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PREFACE AND ACKNOWLEDGEMENTS 
 

This field guide reflects the current state of geological research 
in the Jabal az-Zalmah region in the northeast Al Kufrah Basin 
at the time of writing (July 2008). The region remains 
underexplored, consequently the geological interpretations 
given herein are preliminary.  
 

Jabal az-Zalmah is a frontier area for geological research. 
Aside from the early work of ENI (Bellini and Massa, 1980; 
Bellini et al., 1991), work of LASMO in the 1990s (Luning et al., 
1999) and latterly, mapping efforts by the Libyan Petroleum 
Institute (as yet unpublished) little is known about the region’s 
geology. Comparisons between the Murzuq and Al Kufrah 
Basin stratigraphy have previously been made which have 
included importing stratigraphic terminology from type sections 
in western Libya (Bellini and Massa 1980).  

 
However, as serious hydrocarbon exploration in Al Kufrah 

is once again underway, we should properly characterise the 
local stratigraphy, rather than accepting a “layer cake” model 
for the whole of southern Libya. Using this method the search 
for hydrocarbons is much less likely to proceed successfully. 
Rather a successful exploration model is dependant upon 
making full use of the outcrops such as Jabal az-Zalmah, but 
also Jabal Azbah and Jabal Eghi on the SE and W basin 
margins respectively, to properly predict the nature of 
subsurface stratigraphy. 
 

This field guide represents part of the process of 
understanding Al Kufrah Basin stratigraphy. It is the 
culmination of the efforts of many individuals in a true team 
effort. A first field campaign under the auspices of CASP was 
undertaken in 2006. The authors were fortunate that Mr Faraj 
Said (NOC) and Mr Ahmed Asbili (AGOCO) agreed that fieldwork
at the margins of Al Kufrah Basin was very important to provide 
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additional data for hydrocarbon exploration. 
 
Daniel Le Heron was very fortunate to have the strong 

support of both CASP and Dr Jonathan Craig, head of the 
Maghreb Petroleum Research Group in London and Chief 
Geologist of ENI, in his wish to begin field-based research in Al 
Kufrah Basin. However, we also wish to thank the subscribers 
to the CASP Southern Libyan Basins Project for sharing our 
desire to understand the margins of Al Kufrah Basin and 
providing the financial means to do it. Subsequently, CASP 
research in Libya has gone from strength to strength spawning 
additional research projects in the Murzuq Basin. 

 
The logistics of the two CASP field campaigns were 

arranged by Bashir Grenet of the Wadi Ramla Water Company 
and Mr Youssef Abuttaruma of the Earth Science Society of 
Libya. StatoilHydro, and in particular Dr Marcus Geiger, Dr 
Hans Morten Bjornseth and Dr Laurent Gindre are thanked for 
facilitating further field campaigns in 2007 and 2008 and for 
intense geological discussions. They deserve special 
acknowledgment. The same is true of Mr Charlie Wilson and 
Dr Howard Armstrong in Durham, and Mr Ayaid Mohammed 
Alhassi of AGOCO. Other CASP geologists involved in Libyan 
research and who helped greatly include Dr Andrew Whitham 
(Chief Geologist), Dr Richard Phillips (since moved to the 
University of Edinburgh), Dr Dominic Strogen (since moved to 
New Zealand), and Dr Guido Meinhold. Dr M.J. Salem of the 
Earth Science Society of Libya demonstrated great patience in 
our preparation of the field guide and we are greatly honoured 
to have been asked to share in the celebration of the Jubilee 
by running this field trip. To this end we especially wish to thank
the Organising Committee of the Symposium. Last but certainly
not least, Dr Bindra Thusu, our fieldwork facilitator, to whom we
extend our utmost gratitude and respect. To those we have
missed out, it is very much unintentional. See you in the Sahara! 
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Note on the transliterlation of Arabic names:- 
Previous publications referring to the Jabal az-Zalmah field area have used 
different spellings (e.g. Jebel Az-Zalmah; Jebel Dalma).  In this guidebook 
we have followed the glossery published in Sola & Worsley (2000) and the 
advice of Dr M.J. Salem.  
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INTRODUCTION 
 
This booklet provides a day-by-day itinerary for a three day 
study of the Lower Palaeozoic stratigraphy, sedimentology and 
structure of Jabal az-Zalmah, at the northern flank of the huge 
Al Kufrah Basin (Figure 1). The most comprehensive 
published work done to date on the stratigraphy of Jabal az-
Zalmah was by Bellini and Massa (1980), refined by Bellini et 
al. (1991). These publications remain the benchmark 
references. Lüning et al. (1999) presented some new 
measured sections. Overall though, very little geological 
research has been completed on these outcrops, and 
consequently the only available geological map is at 
1:1,000,000 scale (Figure 2; IRC, 1985). The lack of data 
reflects both the extreme remoteness of the area and an initial 
lack of oil company interest in the Al Kufrah Basin. However, 
the basin is now considered prospective and hence work in the 
region has accelerated. 
 

Outcrops of Lower Palaeozoic rocks occur on the other 
basin margins.  These include the western margin near Jabal 
Eghi (Seilacher et al., 2002), in the Ennedi-Bourkou Range, 
Chad (Figure 1) and at the eastern basin margin in the Jabal 
Azbah/ Jabal Rukn belt near the Egyptian border, where 
outcrops are comparatively better studied. These, and 
underlying basement strata, were studied during a previous 
ESSL field trip, and were the subject of a 1:200,000 scale 
mapping campaign in the late 1990s (Saïd et al., 2000). 
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The itinerary for this field trip encompasses the Cambro-
Ordovician, Silurian, and Devonian stratigraphy which is 
considered most relevant to hydrocarbon exploration in the 
subsurface of the basin. Over the first two days, we will visit up 
to 10 localities in ascending stratigraphic order, where 
possible. Some localities emphasise the structural complexity 
of the region, others focus on stratigraphic or sedimentological 
aspects of the regional geology. During the third day, in 
addition to examining parts of the stratigraphy in the extreme 
north of the study area in more detail, we will also have the 
opportunity to visit Quaternary lake deposits, and also to 
examine Neogene deposits. The itinerary will involve 
observations at outcrop over a fairly large area to the west and 
the east of the main wadi (Figure 3), starting at the south and 
moving to the north. 
 
We will have a fixed camp throughout the duration of the trip. 
Please note that it may not be possible to visit all localities 
listed in the guide (some are “optional”) due to the tight 
schedule. 



Figure 2: A geological sketch map of Jabal az-Zalmah at a
1,000,000 scale (after IRC, 1985).

50 km
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Objectives of the field programme:- 
 

1) To examine Ordovician through Devonian rocks (Figure 
4) in detail. This part of the stratigraphy encapsulates 
outcrop analogues to potential hydrocarbon systems in 
Al Kufrah Basin. 

 
2) To discuss ways to subdivide the stratigraphy, to 

discuss depositional models, and to evaluate the origins 
of unconformities. 

 
3) To provide an overview of the style and extent of 

deformation observed in Jabal az-Zalmah. 
 
4) To visit structures associated with each of the main 

lineament orientations observed on satellite imagery 
(Figure 5). 

 
5) To discuss the observed structures and their 

implications for hydrocarbon systems within Al Kufrah 
Basin. 
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GEOLOGICAL EVOLUTION OF AL KUFRAH BASIN 
 
Jabal az-Zalmah exposes sedimentary rocks of Ordovician 
through Neogene age (Figure 4). It represents the northern 
flank of Al Kufrah Basin which is regarded as a classic sag 
basin (Bellini et al., 1991; Hallett, 2002), the geometry of which 
results from of multiple tectonic events beginning in the 
Neoproterozoic. During the Neoproterozoic, the present 
African landmass was formed during the Panafrican Orogeny, 
a collisional event spanning ~700-500 Ma (Unrug et al., 1996). 
This mountain building event is temporally ill-constrained. In 
the Taoudeni Basin of West Africa, Culver and Hunt (1991) 
recognised a Pan-African I orogeny at ~665-655 Ma, 
separated by Marinoan glaciation at 630-610 Ma (Deynoux et 
al., 2006), and a second phase of uplift in a Pan African II 
orogeny at ~560-550 Ma. However, from his studies of the 
Mauritanides fold belt, Villeneuve (2005) disputes the timing of 
this latter phase of uplift, preferring an envelope of ~550-500 
Ma (i.e. into the Furongian). 
 

The Neoproterozoic- Cambrian orogenic processes 
juxtaposed the Congo-Nile Craton, East Saharan Craton and 
Touareg Shield (Unrug et al., 1996). During deformation, 
crystalline shields behaved rigidly, and softer Precambrian 
sediments around the craton margins were metamorphosed to 
greenschist facies within “mobile belts” of deformation (Hallett, 
2002). Evidence for some of this deformation is to be found at 
outcrops near Jabal Arkenu at the eastern basin margin, in an 
interbedded sand and mudstone succession that was recently 
investigated by Le Heron et al. (in press). 

 
Al Kufrah Basin itself is underlain by the Congo-Nile Craton 

(Vail, 1991). During the assembly of Africa, it has been 
suggested that relative movement of the Congo-Nile Craton 
past the Toureg Shield and East Saharan Craton was 
accommodated by a large-scale, dextral shear zone (Unrug et 
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al., 1996). Large parts of the Panafrican orogen are thought to 
have collapsed gravitationally, forming pull-apart basins as a 
large component of shear movement jostled the newly 
assembled continental blocks (Craig et al., in press). 

 
In Al Kufrah Basin, Cambrian through Ordovician times 

were characterised by minimal tectonic activity and the 
deposition of fluvial and shallow marine sandstones, and 
shales during rare transgressions (Bellini et al., 1991) (Figure 
2).  

 
There is evidence for deformation across North Africa 

controlled by intra-plate stress that was related, in part, to 
post-Infracambrian extensional sagging.  This tectonism was 
characterised by reactivation of Pan African fault systems and 
resulted in the development of significant structural traps in the 
Early Palaeozoic reservoirs, localised fault geometries and 
regions of uplift trending S-SSE-N-NNW (Davidson et al 2000, 
Klitch and Zeigert 2000). A significant (100 Myr long) hiatus in 
the southern Al Kufrah Basin, between the Cambrian and Late 
Ordovician (Bellini et al., 1991).   

 
Early Palaeozoic extension was associated with the break-

up of Rodinia and the subsequent formation of separate 
continental terranes.  The precise timing of this separation is 
controversial although Craig et al. (in press) prefer an Early 
Ordovician timing based upon published palaeomagnetic data 
(Tait et al., 1997). A widespread Late Ordovician unconformity 
(100 Myr long) has been interpreted by Craig et al. (in press) 
as reflecting a tectonic uplift event, with relief subsequently 
enlarged by interrelated glacial processes.  

 
Klitzsch (1971) identified long (>1000 km) NW-SE striking 

structures forming horst and graben, such as the Kalanshiyu-
Awaynat Uplift skirting the field area described in this paper. 
Some of these structures, Klitzsch (2000) postulated, were to 
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become long-lived palaeohighs and depocentres throughout 
the Early Palaeozoic. 

 
By the Late Ordovician, continent-scale ice sheets grew 

across North Africa (Ghienne et al., 2007), depositing 
glaciogenic sandstones, which record evidence for soft-
sediment striation, folding and thrusting of the substrate by 
subglacial processes (Le Heron et al., 2005). These 
glaciogenic sandstones form the principal reservoir unit in the 
Murzuq Basin to the west (Hallett, 2002), sitting within large 
palaeovalleys, and are expected to be of equal economic 
importance in Al Kufrah Basin. They are currently under 
investigation at outcrop (Le Heron, unpublished), and are 
tentatively assigned to the Mamuniyat Formation (Figure 4). 
Elsewhere across the North African platform, they have been 
well investigated and recent syntheses published (Ghienne et 
al., 2007; Le Heron and Craig, 2008). 

 
During a major marine transgression, associated with 

melting Late Ordovician ice masses, Early Silurian marine 
shale of the Tanezzuft Formation was deposited (Figure 4). 
The lowermost shale of this formation has been suggested to 
account for some 90% of North Africa’s Palaeozoic derived 
hydrocarbons (Lüning et al., 2000). In Al Kufrah Basin, the age 
of this hot shale is uncertain, and could also be of latest 
Ordovician (Hirnantian) age by comparison to equivalent 
sections in the Batra Mudstone of Jordan (Armstrong et al., 
2005). Regional progradation resulted in deposition of stacked 
shallow marine parasequences of the Akakus Formation 
(Figure 4). These parasequences are organised into two 
individual coarsening upward cycles, and capped by 
distinctive, red, erosively-based fluvial deposits of the Tadrart 
Formation (Figure 4) 

 
The southeastern flank of Al Kufrah Basin has been 

magmatically active at several times during the Phanerozoic, 



 15

implying a long-lived source of heat in this region. Large acid 
(broadly granitic) intrusions formed during the Cambrian (Jabal 
Babein), Devonian, and Eocene (~44-39 Myr BP: Bellini et al., 
1991 and refs. therein). In the eastern Sahara, the absence of 
plate boundaries rules out an island arc-type origin for these  
acid igneous materials, and thus the Jabal Arkenu region is 
interpreted as an intraplate hotspot (Saïd et al., 2000). In Jabal 
az-Zalmah, there is no reported evidence of igneous activity 
affecting the outcrop belt. However, we will discuss the 
relationship between the major NW-SE striking fault sets and 
the opening of the Sirte Basin. 
 
Lineament analysis 
The localities visited during this fieldtrip demonstrate the range 
of geological structures exposed in Jabal az-Zalmah.  In order 
to place these disparate localities within a regional structural 
context, and to incorporate data from localities inaccessible to 
a large field party, we here provide a summary of the 
lineament analysis carried out by Dr Richard Phillips of CASP 
(currently at Edinburgh University) on regional satellite 
imagery. Lineament analysis should be undertaken with 
caution but, with suitable ground truthing, it remains an 
important tool for investigating frontier areas.  Figure 5 shows 
a lineament analysis for Jabal az-Zalmah based on public 
domain LandSat and monochromatic SRTM images.  In this 
analysis, 2009 lineaments were identified. The results suggest 
that, for Jabal az-Zalmah, there is a good correlation between 
the dominant lineament trends and the dominant trends of both 
large and small scale faults observed at outcrop. Within the 
Ordovician outcrop area, some of the lineaments may be 
attributable to glacial features produced during the Late 
Ordovician glaciation. 
 

Four major lineament trends were identified in Jabal az-
Zalmah (Figure 5) These trends are (in order of regional 
prominence): (1) a NW-SE trend (with an azimuth range of 
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110°-159°), (2) an E-W trend (70°-109°), (3) a NE-SW trend 
(20°-69°), and (4) a ~N-S tr end (0°-19° & 160°-180°). These 
data are summarised in Figure 6 (rose diagram a). Whilst 
there exists some orientation variability throughout the 
succession, it is significant that all formations display a 
prominent ~NW-SE lineament trend. This is compatible with 
outcrop observation as the majority of faults in Jabal az-
Zalmah, regardless of scale, are orientated ~NW-SE  
 

Lineaments with a ~NE-SW trend are more prominent in 
older units compared to younger units.  This apparent temporal 
variation between lineament orientation is particularly evident 
when the data are separated on the basis of the main 
‘Caledonian-aged’ orogenic event, during the late Silurian – 
early Devonian (Figure 6, rose diagrams b & c).  This may 
imply that, for pre-Devonian deposits, NE-SW and NW-SE 
oriented lineament sets reflect important orthogonal 
(contemporaneous) deformation trends. However, at outcrop 
few faults are orientated NE-SW, although joints in this 
orientation are common. The prominence of NE-SW orientated 
lineaments in the Early Paleozoic may thus be a reflection of 
the control of joint orientation over outcrop morphology. 



Figure 4: Previous and working (current) stratigraphic columns for the
exposures at Jabal az-Zalmah. The current stratigraphy is based on recent
fieldwork (2006-2008).
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DAY 1 
 
Resumé 
On the first field day, we will concentrate on outcrops in the 
southwestern part of the main Jabal az-Zalmah wadi. We will 
examine the entirety of the Cambro-Ordovician stratigraphy 
(Figure 7), looking carefully at the sedimentary facies, 
architectures, and trace fossil assemblages.  
 

The only detailed geological maps of this region remain 
unpublished and appear to have relied heavily upon satellite 
image interpretation. The discovery of Late Ordovician 
glacially-related deposits by the authors of this field guide adds 
a vital new stratigraphic constraint within this previously 
undifferentiated succession. This is because across North 
Africa, the glacially-related deposits are probably almost 
exclusively Hirnantian in age (e.g. Le Heron and Craig, 2008). 
 

Our day will begin near the base of the succession, where 
the trace fossil assemblage suggests a clear Ordovician age. 
We will work through the Middle Ordovician (Haouaz 
Formation) by lunchtime to finish with the contact between the 
upper Ordovician Mamuniyat Formation / earliest Silurian 
shale of the Tanezzuft Formation by the end of the day. We 
will investigate some faults and breakage zones and discuss 
their implications for petroleum exploration. 
 
Some notes on the differentiation of Cambro-Ordovician strata 
Cambro-Ordovician sediments crop out almost continuously 
along a NE-SW striking belt to the NE of Jabal al Qardabah 
(Figure 2). The succession in this region is mapped at a 
1:1,000,000 scale by IRC (1985). In their synthesis of the 
geology of Al Kufrah Basin, Bellini et al. (1991) provided basic 
sedimentological information on the Cambro-Ordovician 
succession but were unable to split the stratigraphy into 
formations. In the central part of Jabal az-Zalmah these rocks 
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comprise a sandstone dominated succession with subordinate 
siltstone, reaching >500 m in thickness (Bellini et al., 1991) 
(Figure 4). 
 

Unlike sediments of the Upper Ordovician, these deposits 
do not display any evidence for glacial processes, which 
appear regionally to be restricted to the Hirnantian, and 
consequently they are regarded as “pre-glacial”. Their 
stratigraphic range on the basis of trace fossil assemblages 
(see below) compares to strata assigned to the Haouaz 
Formation in the Murzuq Basin (e.g. Anfray and Rubino, 2003). 
Consequently, as a working hypothesis, we assign all pre-
glacial Ordovician rocks in Jabal az-Zalmah to the Haouaz 
Formation, being mindful that the future publication of 
geological maps of this area may modify these interpretations. 
 

Sedimentary rocks deposited prior to the Hirnantian 
glaciation in Al Kufrah Basin are significant to petroleum 
exploration for several reasons. Firstly, Cambro-Ordovician 
sediments formed the substrate over which Late Ordovician 
ice sheets advanced over other areas of North Africa (Le 
Heron et al., 2005; Ghienne et al., 2007). Secondly, given that 
Hirnantian ice sheets were effective agents of erosion, detailed 
examination of pre-glacial deposits should provide constraint 
on the likely composition of glaciogenic hydrocarbon reservoirs 
to be encountered in the course of exploration in Al Kufrah 
Basin. Finally, on stratigraphic grounds, Cambro-Ordovician 
rocks have never been differentiated in the Jabal az-Zalmah 
region. 
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Locality 1: 25°40.584'N 23°15.154'E  and Locality 2: 
25°40.151'E 23°13.941'E 
 
Introduction  
At the SW corner of the main Jabal az-Zalmah wadi, lies a 
prominent hill made up of undifferentiated Cambro-Ordovician 
sediments, the hill is not named on the available maps so we 
shall refer to it as the “Black Hill” (Figure 7, log A; Figure 8a). 
An almost complete sedimentary section at least 300 m thick 
can be studied at the Black Hill and faulting can be examined 
around its margins.  We shall study both these features at 
localities 1 and 2. 
 
Geological structures 
The Black Hill forms some of the highest ground in Jabal az-
Zalmah and is significantly higher than the wide plain of 
Cambro-Ordovician strata that extends to the north east 
(Figure 8b). Faulting may be observed in several localities 
within the range but the main faults are located along its 
southwestern margin. This deformation is best observed at 
Locality 2 in a wadi that incises the southwestern flank of the 
hill and transects a prominent NW-SE trending lineament 
visible on satellite imagery. To the southwest a broad low-lying 
plain contains limited exposures, however small outcrops 
reveal apparently undeformed green shales which are 
interpreted to belong to the Tanezzuft Formation. A transect 
walked to the NE along the small wadi reveals a succession of 
at least 8 faults within the Ordovician sandstones that together 
form a fault zone 150m wide. Faults take several forms, some 
are low, lateral continuous cemented ridges, occasionally 
exhibiting well-preserved lineations (Figure 9) while others are 
brecciated and show no sign of relief. All fault planes dip 
steeply to the northeast implying that the Cambro-Ordovician 
strata have been thrust over the Silurian strata (Figure 9b).  
Slip vectors indicate a component of left-lateral slip associated 
with thrusting (Figure 9a). 



Figure 7: Logged sections through Cambro-Ordovician strata in 
Jabal az-Zalmah. The number of the relevant localities are marked 
next to each log: please refer to Fig. 3 for locality map.
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SN Akakus Fm. Low-lying Cambro-
Ordovician sandstones 

Figure 8a: Overall outcrop view of the Ordovician in western Jabal 
az-Zalmah, at Locality 2.  The hill in the foreground consists almost exclu-
sively of sandstone, and is >100 m high.

Figure 8b: View east from the area of locality 1 showing Cambro-
Ordovician sandstones.  The large hill in the foreground is uplifted by 
thrust faults, and is noticably higher than the low-lying Cambro-Ordovician  
sandstones in the distance.  A ridge of Silurian Akakus Formation sand-
stones is visible to the upper right hand side of the picture.
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Returning from Locality 2 to the main wadi a low amplitude 
long-wavelength fold plunging to the ENE may be observed 
within Ordovician strata. 
 
Lithofacies 
 

The “preglacial” Ordovician sediments at the first two 
localities can be split into 9 lithofacies. Seven of these are 
dominated by sandstone, including massive, planar cross-
stratified, trough cross-stratified, planar bedded, ripple cross-
laminated, and deformed sandstones. Each of these facies is 
variably non-bioturbated, mottled, or extensively overprinted by 
vertical or horizontal ichnofabrics. Conglomerate and mudrock 
facies represent end-members of the grain-scale spectrum. 
 
Conglomerate 
In Jabal az-Zalmah, several varieties of conglomerate are 
recognised. These include centimetric horizons bearing mud-
chips, granule-grade material at the base of reactivation 
surfaces interdigitating with the toesets of trough-cross bedded 
facies, and thin gravel lags. 

 
The conglomerates bearing rip-up clasts are not 

necessarily indicative of high flow power, as the discoidal 
geometry of the low density clay clasts promotes transport at 
relatively low flow regimes. However, the granule-grade 
material at the base of reactivation surfaces underlying trough 
cross-beds almost certainly indicates high energy conditions. 
Interdigitation with the toesets of trough-cross beds may 
indicate gravitational separation from the sand fraction during 
avalanching. 
 
Massive sandstone 
Structureless facies are represented in fine to medium-grained 
sandstones. Bed thicknesses typically range 20-50 cm, locally 
up to 1 m. This facies, which is unaffected by bioturbation, 
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occurs intermittently throughout the succession, in association 
with the trough cross-bedded and planar cross-stratified 
sandstones. 

 
The massive sandstone facies is interpreted to record rapid 

deposition in a fluvial setting. 
 
Planar cross-stratified sandstone 
This facies (Figure 10 A) comprises well-sorted, fine to 
medium grained sandstones of a quartz arenite composition 
that bear planar cross-beds. Exposures of this lithofacies are 
usually excellent, thus affording the collection of palaeocurrent 
data from foresets. Palaeocurrents in this lithofacies 
demonstrate a variable WNW- NE palaeocurrent spread in 
Jabal az-Zalmah. 

 
The spread of palaeocurrents is very consistent with the 

free migration of straight-crested bars over a low gradient, 
such as an extensive braidplain setting. 

 
Trough-cross bedded sandstone 
This facies is developed in well-sorted, compositionally mature 
quartz arenites with grain size ranging fine to coarse 
sandstone. Therefore, compared to the planar cross-stratified 
sandstone facies, the trough-cross bedded sandstone deposits 
are slightly coarser grained. Trough cross-stratification 
typically comprises stacked sets (15 cm to several metres in 
height). 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 surfaces. The trough cross-beds do not usually 
preserve topsets, and may show evidence deformation in their 
upper part (see below). 
 

The trough-cross bedded sandstones record the migration 
of the bedload sand component, forming three-dimensional 
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bedforms (small to moderate scale dunes). The stacked sets 
of cross-strata testify to the repeated cycles of deposition, 
erosion, and re-deposition under moderate to high-energy 
conditions. The development of thin lags of medium to coarse-
grained sandstone between sets is suggestive of pulsed 
sedimentation processes. The presence of reactivation 
surfaces within the trough cross-bedded deposits, together 
with the slightly coarser grainsize, suggests slightly higher 
energy conditions of deposition than the tabular cross-stratified 
facies. 

 
Planar-bedded sandstone 
This facies consists of fine to medium-grained, quartz arenitic 
sandstone that are organised into horizontal beds. The facies 
is characterised by its horizontally stratified character, 
reflecting both stacked horizontal beds (i.e. discrete bedding 
surfaces can be recognised) and parallel lamination. It is 
commonly interstratified with the trough cross-bedded 
sandstones, and reached uninterrupted thicknesses of 0.25- 
10 m. 
 

The planar-bedded sandstone facies records deposition 
upon a flat sediment surface under high energy conditions. 
Interstratification with the trough-cross bedded sandstones 
suggests that this facies records intervals of current 
acceleration, suppressing the formation of bedforms on the 
sediment surface. 
 
Ripple cross-stratified sandstone 
Current rippled sandstones are poorly represented in the 
Cambro-Ordovician succession at Jabal az-Zalmah. Where 
present, these comprise fine-grained sandstone intervals <20 
cm thick. The upper part of the current-rippled interval at 
locality 1 is truncated by overlying trough cross-stratified 
sandstone. 
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The ripple cross-stratified sandstone facies records the low 
energy migration of ripples. The relative paucity of ripple cross-
stratification in Jabal az-Zalmah may point to ripple drift 
sedimentation rather than the formation of current ripples as 
waning flow deposits. 
 
Deformed sandstone 
Sandstone horizons showing signs of deformation typically 
(Figure 10 C, D) reach 1-3 m in thickness. Deformation is 
dominated by sheared trough-cross bedded sandstone, with 
convolution and overturning of the top of cross-bed sets 
occurring parallel to palaeocurrent flow. This style of 
deformation is best developed in the basal sandstones of 
locality 1 (Figure 7, log A). Other styles of deformation include 
the local development of flame structures, and generally 
contorted bedding. Since the majority of deformation structures 
occur within trough cross-bedded sandstone, with vergence of 
soft-sediment folds down palaeocurrent, these deformation 
products are interpreted as current shear phenomena. Turner 
(1991) reported that these structures are commonplace in the 
Lower Palaeozoic of the Jabal Azbah region, suggesting that 
liquefaction as a result of earthquake shock (syn-depositional 
tectonism) may have been a contributing factor. In the 
preglacial succession, the absence of obvious glacial process 
indicators (e.g. striae, shear zones, deformation cross-cutting 
several beds) appears to rule out the influence of Hirnantian 
ice sheets. 
 



Figure 10:  Important sedimentological features of the undifferentiated Cambro-Ordovician succession in

Jabal az-Zalmah. A, B: Intense Skolithus-type bioturbation affecting planar cross-stratified sandstone facies.

C, D: Two scales of recumbent folds interpreted to result from vigorous current action in a fluvial setting.
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Ichnofabrics 
Both vertical and horizontal ichnofabrics are extremely 
common within Cambro-Ordovician strata of the Gargaf Group, 
defined on the Gargaf Arch of western Libya (Bellini and 
Massa, 1980). These include Skolithus (Figure 10 B), 
Thallasanoides, Cruziana, and assortment of large horizontal 
burrows. Some of the most characteristic varieties, including 
those from the Akakus Formation (Silurian), are shown on 
Figure 11. Some the ichnotaxa are stratigraphically significant. 
We shall have the opportunity to see bioturbation in the 
Silurian on day two of this fieldtrip. 
 

Despite an intensive search by the authors and large 
numbers of accompanying geologists on 4 separate 
occasions, our only success at retrieving body fossils in Jabal 
az-Zalmah has been to recover a thin (<2 cm) bryozoa 
enriched carbonate deposit within the Tanezzuft Formation. 
This 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 last locality we shall 
see today was completely barren with respect to microfossils. 
CASP has managed to recover acritarch and chitinozoan 
assemblages, but only from shallow boreholes. Thus, we wish 
to emphasise that the only realistic way to determine the age 
of pre-glacial Ordovician units in the field is using trace fossils. 
Seilacher (2007) has published extensive illustrations of trace 
fossils, including a range of Cruziana trails (c f. Figure 11 A-
C), which we shall discuss in the field. 

 



Figure 11  : Trace fossil material from the Jebel az Zalmah region collected from
rocks ranging Early Ordovician through Early Silurian in age. The ichnotaxa
enable a reasonable age constraint to be placed on the sedimentary rocks
seen on this field trip. A: Ribbed Cruziana in hyporelief. The ornamentation
of this specimen resembles that of Cruziana petraea of the Ordovician in
Jordan (Seilacher 1983). B: Trilobite burrows interpreted as Cruziana goldfussi,
which has been recovered previously from the eastern flanks of Al Kufrah Basin
and assigned to the Lower Ordovician  (Seilacher et al., 2002). C: Cruziana
indet. D: Planolites burrows at the uppermost surface of the Mamuniyat
 in Jebel az-Zalmah (locality 6). These burrows are typical of the contact between
the Ordovician and Silurian elsewhere in North Africa. E: Arthrophycus
alleghaniensis, collected from the middle of the Akakus Formation (Localities 8, 9),
clearly identified by unilateral branching at very small angles. This arthophycid
is usually attributed to the Lower Silurian. F: Arthophycus linearis, also collected
from the middle part of the Akakus Formation.
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Mudrocks 
Mudrocks (clay, shale, siltstone) are a minor component of the 
preglacial succession in Jabal az-Zalmah. Nonetheless, their 
importance may easily be underestimated owing to the 
tendency of mudrock-rich intervals to be scree or sand 
covered in the desert, as a result of preferential weathering. 
The mudrock facies is typically maroon to white in colour, with 
a variable proportion of white mica. Sedimentary structures are 
usually absent; poorly developed lamination is sometimes 
present in some exposures, whereas current ripples are rarely 
developed in more micaceous occurrences of this facies. 
Thicknesses of mudrock beds rarely exceed one metre. 
 

The mudrock facies records deposition 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 silt provides evidence for very low energy traction 
current reworking. 
 
Vertical organisation of lithofacies at localities 1 & 2: 
Description 
 
There are a number of notable vertical facies trends within the 
pre-glacial succession in Jabal az-Zalmah. At locality 1, the 
base of the section comprises planar bedded sandstones, 
passing upsection through intercalated massive and trough 
cross-bedded facies to a 10 m thick succession of stacked 
trough cross-bedded sandstones. These sandstones show 
palaeocurrent dispersals to the SW. A sharp discontinuity is 
noted at the topmost surface of the trough cross-stratified 
sandstones, marked by a thin siltstone that contains prolific 
bioturbation, including Cruziana together with horizontal 
branching burrows. With the exception of this horizon, 
bioturbation is absent in this part of the succession. 
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Alternating planar cross-stratification and deformed 

sandstone facies account for the bulk of the succeeding 20 m 
of section, although 2 m thick horizons of massive sandstone 
also occur, along with parallel laminated facies. Towards the 
middle of this succession, mud chip conglomerate alternates 
with mudrock and above this horizon, deformed sandstone, 
planar cross-stratified sandstone and occasional current 
rippled facies give way to large-scale trough cross-
stratification. This last facies transition culminates with a 
granular conglomerate. 
 

At locality 2, facies similar to those observed at locality 1 
are present, but bioturbation is much more extensive (although 
as we shall discuss in the field, the Cruziana trails in particular 
may signify different ages for these outcrops). The lower 60 m 
are dominated by trough cross-stratified sandstone. Within 
these facies, important grain-size transitions occur, namely a 7 
m thick progradational motif at the bottom of the section, 
culminating with a conglomerate, and a retrogradational motif 
immediately above (culminating in planar laminated sandstone 
then siltstone). Unlike at locality 1, where intense bioturbation 
is restricted to a siltstone interval near the bottom of the 
succession, trough-cross bedded facies at locality 2 contain 
spectacularly preserved branching burrows. 
 

The overlying 60 m are dominated by planar cross-stratified 
sandstones, with well developed surface burrows on some 
bedding surfaces. These sandstones, which are punctuated by 
a high relief channel showing 4 m of incision, are succeeded 
by 40 m of Skolithus burrowed sandstones (Figure 10 B). A 
similar 30 m thick succession is recognised at the top of this 
section, wherein bioturbation has destroyed any primary 
depositional fabric. In between, a 60 m thick succession of 
alternating parallel laminated and trough cross-stratified 
sandstones occur, in which bioturbation is totally absent. 
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Vertical organisation of lithofacies at localities 1 & 2: 
Interpretation 
 
The vertical transition from planar bedded sandstones, through 
occasional massive sandstone facies to stacked trough cross-
beds at the base of locality 1 is interpreted to record the lateral 
migration of tidal bars. Evidence for SW-directed 
palaeocurrents in these trough cross-beds suggests their 
migration inland rather than basinward. The development of 
extensive bioturbation in siltstones immediately above, 
including Cruziana, testifies to a marine environment. The 
sharp loss of the sandstone fraction at this level is indicative of 
an important flooding event. 

 
At locality 2, the co-occurrence of tabular cross-stratification 

and massive and deformed sandstone facies in the middle part 
of the section is suggestive of a distal braidplain setting where 
sedimentation was influenced by the migration of straight 
crested bars and where, locally, palaeocurrent velocities were 
high. Sediment transport was toward the N-NE across the 
braidplain, resulting in the relatively coarser-grained trough 
cross bedded sandstones at the top of this section (proximal 
braidplain). In the upper part, the greater frequency and 
intensity of bioturbation suggest that a marine influence on 
sedimentation became progressively important with time. The 
occurrence of large surface burrows on some bedding planes 
and the absence of vertical burrows probably indicates that the 
sea floor was amenable to life but not the shallow substratum. 
By comparison, the Skolithus-burrowed intervals, where 
bioturbation completely obscures primary sedimentary 
structures, indicate a more habitable substratum. These fossil 
traces are typical of moderate to high energy, lower littoral to 
infralittoral sandstones (Frey et al., 1990). 
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The Cruziana trails at locality 1 invite comparison to 

Cruziana of Mid-Ordovician age (Seilacher, 2007). 
Comparison with the stratigraphy of the Murzuq Basin in 
western Libya suggests that the subglacial substrate in Jabal 
az-Zalmah is thus equivalent to the Haouaz Formation in that 
basin (e.g. Anfray and Rubino, 2003). 
 
 
Locality 3: 25° 38.185' N 23°  21.045'E  Mamuniyat  
At this locality (Figure 7, log B) deformation structures that 
occur exclusively within the Upper Ordovician may be 
observed. We propose the term Mamuniyat Formation, 
although this term has never been formally applied to the 
deposits at the northern flank of Al Kufrah Basin, and refer to 
the type section in Jabal Hasawnah in western Libya.  
 
Cambro-Ordovician rocks in the northern Al Kufrah Basin have 
never been examined in detail, and the Late Ordovician 
interval in particular has only ever been mentioned in passing 
during regional scale studies of the basin (Bellini and Massa, 
1980; Bellini et al., 1991). Nonetheless, Herzog and El-Ila 
(2004) reported evidence for the “Melaz Shuqran Formation” in 
northern Jabal az-Zalmah. This observation has not yet been 
ground truthed by subsequent authors.  
 
The contact between the uppermost Cambro-Ordovician 
sandstone and the Tanezzuft Formation is generally poorly 
exposed along the Jabal az-Zalmah wadi.  The contact is 
marked by a topographic depression at the contact between 
the two stratigraphic units, or alternatively a modern aeolian 
sand dune system. Locally, however, the exposure of this 
contact is excellent (Figure 12 A, C). To our knowledge, the 
nature of this contact has not been investigated previously. 
Where exposed, the uppermost Cambro-Ordovician sandstone 
forms a bench rising 15 m above the wadi floor and is sharply 
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overlain by shale. The contact between this sandstone and the 
Tanezzuft Formation, whilst sharp, is also gently undulating. 
The succession (Figure 7, log B) comprises: 
 
1. 10 m of green silty shale at the base of the succession 

(Figure 12 B); 
 
2. 1 m of dark red to dark brown silty sandstones bearing 

microfaults (Figure 12 D), with a sharp upper surface; 
 
3. 10 m of buff yellow to white, poorly bedded fine to coarse-

grained sandstone, locally exhibiting intense soft-sediment 
fold structures (Figure 12 E). An origin for these features in 
unconsolidated sediments is supported by the absence of 
deformation in underlying silty shales or overlying deposits, 
in conjunction with the generally chaotic orientation of fold 
axes; 

 
4.  Thin, recessed muddy diamictite horizon; 
 
5. 30 cm of ferruginised pebble conglomerate, with rounded 

clasts approximately 1 cm in diameter, immediately overlain 
by; 

 
6. >50 m of shale and silty shale with occasional sandstone 

beds. The sedimentary facies of the basal Tanezzuft 
Formation shows very little variation between this locality 
and elsewhere in Jabal az-Zalmah. Siltstone is interrupted 
by thin (< 10 cm) beds of fine to very fine-grained wave 
rippled and hummocky cross-bedded sandstone (Figure 12 
F). Numerous horizontal (branching) burrows are observed. 

 
7.  At approx. 20 m, a <1 cm thick bryozoan-bearing carbonate 

interval (at the first major break in slope) is observed. 
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We shall investigate a correlative section of the Mamuniyat 
Formation in the extreme north of Jabal az- Zalmah on Day 3. 
Particularly noteworthy at this location, which may have 
important palaeogeographic implications, is the much reduced 
thickness of the Mamuniyat Formation in the south-central part 
of Jabal az-Zalmah compared to that in the north (Figure 7, 
log D). 
 
Locality 4 (25° 49.939’  N, 023° 36.445’ E) 
At locality 4 two prominent faults cut strata belonging to the 
Tanezzuft-Akakus formation transition zone (Figure 13).  
The faults strike ~320-140 and dip steeply to the northeast.  
Based on the apparent offset of prominent beds displacement 
is estimated at ~30m on one of the faults.  Locality 4 lies at the 
end of two apparent normal fault segments that are offset from 
each other (Figure 13). This step in faulting may be 
accommodated by oblique slip motion on a joining orthogonal 
fault possibly explaining why thrust faulting is evident here.  
However deformation fabrics at this locality are inconclusive 
and these thrust faults may reflect regional deformation 
involving strike-slip and block rotation. 



F

Figure 12:   Stratigraphic relationships between Mamuniyat and Tanezzuft formations
in southern Jabal az-Zalmah and facies. A: Sharp, but undulose contact between
Mamuniyat and Tanezzuft formations. B: Green siltstone, base of the Mamuniyat.
C: Subdivision of the Mamuniyat into a silt-prone lower part (figured in B) and a
sand-prone upper part. A diamictitite separates the two. D: Intense “step fracturing”
of sandstones at the top of the green siltstone. E: Intensely folded sandstone with
rip-up clasts above both the fractured sandstone and the diamictite. F: low amplitude
hummocky cross-bedding and wave ripples in the basal Tanezzuft Formation.
(All photos from Locality 3)



Figure 13.  Faulted Akakus Formation-Tanezzuft Formation transition zone. Two sub-parallel low angle faults display 
possible evidence for transpression.
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 DAY 2 
 

Resumé 
Having examined the Ordovician in detail yesterday (Haouaz 
through Mamuniyat formations) up to the contact with the 
Silurian (Tanezzuft Formation), this morning we will see more 
evidence for topography and some unusual deformation 
structures at the top of the Ordovician succession. For most of 
the day (probably late morning onwards) we shall examine the 
Akakus Formation, its sedimentology and stratigraphy, and its 
contact with the Tadrart Formation, which is sometimes 
spectacularly erosive. 
 
Locality 5 (25°50.000 'N 23°29.382'E) 
The Haouaz Formation is regionally flat lying but at this 
locality, the Skolithus-bearing pre-glacial substrate is affected 
by narrow wavelength (1-200 m), low amplitude (<50 m), 
synclinal box folds that are separated from each other by 300 
m of horizontal strata (Figure 7). No truncation surfaces within 
these deformed strata are observed. These folds can also be 
traced over 3 km between individual outcrops, suggesting that 
they are linear features with a general ENE-WSW trend. The 
top surface of the folded rocks is developed on dark coloured, 
blue-black weathering sandstone. On previous visits, 
fragments of black, striated sandstone were observed (Figure 
14). 
 
The rocks directly onlapping this surface are not well exposed 
but belong to the Mamuniyat Formation. They comprise a ~20 
m thick succession which exposes fine to medium-grained 
cross-bedded sandstones at the top, in association with 
massive sandstone beds, and mud-chip conglomerates. These 
latter rocks show no signs of deformation (Figure 14). 
 



Figure 14: Deformation structures developed in pre-glacial Cambro-Ordovician sandstones of Jabal az-Zalmah. Photo taken
from the north, looking toward locality 5. The deformation structures are capped sharply by a polished surface, where 
fragmented rocks bearing “soft-sediment striations” were previously found. These structures are interpreted to record the
deformation of unconsolidated sediment. Their restriction, both laterally and to this stratigraphic level, supports this
interpretation. The short wavelength of the box folds (<30 m), separated by up to 300 m of relatively undeformed strata,
suggest that they may have formed as large subglacial grooves (or mega-scale glacial lineations) beneath Late Ordovician
ice sheets prior to deposition of the Mamuniyat Formation.

(Mamuniyat)
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 Looking eastward from this locality (Figure 15), we can 
observe the layer cake stratigraphy of the Haouaz Formation 
to the south and south-east (midground), a low lying area due 
east (next stop, locality 6) and in the background, the main 
Jabal az-Zalmah range, made up largely of the cliff forming 
Akakus Formation. The Akakus Formation cliffs visible 
across the main wadi to the south form the skyline consisting 
of 3 distinct sections. .  In the low lying area to the east, 
exposure is generally in the form of sandstone outcrops 2-3 m 
high (maximum) and consists of Skolithus-burrowed sandstone 
overlain by a a range of lithologies including shale, sandstone 
and conglomerate. These are assigned to the Mamuniyat 
Formation. Note that to account for the preservation of the 
Mamuniyat Formation in this area, and the lack of it to the 
south (Figure 15), we must interpret either a major fault (for 
which there is little evidence on satellite imagery) or a 
significant palaeotopography. 
 

Interpretation: At this locality, a tectonic origin for the 
elongate, synclinal box folds in the preglacial substrate is 
unlikely because of the limited lateral and stratigraphic extent 
of these features. Instead, it is suggested that they formed by 
either grounding icebergs (e.g. Woodworth-Lynas and 
Dowdeswell, 1994) or by corrugations that developed at the 
base of a grounded ice mass. 
 



Figure 15: Interpreted palaeotopography on the top surface of the Haouaz Formation, looking eastward from Locality 5. The
“syn-glacial deposits” of the Mamuniyat Formation are poorly exposed to the left of the photo in the lowground (optional stop,
Locality 6). Critically, however, they contain a suite of soft-sediment deformation structures interpreted as the products of
subglacial shearing. Potentially, this palaeotopography, with a relief of around 100 m, may provide some comparison to
palaeovalleys identified in the subsurface of Al Kufrah Basin. 
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A subglacial origin for these structures is proposed. This 
interpretation is suggested because 1) examples of soft-
sediment striations have been found, fragmented, on their 
upper surfaces and 2) an abundant suite of soft-sediment 
deformation structures can be found in the low ground of the 
adjacent wadi (Locality 6). The clastic succession overlying 
these deformation features is thus interpreted as ice-proximal 
outwash, within which mud-chip conglomerates, trough-cross 
bedding and current rippled sandstones reflect a range of 
gravity flow, moderate energy traction currents, and waning 
flow respectively. The notable absence of bioturbation within 
these sediments may imply ice-contact deposition within a 
glaciofluvial setting. 
 

The geomorphology of the Akakus formation is consistent 
with them being exposed footwall scarps of normal faults and 
leads us to infer northeast-southwest trending normal faults 
may have influenced the formation of this range front.  At the 
tips of the three fault segments there are distinct offsets visible 
on LandSat imagery (Figure 16) 
 
Locality 6: 25°48.555'N 23°32.08 7'E (Optional locality) 
The sixth (optional), locality lies in an area of low relief to the 
east of locality 5 (Figure 3). The succession in the vicinity of 
our stop, which reaches a maximum of 15 m thick, is difficult to 
piece together (Figure 7, log C). However, the key 
observation here is the suite of distinctive soft-sediment 
deformation structures, all types of which are recognised 
beneath glacially-striated surfaces in the Ghat, Wadi Analalin 
and Gargaf Arch outcrops in western Libya (Le Heron et al., 
2005). A polished and possibly striated surface on a white 
sandstone has previously been noted here (Figure 17 A). The 
heterolithic succession above includes 1 m thick red, 
micaceous shale, intensely folded current ripple-cross 
laminated sandstone (Figure 17 B), and small-scale faults or 
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step fractures (Figure 17 C). At the top of this succession, an 
upper, undeformed sandstone bed displays wave ripples 
colonised by small Planolites burrows (Figure 17 D). These 
occur directly below poorly exposed, green weathering, 
laminated siltstone for which an Early Silurian age is 
suggested (c.f. Lüning et al., 2000). 
 
Interpretation: At locality 6, the undulose, striation-bearing 
surface is potentially interpreted as an ice-cut glacial erosion 
surface. The preservation of a thin shale unit/ bed above 
stands in contrast to similar surfaces in Morocco where clast-
poor diamictites or conglomerates typically occur directly 
above (Le Heron et al., 2007). These diamictites record ice-
proximal outwash, which classical models of glaciomarine 
sedimentation predict to be deposited near the grounding line 
(Powell and Cooper, 2002). 
 

In contrast, the shale may imply interglacial (or non-glacial) 
still water sedimentation. The deformation within this shale, 
and the step fractures and folds that affect the fine-grained 
sandstones above it, are well documented in Late Ordovician 
glacial deposits elsewhere (Deynoux and Ghienne, 2004; Le 
Heron et al., 2005). This suite of structures is interpreted to 
record subglacial deformation processes. The folds are 
suggestive of ductile deformation under warm-based ice, 
whereas the step-fractures that crosscut them are interpreted 
to reflect small-scale brittle failure, potentially by a strain 
hardening mechanism, during transition to cold-based ice 
conditions. As in other regions, such as Jabal Azbah, 
Planolites burrows on the topmost glaciogenic deposit 
probably imply opportunistic, post-glacial colonisation of a 
sandy shallow marine substrate in the early stages of Early 
Silurian transgression (e.g. Lüning et al., 2000). Alternatively, 
the bioturbation may correspond to a maximum flooding 
surface (Armstrong et al., 2005) and, potentially, a lateral 
equivalent of “hot shale” facies. 



Figure 16. LandSat image overlain with major geological structures observed in the field. Note the segmented normal faults that 
form the northern margin of the Akakus Formation (a).

a

a

a



Figure 17: Facies of the uppermost part of the Cambro-Ordovician succession
 in central Jabal az-Zalmah, in rocks interpreted to belong to the glaciogenic
Mamuniyat Formation. A: Scratched and polished surface. B: Metre-scale fold
structures. C: Step-fractures in fine-grained sandstone. D: Planolites burrows on
the topmost surface of the Mamuniyat Formation immediately below Silurian shale.
All photos taken from Locality 6.

A B

C D
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Locality 7: 25°41.849’N 23°29. 027’E (panoramic of the 
Akakus Formation) 
 
Brief photo stop to look east and observe the large-scale 
geometries in the Akakus Formation (Figure 18). 
 
Locality 8: 25°49’64.4”N 23°35’ 93.0”E (lower part of 
Akakus Fm) 
 
Locality 9: 25°49.007'N 23°36.22 7'E (upper part of Akakus 
Fm and into Tadrart Formation) 
 
 
Overview 
The Akakus Formation has its type section in the Akakus 
Mountains, Wadi Tanezzuft, at the western flank of the 
Murzuq Basin near the Algerian border. There, as in Al Kufrah 
Basin, BellinI and Massa (1980) emphasised the gradational 
and hence rather arbitrary nature of the contact between the 
Tanezzuft and Akakus formations, 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). 
 

In Jabal az-Zalmah, Bellini et al. (1991) described the 
upper part of the Akakus Formation is dominated by “a flood 
of trace fossils (Arthrophycus, Cruziana etc) and ripples”. 
These authors noted the extremely variable thickness of the 
formation around the flanks of Al Kufrah Basin, from 0-25 m at 
the SW basin outcrop (Jabal Eghei), to 100-160 m in Jabal az-
Zalmah. They attributed these thickness variations in part to 
erosion at the base of the overlying Tadrart Formation. We 
shall see evidence for this erosion at locality 9. 
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In the Ghat section, southern Wadi Tanezzuft, Klitzsch 
(1966) preferred a mid Llandovery age for the Akakus 
Formation based upon graptolite assemblages. In the Murzuq 
Basin, the Akakus Formation represents a secondary 
reservoir. It is considered to represent the Libyan part of a 
huge delta complex that prograded across southern Libya 
during the mid to late Silurian (Bellini and Massa, 1980; Bellini 
et al., 1991). To our knowledge, the Akakus Formation in 
Jabal az-Zalmah has not been successfully dated by body 
fossils. Therefore, as we shall see, trace fossil assemblages 
may provide the only practical dating tool at outcrop, with 
arthrophycid worm burrows being the most distinctive. 
 
 
Sedimentology 
The Akakus Formation overlies the interbedded siltstones 
and HCS-bearing sandstones of the Tanezzuft Formation to 
reach > 200 m in thickness (Figure 19). Previous studies in 
Jabal az-Zalmah indicate that this part of the succession is 
comparable to the upper part of the Tanezzuft Formation and 
the Akakus Formation (e.g. Bellini et al., 1991; Lüning et al., 
1999). As noted above, the boundary between these 
formations is gradational, and the base of the Akakus 
Formation has been proposed at where the total content of 
sandstone exceeds that of shale and siltstone. 
 

Exposure of sandstone deposits in the Tanezzuft- Akakus 
formations is usually excellent (Figure 20 A, D). However, for 
shales and siltstones, exposure is more intermittent with rare 
high quality outcrop (Figure 20 B). In such sections, delicate 
parallel lamination occurs within shales and silty shales, which 
also contain discontinuous or “starved” current ripples (Figure 
20 B). 



Figure 18
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Although precise palaeocurrent orientations are difficult to 
determine due to the two-dimensional nature of many 
exposure faces, the apparent dip of ripple foresets is 
bidirectional to the north and south (Figure 12 B). Additionally, 
the same sections contain wave ripples. These mudrocks form 
the basal part of parasequences which range in thickness 2-8 
m. Toward the base of the logged section, the sandstones at 
the top of the parasequences contain HCS or sharp-based, 
amalgamated beds. In contrast, toward the middle of the 
logged section, the upper part of the parasequences are 
characterised by stacked current-rippled, fine grained 
sandstones (Figure 19, 102 m; Figure 20 C). Topographically, 
the abandonment surfaces of parasequences are expressed 
as flat, bench-like surfaces (Figure 20 E). 
 

Bioturbation is unevenly distributed throughout the 
succession and ranges from poorly differentiated vertical 
ichnofabrics such as Skolithus (Figure 20 F) to well defined, 
complex horizontal burrow networks. These include the backfill 
burrows Arthrophycus linearis (Figure 20 G) and Arthophycus 
alleghaniensis. These latter arthophycid burrows are identified 
by unilateral branching of the burrows at very small angles, 
and they are also widespread in SW Libya, where they are 
assigned to the Lower Silurian (Seilacher 2007) (Figure 20 G). 
This stratigraphic interpretation may not necessarily contain an 
age implication (i.e. Early Silurian) in Jabal az-Zalmah, 
however. Yet if this is the case, it suggests that the Akakus 
Formation is much older than anticipated. In the field, the most 
poorly exposed intervals correspond to mudrock-prone 
deposits, the bases of which are topographically expressed by 
sharp and flat surfaces that can be traced laterally over several 
hundred metres (Figure 20 D). 
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Upsection, the appearance of sandstones is intermittent at 
the top of the parasequences. Notably, however, there occurs 
a 50 m thick uninterrupted succession of red fine-grained and 
occasionally medium-grained sandstones between (154-194 m 
on the section; Figure 19). These are dominated by the planar 
bedded sandstone facies association and the trough cross-
bedded facies association. Bioturbation is sparse, but present 
toward the top of this sandstone package. The sandstones are 
locally affected by deformation including chaotic fold structures 
on the scale of 2-3 m amplitude. This deformation does not 
affect overlying deposits, which  comprise siltstones at the 
base of another parasequence that coarsens up into fine-
grained sandstones that contain abundant Skolithus burrows 
(201 m). 
 
Sequence stratigraphy 
The high outcrop quality of the Akakus Formation clearly 
affords detailed sedimentological interpretation, the trace fossil 
assemblages facilitate some (tentative) means of dating, and 
the organisation of the succession into discrete coarsening 
upward packages (parasequences) allows insight into the 
vertical and hence temporal evolution of the sedimentary 
system. 



Figure 19: Logged sections
through the Akakus and
Tadrart formations. The
localities where these
formations will be examined
are shown next to each log.
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C D
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Figure 20: General outcrop views and sedimentary facies within the Akakus and
Tadrart formations. A: Typical outcrop pattern at locality 8. B, C: Beautifully
exposed parasequences within the lower part of the Akakus at locality 8. D: Sharp-
based sandstone cutting down into underlying parasequence at locality 8 / 9.
E: Outcrop expression of abandonment surface. F: Discrete interval of Skolithus
bioturbation, typical of the upper Akakkus Formation. G: Arthophycus linearis
(worm burrows). H: Cross-stratification in lower levels of the Tadrart Fm (locality 9)
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The Akakus Formation can be split into a series of 
coarsening-upward cycles. Internally, additional cycles can be 
recognised by the appearance of prominent sandstone beds in 
the main cliff parallel to the Jabal az-Zalmah wadi. In terms of 
facies successions, cycles on the scale of tens of metres begin 
with bi-directional current rippled sandstones and siltstones 
(tide influenced offshore) passing upward into more thickly 
bedded hummocky cross-stratified sandstones (lower 
shoreface). In a regular prograding shelf setting unaffected by 
tectonic activity, this succession would then be followed by 
upper shoreface (with e.g. swaley cross stratification), then 
foreshore and beach deposits (parallel laminated and / or 
cross stratified) sandstones. 
 
Tidal deposits (high energy sandstones, often with Skolithus 
burrows) may be better expressed during phases of 
transgression and reworking. However, in some places, we 
observe tidal facies sharply overlying current rippled 
sandstone and siltstone (L. Gindre, pers. comm. 2008), 
indicating that parts of the sedimentary cycle are missing. 
These relationships may point to abrupt sea level fall, 
basinward shift of sand-prone facies, and reworking of these 
facies during renewed transgression. This “foreshortened 
cyclicity” may potentially point to forced regression, i.e. pulses 
of tectonic activity influencing sedimentation throughout the 
Silurian in Jabal az-Zalmah. 



Tadrart
Formation

Akakus
Formation

Looking north

Figure 21: Stratigraphic contact between the Akakus and Tanzuft formations in
central Jabal az-Zalmah, at Locality 10. The uppermost part of the Akakus consists
of delicately bioturbated siltstones, with Skolithus burrows just beneath. The Tadrart
meanwhile comprises brick red, trough cross-bedded sandstones with predominant
N- NE palaeocurrent dispersals.
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Locality 10: 25°49’ 31”N  23°36’ 55”E (unconformity 
between the Akakus and Tadrart formations) 
Our last stop of the day, this locality offers both spectacular 
views across the Jabal az-Zalmah range at sunset and the 
opportunity to investigate one of the most important 
unconformities in Al Kufrah Basin (Figure 21). Here, the 
unconformity is a sharp disconformity. However, at the SE 
flank of Al Kufrah Basin (in the central part of the Jabal Azbah 
outcrop belt), the unconformity cuts down completely through 
the Akakus Formation into the Tanezzuft Formation. 
Therefore, in that region, significant relief upon the 
unconformity is supposed. Here, the Tadrart Formation 
consists of cross-bedded sandstones, interpreted as fluvial 
bars, predominantly with a spread of NNE to NE palaeocurrent 
dispersals.  
 
 
 



 58

DAY 3: NORTHERN JABAL AZ ZALMAH 
 
Resumé 
The final day’s itinerary will take us to the north-easternmost 
exposures of the Mamuniyat Formation where we will look at 
the stratigraphy of this unit, and compare it to that in the 
central / southern part of the outcrop area. En route, we will 
stop to examine deformation structures affecting a ridge of the 
Akakus Formation, and we will possibly make a brief photo 
stop for lacustrine deposits associated with a Quaternary 
humid phase. In Jabal az-Zalmah, the Quaternary deposits 
have not been studied in any detail, but comparable palaeo-
lakes have recently been described from the Fezzan Basin in 
western Libya. Some of these basins are associated with 
artefacts (stone tools) in great concentration, almost 
universally fashioned out of chert. Many of the clasts used to 
make these tools locally appear to derive from the top of the 
Mamuniyat Formation in northern Jabal az-Zalmah. Time 
permitting, we may be able to see these artefacts in situ. Our 
other objectives today are to study some spectacular fold 
structures within the Mamuniyat Formation, and to examine 
Neogene arenaceous limestones, discussing their origins. 
 
Locality 11 (25° 51.241’ N, 023° 41.901’ E) 
At locality 11 at least three faults are observed to cut through a 
ridge of Akakus Formation sandstone.  The faults appear 
parallel with an approximate NNW-SSE strike dipping towards 
the north east.  The sense of motion was inferred from the 
offset of prominent sandstone beds that suggest both normal 
and reverse faulting had occurred.  The displacement is <10 m 
and is consequently sub seismic. 
 

The orientation and style of faulting and the small offsets 
observed are compatible with most faults within the Akakus 
Formation.  This faulting is better exposed within the canyon 
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systems south of the main wadi , unfortunately these outcrops 
are inaccessible to a large field party. 
 
 
Locality 12: 26°03.225’N  23°41.824'E (Deformation 
structures in the Mamuniyat Formation) 
At this locality, we can observe a succession of green siltstone 
in the wadi floor, capped by climbing ripple cross-stratified, fine 
grained sandstone. These deposits are intensely deformed 
(Figure 22), folded into an eastward verging anticline. A few 
hundred metres north of this structure, a 10 m high hill of 
green siltstone can be observed. The hills toward the south-
east are also clearly deformed, and some expose green 
siltstone toward the top. The green siltstone package is 
interpreted to correlate with that which we saw on the first day 
(locality 3), but the increase in thickness here (to ~50-60 m in 
some outcrops) implies a dramatic wedging out to the north. It 
is also worth noting that the hills are almost of uniform height 
(about 60 m), and appear to be planed off to form a bench-like 
plateau. 
 
 
Locality 13: 26°03.225’N  23°41.824'E (Stratigraphic 
overview of Ordovician, N. Jabal az-Zalmah) 
Looking north up the wadi from this locality, we can observe 
the characteristic layer-cake stratigraphy of the Haouaz 
Formation to our left (Figure 23). The N-S trending hills to the 
right of the viewpoint are much different in weathering 
character. In the outcrop immediately to our left, we can find 
black-weathering trough-cross bedded sandstones. These rest 
sharply upon the Skolithus-burrowed sandstones of the 
Haouaz Formation, that are locally conglomeratic with mud-
chips, and show a spread of east to northwestward 
palaeocurrents. 
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Still looking northward, the same sandstones occur in the 
small outcrop in the central part of the wadi, reaching up to 15 
m thickness. These deposits are interpreted as the basal 
sandstones of the Mamuniyat Formation. No “smoking gun” 
evidence for glaciation has been found in association with 
these deposits (such as striated surfaces, dewatering 
structures, step fractures), but clearly this deposit records a 
significant change is depositional style and presumably a 
basinward shift in facies tracts. The predominance of cross-
bedding, the absence of bioturbation, and the presence of rip 
up clasts may indicate a phase of ice proximal, glacial outwash 
sedimentation. They are overlain by the green siltstone that we 
saw at locality 11, which forms the basal part of the cliffs to the 
right of the wadi. This stratigraphic relationship may imply a 
fairly rapid ice sheet retreat (upward disappearance of 
glaciofluvial sandstones) and onset of glaciomarine siltstone 
deposition.  
 
Locality 14: 26°05.596’N  23°43. 642'E (Glacially-influenced 
delta mouth bar deposit) 
Here, we shall examine the deposits lying stratigraphically 
above the green siltstone that we examined at locality 11.  
 
Lithologically, these comprise very fine to fine-grained maroon 
sandstones and occasional siltstones at the base, upward 
through brown / yellow fine-grained wave and current rippled 
sandstones, into rather flat bedded, occasionally cross 
stratified sandstones. Despite the cliff forming aspect of the 
topmost sandstone from a distance, there is no obvious 
unconformity or downcutting to be seen at its base. 
 
Approaching this section from the south (as we will), notice 
that there are, locally, sandstone beds within the cliff that are 
internally truncated, i.e. evidence for toplapping relationships.



Figure 22.



Figure 23.
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At outcrop, approach the notch in the cliff and climb the dry 
waterfall to the right of the exposure, stopping briefly to 
examine the facies along the way, including the wave-rippled 
sandstone to the right hand side. Make your way around to the 
north side of the exposure, noting the folded soft-sediment 
striated surface near the cliff edge.  Time permitting, we will 
carry on for approximately 250 m northward to examine a 
spectacular breccia at the bottom of the adjacent hill. This 
deposit is highly enriched in chert, and is clearly the source of 
the artefacts we observed this morning. A few kilometres to the 
east of this locality, Lüning et al. (1999) discovered a series of 
fossiliferous evaporates, shale and dolomite that were 
assigned a Late Cretaceous age on the basis of biserial 
plantonic foraminifera. These deposits were interpreted as the 
maximum southward extent of a major Late Cretaceous 
transgression. It is possible that the breccia is either, therefore, 
an ice contact deposit of Late Ordovician age or potentially a 
lag deposit on the basal surface of the Cretaceous. 
 
Overall, the stratigraphy of the Ordovician in northern Jabal az-
Zalmah can be summarised as follows, from base upward:- 
 

1. Skolithus-bioturbated sandstone, layer cake deposit 
(Haouaz Formation; pre-glacial); 

2. Sharp discontinuity. Black, trough cross-bedded 
sandstones with rip up clasts above (ice proximal 
glaciofluvial deposit); 

3. Gradual transition into green siltstone, measuring ~50-
60 m in thickness (transgressive relationship; ice distal 
glaciomarine, prodelta muds); 

4. Coarsening up of siltstone into very fine then fine-
grained sandstone, with abundant wave and current 
ripples (distal delta mouth bar facies). This part of the 
stratigraphy locally intensely deformed; 
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5. Undeformed, tabular sandstone unit up to 10 m thick, 
generally parallel-laminated and occasionally cross-
bedded (proximal delta mouth bar facies); 

6. Soft-sediment striated surface (subglacial erosion 
surface in the marine environment); 

7. Breccia (origin equivocal) 
 
 
Locality 15: 26°07.654’N  23°42. 745'E (Neogene deposits, 
north Jabal az-Zalmah) 
 
This outcrop is the northernmost locality we shall visit on this 
excursion. Here, we can observe the sharp disconformity 
which divides the Ordovician below from the Neogene above. 
The Tertiary section is clearly differentiated as a bright yellow / 
white deposit at outcrop, with a similarly bright illumination on 
satellite imagery. The deposit comprises yellow-weathering, 
crystalline, dolomitized sandstone. It yields small shelly fauna, 
typically thin walled bivalves. Note the presence of small (2-3 
mm wide) lozenge-shaped pores in the matrix. These pores 
indicate a secondary porosity, possibly attributable to later de-
dolomitization (H. Armstrong 2008, pers. comm.). 
 
Looking southward toward the small hill in the neighbouring 
range, an obvious stratigraphic break can be observed within 
the Neogene. This flat, bench-like surface is overlain by very 
well-rounded pebbles and this surface corresponds to the 
surface on we are standing.  
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DAY 4 - MORNING (OPTIONAL LOCALITY) 
 
Locality 16 (25° 36.106’ N, 023° 30.418’ E) 
 
Southeast of the main wadi Devonian strata of the Tadrat and 
Binem formation are exposed and a series of prominent 
lineaments trending NNW-SSE can be identified on landsat 
imagery.  At locality 16 deformation is more intense and 
laterally extensive than observed elsewhere in Jabal az-
Zalmah.  The Binem formation is uplifted into a series of 
anticlinal domes that can be traced for several kilometres 
(Figure 24).  Folds are interpreted to represent thrust tip 
anticlines forming above propagating thrust faults and, since 
they lie parallel to thrust faults identified at localities 2 and 4, 
may be linked to the same deformation event.  Since 
deformation of Devonian strata is more intense it has been 
suggested that these structures are of Caledonian age but 
they may be reactivated Hercynian structures. 
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DISCUSSION 
 
Structural evolution of Jabal az-Zalmah 
Many open questions remain regarding the structural evolution 
of Jabal az-Zalmah as only limited outcrop observation has 
been undertaken.  It is, however, clear that deformation in 
Jabal az-Zalmah has been underestimated by early workers 
and that faulting plays a key role in explaining the pattern of 
outcrops observed.  The situation is not as simple as that 
depicted on the regional geological map of the area (figure 3) 
which showed a simple outcrop pattern controlled by a 
structural dip to the southeast.   
 
Faulting 
Normal and reverse faulting, with some indication of 
transtension and transpression, is evident throughout the Jabal 
az-Zalmah succession. The faulting has a dominant strike of 
NW-SE, with a small number of faults striking E-W or NE-SW. 
These data are broadly compatible with a regional lineament 
analysis. 
 
Most observed faults are sub-vertical and display limited offset 
(<50m). Fault architecture therefore suggests that these faults 
have not played a major role in the accommodation of regional 
deformation. This implies that what we observe at outcrop may 
not fully reflect the dominant mode of deformation in the 
northern Al Kufrah Basin. 
 
Folding 
Folding is evident throughout the Akakus Formation and the 
overlying Devonian succession.  Folding is, in general low 
amplitude and long wavelength, particularly within the Akakus 
Formation.  Bedding orientation data obtained from numerous 
localities across Jabal az-Zalmah, suggest a system of 
synclinal-anticlinal pairs orientated NW-SE. The prominent 
NW-SE orientation of folds may explain the variation in outcrop 
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geology as one moves NE-SW along the main wadi in Jabal 
az-Zalmah: the Devonian appears to occur in regional 
synclines with the Akakus Formation outcropping as 
anticlines. This model is complicated by the presence of a 
number of prominent lineaments that cut through the Akakus 
Formation and appear to offset the formation. 
 
Timing of deformation 
Given that only the Early Paleozoic succession was examined, 
estimation of the timing of deformation is speculative.  Utilising 
outcrop observation alone we suggest that the dominant 
present-day structural grain was imposed during the Hercynian 
and may have included reactivation of Infracambrian shear 
zones. Cross-cutting relationships at outcrop suggest that 
faults orientated NW-SE initiated early during deformation and 
were later overprinted by faults striking WNW-ESE and E-W. 
This may be indicative of the rotation of σ1 or block rotation 
under a constant strain. No faults were observed to strike NE-
SW but many lineaments were observed with this orientation. 
If they reflect unobserved fault systems then their dominance 
in the pre-Devonian succession suggests generation in 
association with post-Infracambrian to pre-Hercynican 
deformation. Given that the dominant structural trend, 
throughout the succession, is NW-SE it cannot be discounted 
that much of this deformation may have occurred at a similar 
time, forming a conjugate set to the NE-SW orientated faults, 
where σ1 would be orientated ~N-S. 
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Implications for Petroleum Exploration 
Stratigraphy 
Across North Africa, Late Ordovician glaciogenic sediments 
are key reservoirs within a petroleum system that is sourced 
and sealed by Lower Silurian shales. Uppermost Ordovician 
sandstones make excellent reservoirs but in the Murzuq Basin 
they are extremely heterogeneous. Numerous papers 
describing and attempting to explain this heterogeneity have 
now been published in the international scientific literature. 
These include detailed syntheses of the range of soft-sediment 
deformation structures likely to disrupt reservoir continuity (Le 
Heron et al., 2005), the genesis and fill of prospect-scale 
tunnel valleys (Le Heron et al., 2004) the architecture of 
depositional units at the flanks of the Murzuq Basin (Ghienne 
et al., 2003; Le Heron et al., 2006), studies of correlative 
deposits in both north and south Morocco (Le Heron et al., 
2007; Le Heron, 2007), a synthesis on stratigraphy (Ghienne 
et al., 2007) and and a synthesis on the configuration of the 
Late Ordovician ice sheet across the region (Le Heron and 
Craig, 2008). These earlier studies provide a good basis for 
starting work in Al Kufrah Basin, both at outcrop and in the 
subsurface. 
 
Residual topography left following deglaciation of the shelf 
during Early Silurian transgression is believed to have 
promoted anoxia, “ponding” organically rich shales in intra-
shelf basins during the earliest phase of the Silurian 
(Rhuddanian; Lüning et al., 2000). Rhuddanian “hot shales” 
are the principal source rocks within both the Murzuq and 
Ghadames basins (Davidson et al., 2000) and a serious 
candidate for oil generation in Al Kufrah Basin (Lüning et al., 
1999). 
 
The intimate relationship between glaciation and source rock 
distribution has long been known to the petroleum industry, but 
the origins of this topography have been readily interpreted as 
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“glacial” in origin without further investigation. Understanding 
the true nature of this residual topography is critical for 
accurately predicting of source rock distribution in basins like 
Al Kufrah. The discovery of Late Ordovician glaciogenic 
deposits in this basin raises the strong possibility that 
topographically-controlled anoxia in Silurian depocentres might 
well have occurred, greatly raising the prospects for Silurian 
source rock presence in this area. Research into the nature of 
the Late Ordovician glacial topography is thus now being fed 
into models of “hot shale” deposition . 
 
In the Murzuq Basin to the west, one of the most attractive 
features of the upper Ordovician reservoir is the presence of 
palaeovalleys, several kilometres wide, tens of kilometres long, 
and of the order of 100 m deep, cut by meltwater beneath Late 
Ordovician ice sheets and filled with moderately clean 
conglomerates and sandstones. Some of these palaeovalleys 
were left “underfilled” as the Silurian postglacial transgression 
began, and “hot shale” was deposited in these palaeovalleys. 
 
According to the model of Lüning et al. (2000), poorly 
oxygenated conditions prevailed during initial transgression, 
but as sea level continued to rise, and shales onlapped the 
flanks of palaeovalleys, oxygenation was better developed, 
meaning that palaeohighs were onlapped by shales deposited 
in rather more oxygenated (hence organically lean) conditions. 
The shortfall of this model is that it does not explain other 
occurrences of organically enriched shales outside of 
palaeovalleys. The alternative model of Armstrong et al. 
(2005), developed for equivalent sections in the Batra 
Mudstone of Jordan, propose that organically enriched shales 
were probably deposited at the maximum flooding surface, 
rather than as initial transgressive deposits. 
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Structure 
A number of prominent faults observed within the Devonian 
are well-cemented and thus act as seals to fluid flow. If these 
faults cut reservoir units then they would act to strongly 
compartmentalise the reservoir. Furthermore, reservoir units 
close to cemented faults may well display low porosity and low 
permeability due to cementation. If fluid flow was associated 
with Tertiary-aged volcanic hydrothermal fluids it would 
probably post-date peak hydrocarbon generation. This would 
imply that the faults may have acted as conduits to oil prior to 
cementation. 
  
Fault offset throughout Jabal az-Zalmah, where observed, is 
generally significantly less than 50 m, i.e. offset is probably 
below seismic resolution. This would imply that the 
stratigraphic succession is not significantly affected by 
observed faulting; only in one location, does significant reverse 
faulting juxtapose reservoir sandstones (Haouaz Formation) 
against the source rock (Tanezzuft Formation). 
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