice, whereas the step-frac-
tures that crosscut them are interpreted to reflect small-scale
brittle failure during transition to cold-based ice conditions. The
occurrence of bioturbated sandstones on the topmost surface of
the Mamuniyat Formation is well reported from both the western
and northern flanks of the Murzuq Basin (Le Heron et al., 2006) and
hence the Planolites burrows are interpreted to record environmen-
tal amelioration upon deglaciation of Al Kufrah Basin prior to depo-
sition of the Tannezuft Formation.

4.2.3. Mega-scale glacial lineations: description
Over much of the Jabal az-Zalmah range, Cambro-Ordovician

pre-glacial strata are flat-lying and largely undeformed. Locally,
however, the heavily bioturbated (Skolithus-bearing) pre-glacial
substrate is affected by narrow wavelength (1–200 m), low ampli-
tude (<50 m), synclinal box folds that are separated from each
other by 300 m of horizontal strata (Fig. 8). No truncation surfaces
within these deformed strata are observed. The crestlines of these
folds can also be traced over 3 km between individual outcrops,
indicating that they are linear features with a general ENE-WSW
trend, i.e. in the same trend as the striated surfaces observed else-
where. In plan view, when viewed on satellite imagery, the crest-
line of the folds are slightly sinuous and their distribution was
previously mapped across the entirety of Jabal az-Zalmah (white
ornament in Fig. 6 of Le Heron and Craig, 2008). The top surface
of the folded strata comprises blue-black weathering sandstone,
bearing fragments of sandstone containing soft-sediment striae
(Fig. 8). The rocks directly onlapping this surface are not exposed
but form the lower part of a �50 m thick succession which com-
prises fine to medium-grained cross-bedded sandstones at the
top, in association with massive sandstone beds, and mud-chip
conglomerates. These latter rocks show no signs of deformation.

4.2.4. Mega-scale glacial lineations: interpretation
A tectonic origin for the elongate, synclinal box folds in the pre-

glacial substrate is unlikely because of the limited lateral and
stratigraphic extent of these features. The morphology of their
upper surfaces resembles grooves produced by grounding icebergs
(e.g. Woodsworth-Lynas and Dowdeswell, 1994) or by corruga-
tions that developed at the base of a grounded ice mass. However,
this analogue cannot be directly applied because despite the occur-
rence of striated sandstones above these features, there is no evi-
dence for an angular truncation on the upper surface of the folds.
The genesis of such folds clearly requires an internal detachment
at a certain depth (possibly tens of metres) beneath the surface
to account for deformation without faulting on the flanks of the
grooves. The ubiquitous Skolithus burrows developed within the
pre-glacial substrate indicate the colonisation of a shallow water
substrate (Bromley, 1996) and so a grounded ice mass origin is fa-
voured. A subglacial origin for these structures is also supported by
the occurrence of fragmented examples of soft-sediment striated
pavement on the surface of the folds. The overall interpretation
of these features as mega-scale lineations, as proposed by Le Heron
and Craig (2008), is thus supported by these new data. The clastic
succession overlying these deformation features is thus interpreted
as ice-proximal outwash, within which mud-chip conglomerates,
trough-cross bedding and current rippled sandstones reflect a
range of gravity flow, moderate energy traction currents, and wan-
ing flow respectively (e.g. Powell, 1990).

5. Discussion

5.1. Palaeogeographic implications

Accurate reconstruction of an ancient ice sheet includes docu-
menting the lateral extent of the ice front parallel to the ice margin,
and its maximum basinward extent. Such reconstruction hinges
very heavily on adequate geographic distribution of data, with
good data coverage producing more reliable scientific interpreta-
tions. The data presented here enable us to demonstrate the pres-
ence of Late Ordovician grounded ice sheets in northeast Africa.

An understanding the geometry of Late Ordovician ice sheets in
North Africa is critical for two reasons. Firstly, as potential
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glaciogenic reservoirs in frontier basins such as Al Kufrah, locating
the position of the palaeo-ice margin during the Late Ordovician
will facilitate better prediction of the location of sand depocentres
in exploration areas. Furthermore, although recent work has sug-
gested that Late Ordovician ice sheets in North Gondwana were
probably separate entities in the Sahara, South Africa and South
America (Le Heron and Dowdeswell, 2009), the precise geometry
Fig. 9. Two scenarios for the configuration of Late Ordovician ice sheets in North and W
whereby separate and disconnected ice sheets populate the western and eastern Sahara.
by discovery of Late Ordovician glaciogenic deposits in Jabal Azbah and Jabal az-Zalmah
of the Saharan ice sheet itself deserves further scrutiny. Prior to
the availability of data from Al Kufrah Basin, two scenarios were
plausible for ice sheet configuration (Fig. 9A and B). The first,
smaller scale scenario (Fig. 9A) shows an ice sheet extending west
to east from Morocco to centre-west Libya: a scenario that is most
faithful to published data. No published directional data collected
at outcrop pointed to growth of ice sheets northeast or east
est Africa, and in the Arabian Peninsula. Map A illustrates a small ice sheet scenario
Map B, by contrast, illustrates a continuous ice sheet: a hypothesis that is supported
.
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toward eastern Libya and Egypt. Furthermore, previous isopach
mapping suggested that Egypt was substantially elevated during
the Lower Palaeozoic, and that a pronounced NW–SE striking
structure – the Aweinat-Calanscio Uplift – exerted a strong
control on sedimentation (Schandelmeier and Reynolds, 1997;
Klitzsch, 2000). Thus, the purported Aweinat-Calanscio Uplift
would have made an excellent ice divide, potentially separating
ice sheets in North Africa and Arabia.

In contrast, an alternative interpretation shows a continuous ice
front extending into eastern North Africa (Fig. 9B), with some
workers extending this ice sheet as far east as Saudi Arabia (Vaslet,
1990; followed by Ghienne (2003), and then Le Heron et al.
(2004)). However, such reconstructions have not hitherto been
founded on concrete scientific data, but are rather based on extrap-
olation across significant data gaps. Such models show a continu-
ous ice front over at least 2500 km between the easternmost
data point in North Africa (the Gargaf Arch, Libya: Le Heron
et al., 2004) and the westernmost data point in the Arabian region
(eastern flank of the Arabian Shield, Saudi Arabia: Clark-Lowes,
2005). These data support recent palaeogeographic reconstructions
(Le Heron and Craig, 2008) and it is estimated that the ‘‘newly
discovered” glaciated region (Fig. 9B) covered an area of some
5 million km2.

5.2. Glaciological setting and its impact on the sedimentary record

In this study, we note clear evidence for two glacial erosion sur-
faces, and hence at least two glacial cycles, in both the Jabal Azbah
and Jabal az-Zalmah regions. In the former region, striae appear on
two surfaces characterised by a distinctive ferruginous crust/pati-
na, but another two, non-striated ferruginous surfaces also appear
locally at the base and very top of the succession (Fig. 3). These
additional surfaces are ambiguous: they could be glacially cut,
but could simply reflect the precipitation of iron oxides between
beds.

Late Ordovician glaciogenic deposits in Al Kufrah Basin, like
those elsewhere in North Africa, are dominated by fine to med-
ium-grained, compositionally mature sandstones. However, tex-
turally immature deposits are characteristic of other ancient
glacial records: diamictites greatly outnumber sandstones in both
Proterozoic and Carboniferous-Permian global records of glaciation
(see Eyles, 1993). The reasons for this obvious anomaly have never
been properly addressed in the Ordovician record. However, it
seems likely that the relatively high proportion of sand to mud
simply reflects the lack of grain size variation in the source area
of this sediment and sandy composition of the pre-glacial substrate
(i.e. older Cambrian and Ordovician sandstone-dominated sedi-
ments). Therefore, the sedimentary record of glaciation in the
Ordovician is unusual because only sand-dominated sediments
were subject to ice sheet erosion, explaining the rarity of poorly
sorted deposits.

5.3. Implications for petroleum exploration

Across North Africa, Late Ordovician glaciogenic sediments are
key reservoirs within a petroleum system that is sourced and
sealed by Lower Silurian shales (Lüning et al., 2000). This paper
has revealed that like their counterparts in the Murzuq Basin of
western Libya (Le Heron et al., 2006), Late Ordovician glaciogenic
deposits are heterogeneous. Nevertheless, if Al Kufrah Basin
proves to be petroliferous, the occurrence of thick successions
of multistorey sandstones in the Jabal Azbah region raises the
prospect of thick net pays within age equivalent strata in the
subsurface. Residual topography left following deglaciation of
North Africa during Hirnantian to Early Silurian transgression is
believed to have promoted anoxia, ‘‘ponding” organically rich
shales in intra-shelf basins during the earliest Silurian (Lüning
et al., 2000). Rhuddanian ‘‘hot shales” are the principal source
rocks within both the Murzuq and Ghadames basins (Davidson
et al., 2000) and a serious candidate for oil generation in Al Kuf-
rah Basin (Lüning et al., 1999). The intimate relationship between
glaciation and source rock distribution have long been known to
the petroleum industry, but the origins of this topography have
been readily interpreted as ‘‘glacial” in origin without further
investigation (Le Heron et al., 2009). Understanding the true nat-
ure of this residual topography is critical for accurately predicting
of source rock distribution in basins like Al Kufrah. The discovery
of Late Ordovician glaciogenic deposits in this basin raises the
strong possibility that topographically-controlled anoxia in
Silurian depocentres might well have occurred, greatly raising
the prospects for Silurian hydrocarbon source rock presence in
this area.
6. Conclusions

� Sedimentological data demonstrate that Al Kufrah Basin was
glacierised by Late Ordovician ice sheets. In Jabal Azbah, at
the basin’s SE margin, the glacially-related sediments are dom-
inantly sandy and contain both the record of ice advance (soft-
sediment-striated surfaces) and the signature of glacial outburst
(climbing megaripples and multi-storey sandstones unaffected
by striations).
� At Jabal az-Zalmah, at the northern basin margin, styles of soft-

sediment deformation occur at all scales from striated surfaces
to mega-scale glacial lineations recording the north-eastward
passage of ice streams. Soft-sediment deformation of the sub-
strate beneath fast-flowing ice produced a series of linear box
folds.
� Late Ordovician ice sheets probably formed a continuous ice

cover over North Africa and the Arabian Peninsula. Evidence
of glacially-related deposits in the Mamuniyat Formation point
to the presence of ice sheets in Al Kufrah Basin, but more impor-
tantly the trend of ice flow indicators indicate flow toward
Egypt rather than away from a postulated palaeohigh that has
previously been argued to have separated the North Africa
and Arabian regions (Klitzsch, 2000).
� In all areas of North Africa where organically enriched, Early

Silurian shales occur, Late Ordovician glaciogenic deposits occur
beneath, potentially because anoxia was promoted in the
restricted basins of the Late Ordovician paraglacial topography
(Lüning et al., 2000). Consequently, the presence of Late Ordovi-
cian glaciogenic deposits in Al Kufrah Basin may improve the
hydrocarbon prospectivity of this remote basin.
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