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ABSTRACT

This paper presents new stratigraphic and sedimentological data of the Ordovician, Silurian, and

Mesozoic succession exposed on the western flank of Al Kufrah Basin. Field data (logged sections,

photographs, palaeocurrent analyses) are presented from the Jabal Eghei region. This region lies ca.
200 km E of the closest stratigraphic tie point at Mourizidie on the eastern flank of the Murzuq

Basin. The succession starts with the Hawaz Formation (Middle Ordovician) comprising >100 m of

cross-bedded and bioturbated sandstones that are interpreted as deposits of tidal currents in an open

shelf setting. The contact between the Hawaz and Mamuniyat formations is an erosional unconfor-

mity, incised during advance of Late Ordovician ice sheets towards the NE. The Mamuniyat Forma-

tion comprises >150 m of massive and graded sandstones tentatively assigned to the Hirnantian, and

contains an intraformational, soft-sediment striated surface that is interpreted to record re-advance

of ice sheets over Jabal Eghei. The outcrop section suggests the sandstone would form an excellent

reservoir in the subsurface. The Mamuniyat Formation is overlain by the Tanezzuft Formation

(uppermost Ordovician–lowermost Silurian). This includes sandy limestone/calcareous sandstone,

a Planolites horizon, and then 50 m of interbedded shale, silt and fine-grained, graded and hum-

mocky cross-stratified sandstone recording deposition from both shallow marine turbidity currents

and storm flows. A striated pavement in the lower part of this sequence is overlain by calcareous

lonestone-bearing intervals (interpreted as ice-rafted debris). These features testify to late phases of

glacial advance probably post-dating the regional Hirnantian glacial maximum. The basal Silurian

‘hot shale’ facies is not developed in this area, probably because late glacial advance suppressed the

preservation of organic matter. The upper part of the Tanezzuft Formation is truncated by an

unconformity above which palaeosol-bearing fluvial deposits (undifferentiated Mesozoic) occur.

INTRODUCTION

Al Kufrah Basin is one of the largest Saharan intracraton-

ic basins, covering ca. 400 000 km2 of south-eastern

Libya, northern Chad and NW Sudan (Fig. 1). Its strati-

graphic architecture is broadly similar to the Murzuq

Basin of western Libya, where a Lower Palaeozoic petro-

leum system has been delineated consisting of Middle to

Upper Ordovician sandstone reservoirs, a Lower Silurian

source rock and seal (e.g. Davidson et al., 2000; Craig

et al., 2008), and structural traps (e.g. Aziz, 2000; Smart,

2000). By comparison, Al Kufrah Basin is only lightly

explored so far with no evidence of a similar petroleum

system in the Libyan portion. Recent drilling results in

the Sudanese portion of the basin, however, have resulted

in live oil shows, confirming the existence of a working

petroleum system (well Sahara-1, block 12A: Eales &

Scallon, 2012). This comes in spite of subsurface investi-

gation of potential source-rock strata at the eastern basin

margin, which have not been so optimistic (Meinhold

et al., 2013). This article provides new information on the

western margin of this basin, where outcrops have been

little explored for more than 40 years. However, an

important phase of early reconnaissance in the Jabal Eghei

region (Figs 1 and 2) was undertaken by Dalloni (1934),

Vittimberga & Cardello (1963), De Lestang (1965),

Selley (1971) and Selley (unpublished). The nearest
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Fig. 1. Location of Al Kufrah Basin, with simplified geological map and distribution of recent boreholes/wells together with the

study site in Jabal Eghei (see Fig. 2 for distribution of localities visited in this study). Map compiled after Wolff (1964), De Lestang

(1965), IRC (1985), Klitzsch et al. (1987) and Meinhold et al. (2013).
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stratigraphic tie points are in the Mourizidie area of the

better known Murzuq Basin, some 200 km to the west.

Stratigraphic models for this latter region were recently

proposed by Le Heron et al. (2013a) and Ghienne et al.
(2013).

Oil exploration began in Al Kufrah Basin during the

late 1970s, driving a fieldwork programme by AGIP, who

undertook a survey of each of the basin flanks, including

Jabal Eghei. Most of the results are unpublished but syn-

thetic stratigraphic columns for each basin flank were

released (Bellini et al., 1991). A later reconnaissance sur-

vey in 2000 by LASMO, OMV and Robertson Research

International was summarized in an unpublished report

by L€uning & Martin (2000). However, only a very limited
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Fig. 2. Satellite image of the study area in Jabal Eghei (see Fig. 1 for regional context), with location of study areas, and figures in this

paper, indicated.
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amount of information has reached the public domain via

a recent synthesis of the Lower Palaeozoic stratigraphy of

Libya (Ghnia et al., 2008). This latter survey did not

extend to the Jabal Eghei outcrop belt. Several passes into

the Tibesti Massif were land mined by the Libyan author-

ities during the Chad–Libya border conflict in 1981. This,
combined with its remoteness and threat of kidnap have

meant that the Jabal Eghei region and outcrops to the

south of it have remained out of bounds to most geologists

for long periods of time.

The purpose of this article is to present a substantial

new dataset on the Middle Ordovician through Mesozoic

strata outcropping in the Jabal Eghei region (Figs 1 and

2), focussing on glaciogenic deposits of probable latest

Ordovician (Hirnantian) and early Silurian age. The

Upper Ordovician succession exposed around the mar-

gins of the Sahara platform provide an outstanding natu-

ral laboratory to study the deposits of ancient glaciations,

which play a fundamental role in petroleum systems more

generally across North Africa and the Middle East (e.g.

Le Heron et al., 2009a,b; Moreau, 2011). The Jabal Eghei

succession is one of the last areas on the Saharan platform

still to be fully described and integrated in regional mod-

els of ice sheet extent and geometry (e.g. Ghienne et al.,
2007; Le Heron & Craig, 2008). The data derive from

3 weeks fieldwork by the authors (DPL, GM, ME) in

November–December 2008.

The Palaeozoic succession of Al Kufrah Basin originally

formed part of a regionally extensive sequence stretching

across the Saharan and Arabian platforms (Boote et al.,
1998). The basin assumed its present form following later

Hercynian, Austrian and Alpine uplift and unroofing.

The Precambrian–Lower Palaeozoic section is now

exposed at the basin margins and provides an excellent

record of its stratigraphic evolution. This commences

with Cryogenian–Ediacaran (‘Pan-African’) orogenesis,

followed by uplift and regional peneplanation, reflected by

a sharp and planar unconformity (Craig et al., 2008)

which can be traced regionally across the Sahara platform.

Above, Cambrian fluvial sandstones may have been depos-

ited, marking the onset of Phanerozoic deposition (Bellini

et al., 1991). However, their presence remains uncertain

in the basin: key sections at the SE basin margin yield

Ordovician ichnofauna (Le Heron et al., 2010). During

the Ordovician, shallow marine and fluvial successions

were deposited, followed by a major glaciation at the end

of the Ordovician (e.g. Le Heron & Craig, 2008). Some

authors have suggested that this glaciation may have been

initiated by regional uplift during the Caradoc–Ashgill
(Sutcliffe et al., 2001). Early Silurian times saw a major

eustatic sea level rise (Carr, 2002), terminating in the late

Silurian/early Devonian with regional fall in base level

and erosion. Clastic-dominated sedimentation continued

during the Devonian and Carboniferous, interrupted by

several regional low angle unconformities recording far-

field plate margin events, culminating with the so-called

Hercynian or Mauritanide collision (e.g. Craig et al.,
2008; Ghienne et al., 2013; Le Heron et al., 2013a).

Maturation and expulsion of hydrocarbons in the Mur-

zuq Basin is believed to have occurred prior to ‘mid’ Cre-

taceous uplift and exhumation (Craig et al., 2008). A

similar generation history might be expected in Al Kufrah

Basin (Davidson et al., 2000), where a thick accumulation

of overlying strata may also be required to maturate, crack

and ultimately expel hydrocarbons into traps in a similar

manner to the Murzuq Basin. Therefore, in Jabal Eghei, a

basic understanding of the lithological character of the

Mesozoic sandstone will enable this formation to be rec-

ognized in boreholes sunk in the course of hydrocarbon

exploration.

The Palaeozoic outcrops around the margins of Al

Kufrah Basin provide a critical insight into the subsurface

stratigraphic architecture and identification of potential

reservoir and source-rock intervals. Understanding the

early evolution of Al Kufrah Basin is important, as it is a

frontier basin for hydrocarbon exploration, and live oil

remains elusive in the Libyan sector of the basin. Hydro-

carbon exploration is underway in the eastern and north-

ern part of the basin (e.g. L€uning et al., 2010; Meinhold

et al., 2013), so far without success. The Jabal Eghei out-
crops provide some useful insights on reservoir and trap

geometries which should help in the course of hydrocar-

bon exploration in the adjacent basin.

STRATIGRAPHYAND SEDIMENTOLOGY
OF THE JABAL EGHEI REGION

The succession exposed at Jabal Eghei is very similar to

that in western Libya, although much of the upper Palae-

ozoic has been locally removed by Hercynian and later

erosion (Fig. 3). In our study area, towards the northern

end of the outcrop belt, this erosion has stripped away the

Devonian and Carboniferous strata. This article therefore

describes three Palaeozoic formations: in ascending order,

these are the Hawaz Formation, the Mamuniyat Forma-

tion and the Tanezzuft Formation (Fig. 3). In different

parts of the outcrop area, the latter two units are trun-

cated by a deeply erosional unconformity with undiffer-

entiated, plant-bearing sandstones of Mesozoic age above

(Fig. 3).

Hawaz Formation

The Hawaz Formation has its type section on the Gargaf

Arch at the northern flank of the Murzuq Basin (Radulo-

vic, 1984; Gundobin, 1985). In the SE part of Al Kufrah

Basin at Jabal Azbah and Jabal Arkenu, paralic sand-

stones, recording high-energy braidplain deposits that

pass distally into coastal tidal bars and tidal inlet facies

(Turner, 1980, 1991), dominate these deposits. In this

region and at Jabal az-Zalmah, this formation has been

identified on the basis of its Cruziana and Arthrophycus
trace fossil assemblage (L€uning et al., 1999; Le Heron

et al., 2010), regionally assigned to the Lower and/or

Middle Ordovician. Nevertheless, although this age
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assignment is imprecise, the trace fossils suggest that a

Cambrian age is unlikely (Seilacher, 2007). These findings

are significant, because it was earlier suggested that Cam-

brian strata of the Hasawnah Formation (type section

Gargaf Arch) crop out extensively around the SE part of

Al Kufrah Basin (Sa€ıd et al., 2000). Furthermore, in the

Mourizidie area, the post-Arenig succession is reported as

onlapping structural highs (Ghienne et al., 2013). In the

Jabal Eghei region, De Lestang (1965) termed these strata

the Teda Formation, a term that has not subsequently

been adopted.

The Hawaz Formation has an unknown total thickness

in Jabal Eghei: the maximum logged thickness is 85 m

(Fig. 4a) where this formation is capped by Tertiary
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Fig. 3. Chronostratigraphic synthesis for the western margin of Al Kufrah Basin from south-eastern Libya into northern Chad.

Synthesized from Klitzsch (1981), De Lestang (1965), Sa€ıd et al. (2000), Bellini et al. (1991), Grignani et al. (1991), Tawadros (2001)
and Wycisk (1990). Our study area, at the northern part of Jabal Eghei, is characterized by a significant hiatus between the Tanezzuft

Formation and undifferentiated Mesozoic deposits. The base of the oldest unit in the area, the Hawaz Formation, was not observed

because access further down the succession was impossible; see text for explanations. The Mamuniyat Formation is tentatively

assigned to the Hirnantian on the basis of regional considerations (see Le Heron & Craig, 2008) but it is emphasized that age control in

this particular area is lacking. On the basis of graptolites (Page et al., 2013), it is known that the age of the base of the Tanezzuft
Formation is Hirnantian (latest Ordovician) to Rhuddanian (earliest Silurian), hence the base of that formation is shown to straddle

the Ordovician–Silurian boundary. Furthermore, there is post-depositional inversion of a major NNE–SSW striking fault prior to

deposition of the Mesozoic sandstones. The age of these sandstones is poorly constrained. Note that the Tertiary basalts are not shown

in this figure.
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basalt. The thickness is unknown because an eastward-

dipping suite of strata, through which 4WD access is

impossible, (Fig. 2) represents the western flank of the

study area, and hence the base of the formation is uncon-

strained. Two groups of facies are recognized: (1) a bio-

turbated facies association and (2) a cross-bedded facies

association.

Bioturbated sandstone facies association

This facies association comprises medium- to coarse-

grained sandstone with occasional, interbedded white

siltstone horizons. Two principal lithofacies types were

recognized in the field. The first lithofacies comprises

thick (0.75 m), stacked sandstone beds (Fig. 5a). With

the exception of an intense, vertical Skolithos ichnofabric
(Fig. 5a and b), this lithofacies is devoid of sedimentary

structure. Continuous, 50-m thick occurrences of these

bioturbated sandstone beds show little to no grain-size

variation from bed to bed. The second lithofacies com-

prises medium- to coarse-grained sandstones that are

organized into large-scale (2 m high) composite sigmoidal

trough cross-beds (Fig. 5c). These sigmoidal cross-beds

are characterized by internal truncations, including top-

laps (Fig. 5c). Cruziana trails were not encountered.
The bioturbated sandstone facies association is inter-

preted as a series of shallow marine dunes and interdune

sands deposited in a high-energy environment. The

preponderance of Skolithos in the first lithofacies bears

close comparison to the thick intervals of bioturbated

sandstone in the Hawaz Formation at Jabal az-Zalmah

(Le Heron & Howard, 2012) and on the Gargaf Arch (Ra-

mos et al., 2006; De Gibert et al., 2011). Close similarities

are also noted with the Hawaz Formation at the eastern

flank of the Murzuq Basin (Ghienne et al., 2013; Le

Heron et al., 2013a). We tentatively interpret the large-

scale composite bedforms as tidal bar deposits. Although

palaeocurrent data are not available to support this inter-
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pretation, the sigmoidal external geometry of the bed-

forms, and their complex internal architecture with multi-

ple truncations and toplaps, are consistent with

observations from modern tidal bar architectures where

internal truncations are frequently interpreted as reactiva-

tion surfaces produced by palaeocurrent reversals as the

tide turns (e.g. De Vries Klein, 1970; Yoshida et al.,
2004). The sigmoidal geometries of the foresets are con-

sistent with such a tidal setting. Although Cruziana trails
have provided an effective means of differentiating the

Ordovician succession elsewhere in southern Libya (Seil-

acher, 2007), the bioturbated sandstone facies association

has no such stratigraphic fix.

Cross-bedded sandstone facies association

This facies association is widespread, and comprises two

principal lithofacies: (1) a stacked, cross-bedded lithofa-

cies and (2) a parallel-laminated lithofacies (Fig. 4a and

b). The former lithofacies comprises brown-red weath-

ered, coarse- to medium-grained, well-sorted sandstones

that stack to form continuous thicknesses of up to 80 m.

In terms of dimensions, the planar cross-beds attain

5–50 cm height, bed contacts are sharp, and locally

channelized (Figs 4 and 5d). Cross-strata may also show

evidence for reactivation surfaces. Four separate sets of

palaeocurrent data show that the palaeo-flow was towards

the northeast with a unidirectional dispersal pattern

(Fig. 4), with a mean vector of 039°. The parallel-lami-

nated lithofacies is developed in fine- to medium-grained

sandstone, and comprises parallel to sub-parallel lamina-

tion (Fig. 4) and occasional trough low-angle (<5°) cross-
stratification. This lithofacies is interbedded with trough

cross-bedded sandstones (Fig. 4, log 1), and also contains

occasional Skolithos burrows (Fig. 5e).
There are two plausible interpretations for the cross-

bedded sandstone facies association: (1) as a low-lying

braidplain that developed on a NE sloping gradient and

was subject to marine incursions or (2) a thick succession

of open marine deposits laid down under the influence of

tidal currents. Under the first interpretation, overbank

deposits (i.e. mudstones) are not recognized, and over-

bank areas would have been poorly distinguished from in-

terchannel areas. In this interpretation, the small-scale

trough cross-beds are interpreted as the deposits of small-

scale braid bars. The stacked occurrence of trough cross-

bed sets and cosets, coupled with the rarity of channelled

contacts, may point to deposition within an aggrading

braidplain system in comparatively shallow water (e.g.

Leclair et al., 1997). Under the second interpretation,

stacked trough cross-bedded sandstones were deposited

by rotary tidal currents in an open shelf environment.

Open shelf environments susceptible to such rotary cur-

rents typically lack clay drapes and other fines because no

true slack water develops (Dalrymple & Choi, 2007). Fur-

thermore, classic bi-directional indicators such as herring-

bone cross-stratification may not be represented because

one dominant flow direction is recorded in such settings

(Dalrymple & Choi, 2007). Occasional preservation of

composite planar cross-strata testifies to the development

of straight-crested dunes. The parallel-laminated sand-

stone lithofacies indicates the development of either lower

or upper flat bed conditions in interdune areas.

Mamuniyat Formation

Like the Hawaz Formation, the type section of the Mam-

uniyat Formation is on the Gargaf Arch at the northern

flank of the Murzuq Basin (Radulovic, 1984; Gundobin,

1985) where it has been assigned a Late Ordovician (Hir-

nantian) age on the basis of its brachiopod fauna (Sutcliffe

et al., 2001). In Jabal Eghei, the term ‘Munchar Forma-

tion’ was proposed by De Lestang (1965), a unit that has

not subsequently been widely recognized. Nevertheless,

across Libya, a range of geological features have been rec-

ognized to suggest that the Mamuniyat Formation was

deposited in a glacial or periglacial environment. Several

papers provide a conceptual framework to distinguish

these deposits in the western Al Kufrah Basin. Sedimen-

tological research has been undertaken on these rocks on

the western margin (Ghat and Wadi Analalin) and on the

northern margin (Gargaf Arch) of the Murzuq Basin

(Ghienne et al., 2003, 2010; Le Heron et al., 2005, 2006;
Moreau et al., 2005; Moreau, 2011; Girard et al., 2012a,
b). The Mamuniyat Formation was examined recently in

the Mourizidie and Dor el Gussa areas by both Le

Heron et al. (2013a) and Ghienne et al. (2013). Le Heron

et al. (2010) provide a detailed stratigraphic and

sedimentological analysis of the Late Ordovician glacio-

genic succession in the Jabal Azbah and Jabal az-Zalmah

regions at the eastern and northern flank of Al Kufrah

Basin, respectively.

The contact between the Hawaz and Mamuniyat for-

mations was observed at one locality (Fig. 4, log 2). Here,

a sharp and irregular unconformity can be demonstrated

(Fig. 6a–c). At this locality, sandstones of the Mamuniyat

Formation rest sharply upon deposits of the bioturbated

sandstone facies association of the Hawaz Formation

(Fig. 4, log 2). The unconformity at this locality is

expressed as a steeply dipping (70°) incision (Fig. 6c)

which marks the eastern flank of a NNW–SSE trending

palaeovalley.

In Jabal Eghei, the entirety of the studied Mamuniyat

Formation can be assigned to a single facies association,

Fig. 5. Representative photographs of the Hawaz Formation in Jabal Eghei. (a and b) Bioturbated sandstones: a 50-m thick, continu-

ous section of Skolithos-burrowed sandstones. (c) Complex sigmoidal bedform, showing evidence for internal truncation relationships

that are interpreted as reactivation surfaces within a tidal bar (toplap and downlap surfaces are arrowed). Note hammer (circled) for

scale. (d) Tabular/planar cross-strata with topset truncation/scour. (e) Bioturbated facies association in medium-grained sandstone.

(f) Disconformable contact between the Hawaz Formation and successive basalt lava flows of Tertiary age above.
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albeit composed of several constituent lithofacies. This

facies association attains a maximum thickness of 145 m

in our measured sections (Fig. 7, log 3). It comprises five

constituent lithofacies, namely (1) a massive sandstone

lithofacies, (2) a climbing-dune cross-stratified sandstone

lithofacies, (3) a climbing-ripple cross-laminated lithofa-

cies, (4) a siltstone lithofacies and (5) a deformed sand-

stone lithofacies.

The massive sandstone lithofacies (Fig. 7) consists of

well-sorted, medium- to fine-grained, structureless quartz

arenites, with occasional pebble-sized clasts. This lithofa-

cies is stacked into multiple beds that are thick (1–2 m) to

poorly-bedded (Fig. 7). Where bedding is discernable,

bed boundaries are concordant. At one locality, a soft-sed-

iment striated pavement was encountered within this

facies association, separating an occurrence of the massive

sandstone lithofacies below from the climbing-ripple

cross-laminated lithofacies above (Fig. 6d–f). Climbing-

dune cross-stratification (CDCS: Ghienne et al., 2010)
consists of stacked sets of trough cross-strata of sigmoidal

geometry (Figs 7 and 8a–e), but the slope angle of the

foresets is variable between ca. 10–30°. This lithofacies is
often intercalated with the massive sandstone lithofacies

(Fig. 5, log 2). The sets of CDCS show evidence for

climbing geometries between sets of cross-strata, and the

undulose nature of set boundaries (Figs 9 and 11a–e),
together with the variable dip angle of the foresets, may

superficially confuse these deposits with hummocky or

swaley cross-stratification. The basal surface of the CDCS

facies is frequently irregular, scoop-shaped or channelized

(Fig. 8b). Vertically, these deposits pass into a climbing-

ripple cross-laminated lithofacies, contained within beds

0.5–1 m thick, with subordinate pink–white siltstone

(Figs 7 and 9). The siltstone lithofacies comprises silt-

stone that typically occurs at the top of fining-upward

sequences, often on top of the climbing-ripple cross-lami-

nated lithofacies (Figs 7 and 9). The deformed sandstone

lithofacies, meanwhile, comprises sediments ranging from

sandstone to siltstone in grain-size, and contains a variety

of soft-sediment deformation structures. These include

convolute bedding, ball and pillow structures, flame

structures and metre-scale chaotic folds (Fig. 7, logs 2

and 3).

The thickly bedded sandstone facies association is gen-

erally interpreted to record high rates of sediment deliv-

ery by pulsed meltwater events at a shallow, subaqueous

ice sheet grounding line. The concordant bed boundaries

between massive sandstone beds suggest repeated

emplacement of turbulent flows. At high sediment con-

centrations and fall-out rates, the development of bed-

forms is suppressed (Sumner et al., 2008; Talling et al.,
2012).

Climbing-dune cross-stratification, defined and

described in detail by Ghienne et al. (2010) is equivalent
to the antidune facies of Hirst et al. (2002). These depos-
its are interpreted to record high sedimentation rates in a

subaqueous setting, but their specific interpretation is

complex. Their widespread occurrence beyond the Jabal

Eghei region (at least as far east as southern Algeria: Des-

champs et al., 2013), together with their context as a res-

ervoir target in the Murzuq and Illizi basins (Hirst, 2012),

and recent history of intense research by a team of Stras-

bourg geologists (Ghienne et al., 2010; Girard et al.,
2012a,b) clearly justifies a very careful treatment herein.

Given the highly unusual nature of these facies, it is

appropriate to draw on these studies at this point to pro-

vide a correct contextual interpretation.

Ghienne et al. (2010) interpreted sheet sandstones with
CDCS to represent lower flow regime conditions. In

westernmost Libya, Wadi Aramat sections (Girard et al.,
2012a,b) typically show in-phase bedforms with a shallow

angle of climb. Hirst (2012) pointed out that over the bor-

der, in Algeria, climbing bedforms are less common, but

noting that lateral transitions into climbing cosets can be

demonstrated. Drawing on flume tank work which has

reproduced these geometries experimentally under upper

flow regimes at high Froude numbers (Saunderson &

Lockett, 1983), Hirst (2012) developed his earlier inter-

pretations (Hirst et al., 2002) that CDCS-bearing sand-

stones were the product of antidunes in a subaqueous

setting. With reference to the 1918 j€okulhlaup deposits in

Iceland, on a sandur which has subsequently been modi-

fied by steady-state proglacial drainage (Duller et al.,
2008), Hirst (2012) provides three arguments why CDCS

is subaqueous:

(1) The modern Icelandic sandar show cut-banks testify-

ing to subaerial erosion. Evidence for incision in

CDCS-bearing sheet sandstones is lacking.

(2) The Icelandic j€okulhlaup deposits rarely show stacked

cosets with in-phase climb, probably because of local

irregularities at the base of the flow (e.g. inherited

cut-bank topography). Subaqueous flows, by contrast,

would encounter less pronounced topography pro-

moting consistent in-phase climb.

(3) Kettle holes produced by melting dead ice, common

to Icelandic sandar, are absent in Hirnantian progla-

cial deposits.

Given the above, it is easy to erroneously polarize the

Hirst interpretation as ‘subaqueous’ and the Ghienne

et al. (2010) and Girard et al. (2012a,b) interpretation as

‘subaerial’. From the sections along the western Murzuq

Basin, Ghienne et al. (2010) and Girard et al. (2012b)
recognize glaciofluvial topsets and turbidite-sourced fore-

Fig. 6. Contact between the Hawaz and Mamuniyat formations in the Jabal Eghei region. (a) Unconformable contact, showing about

10-m incision from the right of the photograph (=east) to left (=west). (b) Detail of the unconformity just above the left hand 4WD in

photo A. (c) Very steep contact to the extreme right of photo A. (d) Soft-sediment striated surface punctuating massive sandstone

facies association – note geologist for scale. (e and f) Outcrop view and detail of striated surface. The striated surface is shown in strati-

graphic context on log 1, Fig. 7.
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sets, with both subenvironments including CDCS and

facies indicative of upper flow conditions (e.g. antidunes).

In the Tassili N’Ajjer region in south-east Algeria, Des-

champs et al. (2013) have similar interpretations from the

Gara Ouarsisene and Dider palaeovalleys. However, the

distinction with Girard et al. (2012b) is that Deschamps

et al. (2013) interpret exclusively subaqueous channels

feeding subaqueous lobes. The consensus (Hirst et al.,
2002; Ghienne et al., 2010; Girard et al., 2012a,b; Hirst,

2012; Deschamps et al., 2013) envisages a dominantly cat-

astrophic, j€okulhlaup-dominated setting. Hirst et al.
(2002) and Hirst (2012) recognize only a turbidite system.

During a j€okulhlaup, hyperconcentrated and turbulent

flows deposit gravels and sands (Marren et al., 2009).

Unconfined sheet flow typically prevails and channels

only become active during the waning flow stages and

under steady-state fluvial conditions (Marren et al.,
2009). In the Tassili N’Ajjer region of south-east Algeria,

Beuf et al. (1971) published a classic monograph which

showed how so-called ‘cordons’ (or ribbon-channels) –

10 m wide, 5 m deep incisions that are clearly visible

from aerial photography – cross-cut the CDCS-bearing

sandstones (Deschamps et al., 2013). These are inter-

preted by Girard et al. (2012b) and Deschamps et al.
(2013) to be topsets, akin to a sandur plain, feeding a pro-

glacial delta system. The absence of kettle holes should

also be viewed critically, perhaps, while widespread in

modern paraglacial settings, they are not ubiquitous in

modern sandar.

The channelized base of some CDCS beds clearly

points to phases of significant reworking and bypass. The

scoop-like incisions closely resemble chute and pool

structures characteristic of Pleistocene glacial outwash

successions (Lang & Winsemann, 2013). Although ‘cor-

don’ structures (Beuf et al., 1971) are not recognized in

Jabal Eghei, the scoop-like incisions do support cannibali-

sation of underlying sandstones. In an ice-proximal set-

ting, channelized flows may have been initiated by

meltwater release from sub- or englacial channels (e.g.

Powell & Cooper, 2002). The flows are likely to have

(a)

(b) (c)

(d) (e)

Fig. 8. The climbing-dune cross-strati-

fied facies of the Mamuniyat Formation

in Jabal Eghei, and comparable facies in

the Upper Ordovician succession else-

where in North Africa. From Le Heron

et al. (2013b). (a) Top of log 3, Fig. 7. (b)
Undulose scour infilled by climbing-

dune cross-stratification (Ghienne et al.,
2010). From Le Heron et al. (2013b). (c)
Climbing-dune cross-stratification from

the upper part of the Mamuniyat Forma-

tion north of Ghat, SW Libya (from Le

Heron et al., 2006). (d) Examples from

the Tamadjert Formation, near Djanet,

SE Algeria. (e) Mamuniyat Formation of

Jabal Azbah, SE Al Kufrah Basin (Le

Heron et al., 2010).
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decelerated a short distance from the ice margin and

replaced by lower velocity deposition of tractional bed-

forms. Therefore, the climbing-ripple cross-laminated

lithofacies are thought to record a waning turbidity flow

in association with high rates of sediment aggradation.

This would be expected as flows move downslope, mixing

with the ambient basin water in low-density flows that

promote the development of ripple cross-lamination (Baas

et al., 2011; Talling et al., 2012). The deformed sand-

stone lithofacies is compatible with a high sedimentation

rate (Maltman, 1994). Collectively, the ball and pillow

structures, convolute beds, flame structures and metre-

scale chaotic folds are interpreted as the product of Ray-

leigh-Taylor instabilities that were likely generated at

grain-size/bed interfaces (Allen, 1984; Collinson &

Thompson, 1988).

The presence of a soft-sediment striated surface within

the thickly bedded sandstone facies association may testify

to the presence of a grounded ice sheet in Jabal Eghei dur-

ing deposition. The surface bears close resemblance to

striated pavements of Late Ordovician age from Morocco,

western Libya, Saudi Arabia and South Africa (Le Heron

et al., 2005), as well as those described from the eastern

flank of Al Kufrah Basin at Jabal Azbah (Le Heron &

Howard, 2010). A photograph of a similar striated surface

was published by Ghnia et al. (2008). It is thus inter-

preted to record subglacial shearing (e.g. Denis et al.,
2010) rather than ice-keel turbation (Woodsworth-Lynas

& Dowdeswell, 1994). Its low relief aspect, coupled with a

facies change above this surface, supports direct ice

contact rather than intraformational shearing of sediment

in this particular instance (c.f. Sutcliffe et al., 2000;

Le Heron et al., 2005), and hence implies a break in

sedimentation within the Mamuniyat Formation.

However, in view of its documentation at a single locality

in our study, its regional significance is unclear.

Tanezzuft Formation

The basal, organic-rich shale of the Tanezzuft Forma-

tion is the source of the petroleum system in the

northern Murzuq Basin, yet its presence in Al Kufrah

(a) (b)

(c) (d)

Fig. 9. Climbing-ripple cross-laminated lithofacies and siltstone lithofacies in the Mamuniyat Formation of Jabal Eghei. (a) Sharp flat

surface, marking the top of a fining-upward cycle in the thickly bedded sandstone facies association. The cliff in the background is

entirely composed of this facies association: visibility is reduced by the effects of a dust storm. (b) Ripple cross-laminated sandstones

(to right, in foreground) overlain by purple–white siltstones (in background). The massive sandstone lithofacies in the background

truncates the underlying siltstones. (c) Detail of the lithofacies relationships shown in B. (d) Oversupplied climbing-ripples apparent

in photos B and C in cross section.
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Basin has still to be established. The organic-rich shale

facies was deposited during initial transgression follow-

ing the retreat of the Hirnantian ice sheet from the gla-

cial maximum, and is typically confined to palaeovalley

systems (e.g. Moreau, 2011). This transgressive, locally

organic-rich unit extend over large swathes of North

Africa into the Arabian Peninsula (L€uning et al., 2000,
2005; Armstrong et al., 2005; Loydell et al., 2009).

Consequently, it tends to be discontinuous and laps

onto adjacent palaeohighs (L€uning et al., 2000, 2010;

Moreau, 2011). By analogy, its apparent absence in Al

Kufrah Basin could reflect the limited nature of data

points from both boreholes and outcrop studies, with

the possibility that it may be locally present in the dee-

per palaeovalleys (L€uning et al., 2010). ‘Hot shale’ – a

term reflecting a distinct positive peak in the gamma-

ray log due to uranium (U) enrichment (>10 ppm of

U) related to elevated total organic carbon content (e.g.

L€uning et al., 2000, 2003; Fello et al., 2006) – has been

described from the subsurface and from several outcrop

sections in the Kufra Basin (L€uning et al., 2003, 2010;
Schimanski et al., 2008; Meinhold et al., 2013), includ-
ing outcrops in the Jabal Eghei region (L€uning et al.,
2003).

In Jabal Eghei, the Tanezzuft Formation (Dohone For-

mation of De Lestang, 1965) rests sharply upon the Mam-

uniyat Formation (Figs 3 and 10). The maximum

measured thickness of the Tanezzuft Formation in Jabal

Eghei was 55 m (Fig. 10). A detailed analysis of the facies

of the Tanezzuft Formation is provided elsewhere (Le

Heron et al., 2013b), and thus only a r�esum�e is presented
herein. Further south along the western flank of Al Kuf-

rah Basin, near Jabal Duh�un, a thickness of about 100 m

was reported (section ‘R’ of L€uning & Martin, 2000;

Ghnia et al., 2008). The Tanezzuft Formation is not uni-

versally present, because it is locally truncated by coarse-

grained, fossil-plant-bearing deposits of undifferentiated

Mesozoic sandstone (Fig. 10, c.f. logs 1 & 2). Elsewhere,

undifferentiated Mesozoic sandstone rests disconform-

ably on the Mamuniyat Formation (Figs 3 and 11a).

The Tanezzuft Formation commences with 2–3 m of

peloidal sandy limestones and, locally a Planolites horizon
(Fig. 10, log B). These pass upward into a succession of

sharp-based, normally graded fine-grained sandstones to

siltstones intercalated with shales. The sandstones exhibit

occasional flute casts at their bases and ripple cross-lami-

nated upper surfaces. In stratigraphic succession, the

graded sandstone facies is intercalated with the hum-

mocky cross-stratified (HCS) sandstone facies (Fig. 10,

log B; Fig. 11b). In addition, 12 m from the base of the

Tanezzuft Formation, a soft-sediment striated surface

occurs (Fig. 10, log B; Fig. 11c) which is overlain by

shale that bears white calcareous pebbles (Fig. 10, log B;

Fig. 11d). Up-section, thicker and more continuous

intervals of shale and silty shale occur (Fig. 10, log B;

Fig. 11E) punctuated by HCS-bearing sandstone.

The basal sandy limestone beds, together with Plano-
lites trails, are compatible with environmental ameliora-

tion and transgression following the Hirnantian glacial

maximum. The Planolites trails, in particular, are com-

mon at comparable intervals in Jabal Azbah and Jabal

az-Zalmah at the other Al Kufrah Basin flanks (Le Heron

et al., 2010). The normally graded sandstones, with flute

casts, are interpreted to record relatively distal turbidites

(Gani, 2004), alternating with shales in a quiescent marine

environment. The close association with HCS, which tes-

tifies to storm wave agitation of the sea floor (Duke et al.,
1991; Cheel & Leckie, 1993; Johnson & Baldwin, 1996;

Dumas & Arnott, 2006), implies that some of these turbi-

dites may have been initiated by storm events. The pres-

ence of a soft-sediment striated surface, which is

morphologically comparable to those described from the

Mamuniyat Formation elsewhere in Libya (e.g. Le Heron

& Howard, 2010; Le Heron et al., 2010), implies the

shearing of unconsolidated sand by an overriding ice mass

(Sutcliffe et al., 2000; Le Heron et al., 2005). Le Heron

et al. (2013b) argued that in Al Kufrah Basin, the

re-growth of ice sheets following the Hirnantian glacial

maximum resulted in the production of oxidative brines

during sea-ice formation. It was suggested that excluded

brines sunk to the sea floor, suppressing the preservation

of organic matter in shale facies. The succession bears

stratigraphic similarity with ‘unit 5’ of Moreau (2011) in

the western part of the Murzuq Basin.

UndifferentiatedMesozoic sandstone

In southern Libya, the ‘Nubian Sandstone’ has been used

as a stratigraphic ‘bucket term’, although it has been for-

mally differentiated into three formations in the Murzuq

Basin, where, in ascending stratigraphic order, the Zarzai-

tine (Triassic), Taouaritine (Jurassic), and Messak (upper

Jurassic to Cretaceous) formations are recognized (e.g.

Hallett, 2002). In the Murzuq Basin, these three forma-

tions comprise the uppermost 2–3 km of basin fill. Regio-

nal mapping along the western margin of Al Kufrah Basin

highlights a major unconformity between the Palaeozoic

and Mesozoic cutting down to the north, with ‘Nubian’

strata resting on progressively older rocks (De Lestang,

1965). Southward of Jabal Eghei, near the border with

Chad, a more continuous succession is observed (Fig. 3).

The age of the succession at Jabal Eghei is poorly con-

strained. Eberhard Klitzsch pointed out the close resem-

blance between the ‘Nubian Sandstone’ of Al Kufrah

Basin and the Messak Sandstone Formation (upper Juras-

sic to lower Cretaceous) in the Murzuq Basin (written

communication in L€uning & Martin, 2000). As noted

above, at Jabal Eghei, at some localities, undifferentiated

Mesozoic sandstone rests disconformably on the Mam-

uniyat Formation (Fig. 10, log A; Fig. 12a), whereas at

others lie on the Tanezzuft Formation (Fig. 10, log B;

Fig. 12b). Part of the reason for this is structural and is

considered later in the paper.

At Jabal Eghei, the Mesozoic deposits comprise poorly

sorted medium to very coarse-grained sandstones, granu-

lar conglomerates, and minor siltstones (Fig. 10a and b).
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Fig. 10. Measured sections encompassing the top of the Mamuniyat Formation, the Tanezzuft Formation, and the Mesozoic sand-

stones in Jabal Eghei. In section 1, erosion associated with an unconformity has removed the Tanezzuft Formation entirely and thus

Mesozoic sandstones rest directly on the Mamuniyat Formation.
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The sandstones and granular conglomerates occur in

medium to thick beds. The bed bases are sharp to chan-

nelized; a few decimetres to metres of relief at the base of

a channel is typical. This facies association contains abun-

dant trough cross-beds (Fig. 12c) and planar cross-strata

(Fig. 12d). Granule lags and pebble lags are common at

the base of beds (Fig. 10a and b). Palaeocurrent measure-

ments from both these bedforms show E and SE dispers-

(a)

(b) (c)

(d) (e)

Fig. 11. Lithofacies of the Tanezzuft Formation. (a) Mamuniyat–Tanezzuft–Mesozoic contacts, with view looking east. (b) Hum-

mocky cross-stratification. (c) Soft-sediment striated surface in the lower part of the formation. (d) Lonestone of micrite within shale,

immediately above the striated surface. (e and f) varicoloured shale and siltstone, typical of the upper Tanezzuft Formation. Photos

A–D from Le Heron et al. (2013b).
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als (Fig. 10a and b). Poorly preserved moulds of wood

material occur throughout (Fig. 12e). The siltstones are

restricted to mottled, pink-white, metre-thick intervals

that contain rootlets (Fig. 12f).

The cross-bedded and mottled sandstone facies associ-

ation is interpreted as deposits of a sand-dominated

braided fluvial system colonized by vegetation and with

well-developed palaeosols. The sandstones and conglom-

erates are indicative of high-energy levels, with channeli-

zed bases of some beds, and pebble lags of others,

providing evidence of scour during flood and/or avulsion.

The trough and planar cross-strata record the migration

of curved and planar dunes. respectively, probably within

the confines of poorly defined braided channels (Miall,

1996). A meandering system is discounted owing to the

absence of lateral accretion surfaces. The E to SE dispers-

als of palaeocurrents probably suggest an E to SE palaeos-

lope, taking account of the variability in bedform

orientations within a braided river system (Miall, 1996).

On the basis of their ornamentation, the moulds of wood

material may indicate Mesozoic vegetation (M. Collinson,

pers. comm., 2009) but the poor quality of preservation

will hinder accurate dating of these fossils. The mottled

siltstones with rootlets are accordingly interpreted as pal-

aeosols (Sheldon & Tabor, 2009).

STRUCTURE

Across southern Libya, NE–SW lineaments are associated

with Pan-African compression during the Neoproterozo-

ic, and these are exposed at outcrop in the Arkenu Forma-

tion at the SE of Al Kufrah Basin (Le Heron et al., 2009a,
b). Following orogenesis, mountain chain collapse and

crustal extension produced NNW–SSE striking regional

extensional structures (Klitzsch, 1970, 2000). These

structures appear to have influenced sedimentation

throughout the Early Palaeozoic, including the location of

Hirnantian palaeo-ice streams (Moreau, 2011), and were

subsequently reactivated to produce spectacular unconfo-

rmities on the eastern flank of the Murzuq Basin at Mou-

rizidie and Dur al Gussa (Ghienne et al., 2013; Le Heron

et al., 2013a,b). In the latter area, the occurrence of Hir-

nantian glacial deposits of the Mamuniyat Formation

both below and above and angular unconformity is sug-

gestive of subsequent uplift. Indeed, Craig et al. (2008)
recognize multiple phases of uplift and extension

throughout the Phanerozoic, including reverse-sense

reactivation of the Early Palaeozoic structural trend to

form traps in the Murzuq Basin, including the famous

Elephant field. The preceding sections have dealt with the

sedimentology and stratigraphy of the Jabal Eghei succes-

(a)

(b) (c) (d)

(e) (f)

Fig. 12. The Mesozoic sandstone and its relationship with Palaeozoic formations. (a) Mesozoic sandstones disconformable on Mamu-

niyat Formation. (b) Mesozoic sandstones disconformable on Tanezzuft Formation. (c) Stacked trough cross-strata. (d) Stacked

small-scale sets of planar cross-beds. (e) Poorly preserved mould of a wood fragment. (f) Mottled siltstone containing rootlets (inter-

preted as a palaeosol) sharply overlain by cross-bedded sandstone with a basal channel lag. Photos A and B correspond to stratigraphic

contacts shown in Fig. 10 logs 1 and 2.
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sion, in which several unconformities were identified.

The present section presents evidence for a fault system

that has had a major influence on the present distribution

of the Mamuniyat and Tanezzuft formations in particular,

and considers the influence of this fault system on the

unconformity that underlies the undifferentiated Meso-

zoic sandstone. In addition, we describe the nature of fer-

ruginous fracture zones that traverse the Jabal Eghei

region.

Across Jabal Eghei, bedding dips at a very low angle

(<5°), mainly to the east-southeast. In the northern part

of the study area, there is a departure from this trend

adjacent to a major NNW–SSE lineament that is clearly

apparent on satellite imagery (Fig. 2). Apart from a

2–3 km long right-lateral offset midway along its length,

this lineament measures >70 km in length. On the

ground, the elevated side to the east is separated from the

wadi floor to the west by a zone of intensely, sub-vertically

fractured sandstone. Strata immediately to the east and

west are folded, and dip into (Fig. 13a and b) and away

(Fig. 13c and d) from the fractured sandstones respec-

tively. Within distances of a few hundred metres east and

west of the fracture zone, strata have low dip angles

(Fig. 13c and d). Sandstones both to the east and to the

west of the fracture zone are thickly bedded, and contain

evidence for N-trending striae and transverse fractures on

bedding planes (Fig. 13f).

The escarpment is the topographical expression of a

major fault system striking NNW–SSE at the NE flank of

the Tibesti Massif. The occurrence of a diffuse fracture

zone, rather than a single fault surface, is compatible with

faulting of highly competent strata. Evidence for folding

into the fracture zone at our reconnaissance locality

(Fig. 13a–d) and shallowing dips to the east and west of it

suggests that in this area the structure represents a frac-

tured monocline. An extensional monocline due to fault-

propagation (Willsey et al., 2002) is considered unlikely

owing to the intensity of the vertical fractures. A possible

analogous fault bounds the giant El Feel (Elephant) oil

field in the Murzuq Basin. This originated as a transten-

sional normal fault in the Palaeozoic with intermittent

extensional movements culminating with mild reversal

during the Austrian event (Davidson et al., 2000). The
fractured monocline at Jabal Eghei may reflect a similar

structural history. Stratigraphic evidence supporting this

hypothesis is considered below.

Some 40 km SSE of the fractured monocline consid-

ered above, the relationships between the Mamuniyat and

Tanezzuft formations and the undifferentiated Mesozoic

sandstone suggest continuity of the fault system in this

(a) (b)

(c) (d)

(e) (f)

Fig. 13. Major NNW–SSE striking

fault system at the northern part of the

study area. (a and b) Photograph and

sketch, looking NNE, of a large escarp-

ment that is the topographical expression

of a >70 km long fault zone. The strata in

the middle and upper part of the outcrop

are subhorizontal and represent hanging

wall strata, whereas those in the fore-

ground and at the base of the outcrop

belong to the footwall. A diffuse fault

zone, comprising broken beds rather than

a discrete fault plane, forms the escarp-

ment itself. (c and d) Oblique view across

the fault zone, emphasizing the vertical

fracture pattern. (e) Orthogonal view

towards the escarpment and the fault

zone. (f) Soft sediment striated surface

(striae trend due N) with transverse ‘step’

fractures, typical of Upper Ordovician

glaciogenic sediments (Le Heron et al.,
2005).
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area (Figs 2 and 12a, b). On the western side of a wadi

lying along the NNW–SSE lineament, undifferentiated

Mesozoic sandstone lies disconformably on the upper-

most Ordovician–lowermost Silurian Tanezzuft Forma-

tion (Fig. 12b). On the eastern side, undifferentiated

Mesozoic sandstone lies disconformably on the Upper

Ordovician Mamuniyat Formation, and the Tanezzuft

Formation is completely missing (Fig. 12a). It is empha-

sized that where we observed the base of the undifferenti-

ated Mesozoic sandstone, its base was flat and not

channelized. These observations are compatible with the

tentative interpretation of a major inverted fault zone,

which we hypothesize to have evolved as follows: the

hanging wall block to the east, bringing the Mamuniyat

Formation up relative to the Tanezzuft Formation on the

western side, was subject to peneplanation, creating a flat

surface on which the undifferentiated Mesozoic sandstone

was deposited. Thus, the Mesozoic sandstone seals the

fractured monocline.

STRATIGRAPHIC EVOLUTION

Based upon our analysis of the sedimentology, stratigra-

phy and basic structural geology of Jabal Eghei, an ‘event

stratigraphy’ can be proposed. From oldest to youngest,

this is as follows:

(1) High-energy, open sandy shelf sedimentation influ-

enced by unidirectional currents (deposition of the

Hawaz Formation);

(2) Significant base level fall and incision of the Hawaz

Formation to produce a channelized unconformity

with palaeovalleys;

(3) Accumulation of a >150-m pile of glaciogenic sand-

stones (Mamuniyat Formation), with associated ice-

margin fluctuations to generate a soft-sediment stri-

ated surface (Fig. 14);

(4) Deposition of the Tanezzuft Formation during post-

glacial transgression, with local re-advance, or re-

growth, of ice sheets to produce a striated surface in

the lower part of the Tanezzuft Formation, with asso-

ciated ice-rafted dropstones (Le Heron et al., 2013b);
(5) Deposition of Devonian and Carboniferous strata,

which are widespread near the border with Chad

(Fig. 3; De Lestang, 1965);

(6) Development of a major fault system striking NNW–
SSE, including a compressional monocline. Deforma-

tion affects Hawaz, Mamuniyat and Tanezzuft forma-

tions (Fig. 3). Differential preservation either side of

a NNW–SSE trending wadi is thus argued to relate to

erosion on the hanging wall of a ca. 70-km long fault

zone.

(7) Erosion of Devonian and Carboniferous strata in Jabal

Eghei beneath a basin-forming unconformity, proba-

bly forming an E to SE dipping palaeoslope. By com-

parison with elsewhere on the Saharan platform,

association with the Hercynian event (Craig et al.,
2008) seems likely. Braided river systems deposited a

texturally immature bedload of undifferentiated

Mesozoic sandstone.

The lateral variability in facies associations in Jabal Eg-

hei is difficult to ascertain owing to the limited dataset

(two sections of the Hawaz Formation, four of the Mam-

uniyat Formation, one of the Tanezzuft Formation and

two of the Mesozoic sandstone). For example, the strati-

graphic context of the bioturbated sandstone facies associ-

ation in the Hawaz Formation (Fig. 5a and b) is

uncertain.

In the Jabal Eghei region, the Mamuniyat Formation

is interpreted as a subaqueously deposited proglacial

Striated
pavement

Climbing ripple
cross-lamination

Massive sandstones Mega-rippled
sandstones

Tunnel valleys

Hawaz Formation

Debrite-dominated
outwash plain

Turbidite-dominated
outwash plain

latsiDlamixorP

Ice sheet

Fig. 14. Simple depositional model for the Mamuniyat Formation of Jabal Eghei. A sandstone-dominated proglacial system is recog-

nized, with subaqueous deposition from j€okulhlaup-sourced debrites and turbidites in a marine basin. This model compares closely to

that established for the lower part of the Mamuniyat Formation at Jabal Azbah where a high-energy, linear outwash apron at a tidewa-

ter ice margin is recognized (Le Heron et al., 2010). Note that in Jabal Eghei no evidence for subaerial exposure was encountered (c.f.

Ghienne et al., 2010) for similar sheet sandstones in western Libya); rather, subaqueous deposition is envisaged throughout. This

interpretation is comparable to that of Hirst (2012) for correlative strata in southern Algeria.
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succession that was locally modified by ice-margin fluctu-

ation to generate soft-sediment striated surfaces (Fig. 14).

The most conspicuous intervals in the Mamuniyat For-

mation are the siltstone interbeds (Fig. 7). Similar inter-

beds elsewhere have been interpreted as waning flow

deposits associated with j€okulhlaups and are of correlative

value (Le Heron et al., 2010), corresponding to waning

flow episodes. However, in the Jabal Eghei region

(Fig. 7), they cannot be correlated, thus implying that

they are local deposits without sequence stratigraphic sig-

nificance. Likewise, intervals of deformed sandstones,

potentially indicating zones of subglacial deformation (Le

Heron et al., 2005), or scoured/channelized surfaces,

which assist in tentative internal correlation elsewhere

(Le Heron et al., 2010), yet are of little value in correlat-

ing the Jabal Eghei succession (Fig. 7).

The Mamuniyat Formation and its lateral equivalents

across North Africa and the Arabian platform are widely

recognized to have deposited under glacial influence (e.g.

Le Heron et al., 2009a,b). Subglacial incision had a

strong influence on the generation of accommodation

space, and on sediment preservation. Accommodation

space was created by a variety of processes ranging from

broad (50–200 km wide) cross-shelf troughs, carved by

regional palaeo-ice streams, to palaeovalleys (4–6-km
wide, 100-m deep, ca. 30-km long), cut by subglacial

meltwater (e.g. Moreau et al., 2005, 2007; Ghienne

et al., 2007; Le Heron & Craig, 2008). In addition, linear

aprons of sediment deposited in front of retreating palae-

o-ice sheet margins have been identified from isopach

mapping of the Upper Ordovician glaciogenic succes-

sions in the northern part of the Murzuq Basin and the

Libyan, Algerian and Tunisian portions of the Gha-

dames Basin (Le Heron & Craig, 2008). In Jabal Eghei, a

palaeovalley has been recognized at the unconformable

contact between the Hawaz and Mamuniyat formations

(Fig. 6a–c). The valley axis is oriented towards the NW

with a steeply dipping eastern margin observed at out-

crop. However, the western margin of the palaeovalley is

poorly constrained, and consequently its precise genesis

is still enigmatic.

Le Heron et al. (2010) considered that two significantly
different depositional styles characterized the Upper

Ordovician successions cropping out at the eastern and

northern flanks of the basin. In the Jabal Azbah region to

the east, these workers divided the Mamuniyat Formation

into lower (JA1) and upper (JA2) packages. The lower

package (JA1) bears close comparison to the thickly bed-

ded sandstone facies association at Jabal Eghei, as it is

characterized by a thick (60–80 m) succession of massive,

fine-to medium-grained sandstones with occasional

matrix-supported conglomerates. For ca. 120 km along

strike, there appeared to be little compositional variation

and these deposits were interpreted as a series of ice-prox-

imal turbidites with interleaved debrites, deposited along

a Late Ordovician ice sheet margin.

The Jabal Azbah succession, and the Jabal Eghei out-

crops described herein, could be viewed as part of a vast

province over which CDCS-bearing sandstones (Ghi-

enne et al., 2010) crop out in the central and eastern

Sahara, extending from the Egyptian–Libyan border (Le

Heron et al., 2010) to the Tassili N’Ajjer in south-east

Algeria (Girard et al., 2012a; Hirst, 2012; Deschamps

et al., 2013). How might these relate to one another? It

should be noted that the topset and foreset geometries

characteristic of the Tassili N’Ajjer (Girard et al., 2012b;
Deschamps et al., 2013) are not universally recognized,

and in Jabal Azbah these are notably lacking. They like-

wise appear to be absent in Jabal Eghei; no progradational

profile can be deduced from the succession (Fig. 7). A

predominantly aggradational apron might thus be

inferred, with point sourced flows from jet-efflux pro-

cesses (i.e. high-pressure meltwater jets) amalgamating

on a sandur plain (Hornung et al., 2007). Given the

regional palaeogeography, with ice sheets flowing north-

ward, i.e. seaward (Moreau et al., 2005; Ghienne et al.,
2007; Le Heron & Craig, 2008; Denis et al., 2010), it is
suggested that the Jabal Eghei successions represent a

more continental position and an outburst-dominated

sandur system.

In the present dataset, subdivision of the Mamuniyat

Formation into members is not possible because despite

the presence of a soft-sediment striated surface (Fig. 6e

and f) no correlatable discontinuities occur. By compar-

ison, in Jabal Azbah, an unconformity at the top of

unit JA1 was found to bear smooth and elongate glacial

linear berms and furrows that were interpreted as sub-

glacially generated bedforms (fig. 7 of Le Heron et al.,
2010). Coarse-grained sandstones and granular

conglomerates immediately above were assigned to a

second stratigraphic unit (JA2). These latter deposits

occur directly beneath post-glacial shale and siltstone of

the Tanezzuft Formation and were interpreted by Le

Heron et al. (2010) as a system of transgressive bars. A

common uncertainty in Jabal Eghei and Jabal Azbah is

the nature of the stratigraphic contact between the

Hawaz and Mamuniyat formations. At Jabal Azbah, the

contact was observed only at one locality, where it is

represented by a low amplitude unconformity of ca.
10-m relief (Le Heron et al., 2010).
Previous studies in both the Algerian Tassili N’Ajjer

and in SW Libya have shown that the lowermost Silu-

rian strata are diachronous on underlying Upper Ordo-

vician deposits (e.g. Beuf et al., 1971; Massa & Jaeger,

1971). Subsequent analyses based on the study of

graptolites and palynomorphs revealed that in the cen-

tral Sahara, the lowermost shales of the Tanezzuft For-

mation span ca. 3 Myr, i.e. are variably Rhuddanian to

middle Aeronian in age (e.g. Bellini & Massa, 1980;

L€uning et al., 2000; Legrand, 2003; �Storch & Massa,

2006; Paris et al., 2012). Recent palynological studies

(Le H�eriss�e et al., 2013; Thusu et al., 2013) and grap-

tolite work (Page et al., 2013) suggest that in the Kufra

Basin deposition of the Tanezzuft Formation may have

already started in the latest Ordovician (following the

Hirnantian glacial maximum).
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CONCLUSIONS

● Field based investigations at the western flank of Al

Kufrah Basin in Jabal Eghei were conducted in

November–December 2008. The Hawaz, Mamuniyat

and Tanezzuft formations, together with undifferenti-

ated Mesozoic sandstone, have been described, inter-

preted, and compared to correlatives elsewhere in

southern Libya.

● The base of the Hawaz Formation, which has an

observed thickness of 85 m, is not exposed. These

deposits record deposition under high-energy shallow

marine conditions. Their upper contact with the

Mamuniyat Formation is sharp and locally character-

ized by incision: the eastern margin of a NNE–SSW
oriented palaeovalley has been identified.

● The Mamuniyat Formation, which attains at least

145-m thick in Jabal Eghei, records conditions of

high sediment aggradation from a series of variably

energetic flows derived from the ice front. Massive

sandstones, climbing-dune cross-stratified sandstone,

channelized deposits, climbing-ripple cross-lami-

nated sandstone, siltstones, and deformed sandstones

are recognized. They testify to outburst-dominated

conditions, with local cannibalisation and reworking.

A striated surface within the succession testifies to

re-advance of Late Ordovician ice sheets. The facies

are highly comparable to those already described

from the eastern Al Kufrah Basin and in the subsur-

face, may represent a potential reservoir target.

● The Tanezzuft Formation measures <50 m in

thickness. The lowermost deposits (sandy lime-

stones and Planolites-rich horizons) record initial

transgression and environmental amelioration

following the Hirnantian glacial maximum.

Re-advance of ice sheet following the Hirnantian

glacial maximum is evidenced by a striated surface,

with associated lonestones (interpreted as drop-

stones). These rocks are closely associated with

MnO concretions. This latter observation likely

bears on the source-rock potential of the Tanezzuft

Formation in the subsurface western Al Kufrah

Basin, and it is possible that re-growth of an ice

sheet and meltwater flushing has reduced any

source-rock potential of these rocks.

● Undifferentiated Mesozoic sandstone (thickness

>50 m) rests in sharp disconformity on the Mam-

uniyat Formation and on the Tanezzuft Formation to

the west and to the east of a NNW–SSE trending

wadi respectively. This wadi represents a section of a

70-km long fault system. Field observations suggest

that the fault system is expressed as a fractured mono-

cline, interpreted to record inversion of a normal

fault. Occurrence of a Mamuniyat–Tanezzuft contact
to the west and a Mamuniyat–undifferentiated Meso-

zoic sandstone contact to the east of this fault zone are

compatible with this tentative interpretation.
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