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60 D. BOOTE ET AL. 

Late Hercynian deformation culminated with 
uplift and erosional unroofing, exposing the 
Lower Palaeozoic in outcrop around the margins 
of the basin. Any significant accumulations still 
preserved at this time would finally have been 
destroyed by fault breaching and late tilting of 
trap closures, water washing, flushing and biode- 
gradation. The subsequent Mesozoic to early 
Tertiary cover appears to have been fairly thin 
and the Tanezzuft Shale never again achieved 
depths sufficient to renew expulsion. Further 
late Tertiary uplift and unroofing associated 
with renewed freshwater aquifer flow, must 
have dispersed any remaining hydrocarbons in 
the basin. 

Tanezzuft-Ordovician and Intra-Devonian 
palaeo-petroleum systems. Gas shows encoun- 
tered in the Ordovician and middle to late Devo- 
nian shales may represent the remnants of other 
extinct petroleum systems. It is possible Ordovi- 
cian reservoirs were charged by downloading 
from a basal Tanezzuft Shale source, and a pos- 
tulated middle Devonian carbonate trend was 
certainly well positioned to receive hydrocarbon 
charge from organic rich shales immediately 
above. However both possibilities are weakly 
constrained and must remain speculative. 

Reggane Basin. 
The Reggane Basin (Figs 2 and 19) is a large 
intra-cratonic Palaeozoic depression bounded 
by the Eglab (Hoggar) Shield in the south and 
Ougarta Arch to the north (Aliev et al. 1971; 
Morabet et al. this volume). It formed in 
response to Hercynian uplift and erosional trun- 
cation and was subsequently buried beneath a 
thin sequence of Cretaceous sediment. Much of 
this was stripped away during mid-Tertiary 
uplift, and the Palaeozoic now crops out 
around the margin of the basin. 

As in the Ahnet Basin nearby, Lower Silurian 
and Upper Devonian shales within the depres- 
sion are extremely mature (Logan & Duddy 
this volume) as a result of deep burial and a 
regional late Palaeozoic thermal event. The scat- 
tered oil shows and a small gas accumulation 
encountered in the northern part of the basin 
(Boudjema et al. 1990) may be the remnants of 
a pre-Hercynian petroleum system(s) later dis- 
persed during Hercynian and mid-Tertiary 
uplift and unroofing. The relative frequency of 
hydrocarbon shows within Lower Devonian 
sandstones of the basin suggests these may once 
have provided the reservoir for a Lower Silurian 
sourced system. However, other porous sands 
are developed in the Cambro-Ordovician and 
Carboniferous and could also have been impor- 
tant. 

Marginal  to non-productive basins 

Moroccan Basins. 
A Silurian-sourced petroleum system is present 
in the Essaouira Basin, and could once have 
existed in the Doukkala, Tadla (Jabour & 
Nakayama 1988), Rharb, Boudenib-Bechar 
and Tarfaya Basins (Morabet et al. this 
volume). Located along the northwest margin 
of Africa, these intra-cratonic sag basins lie 
west, north and northeast of the Tindouf Basin 
(see Fig. 2 for location; the Tadla Basin lies 
east of Doukkala). All except the southerly 
located Boudenib-Bechar and Tarfaya Basins 
have been extensively modified by Mesozoic/ 
Cenozoic compressional tectonics (see Fig. 12). 
Deep pre-Hercynian burial of the Silurian 
source rock generally resulted in Palaeozoic 
maturation and expulsion. Hydrocarbons gener- 
ated at this time had a low preservation potential 
because of the strength and complexity of sub- 
sequent tectonic events (see Fig. 3), and effects 
of uplift and freshwater flushing. In the south 
an intrusive-related thermal event contributed 
to high levels of maturity (Logan & Duddy this 
volume). 

The small Triassic oil and wet gas Meskala 
accumulation of the Essaouira Basin was sourced 
from Silurian shales. These subcrop the Hercy- 
nian unconformity immediately below the accu- 
mulation and charged a silty fluvial sandstone 
reservoir by vertical fault-controlled migration. 
Evidently Silurian source capacity was not 
entirely destroyed by Hercynian deformation 
and subsequent Mesozoic burial was sufficient 
to renew generation during the late Cretaceous 
or early Tertiary. The accumulation is clearly 
the result of several perhaps unique factors but 
it is possible that similar fields may be present 
in areas where the Silurian source has been pro- 
tected from over-maturity, such as on the more 
gently deformed offshore shelf. 

Eastern Libya-Egypt. 
The potential for Palaeozoic petroleum systems 
in eastern Libya and Egypt has been identified 
on the southern platform of Egypt, in the 
Kufrah Basin and in Cyrenaica (Figs 2, 6 and 7). 

The Kufrah Basin is a large intra-cratonic 
depression bounded by the Tibesti Massif to 
the west and the Jebel Awaynat High in the 
east (Bellini & Massa 1980; Pallas 1980; Turner 
1980; Bellini et al. 1991; Gumati et al. 1996). 
The Palaeozoic succession was once part of the 
regionally extensive Gondwana platform 
sequence with very similar facies to the 
Murzuq. The basin first developed as an intra- 
cratonic sag during the late Hercynian phase of 
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deformation and was subsequently buried 
unconformably beneath poorly dated Jurassic(?) 
and Cretaceous continental Nubian clastic 
deposits. Later mid-Tertiary uplift and erosional 
unroofing of the surrounding highs exposed the 
Palaeozoic in outcrop around the basin margins. 

Although very lightly explored, with only four 
deep exploration tests, the basin is considered 
unprospective. The Tanezzuft Shale equivalent 
sequence appears significantly more silty than 
elsewhere, and is difficult to distinguish from 
the Acacus Sandstone Formation. A full geo- 
chemical analysis of its source capacity is not 
available but published lithological descriptions 
suggest it is probably fairly lean (Bellini et al. 
1991). Furthermore, it was never deeply buried 
and probably only reached maturity locally in 
the deepest part of the basin (Keeley & Massoud 
this volume). Any early crudes generated before 
mid-Tertiary uplift and unroofing were probably 
dispersed by the very extensive meteoric invasion 
and flushing which followed. 

In coastal Cyrenaica, northeast Libya, a 
Palaeozoic petroleum system has been suggested 
by the drilling of well B1-2 (Sola & Ozcicek 
1990). Non-commercial gas in Late Carbonifer- 
ous reservoir sands was generated from Carboni- 
ferous gas-prone shales buried deeply off- 
structure to the north (Keeley & Massoud this 
volume). Intraformational shales provide the 
seal for this trap which was charged from the 
Late Jurassic onwards. The system is believed 
to extend eastwards into offshore Egypt. 

Discussion 

Petroleum system characteristics 

Despite the relative geological simplicity of the 
Saharan Platform, the Palaeozoic-sourced petro- 
leum systems it harbours vary widely in character 
and productivity (Tables 1-4). This reflects dif- 
ferences in source charging efficiency, migration 
drainage style, critical period and degree of impe- 
dance or dispersal (Demaison & Huizinga 1994) 
as described below. 

Charge factor. The Tanezzuft and Frasnian 
source rocks responsible for these petroleum sys- 
tems are regional in extent, and local variations 
of thickness and quality appear too small to 
have much direct effect on their charge factor. 
However, charge is strongly influenced by drai- 
nage area. Extremely efficient charging was facili- 
tated by proximity of large volumes of mature 
source rock with regionally continuous intra- 
Palaeozoic and basal Triassic migration con- 

duits. Efficient charge was further enhanced 
locally by fracturing and faulting offsetting 
source rock intervals against primary carrier 
beds. 

Migration drainage style. The exceptional strati- 
graphic continuity of the Palaeozoic and basal 
Triassic succession provided multiple regionally 
continuous migration conduits. In less structu- 
rally deformed parts of the Saharan Platform 
this allowed lateral migration to occur over 
very long distances. Vertical migration was sig- 
nificant only in faulted and deformed areas 
such as the Ahnet-Gourara depression, the 
Amguid-Hassi Touareg axis and perhaps for- 
merly in the Tindouf and Reggane Basins 
before their uplift and unroofing. 

Criticalperiod. The relative timing of trap charge 
varies widely. Although speculative, it seems 
likely that most of the pre-Hercynian accumula- 
tions in the Tindouf and Ahnet-Gourara Basin, 
and elsewhere, were predominantly gas and gas 
condensate. A tentative reconstruction of their 
history suggests that the Tanezzuft source rock 
had reached relatively high maturities by the 
time associated traps had begun to form. Conse- 
quently, a significant part of their charge was 
probably late stage. 

The relative timing of charge and formation of 
post-Hercynian traps is not always well con- 
strained. Nevertheless, the Hassi Messaoud clo- 
sure is clearly Hercynian, although later 
enhanced by differential subsidence of the flank- 
ing basins. Certainly, it was well timed to receive 
an oil charge. In contrast Hassi R'Mel achieved 
closure only during the later Cretaceous, some 
time after its primary generative pod in the 
Benoud Trough had reached gas-generating 
maturities. 

Further to the south, the Hassi Touareg and 
Rhourde Chouff area accumulations developed 
in Austrian aged traps after the Tanezzuft 
source in the adjacent basin had passed through 
the oil generating phase. At least some structures 
in the Illizi Basin developed early during the Her- 
cynian, either forming closures at that time or 
later, after Austrian uplift and regional tilting. 
Certainly they existed throughout the main 
period of expulsion from the Tanezzuft and Fras- 
nian source rocks in late Jurassic to Cretaceous 
and were available to receive both oil and later 
gas. Based upon limited information, the recently 
discovered Ghadames Basin accumulations 
appear to be trapped in very low relief Austrian 
(and perhaps Jurassic) aged closures, and were 
charged in the late Cretaceous. 
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Entrapment style. In this region of high-continu- 
ity sand conduits and robust shale and evaporite 
seals, entrapment style, or impedance, was lar- 
gely dependent upon basin geometry and 
degree of structural deformation. In the less 
deformed parts of the platform, broad regional 
arches such as the Tilrhemt and Hassi Messaoud 
Domes focused migration very efficiently and the 
associated petroleum systems are of very high 
impedance. In contrast, the gentle synclinal 
form of adjacent depressions encouraged disper- 
sal and only local focusing along intra-basin 
structural axes. With very subtle low-relief clo- 
sures, both the Oued Mya and Ghadames petro- 
leum systems were probably of moderate 
impedance, with large volumes of hydrocarbons 
escaping to the south beyond the evaporite seal. 
Structural traps are more common in the Illizi 
Basin, where the petroleum systems may have 
been of rather higher overall impedance as a 
result. Although sealed by shales rather than eva- 
porites, they were only very mildly deformed and 
so largely retained their trapping integrity. Even 
where faults or local erosional windows in intra- 
formational seals allowed hydrocarbons to move 
up into overlying conduits, still higher shales 
were present to act as new seals. 

In structurally more deformed areas with 
greater frequency of high-amplitude traps, asso- 
ciated petroleum systems were of relatively high 
impedance locally, and seal integrity has some- 
times been maintained to the present. This 
appears to have been the case in the Ahnet- 
Gourara depression. Elsewhere, large displace- 
ment faulting, such as at the southern end of 
the Hassi Touareg horst, rendered the Triassic- 
Liassic evaporite seal locally ineffective by offset- 
ting reservoir against Cretaceous sandstones. As 
a result, the associated petroleum system is less 
productive than in the structurally similar but 
less faulted Rhourde Chouff area further south. 

have been significant in deeper reservoirs of the 
northern Illizi area. However, these earlier 
destructive processes were overshadowed by 
mid-Tertiary uplift and unroofing, which had a 
profound influence upon the entire region. Its 
effect was fairly mild in the central and northern 
part of the Triassic Basin. The large regional cul- 
minations of Hassi R' Mel and Hassi Messaoud 
were entirely unaffected, with only minor spillage 
and remigration from low-relief accumulations 
in adjacent depressions. However, the eastern 
flank of the Ghadames Basin was strongly 
tilted in response to uplift along the Djeffara- 
Nefusa Arch and although the broad E1 Borma 
structure retained its closure, smaller low-relief 
pools nearby were partially or completely dis- 
persed by spillage and hydrodynamic flushing. 
The region to the south and west beyond the 
Triassic-Liassic evaporites was even more 
strongly affected. Hydrodynamic flushing was 
especially severe in the Hamra Basin as a result 
of uplift and unroofing to both north and 
south, and accumulations in the Illizi Basin are 
in various phases of dispersal as a result of regio- 
nal tilting and flushing. However, large volumes 
of oil and gas are still retained in this basin sug- 
gesting the process of dispersal is only in a very 
early phase. 

Hydrocarbon productivity; controlling 
factors 

With broadly equivalent charge factors and 
multiple reservoirs, seals and traps, differences 
in productivity between Palaeozoic-sourced pet- 
roleum systems of the North African Platform 
appear to be directly related to migration and 
entrapment style and post-charge destructive 
processes. These can be considered in three 
broad categories. 

Post-charge destruction processes. Pre-Hercynian 
petroleum systems in the Tindouf and Reggane 
Basins, and elsewhere, were all largely destroyed 
by Hercynian or later Austrian unroofing. How- 
ever, significant gas accumulations still remain in 
the Ahnet-Gourara depression. At least some of 
the hydrocarbons originally reservoired in this 
basin must have been dispersed by spillage or 
vertical leakage through faults and hydrody- 
namic flushing along the basin margin while anti- 
clinal traps in the central part have preserved 
their sealing integrity. 

Austrian deformation and uplift almost cer- 
tainly had a very significant impact upon petro- 
leum systems initiated earlier in the Mesozoic 
and Late Cretaceous gas flushing appears to 

Mesozoic to early Tertiary charged systems with 
Triassic-Liassic evaporite seals (Tables 1 and 
4). The Hassi R'Mel and Hassi Messaoud fields 
contain c. 56% of the reserves in the entire pro- 
vince. They owe their enormous size to their posi- 
tion on large regional structural arches, with 
extremely high impedance trapping style. In con- 
trast, the Northeast Oued Mya and Frasnian 
sourced Ghadames Basin systems rely upon 
very local migration focusing along gentle 
intra-basinal structural axes immediately above 
or just updip of the subcropping source. The 
Triassic sands form excellent conduits in both 
basins, largely unaffected by faulting. These sys- 
tems appear to be of rather lower impedance, 
allowing large volumes of hydrocarbons to dis- 
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perse and escape by long-distance lateral migra- 
tion, except where captured by regional arches. 

The small reserves associated with the North- 
west Oued Mya system are probably a reflection 
of limited trap volume as well as inefficient 
migration focusing. The area is entirely oversha- 
dowed by the Tilhremt Dome and may have 
experienced significant late tilting. The Tanez- 
zuft-sourced system of the eastern Ghadames 
Basin is dominated by E1 Borma. This was pre- 
served by a very robust closure on the culmina- 
tion of a regional arch but other fields in the 
area are now very small, presumably as a result 
of post-charge tilting and spillage from once 
larger accumulations. 

Differences in productivity between the three 
petroleum systems along the Amguid-Hassi 
Touareg Ridge are thought to be related to the 
distribution of adequate traps. Despite the fre- 
quency of high-amplitude structures along the 
trend, their trapping effectiveness is often limited 
by across-fault seals. The southern Tanezzuft- 
Triassic system is very productive because of 
relatively lower amplitude structures and more 
effective fault seals. In contrast, the central 
Hassi Touareg system is significantly less produc- 
tive because of higher-amplitude structures and 
greater fault displacements with more frequent 
across-fault juxtaposition of reservoir against 
younger sands. The northern system is also rela- 
tively less productive because of poorer reservoir 
quality and fewer structural traps. 

Mesozoic to early Tertiary charged systems with 
intra-Palaeozoic shale seals (Tables 2 and 4). Pet- 
roleum systems in the Illizi Basin, reservoir very 
large volumes of hydrocarbons. The reason for 
this high productivity is not entirely clear. How- 
ever it may reflect the frequency of optimally 
positioned traps with multiple reservoir-seal 
pairs, and the effects of efficient migration focus- 
ing along low-relief intra-basinal structural axes, 
immediately updip of the generative area. 
Although these systems are now undergoing 
post-charge regional tilting and hydrodynamic 
flushing, this has been fairly limited so far and 
most of the hydrocarbons originally trapped 
are probably still retained. 

The Hamra Basin is stratigraphically similar to 
the Illizi, with similar reservoir and source rocks. 
However, it is very much less productive. Any 
estimate of hydrocarbon volume originally reser- 
voired in the basin must remain entirely specula- 
tive but it could have been significant. Late-stage 
basin tilting and hydrodynamic flushing is now 
very severe, and the small scattered pools which 
remain may represent the remnants of once 
much larger accumulations. 
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The Murzuq Basin to the south is also rela- 
tively unproductive. Hercynian and Austrian 
uplift and unroofing would have dispersed most 
early generated hydrocarbons from the western 
palaeo-depocentre, whereas later Cretaceous to 
early Tertiary burial was limited and only a 
very small area in the central part of the 
modern basin reached maturity. Consequently, 
the Tanezzuft-Cambro-Ordovician system was 
relatively undercharged. Furthermore, because 
of the gentle structural relief, significant volumes 
of hydrocarbons generated in the central part of 
the basin may have been dispersed by long dis- 
tance migration to the north or by hydrodynamic 
flushing in the west. 

Palaeozoic-charged systems with intra-Palaeozoic 
shale seals (Tables 3 and 4). Once fairly prolific 
petroleum systems probably existed in the south- 
western and western intra-cratonic basins of 
Algeria and Morocco, to be destroyed by later 
uplift and unroofing. The Ahnet-Gourara 
depression was strongly folded with many large 
anticlinal traps, and probably always reservoired 
far larger volumes of hydrocarbons than the less 
deformed Reggane and Tindouf Basins. Signifi- 
cant reserves still remain, although these may 
represent the remnants of an originally more pro- 
lific system(s). The relative frequency and size of 
traps, combined with the still very robust shale 
seals, point to a relatively high impedance sys- 
tem(s). Furthermore, their high amplitudes, 
would have tended to reduce the effects of later 
Mesozoic and Tertiary tilting and hydrodynamic 
flushing. 

Accumulations in the neighbouring Sbaa 
Basin are very small and as in the Ahnet-Gour- 
ara depression, may represent once larger accu- 
mulations now partially destroyed by later 
tilting and flushing. 

Conclusion 

In this structurally simple region with highly 
continuous reservoirs and seals, intimately asso- 
ciated with excellent source rocks, productivity 
of active petroleum systems varies according to 
migration style and effectiveness of migration 
focusing, degree of impedance and stage of 
maturity. The petroleum systems range from 
those of the enormous Hassi Messaoud and 
Hassi R'Mel accumulations (56% of the total 
reserves in the region), characterized by broad 
regional culminations with very efficient migra- 
tion focusing and high-impedance entrapment 
style, to the Hamra Basin systems (2% of total 
reserves) with small scattered pools now largely 
dispersed by hydrodynamic flushing. 

Each of these systems is ephemeral in various 
stages of an evolutionary cycle from initial gen- 
esis, to maturity, destruction and final extinction 
(Fig. 21). The Triassic-Liassic evaporite sealed 
systems of the northern 'Triassic Basin' are all 
now in a mature phase of evolution. Hassi Mes- 
saoud and the Ghadames and Oued Mya systems 
are in early (oil-dominant) maturity, whereas 
Hassi R'Mel and the Hassi Touareg and 
Rhourde Chouff systems bypassed this phase 
and are now in late (gas-dominant) maturity 
because of later trap development. The southern 
intra-Palaeozoic shale sealed systems are in a 
more advanced stage in their evolutionary 
cycle, because of their position on the flanks of 
the Mesozoic depocentre away from the evapor- 
ite seal. Petroleum systems in the Illizi Basin 
appear to have passed through maturity and 
are now just starting to disperse, whereas those 
in the Hamra and Murzuq Basins moved directly 
from early maturity to a more advanced phase of 
destruction. The majority of the pre-Hercynian 
petroleum systems once active in the Tindouf, 
Reggane and Moroccan Basins are now extinct. 
Only the Ahnet-Gourara gas dominated system 
has been preserved into late maturity-early 
destruction, since its charge in the Late Palaeo- 
zoic. 

Large volumes of hydrocarbons have been gener- 
ated, trapped and sometimes dispersed on the 
North African Platform since the Late Palaeo- 
zoic. Petroleum systems charged by Lower Silur- 
ian Tanezzuft and Upper Devonian source rocks 
developed around discrete sedimentary depocen- 
tres, first in the Palaeozoic and later during the 
Mesozoic and early Tertiary. Most of the hydro- 
carbons generated during the Palaeozoic were 
dispersed by later uplift and unroofing, whereas 
all the Mesozoic charged petroleum systems 
now lie directly beneath or around the Mesozoic 
sag basin of eastern Algeria, southern Tunisia 
and western Libya. 

From an initially very simple concept this paper 
expanded almost uncontrollably into its present size. 
A number of people helped to make it possible. J. 
Kidd, J. Means, W. Stewart and S. Elcano as well as 
others in the Occidental draughting department con- 
verted very obscure scribblings into legible illustra- 
tions. Without their creativity and persistence these 
very complicated diagrams would not have been prac- 
tical. K. Alvarez typed the manuscript (and retyped it 
many times) and D. Monckton improved the English. 
Their support, patience and encouragement over what 
seemed like an interminable length of time is very 
much appreciated. S. Mills and D. Macgregor reviewed 
the text and suggested significant improvements. The 
management of Occidental International Exploration 
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and Production Company is thanked for approving its 
publication. Imperial College Geology Department is 
thanked for its assistance in providing one of the 
authors with a research fellowship on North Africa. 
Assistance is also gratefully acknowledged from 
Anglo Siberian Oil Company with the preparation of 
some of the numerous drafts of this text and for some 
of the figures. 
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