
Sedimentary Geology 245–246 (2012) 63–75

Contents lists available at SciVerse ScienceDirect

Sedimentary Geology

j ourna l homepage: www.e lsev ie r .com/ locate /sedgeo
Sandstones, glaciers, burrows and transgressions: The Lower Palaeozoic of Jabel
az-Zalmah, Al Kufrah Basin, Libya

Daniel Paul Le Heron a,⁎, James P. Howard b

a Department of Earth Sciences, Royal Holloway University of London, Egham, Surrey TW20 0EX, UK
b CASP, West Building, 181A Huntingdon Road, Cambridge, CB30DH, UK
⁎ Corresponding author.
E-mail address: d.leheron@es.rhul.ac.uk (D.P. Le Her

0037-0738/$ – see front matter © 2011 Elsevier B.V. All
doi:10.1016/j.sedgeo.2011.12.008
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 5 June 2011
Received in revised form 7 November 2011
Accepted 13 December 2011
Available online 20 December 2011

Editor: G.J. Weltje

Keywords:
North Africa
Palaeozoic
Libya
Field studies in the Jabel az-Zalmah region, at the northern flank of Al Kufrah Basin provide new insights into
the stratigraphy and evolving depositional environments of Cambro–Ordovician through Devonian sedi-
ments. At the base of the succession, the Hawaz Formation is about 300 m thick and is characterised by fre-
quently Skolithos-burrowed, fine to medium grained sandstones with occasional silty intervals and rare
conglomerates deposited in a generally high-energy tidal shelf setting. Bioturbation is pervasive, and includes
spectacular Cruziana traces produced by Early to Mid Ordovician trilobites at the bottom and the top of the
Hawaz Formation respectively. These strata were incised during the late Ordovician (Hirnantian) glaciation.
Ice sheets flowing over Jabel az-Zalmah cut a palaeo-topography of up to 100 m relief. This relief is overlain
by a coarsening upward succession of clastic sedimentary rocks, recording re-advance of an ice sheet, which
overrode the uppermost sandstones. Ice sheet retreat was accompanied by marine transgression and erosion,
which left a thin transgressive lag-conglomerate, capped sharply by siltstones of the Tannezuft Formation.
Progradation resumed after post-glacial maximum flooding, depositing tide, storm, and river-influenced
parasequences of a major delta complex (200 m thick Acacus Formation). Fluvial incision, and the develop-
ment of a disconformity, preceded the deposition of the Tadrart Formation (50 m thick), a succession of
trough-cross bedded braided river deposits. Transgression, and the re-establishment of shallow or marginal
marine systems, is represented by the extensively bioturbated Binem Formation in which Zoophycos burrows
offer a tentative Middle Devonian stratigraphic fix. An understanding of the lithological character of the
Lower Palaeozoic strata in Jabel az-Zalmah, together with the character of unconformities that punctuate
the succession, will be vital for successful hydrocarbon exploration in this frontier basin which has, until
now, been unsuccessful.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Al Kufrah Basin (Fig. 1A) is the easternmost of the large Palaeozoic
sedimentary basins in North Africa and covers an area of approxi-
mately 400000 km2, an area equivalent to Germany. Since Beuf et
al. (1971) published a seminal monograph on outcrops of the Tassili
N'Ajjer, Algeria, scientific and economic interest in the Lower Palaeozoic
succession across the Saharan platform, including Al Kufrah Basin, has
increased. A new wave of hydrocarbon exploration in Al Kufrah Basin
commenced in 2005, yet its remote position in the eastern Sahara
means that its stratigraphy has received comparatively little attention.
Following the Libyan revolution, wells are due to be sunk by Winter-
shall and ENI.

One of the most vigorously researched geological topics across the
Saharan platform in recent years has been the record of the Late
on).
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Ordovician (Hirnantian) glaciation. Fieldwork has focussed on
attempting to understand the flow and recession behaviour of Late
Ordovician ice sheets across the North Saharan basins (e.g. Le Heron
et al., 2004, 2005, 2006; Ghienne et al., 2007; Le Heron, 2007; Le
Heron et al., 2007; Le Heron and Craig, 2008; Le Heron et al., 2008;
Le Heron and Howard, 2010; Le Heron et al., 2010). The primary mo-
tivator is economic: glacial deposits of this age form key hydrocarbon
reservoirs in both western Libya (Davidson et al., 2000) and eastern
Algeria (e.g. Hirst et al., 2002), but are characterised by a very com-
plex architecture. Additionally, underlying Mid Ordovician sand-
stones are also important reservoirs where the interaction of Late
Ordovician glacial unconformities and the overlying Lower Silurian
shale seals, forms so-called “buried hill” stratigraphic traps (Aziz,
2000). The Lower Silurian shales are important both as hydrocarbon
source rocks and seals to the “glaciogenic reservoirs” (Lüning et al.,
2000a, 2000b; Moreau, 2011). Consequently, as hydrocarbon explora-
tion proceeds in Al Kufrah Basin, and indeed into other remote Saharan
regions such as theDjado inNiger, there is an impetus to study andprop-
erly evaluate the stratigraphy and sedimentology of Lower Palaeozoic
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Fig. 1. A: Location of Al Kufrah Basin in southern Libya, with the location of Jabel az-
Zalmah, the study area in this paper, indicated. B: Geological sketch map of Jabel az-
Zalmah, and defining the northern at the northern flanks of Al Kufrah Basin in eastern
Libya.
Map modified from Lüning et al. (1999).

Fig. 2. Stratigraphy of the Palaeozoic succession of Jabel az-Zalmah, comparing the no-
menclature of Bellini et al. (1991) with the present study. Differentiation of the Hawaz
and Mamuniyat Formations is based on Le Heron et al. (2010).
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sedimentary rocks at outcrop in these remote regions as potential ana-
logues for sediments encountered during exploration drilling. It is
hoped that the data herein will contribute to reducing risks in the north-
ern part of the basin by contributing thickness information for forma-
tions and data on lithologies and lateral variation in depositional
environments.

This paper presents new data and interpretations of the Lower
Palaeozoic strata cropping out at the northern flank of Al Kufrah
Basin, SE Libya, in Jabel az Zalmah (Fig. 1A). Lower Palaeozoic sedi-
ments crop out almost continuously along a NE–SW striking belt to
the NE of Jabel al Qardabah (Fig. 1B). Detailed geological maps of
the study area have only recently become available, and only in
part: Sherif and Shagroni (2008) present part of a new 1:250000 geo-
logical map for Jabel az Zalmah that was drafted by the Industrial
Research Centre (Tripoli) based on analysis of aerial photographs
and fieldwork in Jabel az-Zalmah. The outcrops discussed in the
present contribution have received comparatively little attention,
and according to the most detailed stratigraphic synthesis available
(Bellini et al., 1991), Cambrian through Ordovician strata remain
poorly studied. According to these workers, these undifferentiated
rocks comprise a sandstone dominated succession with subordinate
siltstone, reaching >500 m in thickness in the central part of Jabel
az Zalmah (Fig. 2). Therefore, comparison to sections elsewhere in
Libya suggests that they may correspond in part to the Hasawnah For-
mation (type section Gargaf Arch, northern Murzuq Basin: Čepek,
1985), partly to the Hawaz Formation (e.g. Anfray and Rubino, 2003),
and in part to the Mamuniyat Formation (type section Gargaf Arch:
Gundobin, 1985) (Fig. 2). They are overlain by the previously differenti-
ated, but little studied, Tannezuft and Acacus formations respectively
(Bellini et al., 1991). The only detailed sedimentological data from
these latter formations was published in Lüning et al. (1999). Sherif
and Shagroni (2008) propose significant revision to the existing
Lower Palaeozoic stratigraphy subdividing the pre-Silurian sandstones
into numerous formations. However, their formations proved impossi-
ble for the present authors to distinguish in the field so the earlier stra-
tigraphy is preferred here.

Despite an intensive search by the authors and large numbers of
accompanying geologists on 4 separate occasions, the only body fos-
sils found in Jabal az-Zalmah are a thin (b2 cm) bryozoa enriched car-
bonate deposit within the Tanezzuft Formation (Le Heron et al.,
2010). This specimen was found by Dr Howard Armstrong during a
joint StatoilHydro–Wintershall trip in Spring 2008. A 4 kg sample of
shale collected on a previous trip from the Tanezzuft Formation was
also devoid of microfossils. It should be emphasised that intense de-
sert weathering tends to oxidise organic matter to a depth of several
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tens of metres (e.g. Lüning et al., 1999), and hence the absence of re-
covered fossils does not necessarily imply a hostile depositional envi-
ronment. CASP has managed to recover acritarch and chitinozoan
assemblages from shallow boreholes but those data have to remain
confidential. Thus, it is emphasised that the only realistic way to deter-
mine the age of pre-glacial Ordovician units in the field is by using trace
fossils. Seilacher (2007) has published extensive illustrations of trace
fossils, including a range of Cruziana trails, which prove useful in subdi-
vision of the Lower Palaeozoic stratigraphy across Libya. New findings
were published in Le Heron et al. (2010) and these are discussed herein
within the wider Lower Palaeozoic context.

The majority of published data from Al Kufrah Basin come from the
southeastern margin (Jabel Azbah). There, Turner (1980, 1991) under-
took detailed analyses of the sedimentology of Upper Palaeozoic de-
posits. More recently, insights into the hydrocarbon potential of the
basin have been gained by studies of present and former organic rich-
ness of the Lower Silurian shale, the prime source rock candidate in
the basin (Lüning et al., 2000b). A jointmapping project between Egyp-
tian and Libyan authorities yielded 1:200,000 geological maps for the
surface geology of the south-eastern basin flank, forwhichmany forma-
tion nameswere correlated from their type sections inwestern Libya. Le
Heron and Howard (2010) and Le Heron et al. (2010) published new
data on the Upper Ordovician succession of both Jabel Azbah and Jabel
az-Zalmah. The reader is referred to both these papers for detailed con-
sideration of the glacially-related units, and only a brief resumé is given
herein. Other outcrops of Lower Palaeozoic rocks do occur at the other
basin margin uplifts, namely at the western basin flanks in Jabel Eghei
(Seilacher et al., 2002) and in the Ennedi-Bourkou Range, Chad (de
Lestang, 1968) (Fig. 1). The latter outcrops are currently inaccessible
due to landmines and prevailing civil unrest.

2. The Lower to Mid Ordovician succession

2.1. Stratigraphic relationships

In contrast to the southeastern margin of Al Kufrah Basin in the
Jabel Arkenu area (Turner, 1991), a stratigraphic contact between
Cambro–Ordovician and Precambrian basement is not exposed in
Jabel az-Zalmah. The total thickness of the succession is therefore un-
certain, although Bellini et al. (1991) estimated an outcrop thickness of
500 m. Using a Jakob's Staff withmounted Abney level for precise thick-
ness measurements, cross-checked against an altimeter, we logged a
section totaling ~330 m through the Hawaz Formation in the SW ex-
tremity of Jabel az-Zalmah (Fig. 3), where the formation crops out in
cliff-forming units with several hundred metres of relief (Fig. 4A). The
logged section presented here has a coarse resolution but covers the en-
tirety of the exposed Hawaz Formation (Fig. 3B, C), and a higher resolu-
tion logged section providesmore detail of a 42 m thick interval towards
the top of the formation (Fig. 3A). Previously, this outcrop was mapped
as Silurian (Lüning et al., 1999). However, distinctive assemblages of
trace fossils indicate that these outcrops contain strata of Early to Mid
Ordovician age (Le Heron et al., 2010: see discussion below).

2.2. Sedimentology: description and interpretation of facies

The colours on Fig. 3, together with the ornament, represent each
of the nine lithofacies observed in the Hawaz Formation, and allow
the semi-repetitive nature of lithofacies and lithofacies associations
to be clearly recognised. For example, clast-supported conglomerates
of granule grade occur rarely. These are centimetre thick horizons
Fig. 3. Measured section through the Hawaz Formation in the western part of Jabel az-
Zalmah, up to the contact with the overlying Mamuniyat Formation. Arrows to the right
of the log correspond to palaeocurrent measurements: the total population of measure-
ments is shown at the top. The Hawaz Formation was logged between 22°51.752′N
24°24.095′E and around 22°51.945′N 24°24.056′E.
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bearing both discoidal mud-chips, and granule-grade quartz grains.
They occur either as 1) thin isolated, sharp-based beds, 2) lining reac-
tivation surfaces of cross-bedded sandstones or 3) interdigitating
with their toesets. Whilst the discoidal clay chips might be argued
to be mobilised by low velocity flows on account of their low densi-
ties (e.g. Nichols, 2009), experiments on synthetic clasts suggest
that they have a much lower mobility than prolate and especially
spherical clasts (Hattingh and Illenberger, 1995) and hence probably
represent fairly high energy flows. This is also compatible with their
co-occurrence with granule-grade quartz grains and, furthermore,
those occurrences lining reactivation cross-bed reactivation surfaces.
Interdigitation with the cross-bed toesets may indicate gravitational
separation of the granules from the sand fraction during avalanching.

The trough-cross bedded sandstone facies is developed inwell-sorted,
compositionally mature quartz arenites with grain size ranging fine to
coarse sandstone. It predominantly occurs as 1) relatively continuous,
uninterrupted sections up to 20 m thick in the bottom part of the
Hawaz Formation (Fig. 3B) and 2) repetitively stackedwith planar bed-
ded sandstones near the middle and top of the succession. Near the
base, between 17 and 24 m, a 7 m thick coarsening and thickening up
succession occurs with the appearance of progressively larger-scale
bedforms up this succession, and a change to northwestward palaeo-
currents (Fig. 3B). At outcrop, a clearly developed, sigmoid geometry
is apparent (Fig. 4B). In these stacked sets, sharp reactivation surfaces
often truncate the upper surface of beds. A medium to coarse-grained
lag (1–3 grains thick) frequently occurs above these reactivation sur-
faces. Some trough cross-beds lack topsets, andmay show evidence de-
formation in their upper part (see below). At 190–200 m from the base
of the measured section, the cross-strata appear to show two opposing
cross-bed dip azimuths (to the north and south respectively) (Fig. 4A,
B), however, a statistically significant dataset could not be obtained
from this part of the succession owing to the lack of 3 D exposure.

The stacked occurrence of trough cross-bedded sandstone facies in
the lower part of the Hawaz Formation is interpreted to record the
migration of 3D bar systems in an intertidal setting. A tidal interpre-
tation for these facies is supported by the sigmoidal geometry of the
bedforms and thepresence of reactivation surfaces,which are interpreted
to record full topset development under conditions of high sediment sup-
ply and reworking as the tide turns, respectively (de Vries Klein, 1970).
Specifically, topsets developed on sigmoidal bedforms imply high vertical
accretion rates and deposition under upper flow regime conditions (p. 82
of Collinson and Thompson, 1989). Though palaeocurrent data at the
base of the succession are few, the northwestward dispersals from cross
strata from the 7 m coarsening and thickening-up cycle, support its ten-
tative interpretation as an ebb tidal delta (e.g. Donda et al., 2008).

The planar cross-stratified sandstone facies (Fig. 4C) comprises
well-sorted, fine to medium grained quartz arenites. Reactivation sur-
faces are absent in the planar cross-bed sets. This facies represents the
migration of 2D bars under a comparatively lower energy regime
than the trough cross-bedded sandstone facies discussed above.

Massive sandstone facies comprise structureless, fine to medium-
grained sandstones in beds of 0.2–1 m thick. The facies can be split
into two sub-types: 1) a sub-facies that typically occurs above chan-
nelised surfaces and 2) a sub-facies intimately associated with ichno-
fabrics, the details of which are discussed in detail below. In the case
of the first sub-facies, tidally-dominated setting, massive sandstone
facies may indicate the local development of subaqueous gravity
flows under conditions of high sediment supply, whereas in the sec-
ond, lack of sedimentary structure is attributable to biogenic activity.

The ichnofabrics that affect some occurrences of the massive sand-
stone facies, together with numerous other facies in the Hawaz For-
mation, were discussed at length from Gargaf Arch outcrops, at the
northern flanks of the Murzuq Basin, by de Gibert et al. (2011).
Those workers published evidence for eleven ichnogenera. In Jabel
az-Zalmah, both Skolithus vertical burrows (Fig. 4D), large smooth
Thallasinoides horizontal trails (Fig. 4E), and Cruziana (Fig. 4F) are
present. Diversity of these ichnofabrics does not appear to match
that on the Gargaf Arch (de Gibert et al., 2011). The Cruziana trails typ-
ically occur beneath siltstone intervals (257 m, 274 m: Fig. 3A), where-
as the Skolithos burrows affect the coarser-grained sandstone facies
over thick stratigraphic intervals (e.g. 130–160 m: Fig. 3B). These obser-
vations compare to those of de Gibert et al. (2011) on the Gargaf Arch,
who suggested that the Skolithos-burrowed sandstones recorded re-
gressive sand belts, whereas Cruzianamainly co-occurred with, or was
indicative of, transgressive phases. Le Heron et al. (2010) argued that
some of the ichnotaxa appear to be stratigraphically significant, based
on comparisons with samples collected elsewhere across Libya and
Jordan by Adolf Seilacher. Specifically, forms interpreted as Cruziana
goldfussi appear to be indicative of an early Ordovician age, whereas
samples closely resembling Cruziana petraea are probablymiddle Or-
dovician (Seilacher, 2007 and refs. therein).

The planar-laminated sandstone facies consists of fine to medium-
grained, quartz arenites that are organised into horizontal beds bearing
planar lamination. It is commonly interstratified with the trough cross-
bedded sandstones, and reached uninterrupted thicknesses of 0.25–
10m.A second commonoccurrence is at the topsets of the large sigmoi-
dal bedforms (Fig. 4B) at the base of the succession. The planar-bedded
sandstone facies is suggested to record deposition upon a flat sediment
surface under high energy (upper flow regime) conditions (Ashley,
1990). Where it is interstratified with the trough-cross bedded sand-
stone facies, it is further suggested to record intervals of current acceler-
ation, in which the formation of bedforms on the sediment surface was
suppressed.

The ripple cross-laminated sandstone facies is poorly represented in
the Hawaz Formation at Jabal az-Zalmah. It is developed in fine-
grained sandstone intervals b20 cm thick, and records the migration
of ripples under low energy conditions. The relative paucity of ripple
cross-stratification in Jabal az-Zalmah is suggestive of ripple drift sed-
imentation rather than the formation of current ripples as waning
flow deposits (e.g. Bridge and Demicco, 2008).

Deformed sandstone horizons are numerous throughout the Hawaz
Formation and reach 1–3 m in thickness. Deformation typically af-
fects trough-cross bedded sandstone, with convolution and overturn-
ing of the top of cross-bed sets occurring parallel to palaeocurrent
flow (Fig. 4G, H). The overturned cross-beds are interpreted as lique-
faction phenomena. Turner (1991) reported identical structures from
the Jabal Azbah region, interpretating them to result from liquefaction
as a result of earthquake shock (syn-depositional tectonism). Owing
to the scale of some of the largest deformation structures (Fig. 4H), a
current-shear mechanism in response to a high-power flow (e.g.
Wells et al., 1993), is dismissed. In the Hawaz Formation, the absence
of obvious glacial process indicators (e.g. striae, shear zones, deforma-
tion cross-cutting several beds: Le Heron et al., 2005) appears to rule
out the influence of ice sheets.

Mudstone intervals (comprising claystone, shale, or siltstone) are a
minor component of the Hawaz Formation in Jabal az-Zalmah, and
are typically recessive and scree covered. Mudstones typically weath-
er maroon to white in colour, with a variable proportion of white
mica. Sedimentary structures are usually absent; poorly developed
lamination (shale) is sometimes present in some exposures, whereas
current ripples are rarely developed in more micaceous intervals.
Thicknesses are typically b1 m. The mudrock facies records deposi-
tion in low energy conditions during interludes of exceptionally low
sand input into the sedimentary system. The clay fraction represents
deposition in a non-agitated water body, whereas the current-rippled
siltstone provides evidence for very low energy traction current
reworking.

Individual palaeocurrent readings, from a variety of different bed-
forms, are shown next to the logs. All data are plotted together in the
same rose diagram. Palaeocurrents in the planar cross-bedded facies
were collected from the top of the Hawaz Formation and demonstrate
a variable WNW–NE palaeocurrent spread in Jabal az-Zalmah (Fig. 4A).



Fig. 4. Outcrop character and sedimentary facies of theHawaz Formation in thewesternmost part of Jabel az-Zalmah at the same locality as the logged section in Fig. 3. A: viewof ~200 mhigh
outcrop representing the complete thickness of the Hawaz Formation and targeted for logging (Fig. 3). B: view of a large, composite sigmoidal bedform, built from trough cross-bedded and
planar laminated sandstones, at the base of the Hawaz Formation. Notebook for scale (circled). C: planar cross strata in medium-grained sandstone. D: Skolithos burrows (vertical fabric)
crosscutting planar cross-bedded sandstones. E: large-scale Thalassanoides trails. F: Cruziana. G: recumbent appearance of folded trough cross-strata (notebook for scale). H: large-scale over-
turned and folded cross strata. The scale of the deformation allows a current shear mechanism to be ruled out, and a liquefaction explanation is hence preferred.
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2.3. Stratigraphy: vertical facies stacking patterns and trends

The facies analysis above allows us to conclude that in Jabel
az-Zalmah, the Hawaz Formation represents a tidally-dominated sedi-
mentary system. Unlike in theGargaf Arch ofwestern Libya,where both
swaley and hummocky-cross stratification is well reported (Ramos et
al., 2006), there are no such facies in Jabel az-Zalmah and consequently
no clear evidence for a storm influence on sedimentation. The propor-
tion of sandstone in the succession is also clearly much greater than in
western Libya (c.f. Ramos et al., 2006). Whilst age constraints within
the Hawaz Formation are weak, and rely exclusively on trace fossil as-
semblages (Le Heron et al., 2010; De Gibert et al., 2011), significant
value remains in considering the evolution of the system through verti-
cal stacking patterns of facies and identification and interpretation of
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major stratigraphic breaks. This analysis is attempted with full recogni-
tion that detailed correlationwith the succession inwestern Libya is be-
yond the resolution of the present dataset.

An obvious feature of the Hawaz Formation is its sandstone-
dominated character. The absence of discontinuities or unconformities
between different sandstone facies suggests that abrupt changes in
base level did not occur during deposition. The presence of such sur-
faces might otherwise point to basinward dislocation or foreshortening
of a stratigraphic sequence during relative sea-level fall (Catuneanu,
2006), but their absence supports the argument that the non-
bioturbated intervals are simply record a change to increased energy
levels, rather than a switch to a fluvial system. This is because Skolithos
burrows are indicative of moderate to high energy, lower littoral to
infralittoral environments (Frey et al., 1990).

Many paralic, littoral or shallow marine successions are excellent
for third order sequence stratigraphic analysis because the spectrum
of lithologies in these environments often allows systematic vertical
grain size changes, or stacking patterns, to be recognised. In turn,
these stacking patterns allow cycles of relative sea level rise and fall
to be inferred (e.g. Emery and Myers, 1996), yet the paucity of mud-
stones in Jabal az-Zalmah precludes this type of analysis. The bioturbat-
ed siltstone surfaces with Cruziana (56 m, 257 m, 274 m: Fig. 3A, B) are
the most obvious indicators of environmental changes during deposi-
tion. An evaluation of the significance of these surfaces is attempted
below.

A significant difference in facies is observed above and below the
lowermost Cruziana bearing interval. The appearance of the siltstone
above this interval (56 m, Fig. 3B), is “announced” by a fining-upward
cycle in the lower part of the Hawaz Formation that is interpreted to re-
cord a retrogradational (transgressive) trend. The sandstones beneath
this interval are non-bioturbated; those above it contain Skolithos at in-
tervals (Fig. 4, log A). A transgressive systems tract is suggested for the
non-bioturbated, trough cross-bedded sandstones (Fig. 3B, 23–57 m).
The Cruziana-rich bioturbated surface, therefore, is interpreted as the
acme of transgression, with opportunistic trilobites colonising the sea
floor during minimum sedimentation rates in the sea level cycle. It is
hence interpreted as a maximum flooding surface, comparable to
those recognised in the Gargaf Arch, western Libya (Ramos et al.,
2006; De Gibert et al., 2011). Above, the deposition of Skolithos-
burrowed, planar cross-bedded sandstones is suggestive of retrograda-
tion and hence the initial deposits of a highstand systems tract
(57–120 m). Above, the almost complete absence of grain size changes
(120–248 m) is interpreted as a major phase of aggradation (Fig. 3B).
However, the separation of the Cruziana bearing intervals by 10–15m
in the upper part of the succession (257 m, 274 m: Fig. 3A, B) potentially
points to sea level changes of a higher order, e.g. third or fourth order
maximum flooding surfaces (e.g. Emery and Myers, 1996), although
such an interpretation can only be speculative owing to the absence of
age constraints for the bottom and the top of the succession.

3. The Late Ordovician succession

In Jabel az-Zalmah, the Upper Ordovician succession is repre-
sented by the Mamuniyat Formation (Figs. 2 and 3C). Le Heron and
Howard (2010) and Le Heron et al. (2010) published new data on
the Mamuniyat Formation, and hence only a brief resumé is included
below. The contact between the preglacial (Hawaz Formation) and
synglacial (Mamuniyat Formation) deposits (Fig. 3C) is generally
poorly exposed in Jabel az-Zalmah, although Le Heron et al. (2010)
presented evidence that they for a glacial incision of about 100 m
depth. This evidence was the presence of striated surfaces and soft-
sediment deformation in sandstones, which they argued represented
subglacial deformation beneath Late Ordovician ice sheets, in low-lying
outcrops of the Mamuniyat Formation in the main Jabel az-Zalmah
wadi. About 1 km south of these, a 100 m high outcrop of Skolithos-
burrowed sandstones of the Hawaz Formation was recognised,
suggesting 100 m of incision northward of that outcrop. These findings
are consistent with other studies across the North Africa region that
identifies major downcutting/ erosion beneath the Mamuniyat Forma-
tion and its equivalents (e.g. Gargaf, western Libya: Le Heron et al.,
2006; Anti Atlas, Morocco: Le Heron, 2007).

The Mamuniyat Formation shows significant lateral facies varia-
tions throughout Jabel az-Zalmah, and, indeed southward to Jabel
Azbah. Correlation between the basin margins is very difficult be-
cause fundamentally different successions occur in each area (Le
Heron et al., 2010). In Jabel az-Zalmah, the Mamuniyat Formation
can be summarised as a coarsening upward succession of up ~8–90 m
thickness (Fig. 3C). Green diamictites, a striated surface and siltstones
occur at the base, passing upward into wave and current rippled, fine-
grained sandstones (Fig. 3C). These latter deposits frequently show
densely-spaced networks of fractures (Fig. 5A) and/or striae (Fig. 13D
of Le Heron et al., 2010), both interpreted as subglacial phenomena.
This coarsening upward, glacial re-advance profile is capped by coarse
to very-coarse-grained, conglomeratic sandstones with abundant soft-
sediment deformation (Figs. 3C, 5B) interpreted to record ice-marginal
efflux deposits (e.g. Le Heron and Howard, 2010). Unlike elsewhere in
North Africa, the succession appears to record two glacial advances: in
SW Libya, up to 4 or 5 glacial advance-retreat cycles are recognised (c.f.
Le Heron et al., 2006; Moreau, 2011). The first advance is represented
by incision onto the Hawaz Formation; a re-advance is required to ex-
plain the presence of striations, soft-sediment deformation and fracture
suites at the top (Le Heron et al., 2010). The nature of the contact with
the Tanezzuft Formation is discussed below.

In summary, there are several simple means of distinguishing the
Hawaz andMamuniyat formations in Jabel az-Zalmah. Previous studies
on subsurface datasets in the course of hydrocarbon exploration of the
Murzuq Basin, western Libya, have led to a divergence of opinion on
whether prolific oil fields occur in the Hawaz orMamuniyat formations
(e.g. Aziz, 2000; Davidson et al., 2000), and hence the problem is not a
superficial one. In Jabel az-Zalmah, the prolific bioturbation seen in
the Hawaz Formation is not present in the Mamuniyat Formation. Spe-
cifically, vertical ichnofabrics (Skolithos), and Cruziana are absent in the
latter. These characteristics are very comparable to lithofacies (Ramos
et al., 2006) and ichnofacies (deGibert et al., 2011) of theHawaz Forma-
tion in western Libya. Indeed, with the exception of their topmost part,
which exhibits a distinctive Planolites ichnofabric (Fig. 7D of Le Heron
and Howard, 2010), bioturbation is lacking within the Mamuniyat For-
mation. Both formations also show soft-sediment deformation, but the
styles of deformation in each formation differ. At themetre scale, defor-
mation within the Hawaz Formation is restricted to consistently orient-
ed fold limbs and hinge lines within individual beds (Fig. 4G, H),
attributed to liquefaction processes. Small-scale (m-scale) soft-
sediment deformation within the Mamuniyat Formation, meanwhile,
is more chaotic in nature (e.g. Fig. 5C), and antiformal structures do
not show consistent vergence, probably reflecting their glacio-tectonic
origin (Le Heron and Howard, 2010; Le Heron et al., 2010). Further-
more, the Mamuniyat Formation contains larger (tens of m to km
scale) deformation features that are lacking in the Hawaz Formation.
The first type includes box folds that can be traced along strike for up
to 3 km and are interpreted as deformation of a soft-substrate by a gla-
cier that has a “corrugated” base (LeHeron et al., 2010). The second type
includes large, truncated, recumbent folds that may represent an ice-
push complex (Le Heron et al., 2010). Finally, diamictites (poorly sorted
deposits with a range of clast sizes) also occur within the Mamuniyat
Formation, and these deposits are absent in the Hawaz Formation.

4. The Silurian through Devonian succession

4.1. Nature of the Ordovician–Silurian stratigraphic contact

The contact between the Mamuniyat Formation and the overlying
Tannezuft Formation is generally poorly exposed along the main wadi



Fig. 5. Typical features of the Mamuniyat Formation at the contact with the Tanezzuft Formation. A: micro-fractured sandstones, interpreted to record deformation beneath cold-
based ice (i.e. ice that was frozen to its sedimentary substrate with no free water) (Le Heron et al., 2010). B: chaotic folding within coarse-grained sandstone, interpreted as soft-
sediment, glacially related sediment deformation (Le Heron and Howard, 2010). C and D: nature of the contact between the Mamuniyat Formation and the overlying Tanezzuft
Formation. This can be summarised as typically sharp, yet undulose at the outcrop-scale. E: Hummocky cross-stratified sandstones and interbedded siltstones at the base of the
Tanezzuft Formation. These facies are also common further up section into the Acacus Formation (see Fig. 6).
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in Jabel az-Zalmah because the boundary is marked by a topographic
depression which is often filled by a modern aeolian sand dune system.
Locally, however, the exposure of this contact is excellent, and the top of
the Mamuniyat Formation forms a bench rising 8 m above the wadi
floor, which in turn is directly overlain by siltstone of the Tannezuft For-
mation (Fig. 5C, D). The contact is sharp but also undulates (Fig. 5C). The
succession comprises:
(1) 10 m of green silty shale at the base of the succession, with occa-
sional pebble lag horizons (Fig. 12 B of Le Heron et al., 2010);

(2) 1 m of dark red to dark brown silty sandstones bearing frac-
tures (Fig. 5A), with a sharp upper surface;

(3) 10m of buff yellow towhite, poorly bedded fine to coarse-grained
sandstone, locally exhibiting intense soft-sediment fold structures
(Fig. 5B). An origin for these features in unconsolidated sedi-
ments is supported by the absence of deformation in underlying
silty shales or overlying deposits, in conjunction with the gener-
ally chaotic orientation of fold axes;
(4) 30 cm of ferruginised pebble conglomerate, marking the base
of the Tanezzuft Formation, with rounded clasts approximately
1 cm in diameter, immediately overlain by

(5) >50 m of shale and silty shale with occasional sandstone beds.
The sedimentary facies of the Tannezuft Formation appear to
show little variation throughout Jabel az-Zalmah. The thin
(b10 cm) fine to very fine-grained sandstone beds frequently
exhibit hummocky cross-stratification (Fig. 5E).

Shallow boreholes recently drilled in the main Jabel az-Zalmah
wadi have penetrated green silty shale similar to (1) that has yielded
acritarchs of probable Hirnantian age (B. Thusu, pers. comm. 2007).
Whilst outcrop samples of this shale were retrieved for micro-
palaeontological analyses they were unfortunately barren, as a result
of intense desert weathering. Similarly, in the northern part of Al
Kufrah Basin, Grignani et al. (1991) reported a transgressive shale from
core no. 3 of the A1 well that indicated a late Ordovician (Caradoc–
Ashgill), rather than early Silurian age, on the basis of the acritarch
and chitinozoan assemblage. Similarly, in Jordan, it has been suggested
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Fig. 6. Detailed measured section for the Silurian–Devonian sedimentary rocks from
the central part of the main Jabel az-Zalmah wadi, encompassing the Acacus, Tadrart
and Binem Formations. The succession was precision-measured using an Abney level
mounted on a Jacob's staff. The base of the log was started at 25°49′64.4″N 23°35′
93.0″E; the top of the log was completed at 25°49.007′N 23°36.227′E.
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that the sharp base of the BatraMudstone Formation (Tannezuft Forma-
tion equivalent) is of late Hirnantian age,which has in turn been used to
suggest that the major transgression affecting the Middle East and po-
tentially North African region began at the end of the Ordovician and
not the earliest Silurian as often supposed (Armstrong et al., 2005).

The fractured silty sandstone (2) and the fine to coarse-
grained sandstone with intense soft-sediment deformation struc-
tures (3) were interpreted by Le Heron et al. (2010) to represent sub-
glacial deformation of sediment, probably beneath a cold-based glacier
(i.e. a glacier with no meltwater at its base), and ice-contact efflux re-
spectively. Above, the pebble conglomerate (4) is here interpreted to
record deposition of a lag during post-glacial transgression. According
toMoreau (2011), diachroneity of up to 3 Ma is recorded for basal Tan-
nezuft Formation deposits in western Libya, and hence this post-glacial
transgression likely represents latest Hirnantian through Silurian degla-
ciation. The slightly undulose nature of the contact between this last de-
posit and the thick, silty shales of the Tannezuft Formation is hence
interpreted to record a palaeo-land surface fashioned by transgressive
ravinement, rather than a relic palaeo-glacial topography (c.f. Lüning
et al., 2000a). From a petroleum exploration perspective, it is clear
that understanding the true nature of this stratigraphic contact is vital,
since according to Lüning et al. (1999), the presence of such a topogra-
phy is a prerequisite for the occurrence of organically enriched “hot
shale” source rocks in the basal Silurian (Rhuddanian).

4.2. The Acacus Formation

Above the shale-dominated, HCS-bearing Tanezzuft Formation, a
detailed section totalling 154 mwas logged through the Acacus Forma-
tion (Fig. 6). Previous studies in Jabel az-Zalmah indicate that this part
of the succession is referable to the upper part of the Tannezuft Forma-
tion and the Acacus Formation (e.g. Bellini et al., 1991; Lüning et al.,
1999). The latter formation has its type section in the AcacusMountains
at the western flank of the Murzuq Basin. There, as in Al Kufrah Basin,
Bellini and Massa (1980) emphasised the gradational and hence rather
arbitrary nature of the contact between the Tannezuft and Acacus For-
mations, the latter tending to be defined when the content of siltstone
and fine-grained, rippled sandstone exceeds that of silty shales and
shales (Bellini et al., 1991; p. 2165).

4.2.1. Sedimentological description
Typical exposures of the Acacus Formation are good (Fig. 7A), partic-

ularly of the sandstone-dominated parts of the succession. In our data-
set, the Acacus Formation is constructed of six main facies which
include 1) mudrock facies, 2) hummocky cross-stratified sandstones,
3) planar/parallel laminated sandstones, 4) trough cross-bedded sand-
stones, 5) ripple cross-laminated sandstones and 6) occasional mas-
sive/structureless sandstones. The facies are in turn overprinted by
both Skolithos and Cruziana burrows at intervals (Fig. 6). Bioturbation
is unevenly distributed throughout the succession and between the fa-
cies and ranges from poorly differentiated vertical ichnofabrics to well
defined, complex horizontal burrownetworks. These include thebackfill
burrow structures Arthrophycus linearis and Arthophycus alleghaniensis
(Fig. 7G) These latter arthophycid burrows are clearly identified by uni-
lateral branching of the burrows at very small angles, are also wide-
spread in SW Libya, where they are presumed to indicate an Early
Silurian age (Seilacher, 2007).

The mudrock facies comprises siltstones with occasional shale,
with wavy bedding (siltstones containing detached ripple crests,
sensu Reineck and Wunderlich, 1968) towards the base and middle
of the succession (Fig. 7B). In such sections, flaser beds also occur
(Fig. 7C). Although precise palaeocurrent measurements are impossi-
ble owing to the two-dimensional nature of most exposures, the ap-
parent dip of ripple foresets is bidirectional to the north and south.
Symmetrical (wave) ripples are also present in this facies. The
mudrock facies frequently occur at the bottom of 2–8 m thick
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coarsening up cycles (e.g. 22–26 m, 26–28 m, 28–31 m: Fig. 6). Where
flaser fabrics occur, the mudrock facies is thus intimately associated
with the ripple cross laminated sandstone facies. Other occurrences of
current rippled sandstones are 1) in thick, stacked units of cross lam-
inae (e.g. 41–45 m, Fig. 6) and as isolated beds of fine to very-fine
grained sandstone (e.g. 26 m, 28 m, 31 m, Fig. 6). The hummocky cross-
stratified sandstone facies, also occurs at the top of 2–8 m thick coarsening
upward cycles. This facies comprises both isotropic and anisotropic hum-
mocky cross-stratification (sensu Dumas and Arnott, 2006). These occur
both as thick, amalgamated deposits (e.g. 11–20 m, Fig. 6) but also as sin-
gle beds (e.g. 126–127 m, Fig. 6). In these latter examples, truncation of
underlying deposits occurs.

Planar/parallel laminated sandstones are also a common facies
within the Acacus Formation, and are best developed in thick (0.5–
1 m) stacked beds in the middle and upper parts of the formation.
Parallel lamination is developed in a range of fine to coarse-grained
sandstone, which are typically overprinted by a pervasive Skolithos
fabric, and often sharp-based deposits, cutting down into underlying
facies (e.g. 112–115 m, Fig. 6). Compared to the Hawaz Formation,
trough cross-bedded sandstones are comparatively few in the Acacus
Formation, but where present, typically occur interbedded between the
planar/ parallel laminated sandstone deposits (e.g. 47 m, Fig. 6), where
they form sets of b30 cm thickness. Most rarely, massive sandstones
punctuate the succession, and are observed to occur both beneath the
planar/ parallel laminated sandstone facies (112 m, Fig. 6) and appearing
abruptly within the mudrock facies (146 m, Fig. 6), where they pass up-
ward into ripple cross-laminated sandstones.

4.2.2. Sedimentological interpretation
In Jabel az-Zalmah, the Acacus Formation is interpreted as a mixed

wave, tide and river-influenced delta system that was dynamic and
subject to frequent delta lobe abandonment. The arrangement of
2–8 m thick coarsening upward cycles with mudrock facies at the
base, and ripple-cross laminated facies or hummocky cross stratified
sandstones at the top is interpreted to point to individual phases of
delta lobe progradation. Whilst both wavy and flaser bedding have
been reported from ephemeral stream systems, challenging conven-
tional wisdom that they only occur in tidal environments (Martin,
2000), evidence for both opposing current ripple directions supports
stop-start deposition in a marine shelf under tidal influence. The pres-
ence of bioturbation in some stratigraphic occurrences of this facies
lends further credence to a marine, tidally influenced shelf interpreta-
tion. The stacked occurrences of the ripple cross-laminated facies,
suggesting deposition under sustained unidirectional sand-laden
flows, may be suggestive of a transition between delta front and distal
delta mouth bar deposits (e.g. Bhattacharya and Walker, 1992;
Bhattacharya and Giosan, 2003).

The hummocky cross-stratified (HCS) sandstone facies are indica-
tive of oscillatory or combined flow in response to storm wave agita-
tion (Cheel and Leckie, 1993), and hence may record deposition in a
spectrum of lower shoreface through intertidal settings. The occur-
rence of anisotropic structures in Jabel az-Zalmah is supportive of a
unidirectional flow component superimposed, perhaps by gravity,
during storm wave agitation (Dumas and Arnott, 2006). The stacked,
sharp-based occurrences of HCS sandstone near the base of the Acacus
Formation may represent a significant phase of base level fall and inci-
sion, whereas the isolated examples further up the succession may
not necessarily be bathymetrically indicative.

The planar/parallel-laminated sandstone facies are interpreted as
the deposits of a high energy shoreface to foreshore setting in
which upper flow regime conditions prevailed, hence suppressing
the generation of 3D bedforms (Ashley, 1990). A high energy, shore-
line interpretation is supported by the pervasive Skolithos burrows
that occur in these facies. Current thinking on the likely habitat of
the Skolithos ichnofacies favours a spectrum of lagoonal through
mid-upper shoreface environments. Therefore, the interstratified,
cross-bedded sandstones are hence interpreted to record the migration
of small 3D dunes in a foreshore or shoreface setting under a compara-
tively lower energy setting. Interpretation of the massive sandstones is
ambiguous, but those occurrences that pass upward into ripple cross-
laminated sandstone facies are suggestive of “dump” sedimentation as
a result of a waning mass flow (e.g. Amy and Talling, 2006).

Our interpretations are somewhat comparable to previous interpreta-
tions made in the type section in the Acacus Mountains, western Libya,
some 1000 km from Jabel az-Zalmah (Bellini and Massa, 1980). Based
on data from Jabel Azbah (at the SE margin of Al Kufrah Basin) Turner
(1991) proposed the following two-stage model for facies development
in the Acacus Formation. During phases of delta progradation, an expan-
sive braided delta plain of unspecified dimensions fed a narrow delta
front/shoreface zone that in turn passed into marine shelfal deposits.
During phases of delta abandonment, the braided delta plain became in-
undated, a “channelised mixed tidal flat” developed, and the abandoned
delta front was temporarily protected by a barrier beach system.

4.3. The Tadrart and Binem Formations

In its type area, at the western flank of the Murzuq Basin, the
Tadrart Formation is assigned a Givetian to early Emsian age (i.e.
broadly Early Devonian age) (Selley, 1997). Detailed studies of the
sedimentary architecture of that succession recognised seven facies
associations in the Tadrart and overlying Ouan Casa formations
(Adamson et al., 2000). In Jabel Azbah, Turner (1991) considered
the sedimentology of the overlying Binem Formation (which is lithos-
tratigraphically correlated with the Ouan Casa Formation in the Mur-
zuq Basin: Bellini and Massa, 1980) in some detail. This latter
formation has never been properly established with a formal type
section. In this paper, only a very brief comment on the Tadrart For-
mation and Binem Formations in Jabel az-Zalmah is attempted, and
a detailed study of the Devonian succession is highly recommended.

The Tadrart Formation comprises red coloured sandstones which
rest disconformably upon shallow marine deposits of the Acacus For-
mation (154–188 m; Figs. 6, 8A). Measurement of trough cross-bed
orientations from basal part of the Tadrart Formation reveals clear
north-eastward palaeocurrent dispersals (154–160 m; Fig. 6). With
the exception of a thin siltstone horizon (179 m; Fig. 6), the Tadrart
Formation comprises a 50 m thick uninterrupted succession of red
fine-grained and occasionally medium-grained sandstones between
(154–194 m; Fig. 6). Bioturbation is absent. In contrast, the overlying
Binem Formation, in contrast to the Tadrart Formation, is characterised
by ubiquitous bioturbation, notably pervasive Skolithos burrows at the
base and near the top of the logged section (e.g. 190 m, 204 m, Fig. 6).
The formation is characterised by fine-grained, parallel laminated to
trough cross stratified sandstones at the base and at the top, and silt-
stones with sandstone interbeds in the middle part, within which
Zoophycos traces are noted (198 m; Figs. 6, 8B).

In Jabel az-Zalmah, the Tadrart Formation is interpreted as the de-
posits of a braided river system that shed sediments towards the
northeast. The absence of trace fossils, and other marine indicators
such a wave ripples, is indicative of a purely continental setting. In
contrast, the Binem Formation is interpreted as a shallow to marginal
marine deposit, with the Skolithos burrowed sandstones probably indi-
cate of high energy, shoreface or intertidal environments. In Jabel
Azbah, Zoophycos-bearing beds represent a regional marker across the
SE Kufra Basin (Turner and Benton, 1983). There, the association of this
trace with other burrows, notably Lennea schmiditi and “Spirophyton”
eifeliense, has been used to infer a Middle Devonian age (Seilacher,
2007, p. 108), and hence a similar age is inferred in Jabel az-Zalmah.
This spreite is not bathymetrically indicative and has been recognised
in facies representing a variety of water depths, although rather quiet,
oxygen depleted, nutrient rich waters are considered prerequisites for
these forms (Frey and Seilacher, 1980). The trailmaker remains elusive
(Seilacher, 2007). However, given the context of the Zoophycos-bearing



Fig. 7. General outcrop views and sedimentary facies within the Acacus and Tadrart formations, from the logged-section outcrop (Fig. 6). A: typical outcrop pattern of the Acacus
Formation. B, C: beautifully exposed parasequences within the lower part of the Acacus Formation. D: sharp-based sandstone cutting down into underlying parasequence. E: middle
part of the Acacus Formation. In the background, each of the clearly defined benches of sandstone mark the top of a 2–8 m thick coarsening upward cycle. F: discrete interval of
Skolithos bioturbation, typical of the upper Acacus Formation. G: Arthophycus linearis (worm burrows). H: cross-stratification in lower levels of the Tadrart Formation.
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bed in Jabel-az Zalmah between two (shallow)marine Skolithos-bearing
intervals, a lagoonal setting for the middle part of the logged Binem For-
mation is proposed.

4.4. Stratigraphic summary of the Silurian–Devonian interval

As has been noted throughout this paper, high outcrop quality
affords detailed sedimentological interpretation, and the trace fossil
assemblages facilitate some age constraints (Early Silurian arthrophy-
cus burrows and probable Middle Devonian Zoophycos). The strati-
graphic organisation of the Akakus Formation can be readily
characterised as discrete coarsening upward packages (progradational
pulses, or parasequences) and aggradational packages, usually repre-
sented by HCS-bearing storm bed sandstones (Fig. 6). The prograda-
tional pulses in the Acacus Formation are tentatively linked to
buildout of individual delta lobes, and their sharp tops representative
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Fig. 8. A: stratigraphic contact between the Acacus and Tanzuft formations in central
Jabal az-Zalmah. The uppermost part of the Acacus Formation consists of delicately bio-
turbated siltstones, with Skolithos burrows just beneath. The Tadrart Formation, mean-
while comprises brick red, trough cross-bedded sandstones with predominantly north-
eastward directed palaeocurrent dispersals. Location of disconformity: 25°49′ 31″N
23°36′ 55″E. B: Zoophycos burrows in the middle part of the Binem Formation. Else-
where in Al Kufrah Basin, its association with other traces has been used to infer a Middle
Devonian age for the host strata (Seilacher, 2007).
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of delta lobe abandonment: a comparable model to that developed for
Jabel Azbah, some 3–400 m to the south (Turner, 1980, 1991).

In a perfect characterisation, Bellini et al. (1991) noted that the
upper part of the Acacus Formation is dominated by “a flood of
trace fossils (Arthrophycus, Cruziana etc.) and ripples”. These au-
thors noted the extremely variable thickness of the formation
around the flanks of Al Kufrah Basin, from 0 to 25 m at the SW
basin outcrop (Jabel Eghei), to 100–160 m in Jabel az-Zalmah. They
attributed these thickness variations in part to erosion at the base
of the overlying Tadrart Formation. Turner (1991) agreed to this
mechanism, further suggesting that delta deposits (the Acacus For-
mation) are disconnected from the fluvial topset (the Tadrart
Formation) in space and time. The evidence for this is the locally an-
gular unconformity between the two formations (Turner, 1991). Here,
in a sequence stratigraphic framework, it is suggested that the contact
represents a major sequence boundary, resulting from regional sea-
level fall. In a regional context, this unconformity probably correlates
with the so-called “Caledonian” unconformity, well expressed at the
NE flank of the Murzuq Basin, where stratigraphic hiati result from
pulse of uplift (e.g. Craig et al., 2008). Significant basinward facies dislo-
cation of this type, and erosion of the Acacus delta deposits, might ac-
count just as effectively for the pronounced thickness changes of the
Acacus Formation across the basin as renewed tectonic activity during
the Devonian (e.g. Klitzsch, 2000).
5. Implications for hydrocarbon exploration

Active hydrocarbon exploration is ongoing in the central and
southern Al Kufrah Basin. Consequently, understanding the stratigra-
phy of Palaeozoic sediments exposed at outcrop around the basin
margins is of great importance. The detailed stratigraphic descrip-
tions and facies interpretations presented here provide new insights
into the evolution of the Al Kufrah Basin and powerful analogues for
the interpretation of seismic and core data. The new age constraints
provided by ichnofacies, along with the recognition and description
of key surfaces in Jabel az-Zalmah will aid correlation between out-
crop and the subsurface. In addition to improving understanding of
the lower Palaeozoic stratigraphy this work has the following impli-
cations for hydrocarbon exploration in the Al Kufrah Basin. The
great thickness of the Hawaz Fm in Jabel az-Zalmah, the lack of
major unconformities and limited amount of shale indicate a well
connected reservoir with few barriers to fluid flow. Consequently
these formations have excellent reservoir potential in the subsurface
Al Kufrah Basin where they are not affected by significant faulting.
The existence of topography exceeding 100 m relief at the base of
the Mamuniyat Formation at outcrop presents a significant challenge
to correlating sections between adjacent wells in the subsurface. Con-
troversy as to the relative importance of the Hawaz Formation and
Mamuniyat Formation as reservoirs in the Murzuq Basin has in-
creased the importance of accurately differentiating them elsewhere.
The Hawaz Formation is characterised by Skolithos and Cruziana and
soft sediment deformation is restricted to individual beds. In contrast
the Mamuniyat Formation is characterised by chaotic deformation
structures and a paucity of bioturbation. These represent the first
clear criterion for differentiation of Lower Palaeozoic sandstones in
the northern Al Kufrah Basin. Observations in Jabel az-Zalmah reveal
the presence of a palaeo-landsurface formed, at least in part, by trans-
gressive ravinement at the top of the Mamuniyat Formation. The
presence of such topography is considered critical to the deposition
of organically enriched “hot” shales at the base of the Tannezuft For-
mation. which represent the regional source interval. Limited biostra-
tiographic constraints suggest that the base of the Tannezuft
Formation may be of late Ordovician age in some places, by analogy to
the Murzuq Basin (Moreau, 2011). This has important implications for
the regional correlation of hydrocarbon source rock intervals.

6. Conclusions

• A detailed sedimentological account of the Hawaz Formation of
Lower to Mid Ordovician age is provided for the first time. This
pre-glacial succession is almost 300 m thick and represents the de-
position of sandstones in a strongly aggradational shallow marine
to intertidal setting. Tentative age constraints for this formation
are available from trace fossils (Cruziana) whose character is indic-
ative of a Lower Ordovician age at the base of the succession and a
Middle Ordovician age towards the top. No obvious hiatuses occur
within the succession.

• A Late Ordovician glacial succession of 8–90 m thickness (the
Mamuniyat Formation), deposited during the growth and decay of
Hirnantian ice sheets at about 443 Ma, lies stratigraphically above
the Hawaz Formation. Ice sheets carved incisions into the top of
the Hawaz Formation, and these incisions are preserved as a palaeo-
topography (Le Heron et al., 2010), as is the case elsewhere in North
Africa (Smart, 2000). The Mamuniyat Formation can be distin-
guished from theHawaz Formation because 1) bioturbation is usually
lacking, 2) deformation structures are often chaotic in character,
reflecting palaeo-ice sheet shear processes.

• A “postglacial” succession of Silurian through Devonian age is de-
scribed in sedimentological detail for the first time. This succession
encompasses the Tannezuft, Acacus, Tadrart and Binem formations
of late Ordovician–Silurian, Late Silurian, ?Devonian and Mid
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Devonian estimated ages respectively. Error bars on ages of these
successions, at present, are considerable, because the only means
of dating them is through trace fossil recognition.

• The Acacus Formation records the progradation of a delta system
that encompasses aspects of all three end-member processes,
namely tide, wave and river-influence. A similar model to that pro-
posed by Turner (1991) for the Jabel Azbah region, some 3–400 km
to the south, is therefore suggested for Jabel az-Zalmah. The Tadrart
Formation records a considerable basinward facies dislocation, su-
perposing braided river deposits atop the Acacus delta sequence.
Marine transgression, and the re-establishment of marginal marine
conditions, characterised Binem Formation time.

• It is hoped that the data in this paper add considerably to our un-
derstanding of the Lower Palaeozoic stratigraphic architecture of
Al Kufrah Basin, providing, for the first time, a considerable new
dataset for the northernmargin of this basin. In the course of hydro-
carbon exploration, these data are expected to reduce the risks of
drilling in the northern part of the basin by contributing data on
stratigraphic thicknesses and data on lithologies and facies likely
to be encountered in the course of exploration.
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