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BSTRW'P

The facies of four Palaeozoic formaticris of the ancestral stable

cratcnic margin of Gondwanaland have been descrfted and are interpre-

ted as fluvial, estuarine, deltaic, shallcw-marine and glacial deposits.

In Southvst Libya the sedirrents of the Tadrat Forraztion (Iøer

Devonian) may be divided into four facies which are present in fining-

upwards transgressive sequences of sandstcnes which, together, form a

widespread blanket sandstone unit, the External Tassilian Sandstones.

Thickly-bedded successions of multi-storey cross-stratified and

channelled sandstones (facis MSd and CSdSt) are characteristic of

the lcier beds of the transgressive sequences of these sheet sand-

stones. 'Ibe term "Nubian-type facies" has been applied to these

sec3irrents which have been interpreted, in this thesis, as the deposits
of braided-f luvial and estuarine envircrments. Thinly-bedded succes-

siais of rippled, bioturbated and verticaUy-burraed sandstones and

siltstones (facies RBS5Bt and VBSd) are present in the upper beds of

the transgressive sequences. These are interpreted as littoral and

shallcw-inarine deposits, and sate evidence exists to suggest that
they rray have been laid dcwn on tidal flats and in sub-tidal environ-

irents. These four fades are tharacterised by differences in their
trace fossil asslages, facies PBSC5St having the richest idinofauna,

and facies d the poorest. The Art hro phycus assrblage of facies

CSdSt and d is thou-it to be evidence for fresh-water,'brackish

envircrments. The uppernost transgress ive sequence of the External

Tassilian Sandstone is capped by shales and subordinate sandstones of

the Ou.an Kasa Formation (Middle Devonian) which bear withess to cen-

marine deposition. The transgressive seqtences are thount to be
retrogradational deposits of a fluvially-daninated large-scale delta.

In Northwest Saudi rabia the fades of the Saq and Tabuk

formations (Carrürian to Lcwer Devonian) bear withess to a sedirrentaxy
history for this area that is very similar to that of North Africa.
The Carrbro-Ordovician succession caiprises fluvial and estuarine

deposits (facrLes 1 and 2) which pass up to deltaic, ?tidal flat and

sate extrxely interesting late Ordovician fluvio-glacial deposits

that lie in deeply incised palaeovalleys (facies 3., 4 and 5). The
Silurian succession canprises shallci-marine deposits (facies 3)

nith are overlain by Lcwer Devonian fluvial sedirrents (facies 1).

The relative inportance of the eustatic and epeirogenic oontrols on
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this Palaeozoic succession may termine the style of stratigraphic

succssicn preserved, i.e. whether dninated by regressive or retro-

gradational deltaic (transgressive) sequences. The latter, whith

are tharacteristic of the Carrbrian and Lc,er Devonian successicns of

both countries, are thought to have been deposited in stable cratcnic

conditions of very limited epeirogenesis.
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QUJA!LES

"La pa1êogéogra*iie de sries a 90% dtritiqis gréseuses,
ne pouvait progresser gu'en recherdaant les lois régissant la
rpartiticn gêograhique des grs, C' est-à-dire les xrcanisrres de
transport et de depot des sables correspandants. Cela iitliquait
de cxna1tre la forma, le volurte, 1' orientation, 1' arrangenEnt et
la distribution des corpe sableux gui constituent les reservoirs."

Y.Gubler (1966)
('Essai de Narenclature et Caractérisation des Principales

Structures Sedinentaires'; on the Nubian-type sandstones
of the Tassili-n-Ajjer.)

"To see a World in a Grain of Sand,
And a Heaven in a Wild Flcwer,

Hold Infinity in the palm of your hand,
And Eternity in an hour,"

William Blake
('Auguries of Innocence')

"That man, I think, has had a liberal education who has been so
trained in youth that his body is the ready servant of his will, and
doss with ease and pleasure all the work that, as a nechanism, it is
capable of; whose intellect is a clear, cold, logic engine, with all
its parts of equal strength, and in strooth working order; ready like
a steam engine, to be turned to any kind of work, and spin the goes-
arrers as well as forge the anchors of the mind; whose mind is stored
with knoiledge of the great and fundarrental truths of Nature, and of
the laws of her operations; and who, no stunted ascetic, is full of
life and fire, but whose passions are trained to care to heel by a
vigorous will, the servant of a tender conscience; who has learned
to love all beauty, whether of Nature or of art, to hate all vile-
ness, and to respect others as hirreelf."

T. H. Huxley
('A Liberal Education and Where to Find It')
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PREFE

Scientific exploration, doomentation and cartogray were under-
taken in Libya, prior to independence in 1951, predaninantly by
ztrican cartograers and by French arid Italian glogists and
cartographers. Since then Western European and AnErican oil oany
geologists have published in at least four different languages, and
the glogical maing of the country has been undertaken by both the
United States Geological Survey and, nore recently, by the geologists
of the Industrial Research Centre, Tripoli, which has been staffed to
a large extent by Czech geologists throu a co-operatiiie agrearnt.
The literature is, conseqntly, full of different spellings of place
nanes and formation names .iing to the differing transliteratiais of
Arabic nanes a&pted by geologists and cartographers of various
nationalities. The publication in 1960 of the Stratigraphic Lexicon
of Libya by the Petroleum Exploration Society of Libya provided a
basis for subseqtent refineirent and standardisation of stratigraphic
naienclature. lecognising the need for a major revision of this work
a National Contnittee for the Stratigraphic Nceenclature of Libya was
fonred in 1975 under the auspices of the Industrial Research Centre,
Tripoli. 'Io years later the Industrial Research Centre published
the second edition of the Geological Map of Libya (Conant & Goudarzi,
1964; Maghrabi & Cbeshitev, 1977) on which the spelling of place
nanes was adjusted to be in line with the recatrendatiais of the
Survey tEpartuent, Secretariat of Planning. The spelling of forma-
tion names was also adjusted arid was "based on the correct English
translation of the original Arabic names of the localities after
which the formations were nared". The adjusthent of formation nanes
in this manner is discouraged in guides to stratigraphic procedure
(e.g. Holland et al., 1978) and in its revised Stratigraphic Lexicon
of Libya (Banerjee, 1980) the Industrial Research Centre has reverted
to the old formation naire spellings, thereby shcMing a greater regard
for the Rule of Priority in stratigraphic procedure. Their maps,
hcever, retain the n revised formation nanes and there aears to
be considerable xifusion over what usage should be adopted (Salem &
Busrewil, 1980, preface). The blication of the three-volume work
"The Geology of Libya" fibid.) has greatly advanced the standardisa-
ticn of geographic place narres but the editors have been cbliged to
accept the present xnfusion over stratigraphic ncxtenclature • In
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this thesis the geographic nanes adopted are those recxmrended by
the Survey Departnent of the Secretariat of Planning of the Socialist
People's IJDyan arab Janahiriya, as slxiwn a the geological map of
Libya (rabi & Ceshitev, 1977) and in "The Geology of Libya" (op.
ait.). In cases where place narres do not appear in either of these
sources but in earlier naps and publications, the Italian spelling
has bn adopted where possible. This is because the nost detailed
geographical nap of the Jabals kakus and Tadrart is by an Italian
(Mri, 1965), and because the Italian trans1iteratii of rabic narres
is nore in syrrpathy with that adopted by the Sury )parbtent than
that of the French, the other nationality to produce detailed maps of
the area. The stratigraphic naienclature adopted in this thesis is
that of the revised Stratigraphic IexioDn of Libya. The geographical
place narres and stratigraphic rrrenc1ature adopted for the work under-
taken in Saudi arabia follows that of the United States Geological
Survey Overseas Mapping Division (Powers et al., 1966) in which the
English transliteraticai. of Arabic narres is broadly the sane as that
used in Libya.
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GIZWER 1

miwjcria

1.1 Genera].

The opportunity to study the Carrbro-Orcvician and Lcier
1onian blanket sandstones of Southwest Libya and Saudi Arabia

between 1977 and 1979 provided tbe material fran which this thesis

has been written. The field work undertaken in Saudi Arabia also

included a study of the Ordcvician and Silurian sedinents fran

which sate tentative evidence for the occurrence of Upper Ordovician

glacial deposits, similar to those of the Central Sahara, was deri-
ved. The sedinents studied belong to Palaeozoic successions which
were laid dcn ai the margins of a continental mass which was prth-

ably not very different from the Gonana1and of the early Masozoic

(Du Toit, 1937; Shadc.leton, 1981). This continent extended beyond

North Africa and Arabia and is thought to have included parts of the

continental crust ni forming France, Italy, Spain, Turkey and Iran
(Fig. 1.1) (Scotese et al., 1979; Smith et ai., 1973). Throughout
Carrbrian to ]nian tines, this continental mass was surrounded by

ocean crust which was subseqiently subducted, and orogenic activity

was restricted to the margin conprising parts of western South

Zrrerica, Antarctica and Australia (Du Toit t s Samfrau Geosyncline
(1937), see Figs. 1.1 & 1.2). The margin canprising North Africa
and Arabia, therefore, may be described as a trailing-edge, passive
margin. Continental drift of Gonzanaland during this tine resulted
in a southward noverrent of North Africa and Arabia relative to the

, folled by a northerly m c.renent after the Ordovician (Scotese
et al., 1979; McElhiriny & Opdyke, 1968) (Figs. 1.1 & 1.2). In the
Caoniferous conditicas changed considerably. The North African/

Arabian margin of Gz)ndwanaland reached lci latitudes and suffered

continental rupture and collision. During the Early Carboniferous

the Atlas MDuntain chain first carte into existence, during the Marsian

orogenic events (Sander, 1968) and Spain and Italy were separated

from the rest of GDndwanaland. This was folled in the Late

Caithoniferous by collision between Gonanaland and the North

Anerican Cratcxi, causing the developxent of a major orogenic belt in
the Mauretanides (Asturian Orogeny, Sander, 1968; Scotese et al.,
1979). The sedirrents of the foraations studied were laid down prior
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Gemini XI spacecraft photograph of Libya viewed
from the southwest (from Fsce, 1968). Field work
was carried out in the Jabals Akakus and Tadrart
which are visible in the ker left of the photo-
graph. TO the right, the synTrtrical Murzuq Basin
with its rim of Mesozoic Nubian-type sandstones
and central sand sea is visible. In the upper
right, ¶Ièrtiary lava flcis of the Jahal As Sawda
and the Al Haruj Al Aswad appear as dark areas.
TO the west (left) of the lavas, the Qarqaf Region
is visible, flanked by the Awbari sand sea.
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to these Carboniferous events and may be considered, therefore, to
provide evidence for sediuentation processes characteristic of
middle to high latitudes on the stable cratonic margins of
Gcrianaland during the Palaeozoic.

The study of the Palaeozoic blanket sandstones of Southwest
Libya was undertaken on the western flank of the Murzuq Basin (Fig.
1.3). In this region Catthrian to Devonian strata crop out as a belt
around the northeast of the Hoggar Nassif and axe exposed in a dis-
sected plateau ternEd the Tassili N'Ajjer (Kilian, 1931). Since the
Murzuq Basin has been cited as a classical exarrle of an intracra-
tonic basin (Selley, 1976), this study has been used to draw conclu-
sions not only about sedinEntation processes in cratcnic regions,
but also about the nature and behaviour of the basins in which the
Palaeozoic cratcziic sedinEnts are preserved.

The Carcbrian to Devonian strata of North Africa and Arabia dis-
play a rEnaiably similar stratigraphy from the successions of the
Tindouf and Taoudeni basins in the west to the success ion of the
Arabian Basin in the east (Fig. 1.3) (Bellini & Massa, 1980; Bender,
1963, 1968, 1975; Beuf et al., 1971; Preulon, 1964; Klitzsch, 1981;
Ewers et al., 1966; Selley, 1972, 1978, p. 185; Turner, 1980;
Whiteman, 1971; Wolfart, 1981). A basal Cattbrian to Irer Ordovician
blanket sandstone passes upiards into Ordovician sandstones, shales
and diamictites. These are overlain, generally abruptly, by
Liandoverian graptolitic shales. The Si luri an strata axe character-
ised by a gradational vertical transition from shales to sandstones.
These are overlain by the second major blanket sandstone in the suc-
cession. This unit is of Ler Devonian age, and it passes upiards
into shales and sandstones of the Middle and Upper Devonian.

A general indication of the degree of marine infitence may be
determined by the percentage of shales bearing a marine fauna in the
successions. Marine inflince can be shci' n by this aroath to
increase toiards the northwest in North Africa, from the Kufrah Basin
to ti-is Nac-Mahon Basin (Fig. 1.3) (ad & Watson, 1975; Freulcn,
1964), and tcwards the north and northeast in Arabia (Wolfart, 1981).
This suggests that although Caithrian to Devonian strata axe present
at outcrop or in the ssurface across nost of North Africa and
Arabia they may never have been present over much of the Nubian and
Arabian shields. In the Palaeozoic, prior to the Trtiary opening



Figure 1.3	 XECR)P AND SUBSt3RFZ.CE OCCURRENCE OF CN'1BPThN

'10 DEVUThN STRZTZ IN NORIH FPI AND APBIZ

Mjdified after Wniteman (1971)

P3ditiona1 Sources:

Interrational Tectonic Mp of Africa (1968),

International Geological ap of Africa
(1963), and
Beuf et al. (1971).
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of the Bd Sea, these two shields were united as one major shield area
(Open. Univ., 1980). Palaeocurxent evidence fran the eastern
Kufrah Basin (Turner, 1980) indicated a source area situated in the
southeast whilst the palaeocurrent data thtained in this study in
Saudi Arabia suggested a source area in the southwest. Pozers et al.

(1966) and Selley (1972) provided additional evidence in Arabia
which supported the location of a source area in the region of the
Arabian and Nubian shields.

The palaeocurrent data from the blanket sandstones croing out
around the margins of the Tibisti Nassif indicate that this massif
also acted as a source area, althoun intermittently (Klitzsdi,
1966a; Oasis, 1971), whereas palaeocurrent evidence exists to indi-
cate that, at least for soire of the titre, the Hoggar Mssif did not
have any influence upon current flcw direction and channel orienta-
tion, and that sedirrent was transported from southeast to northwest
across the massif (Beuf et al,, 1971).

The Palaeozoic sedinents of North Africa and Arabia (Fig. 1.3)
are present in basins divided from each other by arches over which
the Palaeozoic succession is severely attenuated. Similar arches
are present between the cratonic basins of North Anerica (Clark &
Steam, 1968, p. 126 et seq.). The M.irzuq Basin is divided from the
(iiadamis Basin by the Qargaf Arch, the southwesterly extension of
which marks the boundary with the Polignac Basin. Another arch
extends in the subsurface fran the Tassili N 'Ajjer to the north,
dividing the Polignac arid (aadamis basins fran the 1'ac41ahon Basin
(Chothert & Faure4'luret, 1969). In Arabia an arch extends eastwards
from the irst easterly part of the Arabian Shield, the Central
Arabian Arch, dividing the Arabian Basin into two (Pers et a7.,

1966). Where these structural axes have been mapped in areas of
outcropping Precairbrian rocks, they have been shcn to be caiplex
fault zones activated both vertically and trans currently during a
phase of oDrrpressional tectonics which marked the final stages of
the Pan-African Orogeny (Bertrand & Caby, 1978; Fabre & 1vbussine
Pouchkine, 1977). Kennedy (1965) coined the term "Pan-African
Orogeny" for the stabilisation of the crust of Gondwanaland in late
Precanbrian tines by the welding together of a nther of Archaean
cratcns and Pan-African nobile belts (Clifford, l97O C-ass, 1977).

The main structural axes of North Africa lie within or at the margins
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of crust forired of "cratcEised" (Greenwood et al., 1976) Pan-African
nobile belts, and it is thought that the influence of these crustal
structural line anents was one of the main controls on basin develop-
irent during the Phanerozoic (Fabre & MDussine-Pouchkine, 1977).

Very little evidence exists, fo1loing the termination of the
Pan-African Orogeny in late Pxecarrbrian to early Carrbrian tines
(Clifford, 1970), for any major tectonic activity a -i the North
African and Arabian craton during Cairbrian to Devonian
tines. The sedinents laid dcn at that tine are present in strata
which have experienced only minor folding and only local igneous
intrusions. Dolerite dykes, probably of late Palaeozoic age and
associated with the stabilisation of the Mauretanide Mjbile Belt
(Pig. 1.3), are present in the succession in Mrocco and Algeria,
but are absent further east. Devonian vulcanism is reported in the
Hoggar Ivlassif (Beuf et al., 1971) and granite intrusions, in Carrbrian,
I.cwer Ordovician and Caxoniferous seditrents, are present in Egypt,
Sudan and southeast Lthya (on the eastern side of the Kufrah Basin
at Jabal al Awaynat) (Burollet, 1963). The earlier granites may be
associated with the closing stages of the Pan-African Orogeny, but
those in Ca±oniferous rodcs, and the evidence of Devonian vulcanism,
indicate that sorre regions of the cratcn, particularly those along
the major fault systems, experienced intermittent tectonic activity
after the Pan-African Orogeny.

1.1.1	 Nian-'I7pe Sandstones

The Carrbro-Ordovician and Iøqer Devonian blanket sandstones of
North Africa and Arabia have been tented 'Nubian Sandstones" (McKee,
1962; Selley, 1968, 1972) on account of their similarity to the
Uer Cretaceous blanket sandstones of Nubia on the southern borders
of Egypt (Pussegger, 1847). The term "Nubian Sandstone" has subse-
quently been used to refer to a large nunter of sandstone units of
differing ages from North Africa and Arabia (Picard, 1943; McKee,
1962) which led to a debate about the validity of stratigraphic
terminology enploying the word 'ubian" (Foneyrol, 1968; Whiteman,
1970). Despite the fact that the type area of Nubia has not been
sufficiently accurately defined geographically, nor the sandstone
succession sufficiently well studied for the establishnent of a
stratigraphic type section (Poireyrol, 1969), the characteristics
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and interpretation of the Cretacus sandstaies of Nubia are relevant
as an analogy for the Palozoic Nubian Sandstones. The Uer
Cretaceous blanket sandstone ranges in thickness fran 70 m to 162 m
and may be divided into three parts (Attia, 1955). The lc,,ier and
uer units are oDirposed predaninantly of sandstone, whereas the
middle unit is an iron-rich oolitic claystone containing a rrollusca
fauna with both fresh-water and marine types present. This unit is
thought to be estuarine on this evidence (Newton, 1909; In McKee,
1962). The presence of land plants in the overlying cross-bedded
sandstone unit suggests near-shore or terrestrial conditions.
Planar tabular cross-stratification is abundant in this unit,
characteristically in 30-100cm sets. Icunthent-folded deformad
cross-stratification is abundant and the cross-strata indicate
palaeocurxents directed toc .iards the north. McKee (1962) considered
these sedinents to have been laid down in back-barrier or other pro-
tected areas of mildly agitated waters where fluvial flood currents
introduced the sedirrents that made up the tabular sets of cross
strata. Ward and Md)ariald (1979) stx3ied the sane succession and
prosed an interpretation involving predominantly alluvial plain
sedirrentation with subordinate marginal marine and coastal plain
facies present as interbedded units.

The term "Nubian Sandstone" was adthd by Said (1962) for the
Triassic, Jurassic and Loger Cretaceous successions of southern
Egypt. These have many similarities with the rocks of the Upper
Cretaceous succession described by Russegger (1847) and Attia (1955).
The term 'Nubian" has, since the 1960's, been irost cczitrly used to
describe the Lo..er Cretaceous axenaceous successions of North Africa,
for exanple in Egypt ('ubia Group" in Klitzsth et al., 1979) and in
Libya ("Nubian Sandstone" in Barr and Weegar, 1972; and Maghrabi &
Caeshitev, 1977). The Loier Cretaceous succession of sout1est Egypt
has been studied recently (Klitzsth et al., 1979) and it was proposed
that the seq nce of deposits was laid dcn on a northward-s 1ing
alluvial plain in a warm and hiiiiid, or semi-hiinid, climate. The
streans crossing this plain are thought to have been straight and
slightly sinuous and to have contained sandwaves as the predominant
bedform. The flood plain deposits contain plant remains, frun which
the climatic deductions were made, and rare lacustrine and marginal-
marine facies are also present. The fauna of this succession was
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studied by Barthel arid Boettcher (1978) who proposed terrestrial and
estuarine envircnmants of deposition.

In a study of a large nuther of Nubian-type sandstones, mainly
of sozoic age, McKee (1962) used the term "Nubian Sandstone" in a
broad facies sense to refer to mineralogically mature and character-
istically cross-bedded sandstones of North Africa which have wide-
spread blanket gectries. In his study of the facies of these
sandstones, McKee (1962) identified deposits of alluvial fan, fluvial,
lacustrine, estuarine and lagoonal environmants and pointed out that
the characteristics of these fades have led geologists to propose a
range of interpretations from olian to fluvial and open marine.
The use of the terra "Nubian" in a facies sense has gained many sip-
porters. Such a usage was proposed in Libya by tsio (1936b) and has
been maintained in many subseqnt papers (Whiternan, 1970; Bamefous,
1972; Van Houten, 1980). Selley (1968) argid for Its use as a very
general facies term and enphasised the inportanc of regional geology
in its definition. He described the Nubian Sandstones as those which
rim the Arabian and Nubian shields, regardless of age or facies, but
which result from a remarkably similar geological history, ccmron to
the whole region. Van Houten (1980) used the term "Nubian Facies" to
refer to a recurring non-marine to paralic facies, calpDsed primarily
of quartzose, cross-bedded sandstones, which accumulated on stable
platforms and in intracratanic basins in many different places at
different tunas. It is clear that the characteristically cross-
bedded, quartz arenitic, blanket sandstone formations of North Africa
and Arabia are sufficiently distinctive to deserve an all-eribracing
narre. Very significant differences exist, hcwever, between the for-
rnations, and within the formations a nurrber of different facies may
be defined which represent the deposits of a variety of non-marine
and marine envircairnants. To attach anything but the most general
environrrental label to the term "Nubian Facies" would be nost danger-
ous, therefore. Selley (1968) pointed out what he nsidered to be
one of the key problems in the interpretation of these.
Planar tabular cross-stratified beds of considerable lateral diman-
sia-s, ccarosed of q1artz arenitic sandstones, and suggestive,
therefore, of open marine environirents and marine winncaiing, axe
often associated with a ntinental fauna and flora of wo3d and
terrestrial vertebrate remains, He suggested that these characteristics
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irrly the past existence of depositional settings not om at the
present tflre.

The Palozoic blanket sandstones of North Africa and Arabia
are orposed of similar facies and are alike in that they lack body
fossils and consist of cross-stratified sandstones and siltstones
which contain channel and scour structures and abundant trace fos-
sils. Plant remains are present in sane of the Lower Devonian blan-
ket sandstones and these provide sore evidence for the environmant of
deposition. The Caxthro-Ordovician sandstones, hcever, lack
even these environzten.tal indicators and are, consequently, very
difficult to interpret. Sate distinctive problerts are involved in
the interpretation of Caithro-Ordovician, cratonic sedirrents through-
out the world. These problenE arise in the interpretation of the
sedirrentary successions of North Africa, the sedinents of which vre
deposited in middle to high palaeolatitudes (Bennacef t cr1., 1971;
Beuf et cr1., 1971; Buxollet & Byramjee, 1969), and in the interpre-
tation of the sedirrentary successions of North Arterica, the ancient
North Atlantic Continent, and Scandinavia, sedinents deposited, by
contrast, in li palaeolatitudes (Scotese et al. 1 1979; Dott & Byers,
1980; Swett & Srnit, 1972; Seilacher, 1967, p. 415). The sedirrents of
these successions are notable for the conpositional and textural mat-
urity of the sandstones, and for a dearth of shale (D3tt & Byers,
1980; Beuf et al., 1971). The absence, or paucity, of fauna in the
sandstones results in a reliance on petrography, sedinentary struc-
tures and biogenic traces for the purposes of environrrental inter-
pretation. In adcpti.ng a unifonitarian approach and using facies
indels based on rtodem depositional environnents to aid interpreta-
tion of these successions, sate caution is appropriate. It seems
likely that the differences be1een Løier Palaeozoic and present-day
faunas and the absence of terrestrial vegetation in the Cro-
Ordovician affected the spatial distribution and abundance of bio-
genic traces as well as the fluvial gearorphology of the sedirrents of
these successions (Bairbath, 1979; Sc±iurrrn, 1968; Cotter, 1978).

Whilst the validity of the study of nodern processes to help in
understanding ancient seqtences is not doubted, it may be pertinent
to qtestion whether a rrodern analogte exists for the epeiric seas or
extensive shal1 continental shelves that may have been characteris-
tic of sore of the Palaeozoic Era (see Sefley, 1968).
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Beuf t al. (1971) interpreted both the Caxrbro-Ordovician and
the Ler 1vonian blanket sandstones of the Sahara as being broadly

transgressive sequences consisting of fluviatile sedflrents which pass

uards into transitional-narine, estuarine deposits. They recogni-

sed, hever, that the relationship of the fluvial facies to the

transitional-inarine facies is cc1ex, especially in the Lower

Devcnian successions. They proposed a nodel (Beuf et a7., 1971, p.
213) in which rivers opened out into the sea through estuaries where

no clear distinction existed between fluvial and sha1low-uarine sand

bars and where no shoreline, delta or barrier-1acon cariplexes were

developed. Burollet and Byramjee (1969), on the other hand, consid-

ered that the enigmatic Carrro-Ordovician sandstones were probably

largely marine, having been deposited in an environitent of very lcw

gradients and vast shallow seas, where frequent, extensive transgres-

sions and regressions dninated the processes of deposition. On a

field trip to the Tassili N'Ajjer to study the sane Canbro-Ordovician
sedixtents (Bennacef et al., 1971), the interpretation of Beuf et al.
(1971) of the lower part of the succession as fluvial, was the source
of great controversy. P • E. R)tter and J. J. Bigaiella considered

that the lithologies, the maturity of the sedinents, the sedinentary

structures and the presence in associated beds of the trace fossils
Skolithos and Cruziana, suggested a shallow-marine origin.

A. Seilather sported this view on the basis of the trace fossils
present (ibid). P. Allen and L. M. 3. U. Van Straaten, on the other
hand, supported Beuf et al. (1971) in their interpretation of these
sandstones as fluvial on the basis of the sedinentary structures and
the iüdirectional pa1ocurrent indicators • In a sflriilar Carrbro-

Ordovician succession in Jordan, Selley (1970), faced with the sane

problem of interpreting a succession of sandstones with the charac-

teristics of fluvial sedirrents, proposed that the presence of Cruzicma
trace fossils at certain horizons might be explained by the invasion

of the lower reaches of a braided river system by trilcbites during a

dry spell or a quiescent period between seasonal ficods. The loca-

tion of the Cruziana traces at two distinct stratigraphic horizons

within this Jordanian succession may, however, indicate that minor

transgressions were responsible for their presence. In a recent

study of the Cairbrian sandstones of Southwest Libya, Ciapek (1980)

proposed a irodel which, to sone extent, provided a coirrarise between
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the o separate schools of thouat. He proposed a nde1 involving
sub-tidal to inter-tidal deposition adjacent to a fluviafly-dominated
delta cxtp1ex.

The interpretation of the facies described by Beuf et al. (1971)
as transitional marine is just as contentious as their fluviatile
facies. On the basis of work undertaken in Jordan on Ordovician
Nubian-type sandstones, Selley (1978, pp. 185-189) argued that this
facies represents the deposits of migrating shoals in an open-marine
envirorirrent. He argued that this facies is also present in the
lø.ier Ordovician sedirrents of Lthya which were interpreted, by con-
trast, in a recent study by Vos (198]b) as the deposits of a fan-
delta coiru1ex.

At a Penrose-ty conference on cratonic sedflrentation sponsored
by the Society of Econcinic Palaeontologists and Mineralogists in
Wisconsin, in the surrrrer of 1980, it becarre clear that the prcblem
of interpretation encountered in the cratonic Carrbro-Ordovician
succession of North Anerica (Dott & Byers, 1980) were very similar to
those associated with the Palaeozoic Nubian-type sandstones of North
Africa and Arabia. It was interesting to note that the discussion
fnidi took place at the exposure of. the Mount Simon Sandstone (the

basal Cairbrian sandstone in the Wisconsin area) betheen many of the
leading authorities on sedirrentary geology revealed that no consensus
of opinion existed about the interpretation of these sedirrents. The
succession oorrrised cross-stratified sandstones which displayed
unirrodal palaeocurrents and contained bedding-plane trace fossils
including Rusophycus and Cruzi-ana. Despite the fact that an inter-
pretation was proposed for these sandstones by Driese (Driese et al.,

1981) based upon a tide-dczninated sub-tidal model in which the domin-
ant preserved bedding was that of tidal channels, it was evident that
a consensus did not exist about hcw fluvial, estuarine and sha11i-
marine bars could be distinguished on the basis of physically forrred
sedirrentaxy structures, biogenic traces and patterns of palaeocurrents,
in Iøier Palaeozoic sandstones.

Despite the inconclusive result of the discussion about the Mount
Simon Sandstone, the debate over the interpretation of these sandstone
successions reflected recent advances in kncwledge of modern sedinen-
taxy environnents and an understanding of the problerrs involved in
determining ancient depositional settings. An inroverrent over the
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last decade in understanding processes operating on the continental
shelf (Swift et al., l97; Stanley & Swift, 1976) and in fluvial and
subria1 sand transport and deposition (Hunter, 1977; Miall, 1978)
has made a nurrber of alternative, wel1-doctnted analogues and
irodels available for alication where before only siit1istic and
idealised irodels existed. The initial aopUon of a nurrber of
alternative interpretations, hcwever, (a multiple-hypothesis approach)
is msel1ed, for instance, by Frey and Seilather (1980, p. 188)
concerning the interpretation of trace fossil data. They wani against

... (an) alirost overwheiniing thsession to find
unique, infallible ethological and environmental
indicators (and against a) fevor for exact,
one-to-one analogs in uniforruitarian cxmparisons."

They also argue that

• intent quests for (unique environmental indi-
cators) have dimtd the view of alternate
possibilities or interpretations. Both
carehensive irodels and individual generalities
tend to be overworked and over-extended (and this
failing includes the) inflexible interpretation
of the idmofacies concept (of Seilacher (1967)
and Frey (1975))...".

Finally, they enphasise (pp. 203-204) that biogenic structures, like
sedimentary structures, are sl..t)ject to the strengths and weaknesses
of uniforrnitarianism. They represent behaviour and activity at the
time of sedimentation just as sedimentary structures indicate the
processes operating at the time. The interpretation of these bio-

nic traces therefore is dependent upon the degree to which the
behaviour and activity of rrodem organisirs is similar and is well
understood.

The iirrovement in knailedge of irodern sedimentary environments
has errphasised h .i much is still not kncwn. In shelf environirents
the internal structures of offshore sand ridges is inrfectly
kncin and in fluvial sedlirentology, despite a profusion of
facies irodels for both braided streairs (Miall, 1978; Rust, 1978)
and meandering streans (Jackson, 1978), a healthy regard for their
limitations is necessary. These concern the interpretation of sedi-
ments laid dcwn before the developrrent of land plants (Long, 1978;
Winston, 1978) and the need to consider three-dimensional gearetry
of sand bodies (Nami & Leeder, 1978). Further, it is necessary to



consider the pctential for preservation of structures and facies in
relation to their internal controls (e.g. exceptional flood events)
and external controls (eustacy and tectonics) (Lucthi, 1979). All
too freqintly facies noaels are not based upon a good kni1edge of
stratigraphic vertical seqnces in the recent.

Considering the advances that have taken place in sedirrentology,
hcever, since Beuf et ai. (1971) published their exhaustive study of
the Cairbrian to Devonian succession of the Sahara, it seens appropri-
ate to reconsider the interpretation of their fluvial and transitional-
marine facies and to atteirpt to refine the interpretation, of the
depositional settings of the Palaeozoic Nubian-type sandstones of
North Africa and Arabia.

1.2 The Present Study

The facies studies presented in this thesis were undertaken in
two field areas (Fig. 1.4). The field area in Southwest Libya was
visited in late 1977 and early 1978 whilst the Saudi Arabian field
area, in the Qassim District, was visited in late 1979. No facies
studies had been undertaken previously on any of the four formations
described in this thesis, and Beuf et al. (1971, p. 456) specifically
nentioned the need for a detailed study of the Lower Devonian of
Southwest Libya as it represented an iInx)rtant gap in their palaeo-

graphic reconstructions of the strata flanking the Hoggar Nassif
in the Central Sahara. Qe reason so little work has been undertaken
on these strata is their extrenely rertote location. The field work
on these sediirents reported here was carried out with the use of a
landrover and by cançing at the site of the rreasured sections. These
were situated between 80 and 150 kms from the nearest oasis, Al
Awaynat, a small settleirent with one shop, across a barren desert of
soft sand, dunes and rodcy outcrops. Al Awaynat is, in turn, 120 km
from (i-iat, the largest oasis in the southwest of Libya.

A brief account of the history of this research project follcws.
In the suirner of 1977 a research prograntre sponsored by the Libyan
National Oil Corporation and administered throi4i the geological
cons ultancy WEG0 (Naditerranean Arabian Resource Evaluations for
Natural Gas and Oil) was established to study the facies of the sub-
surface and outcropping Palaeozoic strata of the Murzuq Basin. It
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was intended that each of the Palaeozoic formations which were well
exposed in the field should be studied by a research student who
would undertake outcrop facies analysis and subsurface studies from
well data to obtain a regional understanding of the origin and dis-
tribution of the formation. These different studies were to have
been brought together to generate a basin analysis for the ?alaeozoic
of the Murzuq Basin. The author was enrolled as a research student
at Imperial College in August 1977 with the intention that a consid-
erable aitount of time would be spent in Libya on field work and sub-
surface studies. The Tadrart and Ouan Kasa formations of the 1ier
and Middle Devonian were assigned to the author and, follcwing arri-
val in Tripoli, the first field trip was undertaken in late October.
Tio weeks were spent in the field looking at the Palaeozoic rocks of
Southwest Libya. Hceijer, as a result of a restriction by the local
authorities, ciing to a border dispute with Algeria, on the use of
the main access route (Takarkhouri Wadi) to the area where the
Tadrart and Ouan Kasa formations are nost well exposed, it proved
possible only to spend one day studying these formations. C a
second field trip of 18 days, during DeceIrer 1977, a lcnger but
politically acceptable access route was used and 12 days were spent
on the exposures of the two Devonian formations.

At the end of October a decision was made, for internal politi-
cal reasons, by the Libyan National Oil Corporation, to terminate the
1v1RENGD contract at the end of the year and to cancel the study of
the Murzuq Basin. An attempt was made by the author to continie with
the project by taking an academic research post at the Al Fateh
University in Thipoli. However, it proved possible only to make one
nore field trip to the study area, after which all further attempts
to undertake field work in this area were frustrated, largely as a
result of increasingly severe restrictions on travel by expatriates
to the southern borders of Libya. During the one field trip that was
successfully arranged, a period of 29 days in February and March,
1978, a total of 22 days were spent measuring sections on the expo-
sures of the Tadrart and Ouan Kasa formations. During the other days
sate time was spent studying the Middle and Upper Devonian Aouinet
Ouenine Ebrmation and the Silurian and Orvician rocks of the study area.
Apart fran a five day field excursion to the Qarqaf Pegion on the north of
the Murzuq Basin (Fig. 1.4) with the Earth Science Society of Libya at the
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end of April 1978, no further visits to Southwest Libya were made,
although efforts to arrange field work ccntinid actively until
March 1979.

The author was, therefore, able to spend only five weeks in
total, in the field, on the study of the Tadrart and Ouan Kasa
formations, and this field work was undertaken within the first seven
mnths of the projct. For a long tine it was insidered that the
results of this work, which initially appeared to leave the majority
of the major interpretation problene unsolved, would be unsuitable
material for a thesis. During 1979 and 1980,	 , tine was
devoted to three different projects, all of which, it was felt,
might provide material nore suitable for a thesis • The first of
these projects was a study of the Palaeozoic stratigraay, sedinen-
tology and oil prospects of the Murzuq Basin based upon the author's
field work, and subsurface data fran wells in the Murzuq Basin.
This project, which was started in mid 1978, was sponsored by
Occidental of Libya, and a report was oDnpleted in 1980 (Clark-Lcwes,
1980a). Although this research provided the financial backing neces-
sary to al1i the author to ozntini. with the thesis project, it did
not, in the final analysis, provide material ideally suited for inclu-
sion in a thesis because of the pcor quality of the majority of the
subs urf ace data. Also, the report concentrated upon a1ying what
was kncn about the stratigraay and sedirrentology of the Palaeozoic
to the search for hydrocarbons, rather than atteripting to refine in
any detail the existing interpretations.

The second project grew out of the oortunity to visit Saudi
Arabia in late 1979 to study Nubian-type sandstones in the Palaeozoic
succession of the Qassim District. The project was undertaken as a
part of the Irrperial College Saudi Arabian Cover Pock Project through
which assistance in the field was provided by Riofinex (a subsidiary
of Rio Tinto Zinc) and the Directorate General of Mineral Resources
of Saudi Arabia. The objective of the Cover Rock Project was to
identify potential strata-bound mineral deposits. The author was
required to undertake a facies study of the corrplete Cambrian to
Iiiier Devonian succession. Three weeks were spent studying this
succession and for the majority of this tine field work was undertaken,
as in Libya, with the use of a four-wheel-drive desert vehicle. For
a period of six days, hciever, a heliccter was available which helped
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greatly in speeding the field work. It also allowed soma recon-

naissance field napping using 1: 1(X) ,OCX) scale oDntrofled otarcsaics

to be undertaken. This provided a refinennt of the existing

1:500,000 scale geological map of the area (Brairkanp et al., 1963)
and proved irtortant to the understanding of the facies relationships

in the Or&Dvician succession. The results of this rk were presen-
ted in a report coirpleted in 1980 (Claik-Lcwes, l98Ct).

A third subsidiary project was undertaken, mainly in 1979, to

investigate thether scanning election microscope work on the collec-

ted sarrples of Nubian-type sandstones might provide evidence, from

grain surf ace textures, for the transporting rtediurn in which the
grains of the sandstone were carried prior to being deposited.
Whilst this study provided sate valuable petrographic and diagenetic
data on the sandstones studied, overgrowths drastically limited the
nurtber of grains displaying original surface textures, and those that
did appeared not to be susceptible to the type of analysis proposed
by Krinsley and Doornkairp (1973) and Krinsley (1978) for environrren-

tel discrimination. It was concluded that little useful infonnation

could be obtained about depositional settings from these tecbniqis

in the case of the Palaeozoic sartples under study.
In writing u, as a thesis, the results of the research work

undertaken between 1977 and 1980 a decision was made to concentrate

on the outcrop facies analysis of the sedinents studied in both
Southwest Libya and Saudi Arabia, and to include only that part of

the subsurfacE study of the Murzuq Basin which has bearing upon the

nature of cratonic sedlirentation and cratonic basins. Similarly,

only that work on the scanning eiecf.ron microscope that has relevance

to sediitent petrography and diagenesis is included. This decision
was taken in the knowledge that, had it been possible to do trore field
vrk, sane remaining interpretation problems may have been solved, but

also in the belief that, however imich tiire had been spent studying

these sedinents in the field, they would have remained enigmatic,
just as the interpretation of the Carrbro-Ordovician blanket sand-
stones of North Anerica contins to be the source of considerable
dispute (Dott & Byers, 1980). Since the reports on the subsurface

study of the Murzuq Basin and the facies analysis of the Saudi

Arabian succession were not coirpleted until the end of the third

year of this project, this text has been largely written whilst in
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full tims emploaent.

In surrmaxy, therefore, an attt is made in this thesis,

throu the facies work undertaken, to provide detailed descriptions
of the facies of the Palaeozoic blanket sandstones of Libya and Saudi

Arabia, and to discuss their interpretation, and seozndly, to discuss
the facies analysis of the irore marine Ordovician and Siluriari sucs-

sion of Saudi Arabia. In the rraining pages of this diapter the

geology and georrorphology of the two study areas are described. In

Chapter 2 the tediniques and terminology loyed in the outcr
facies work is discussed in order to clarify the definitions of ternE
whidi., especially in the field of ithnology, are frequently used in
different ways by different authors and in whith duplication of terms

is ccmron. In the sucding thapter (Chapter 3) a description and
interpretation is given of the facies of the Libyan Lcier Devonian

blanket sandstones (Tadrart Formation) and the overlying marine

sedircents of Ouan Kasa Formation. The facies of the Crbrian to
Loser Ordovician blanket sandstones of Saudi Arabia (Sag Formation)

are similar to those of the Iø..ier Devaaian of Libya and are treated

next (Chapter 4); In the study of the facies of the Ordovician to
Lcwer Devonian sedimants of Saudi Arabia (Tabuk Formation) (Chapter

5) a different aspect of cratonic sedimsntation is discussed.

Evidence for deltaic sedirrentation is provided by the Ler Ordovician

sedirrents whilst the study of an extensive palaeotcpograhy in whith

valleys were filled in the late Ordovician with probable fluvio-

glacial and glacial depesits, provides sate evidence for a late

Ordovician glacial history in parts of Saudi Arabia similar to that
of the Central Sahara. In the final diapter sate conclusions are

drawn ahout cratonic sedirrentation and the develcprrent of cratonic
basins.
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1.3 The Geology and Georrorphology of the Study rea, Southwest Libya

1.3.1	 General

The study area lies on the west of the Murzuq Basin in Southwest

Libya in the region of (bat, Jabal Pkakus and Jabal Tadrart (Fig.

1.5). In this region the Carrrian to Devonian strata are progres-

sively trcated northwards by Upper Devonian and Carbaiiferous

strata which lie above a major basin-wide unconformity. The signifi-

cance of this unconformity is illustrated by the successions enDun-

tered in ten oil exploration wells in the Murzuq Basin (Table 1.1).
In this stratigraphic tabulation it can be seen that the Lcer

Devonian and Silurian successions are only partially preserved, the

arrount of preservation being a function of the degree of erosion

beneath the 'Thatti Formation". It has been necessary in the
stratigraphic table (Table 1.1) to divide the Middle and Upper

De'vonian Aouinet CLienine Formation into two informal formations: an
ier 'Thatti Formation" and a ler "Ouenine Formation" (Table 1.2)

follciing the usage adcpted by Collath (1962) in his rreasured section
in the Wadi ash Shati. This division is adcpted because it recognises

the ixrortance of the unconformity at the base of the 'Thatti

Formation" (Table 1.2) and because the succession rreasured by

Collatb (1962) provided a much better reference section for the wells

of the Nurzuq Basin than did the type section at Awaynat Wanin on the
North of the Qarqaf Arch (Collarb, 1962; Massa & 'breau-enoit, 1976).

This subdivision has only been adcpted in Table 1.1, hcever, since

the use of the formation narte "Aouinet 0tnine" has beca-re well

established for outcropping Devonian sedinents (Banerjee, 1980).

Fran the well data and the Wad! ash Shati succession (Tables 1,1 &

1.2) it is evident that the age of the uplift and erosion associated

with the major unconformity is Frasnian and that the uplift and

erosion was irost pronounced in the northwest, the north and the east,
where the 'Thatti Formation" lies above Carrbro-Or&vicjan sedflnsnts.

In the west, southwest and south, haiever, the Cairbrian to Devonian

succession is fully preserved. The subsurface data also provides

evidence to suppart the propased existence of a Palaeozoic Brak-

Gaanirnah Arch separating two Palaeozoic sub-basins, the Murzuq-Jadu

and the Dur al Qussah sub-basins (Klitzsth, 1963, l966a). The pres-

ent depth of burial of the Precairbrian baserrent (see 2CXX) m basenent
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structure ccntour, Fig. 1.5) and the csta-1ike escaxpnent forited

br the sozoic ssak Sandsixne indicate that the Brak-Thaniitah
Arch subseqnt1y ceased to be a positive structural elerrent and

collapsed as part of the flozr of the sozoic Murzuq Basin. The

Can-brian to Deonian succession studied on the west of the Murzuq

Basin, therefore, is preserved within a Palaeozoic sub-basin which

is bounded in the west by the Tiherrbcka Arch and in the east by the
Brak-animah 1rch.

The sandstones of the Carrbrian to Lonian succession of the

Central Sahara have been assigned to three broad facies types by
Beuf et al. (1971): fluviatile deposits, transitional-marine deposits
and glacial/periglacial deposits (Fig. 1.6). They argid that the

blanket sandstones of tbe Carrbro-Ordovician succession throuout the

Central Sahara are diaracterised by fluviatile deposits at the base,
overlain by transitional-marine deposits overlamn in turn by Upper
Ordovician glacial and periglacial deposits. Flanking the northeast

of the Hoggar Massif these seditrents are exposed in the range of

jabals and plateaux of the Tassili N'Ajjer (Tassili Inteme, Kilian,

1931) (Fig. 1.6). Beuf et al. (1971) argued, similarly, that the
blanket sandstones of the Tassili Externe are characterised by a

generalised vertical succession of Silurian transitional-marine

deposits overlain by Ier Denian fluviatile deposits with

transitional-marine deposits at the top (Fig. 1.6). The successions
of the Tassili EKterne were ackniledged, ho.qever, to be irore cariplex
and variable than those of the Tassili Interne. The Internal and

External Tassili of the Tassili N 'Ajjer are separated by a loi-lying
region of broad wadis in which marine graptolitic shales of Silurian
(mainly Liandoverian) age crop out (Berry & Boucot, l973a). This

succession is tented the Intra-Tassiljan (Beuf et al.,, 1971).
1.3.2	 Previous Geological Research

The earliest geograiica1 records about southern Libya are those

of Herodotus who visited the Fazzan during the Rrnan occtation of

North Africa. Until the early 19th Century maps including the Fazzan

were based largely on his observations. In the late 18th Century and

during the 19th Century the natural history notes of the early North

African explorers included the first scientific and geological work
undertaken in the Fazan. In 1797 two Germans, Frederick Horneman,
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a student of natural scienoas and an explorer, and Josei Freudenberg,
visited Murzuq on a scientific mission of the African Association of
Isndon, the aim of which was to reach the River Niger from the

diterranean coast and to record natural historical and cultural
observations. In 1799 Horneman sucoaeded in reaching the River Niger
via Bornu, but died in 1803 at the age of 28. In 1822, mairbers of
Captain Dixon Denham' s expedition, including H. Clapperton, were the
first Europeans to visit and draw up maps of the mat-Al Awaynat
district. In 1849 a scientific expedition led by a cleric, J.
Richardson, and including a German naturalist and geologist, A.
Overweg, and an ard-iaeologist, H. Barth, made detailed reports on the
oases of the Fazzan, including that and Awaynat Wanin. Before Ove:rweg
died in 1851 he made detailed observations of many of the Palozoic
xodcs of the Nurzuq Basin (Pesc, 1969).

During the Italian administration work was carried out by Desio,
Borghi, Chiesa and others (Desio, Ed., 1939 	 1953) who pro-
vided the first fairly coirprehensive topographic docurrentation of
southern Libya, and the first geological frarrework of the Murzuq
Basin. The establishirent by Desio of the Natural History Museum in
Tripoli in the late 1930's facilitated detailed recording of strati-
graphic data. During the French administration of the Fazzan (19 42-
51) accurate geological mapping and surveying was continted on a
systematic basis and much of it was published by the Institut de
1cherches Sahariennes at the thiversity of Algiers (e.g. Daflcni,
1948). This work resulted in the publication of a 1:2 ,00D,000 scale
map of the Central Sahara for the International Geological Congress
of 1952. Geological mapping and field work was contirnd by the
French after 1951, the key work on Southwest Libya being that of
Freulon (1964) and that published by Beuf et al. (1971). Full reviews
of the geological exploration of the Fazzan are provided by Lelubre
(1952) and Furon (1955). Freulon (1964) undertook a study of the
Palaeozoic sucoassiai of the Central Sahara based upon field mapping
in the Tassili N'Ajjer of Algeria and in the Fazzan. During five
field seasons, of six to eint rtonths duration each, he surveyed
these areas topographically and undertook primary geological mapping.
The work was done between 1950 and 1955 on foot, on carrel and, in the
later years, with jeeps. The Jabals Akakus and Tadrart of that and
Al Awaynat lay at the oantre of his field study area, and he was
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responsible for its first ological surveying, the resulting map
being published as the Fort Charlet nap at a scale of l:50D,(XYD.
1spite the central position of the (iat-Al Awaynat area the naj ority
of Freulcn' s stratigraphic researd-i was undertaken in southern
Algeria and in the Qarqaf region. His work in the mat-Al ?iaynat
region was largely undertaken in the winters of 1950/51 and 1952/53.

In the publication of Beuf et al. (1971) there is cx)1riled,
arguably the host coitprehensive account of siliciclastic cratonic
sedirrntation in the geological literature. The excellent exposure
of these undeforired seditrents makes the outcrops surrounding the
Hoggar and Reguftat inassifs (see Fig. 1.3) ideal areas for suth a
study. The researda recorded in the ccttilation of Beuf et al.
(1971) is largely that of French Saharan geologists who had been
working in the area since 1958, The succession of Southwest Libya
was only briefly studied, hiever, in 1961 and 1962.

In the late 1950's and early 1960's petroleum exploration
progranrres in Southwest Libya, in the Murzuq Basin, and on the
shoulder between the Murzuq and Chadarnis basins, were undertaken by
a nurther of ccxtpanies after oil had been discovered in the Polignac
Basin. 15 boreholes in total were drilled in 7 concessions in the
'4urzug Basin (Fig. 1.5 & Table 1.1) and geological field parties
studied the outcropping Palaeozoic strata on the margins of the
basin (e.g. Collcth, 1962; Furst & Klitzsdx, 1963; Collarb et al.,
1960, 1961; Craig et al., 1958; Collath & Heller, 1958). The need
for an accepted stratigraphic narnclature becane clear and in 1960
the Lexique Stratigraphia International (Libye) was published
throua the efforts of A. tsio and the Nanes and Noirenclature
Catrnittee of the Petroleum Exploration Society of Libya. In 1965,
E. Klitzsch, as part of a revision of the Palaeozoic part of the
Lexicon under his chainnanship, published the details of sections
which he neasured in tbe Silurian to Loner Devonian successions on
the west of the Murzuq Basin, and of associated palaeontological
work, and proposed the adoption of these as type sections (l965a).

The nost recent reviews of the geology of southwest Libya are
those of Bellini and Nassa (1980), who drew together a large anount
of previously published and unpublished academic and oil corrpany data
in a major review of the Palaeozoic of the southern sedinentary basins
of Libya, and Klitzsch (1981), who has provided a valuable review of



21

the extensive research he and his co-workers have undertaken in the
Nurzuq Basin.

1.3.3	 Stratigraphy and Structure

In the study area (Fig. 1.7) blanket sandstones of both the
Cairbro-Ordovicjan and the Iø.ier Deva-xian are exposed, on the west
and in the east respectively of the Wad! Tannezzuft. In this area
the sandsta-ies of the Canbro-Ordovician, which are exposed in the
Tassili Interne in Algeria, are weathered to a relatively low lying
and featureless region (Fig. 1.8). By contrast the sandstones of the
upper part of the Silurian and the Lcwer 1vonian successions (the
equivalent of the Tassili Externe) crop out in a large ravined plat-
eau (a "Tassili", to use the Tamahak word) as the Jabal Akakas and
Jabal Tadrart (Fig. 1.8). Figure 1.9 illustrates the geology of the
area which is &ininated by gently eastward dipping strata which fonn
outcrop belts, aligned north-south, of well exposed sandstones and
relatively pcorly exposed shales • The Silurian shales of the
Tanezzuft Formation crcp out in the Wad! Tanezzuft to the east of
which the sandstones of the Acacus and Tadrart formations (Silurian
and Lcwer tvonian) are exposed. The whole succession dips eastwards
marking the western boundary of the Murzuq Basin at an average dip of
less than 1°. Gentle flexuring of the strata has taken place (Fig.
1.9) and dips of up to 70 are recorded with exceptional dips of up to
12° (Collcxrb & Heller, 1958; author's neasureirents). Sone north-
south aligned faults are present, usually throwing towards the east,
i.e. into the basin. A structural cross-section constructed from
the topographic and geological maps (Figs. 1.8 & 1.9) and drawn fran
Ti'n AUcun northeastwards through the Wad! Teshuinat (Fig. 1.10)
shows that the average dip rru.ist be considerably below 1° and that the
geatorphology of the Jabal Tadrart is related to a flexure or nono-
dine aligned approximately north-south and running along the dip
slope up the back of the dissected plateau.

The stratigraphic succession of the aat Region is illustrated
in Figure 1.11 in which the Carrbro-Ordovician and Silurian to Iøer
Devonian blanket sandstones are schematically illustrated as cross-
stratified and bioturbated units (see Fig. 2.1 for snbols and
abbreviations used in figures). Three major unconforrnities are recog-
nised in the succession. At the base the Palaeozoic rocks lie



Figure 1.7	 JABZL AKKUS AND JABAL ¶EY.DEQR1' : IOEt(	 P

Scale of map : approximately 1 cm = 8 km.

Drawn from NASA satellite image at approximate
scale of 1:250,000 (Fig. 1.15).

A3ditiona1 sources:

M)ri (1965), Collanb and Heller (1958),
Freulon (1964), Salem arid Busri1 (1980)
and US. Army Nap of Fort thai let area
(NG 32) (1955).





Figure 1.8	 JABPIL AKKUS AND IThBAL TADPARP : TOPOGPZPHY

Map constructed from Figure 1.7. Spot heights
(netres above nean sea level) are from MDri
(1965), Collaxb and Heller (1958), Coilcith et
al. (1961), Craig et al. (1958) and Freulon
(1964).

Note that northwards, along the axis of the
jabals, the elevation decreases, the highest
ground lying southeast of Ghat and north of
Wadi Takarkhouri. This has been attributed
to northeastward tilting of a ¶Lrtiary pene-
plain. Hever, the situation is coirplicated
by the presence of a nuiber of Tertiary
peneplains (Barth & Blume, 1975), the oldest
of which. Iray be responsible for the high
plateau south of Ghat, while northwards the
lcier plateaux nay be the rannants of younger
and lcier peneplains. ']3 highest plateau is
located where the topographic extent of the
resistant sandstones is thought to have been
greatest at the time of perieplanation, offer-
ing, therefore, greater resistance to weather-
ing.
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Figure 1.9	 JABZL AKUS AND JAB2L TADPAR : GEOLY

Map constructed from Figures 1.7 and 1.8.
Field g1ogica1 data, including structural
dip rleasureinents, from author' s sections,
Colicith and Heller (1958), Collcirb et al.
(1961), Craig et al. (1958), Klitzsth
(1965a,1969), Martindale (1977) and BEICIP
(1972).

Acacus and Tadrart formation boundaries
revised after consideration of topography,
regional and local variations in structural
dip, and norological boundaries mapped
from the satellite image of the area (see
Fig. 1.15). Ectensive exposure of the
massively bedded sandstone unit of the
Acacus Formation (unit 14, Klitzsch, l965a)
is distinguished from that of the thinly
bedded units where possible. The Collenia
LiriEstone (iernost beds of the Nrar
Ebriration) has been lurred with the Assedjefar
Formation for convenience of mapping.
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unconformably upon eroded Precarthrian igneous and ntarrkzrphic rocks.
At the base of the Upper Ordovician Ashgillian succession an unn-
fonnity surface is present which is tharacterised by an eroded topo-
graphy of considerable relief (BEICIP, 1972) and which camonly can-
bines with a sibsidiary unconformity at the base of the Caradocian
succession. Although shales are present in the Caradocian succession
they are corrrn1y truncated by the upper of these two unconfonnities
with the result that the carplete Can-bro-Ordovician succession is
generally consed of sandstones. The third unconformity is that
already discussed (see section 1.3.1) at the base of the "Chatti
Formation". The age of this unconformity in the Chat Pegiari has
generally been considered to be earliest Ca±oniferous to latest
Devonian (e.g. Bellini & Massa, 1980) but evidence from neasured
sections near Al Awaynat (Collarb & Heller, 1958; Collcth et al.,
19 61) indicated that the oldest sedinents lying above the unccnfor-
mity surface were probably Upper Devonian. Their lithology, colitic
ironstones and sandstones, suggested a correlation with the "aaatti
Bbnnation" of the Qarqaf Region (Collarb, 1962; Turk, 1978; Van
Houten & Karasek, 1981) which indicated that the age of the major
unconformity in the Chat Region may be the sane as in the Qarqaf
Region, i.e. Frasnian. Sate support for this is provided by the
presence of a hiatus of Frasnian to Fanennian age in the Gour Iduka
region (Fig. 1.9) (Collarb & Heller, 1958). Since the formation or
group narre of "Aouinet Ouenine" has gained general acceptance in the
literature for the outcropping Middle and Uppor Devonian rocks of
the Chat Region (e.g. Banerjee, 1980; Klitzsch, 1981; Bellini & Massa,
1980) this nane has been retained for the outcrops of the study area.
Ha,iever, it is used here to eitbrace rocks of Eifelian to Frasnian age
and not those of Brrennian age.

The stratigraphy of the Canbrian to Lcwer Devonian successions
of the Central Sahara is presented in Table 1.3 to provide a frarre-

rk for the description of the Canbro-Ordovician and Lo.ier Devonian
blanket sandstones, and to sh the lithostratigraphic equivalents
of the formations of the Murzuq Basin in the basins of southern
Algeria, Niger, and West Libya (the Chadarnis Basin). Fbr convenience
of reference a generalised description of the lithologies and. the
facies is provided fran Beuf et al. (1971).
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The ty sections for the four formations of the Cairbro-

0rxovician Gargaf Group lie in the Qargaf region, after which the
group is narred. They have only been briefly studied in the at

region and the lier part of the Hassaouna Formation, lying across

the Libyan border in Mgeria has not been measured. The Hassuna

Formation orises at least 120 m of medium and coarse-grained

cross-stratified sandstones with Tigillites (vertical burrowr trace

fossils, see thapter 2) in the uernost 30 m of the formation.

Sorre coarse beds of sandstone with granules are present (Bellini &

Massa, 1980). The overlying Haouaz Formation is 130 to 160 m thick

and is corrposed of well-bedded sandstones containing Tigillites
interbedded with thin argillaceous siltstones (ibid.; BEICIP, 1972).
These tio formations are the lithostratigraphic equivalents of the

Ajjers and the unger In Tahouite Formations of Algeria whidi were

interpreted as being of fluvial and transitional-marine origin by

Beuf et al. (1971). The Haouaz Formation is overlain by the Malez
aaograne Formation which cariprises up to 80 m of green shales,
coarse-grained sandstone beds with granules, and calcareous lenses.

A haeinatitic sandstone bed lies at the base of the formation. The

Manouniat Formation is 60-1(X) m thick in the Ghat region and lies

above a strongly erosive lower bounding surface which, in places,

cciilete1y truncates the Malez Chograne Formation. It is orposed

primarily of fine-grained sandstones, but coarse-grained and con-

glaxeratic sandstones are present (Bellini & Massa, 1980; BEICIP,

1972; parsarial cbservation). Ashgillian brachiopods (Hirncmtia and
Plectothyre ha) have been recorded from the Marroulnat Formation and
a Caradocian fauna of orthids, trilcbites, cystoids, bryozoans and

brachiopods was recorded from the Malez Chograne Formation from

sanples in the Qargaf and aat regions (Havlicek & Massa, 1973).

The age of the underlying Has suna and Haouaz formations, however,

has not been determined directly in this region. The presence of

striations in the Mairounia€ Formation in the Chat region has been
used as evidence for a glacial origin for this formation (Bellini &

Massa, 1980; Beuf et al., 1971). BEICIP (1972) undertook further
work on the xrouniat Formation north of Qat and recognised a nun-

ber of features typical of glacigene deposits.

The Silurian succession in the Chat region is ccitçosed of
graptolitic shales which pass uiards gradationally into a well-bedded
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sucssion of biotuithated and rippled sandstones, siltstones and

shales whith are overlain by thick oDarser-grained and cross-

stratified sandstones. The shales crop out in the Wadi Tanezzuft

and are inpressively eosed at Jabal Idinen and at the base of the

escarprent of the Jabal Akakus (Fig. 1.12). Desio (1936a, 1940a)

neasured a type section in the Silurian successicai of the area lying

to the east of Jabal Idinen and divided it into a 1oier shaly

Tanezzuft Formation and an upper sandy Acacus Formation. Freulcn

(19 64) carried out further wo& on the succession and Klitzsth

(l96, 1969) established new type sections, ireasured at Ti 'n A]kurn

and Bab Al Takaikhouri, in whith the base and top of the succession
axe exposed. These new type sections axe ni accepted as replacing
the earlier incarlete type sectis (Banerjee, 1980). Nassa and

Beltrandi (1975), and Massa and Jaeger (1971) shced, on the basis

of graptolite faunas, that the Silurian succession of western Libya

crises a prograding sequence in whith the sandstones lying above
the shales of the Tanezzuft Formation are progressively younger

northwards. In the (iat P.egion the Tanezzuft Formation is lier

Llandverian in age, whereas to the north, in the (adarnis Basin, it

is Llandoverian to Ludlovian in age. During field work carried

out with the author, Maxtindale (1977) interpreted the sedirrents of

the Silurian succession as the deposits of a prograding delta system

whith passed upards into braid-plain deposits. Palaeocurrent read-

ings displayed a bipolar distribution aligned northwest to southeast.

It was concluded, from soirewhat limited data, that the predaninant

direction of delta progradation may have been to the northwest, as

had been previously suggested by Berry and Boucot (1973a).

Towards the top of the succession of the Acacus Formation a

thick sandstone horizon (135 in thick in the type section) is present

thidi weathers to a major cliff at Jabal Idinen and in the Jabal
Akakus escarpnent (Fig. 1.12). This sandstone horizon has many of

the sane tharacteristics as the sandstones of the overlying Tadrart

Formation. The base of this horizon, therefore, may be treated as
the base of the Silurian to Iøier tvonian blanket sandstone of the

area.

The tvonian succession of the study area is exposed in the

Jabals Akakus and Tad.rart and in the li-1ying region to the east

(Fig. 1.9). The succession is divided into the Tadrart Formation
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Jabal Akakus, viewed tcMards the north fran Wadi
Tariezzuft (FLg. 1.7). The straight escarprent, which
is up to 300 m high, suggests fault control.
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Jabal Idinen, viewed 1re fru'a t1 southeast, is an
outlier of sandstones of the Acacus Pniatiai lying above
shales of the Inezzuft Fbnnation in Wadi Tanezzuft
(Fig. 1.7). It is also naned Qaf Ajnouri (the Devil' s

itain).

Figure 1.12 JABL AKAKUS AND JAB1L IDINFN : GEDM)RPHOIQGY
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(neaning "the fonrtion of the nountain massif" in Tnahak, the
language of the Touaregs), the Ouan Kasa Formation of Eifelian
(Middle Evonian) age and the Aouinet Otenine Formation of Givetian
to Frasnian (Middle and Upper Devonian) age (Fig. 1.11). The sedi-
nents of the Tadrart Formation are exposed on the dip slope of the
escarçrent of the Jabals Akakus and Tadrart (Fig. 1.10) where they
have been carved by the agents of desert weathering and erosicri into
inressive "ruinifonu" stacks, rounded buttes, natural rock arches
and rugged j abals (Figs. 1.13 & 1.14). The formation is conpsed of
fine- to nediuin-grained sandstones with subordinate coarse -grained
sandstones, conglorrerates and si ltstones and is 317 m thick in the
type section (Klitzsch, 1965a, 1969). In the ler part it is thick-
bedded and cross-stratified, and contains rare plant remains, whereas
in the upper part it is thinly bedded and displays evidence of con-
siderable biogenic activity. Klitzsdi (1969) considered the lower
part to be continental to subccntinental and the iper part marine,
and Beuf et al. (1971), although only having detailed knowledge of
the Jabal Tadrart in the far south, broadly supported this interpre-
tation by assigning the lcwer part to their fluviatile facies and
the iper part to their transitional-narine facies. Burollet (1967)
argued, on the basis of the lateral extent of the sandstones and on
textural consideraticais, however, that these sandstones should be
interpreted as shallow marine, the coarse-grained sandstones having
been shed fran uplifted arches into adjacent subsiding basins. The
unitrodality of the palaeocurrents were interpreted as the result of
the activity of strong waves in a shallow sea.

The earliest scientific papers on the Tadrart Pbrnetion were
those of Desio (193Gb, l940b, 1942), Lelubre (1952) and Freulcn (1953b).
Later work was undertaken by Furst and Klitzsch (1963), Buxollet
(1967), Burollet and Manderscheid (1967) and BEICIP (1972). The
first type section of the formation was ireasured in the Jabal
Tadrart (25°0 'N. - 1030'E., Burollet, 1960) (Fig. 1.9). A nore
orp1ete type section, treasured further to the south, soon superseded
this, hcwever (Klitzsth, l965a, 1969). The age of the formation at
the type section has not been determined directly since studies of
the very sparse fauna and flora of the sedinents have yielded no
evidence on dating. Indirect evidence for a Siegenian/Emsian age
rests on its stratigraphic pesitiai and the ages of lithostrati-



4

-

"njfonn" athering of Tadrart Fouraticzi sarstones,
43-100 m stratigraphically above the base of the formation,
Wadi Anshal (Fig. 1.7).
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Ick stad developed in the sandstones of the Tadrart
rmaUon, 90-125 m stratigraphically above the base of

the forxnaticn, Wad! Talauaut (Fig. 1.7).

Figure 1.1.3 ThBAL TADRA : "RUINIFORM" WFAIIBERING



Figure 1.14	 JABAL TADRAI : CI)RPHOIDGY

sas, buttes, rock stacks arid bluffs
(slab walls); typical weathering
forms of the Tadrart Forxration
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graphical equivalents to the north in the Ciadamis Basin and to the

west and northwest in Algeria and Tunisia. These equivalents, hc-

ever, are reczgnised by the coarse-grained character of their sand-

stones and there is evidence not only that the per boundary to

this lithostratigraphical unit is diad-ironous, but also that the
first maditin- and coarse-grained sandstones in the Saharan Silurian/

Iøer rvonian successions were deposited earlier in the southwest
than in the northeast (Beuf et al.,, 1971, p. 103), Nonetheless, the
evidence of lateral interfingering of marine sedirrents with oDarse-

grained sandstones in Algeria and Tunisia provides sate support for a
Siegenian/msian age for the Tadrart Formation in Southwest Libya.
Uppor Siegenian/l .ier Errsian faunas are present in marine lirrestones
which have been shcn to be the lateral facies equivalents of the

l.per part of the Tadrart Formation at Dahar in the extrene south of
Tunisia (Burollet & Nanderscheid, 1967). Furtherirore, a lath

Siegenian/early Errian micro-flora was thtained from the sandstones
of the Tadrart Formation in the subsurface of the aadamis Basin
(Massa & Mreau-Benoit, 1976). In southeast Algeria the External

Tassilian Sandstones are thought to be Siegerdan in age on the basis
of a "f scarce fossils" reported close to the top of the formation
by Dubois et al. (1969) and also on the basis of a lateral facies
change westwards to finer-grained marine sedirrents in which Siegenian
faunas are present (Legrand, 1967). Klitzsdi (1969) argued that

these External Tassilian Sandstones are Siegenian and Emsian in age

on the basis of work carried out on brachiops collected from these

sandstones (Massa & Manderscheid, pers. cc&rn. to Klitzsch; Claracq

et al., 1963). The External Tassilian Sandstones pass laterally
northwestwards in Algeria into successions with marine sedinents of
Cedinnian/Siegenian age (Beuf et al., 1971, pp. 160-161).

The Pal aeozoic succession above the Tadrart Formation, cropping

out east and northeast of Jabal Tadrart in the at region (Fig. 1.9)

is less well exposed than the Carrbrian to Loser 1vonian succession

and will be described here only briefly. East of the Jabal Tadrart,

the Middle and Upper tonian succession is exposed in only three

localities: east of Wadi Auis, Wadi Wan Kasa and Gzur Iduka (Fig.

1.9). The Ouan Kasa Fonnation is present at all three localities,

whereas the Aouinet Otenine Formation is only present at the southern-

irost locality, i.e. at Gour Iduka. The irost well exposed section of
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the Ouan Kasa Formation is at Wadi Wan Kasa where a 43 in thick
succession of shales and subordinate sandstones and siltstones was
first ireasured by Borghi and Cniesa (1940) and was later established
as the type section by Klitzsth (1965a, 1969) who dated these sedi-
irents as Middle De,onian (Eife]jan) on the basis of their abidant
spirifers. The Aouinet 0inine Formation, at Gour Iduka, is ccosed
of a succession, at least 107 in thick, of very fine to iredium-grained
sandstones with sane thin argillaceous siltstone horizons, which con-
tains a rich fama of bradiiopods and bivalves in parts of the suc-
cession (Bellini & Massa, 1980). The 1ouinet 0nine Formation is
overlain unconforrnably by oolitic ironstones, shales and sandstones
of the "Chatti Formation" and by Carboniferous marine shales with
subordinate siltstones, sandstones and lirrestones (the Mrar,
ssedjefar and Irrbaba Formations). A terrestrial red bed succession

of shale and sandstone (the Tigi.entourine Formation) lies at the top
of the succession. Much of this Peimo-Carboniferous succession crops
out beneath the sandsea of the Idhan Wan Kasa, but where it is expo-
sed it fonts loilying escarients revealing sate gentle folding in
the area to the east of l Awaynat (Colloith & Heller, 1958) (Fig.
1.9).

1.3.4	 atorphology

In the Musozoic of Southwest Libya, the ssak Sandstone (Upper
Jurassic-Ler Cretaceous, Fig. 1.5) displays many of the sane
characteristics as the Nubian-t'pe sandstones of the Tadrart
Formation (Lorenz, 1980). These io Nubian-type blanket sandstones
have weathered to form easterly-dipping escarpirents which dominate
the scenery of the region (Fig. 1.15, cf. Frontispiece) and between
which less resistant beds have weathered to a ler topogratic level
and aeolian sands have accumulated as sand seas. The Landsat image
(Fig. 1.15) reveals evidence of four different types of drainage
pattern (cf. Fig. 1.7): a well developed dendritic pattern of wadis
draining tcwards the east and northeast off both escarprrents; a poorly
developed irregular drainage pattern of wadis draining to the west,
off the Jabal Akakus into the Wadi Tanezzuft; the northward draining
Wadi Tanezzuft; and lastly, an ancient drainage pattern of large
rivers draining fran the Hoggar Massif tards the east and northeast
which is thout to be responsible for the sand-filled wadis which
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Figuxe 1.15	 JBAL AKAKtS, JBL 'ThDRART AND MSAK LI.AT :
LN1T flGE.

Wadi systøns indicating eastward and stward drainage patterns
are visible in the Jabals Akakus and Tadrar-t. The nost pronounced
northeastwards-draining wadis are Wad! Teshuinat and Wad! Takarkhouri.
TO the east, the ak Mallat is also dissected by a niinber of major
wadis. ¶I one in the south, rianed Tehi-n-Tilexnsin and marked by an
arr, is thoi.ght to have been part of the salle drainage systan as
the Wad! Takarkhouri.
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break the escarents, e.g. Wadi Takarkhouri and Tehi-n-Tilemsin in
the Msak Mallat (Bus the, 1980; Barth & Bluite, 1975). The very flat
top to the Msak Mallat escarpirent has been attributed to a Tertiary
peneplain (at 1COO to 1250 in above Irean sea level) which has subse-
qtnt1y been dissected. Busthe (1980) argid that the Msak Mailat
escarxent was developed through a process of differential vertical
erosion under non-arid conditions rather than by slope retreat under
conditions of arid pedinentation, as is usually assuired for this
type of landform. The evidence for this is provided by the discovery
of weathering features on the Tertiary penep lain surface which mdi-
cate that chemical weathering typical of hot humid climates occurred
in the late Tertiary. The deve1ctent of escarpnents typical of the
present arid weathering cycle can only have occurred in the relatively
recent past therefore. The absence of a rectilinear drainage pattern
on the dip slcpes of the present escarpirents suggests that the chan-
nels were not contro lied by the underlying sandstone but rather by a
soil covered slope (ibid.). It is considered prthable, therefore,
that the developrrent of the present scenery took place as a result
of differential weathering, in the late Tertiary or later, of a
peneplain across which major rivers flaied frcxn west to east under
conditions which were initially iroderately humid but which becarre
increasingly arid. As the softer beds weathered irore rapidly,
valleys fonrred along the strike of the argillaceous Palaeozoic strata
subseqtent to the main drainage system (e.g. Wadi Wan Kasa and Wadi
Tanezzuft). The general lack of truncated heaiathrs in the dendri-
tic drainage systems of the escarpirent dip slopes suggests that
little slope retreat has occurred since their develop-rent.

Busche (1980) argtd, therefore, that the wadis which cut the
major escaxpirent of the Jabals Akakus and Tadrart and which drain to
the east (Wadi Takarkhouri and Wadi Arrikin/Wadi Takisset) are not
exanpies of drainage capture as suggested by Pesce (1968) but are
evidence of a drainage pattern which existed on a late Tertiary
peneplain prior to the developrrent of the escarpnEnt.

Whereas the Msak Mallat escarprrent displays a rounded and
irregular, cuesta-like character in plan, the trace of the scarp
slope of the Jabals Tadrart and Akakus is imith rrore regular, with
remarkably straight cliffs which are progressively displaced to the
west southwards along the escarpirent (Fig. 1.9). It has been



29

suggested that this escarzrent may be fault ntro1led (e.g. Collath
& Helle.r, 1958; Klitzsch, 1969). No direct evidenos may be assenbied
to shcw that a fault or a series of faults are present parallel to
the escartent on the east of the Wad! Tanezzuft, but the character
of the escarprent is clearly very different from that of the Msak
Mallat. Like the Msak Mallat the rerrnants of a rtiaxy erosion
surfaos which dips gently to the north and east, in this case at
14CX)-1500 m above nean sea level (Fig. 1.8), can be seen between the
deep wadis (Fig. 1.16). This surfaos dips eastwards toc.iards the

ak Mallat at an angle that is very much less than the regional
eastward dip of the strata. Consequently, it fo11s that during
the Trtiary the resistant sandstone formations wedged out westwards
beneath this surfa to a feather edge . Later differential erosion
of such a feather edge of resistant sandstone might be expected to
produos a satewhat irregular topographic feature. Hcever, if the
sandstone did not wedge out to a feather edge because of displaosnent
along a fault, then subsequent dain-athering would result in the
exposure of a fault escarprent (Fig. 1.17). Collath and Heller
(1958) mapped a major fault aligned approximately north-south and
thiwing basinwards, i.e. tcMards the east, in the Al waynat axea
and it seens quite reasonable to prcpose that an en-echelon south-
wards extension of this fault system might have been responsible for
the gearorphology of the Jabal Akakus (Figs. 1.9 & 1.15). 'The Jabal
Idinen outlier may have resulted from the weathering and erosion of
a part of the ancient fault line where displaosrrent was absent or at
a minimum. The absenos of similar fault ntrols on the Nsak Mallat
escarpuent may be an indication that the faults maed in the Ghat
Region are late Palaeozoic or early Isozoic in age.

Barth and Bluite (1975) shaied that the character of the escarp-
rrents around the Murzuq Basin was determined to a large extent by
the lithological contrast at the Leather-edge of the resistant sandstone.
Where the resistant sandstone lay above a relatively pure shale,
differential erosion would be very effective in producing a steep
escarpirent. This situation applies to both the escarprents of the
Jabal Akakus and the Msak Mallat, although the clean shales of the
Tanezzuft Formation may be slightly less resistant than those of the
Early sozoic Tilensin Formation. Nevertheless, the two escarpuents
are not only different in shape but vary in the way that they have
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View of Jabal Pkakus escarxrent.

View tcyqaxds the northeast slmiing the Idhan Idinen and
Jabal Idinen (far distance).

Both plotographs illustrate a widely develcçed 'Ièrtiaxy
peneplain surface.

Figure 1.16 AERIAL VIEWS OF JABAIS 'ThDRA' ND AKAKUS



Figure 1.17	 OM)RPHOLOICPL ESK)IJJTIC OF NE JAP2L AKPKUS
ESCARPMENT

(a) Isozoic tilting and normal faulting of
the western ra3rgin of the Murzuq Basin.

(b) Late Irtiary i1ift and peneplanation.

(c) Differential weatIring, dn-wearing
and erosion during the Quaternary.
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weathered since they becaire topograic features. Whereas the Msak
Mallat escaxrent is darrLnated by landslides (Grunert & Busche, 1980)
the Jabal 1kakus has been dissected by short wadis draining westwards
into the Wadi Tanezzuft. This young drainage system may well have
developed by the exploitation of joints and lines of weakness in an
exsed cliff line of sandstone, prcbably under arid conditions, arid
the lack of a thin feather-edge of sandstone may explain the absence
of landslides. Weathering and erosion occur by progressive back-
wearing of an escarpient in arid conditions where thick, haiogeneous
and relatively peorly-ceirented sandstone units lie above thinly-
bedded horizons containing shale partings (e.g. southeastern Utah,
Kocns, 1955; Cberlander, 1980). This occurs by the undermining of
the massive sandstone unit along the less resistant horizons in the
thin-bedded strata, and the calving of sandstone flakes .iay from
the cliff face which collse &rn the cliff and generally break
into sand over a short period of tima.

The sandstones of the Tadrart. Formation which are dissected by
major wadi systens display a variety of georrorphological forrr which
may be understcod in terrre of arid weathering processes which must
have been initiated in latest rtiary tines. These processes are
active at present in southeast Utah, and the scenery of Cannlands,
where the Jurassic Entrada Formation is expesed (Cberlander, 1980),
bears a striking similarity to the dissected plateau of the Jabal
Tadrart (Fig. 1.18). It seexrs likely therefore that, whereas the
drainage pattern which had been inherited by incutting was initia-
ted in a trore humid climate, the present wadi margin scarps, slopes,
bluffs, rock arches and stacks were developed under fairly arid
conditions. Folliing the terminology of Cberlander (ibid.) the t
main gearorphological fonts into which the massive sandstones of the
Tadrart Formation are weathered may be classified as "slick-rock
slopes" and "slab walls". Convex and ccncave-shaped slopes are
tented "slick-rock slopes" after the Slick Rock I v rrber of the Entrada
Formation. The way in which the slopes and walls are related to
thin-bedded (and less resistant) horizons and to intraformational
partings is illustrated in Figure 1 • 19, In siuple terms thinly-
bedded intercalations ccxrrronly cause a break within the escarpuent
with slab walls developed above, and slick-rock slopes bel.
Hcever, slick-rock walls may develop by the dnward weathering of
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Wadi 1shuinat, viewed t',ards the east (Fig. 1.7).
The photogra sh,s the basal 40 in sandstone bluff of the
Tadrart Fbrmation (arro qs), and overlying slopes and slab
walls.

I.

Basal 40 in unit of the Tadrart Frxnation, Wad! Auis (FLg.
1.7). Slidc rock slopes are well developed in the
foreground thilst slab walls predcxninate on the far side
of the wad!. A well-developed plateau is present above
tl slab walls, stratigraphically 40 in above the base of
the fornation.

gure 1.18 ¶LHE TPDRA OITICXs fl DIS AUIS AND TFSHUINAT
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ground leeI

Key: 1 - slab wall; 2 - slick-rock slope; 3 - slick-rock rarr,
and 4 - concave slope break.

]velont of escarpient fos in massive sandstone throui
time and space, after study of segmented cliffs in massive
sandstones of Southeastern Utah.

For siirplici a constant ground level (dashed line) is
assumed during escarpient retreat, along with equal thick-
nesses of rioval from major slab walls in eath unit of tine.
At A a throuh-going cliff is present due to sapping above a
thin-bedd substrate. At B the thin-bedd substrate passes
belcw ground level, escarp!ent retreat slcMs, and effective
intrafonrational partings assun:e control of escarpint form.
Effective partings close at C, E, F, G, H and J, leading to
local slab wall stagnation and rounding into slick-rock slopes.
Partings that cpen at D, E, F, G, and I initiate growth of new
slab walls. Note that the effect of former partings in rocks
that have been rerroved continues to be expressed in the form
of slick-rock ramps and concave slope breaks.

Figure 1.19	 THE EVOT1JTIG OF SLICK-1JCK SIIJPES 1ND SL?B LLS
THEO1JH ESC1RPNENT RET2REZT, AFIT2 OBERLNDER (1980)
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a slick-rock slope, beneath an intraforxnational parting, by water
runoff fran h.i4aer levels. This has the effect of creating a slope-
wall break whith provides no indication of the presence of an
argillaceous horizon. These horizontal partings may be as thin as
10 an to be effective in causing an undermining of the overlying
sandstone and its conseqnt collapse.

In the Wadi Auis (Fig. 1.18) slick-rock slopes are developed
s.fnere the wadi floor lies above the thin-bedded sandstones and
siltstones of the Acacus Formation. Where these less resistant beds
are exposed water-sapping and erosion has caused collapse and slab
walls are developed. Collapse alcoves are freqtntly present at the
base of these slab walls, fonted by small-scale detad-irrent and
collapse of a few cubic iretres of rock above a thin-bedded horizon.
These alcoves act as a precursor to large-scale slab wafl stcping.
The nrphology of the 1est weathered sandstones of the Trart
Formation in Wadi Auis and Wadi Teshuinat suggests that slick-rock
slope forms dcxtinated initially and that dan-cutting of the wadi
floor led to the exposure of the thin-bedded upper beds of the Acacus
Formation whida al1acied water-sapping, the undercutting of the slick-
rock slopes and the developirent of slab walls by collapse of material
which was subseqntly weathered to sand.

The Eritrada Formation study (Oberlander, 1980) drew attention to the
fact that a massive sandstone may weather to a slick-rock slope or a
slab wall depending on geortorphological controls, and that the fonn
developed may have little relationship to lithology or caairentation.
Used with caution, hcwever, slope breaks and tableland plateaux were
found to be useful in the sty of the Tadrart Formation for identi-
fying thin horizons of finer-grained sandstone and argillaceous silt-
stone within the succession and for tracing their lateral extent.

Plateaux axe well developed at different levels within the wadis
of the Jabal Tadrart (Lg. 1.18). They may have developed in a num-
ber of different ways and great care must be taken before assuming
that they correlate with lithological boundaries or disconformity
surfaces within the stratigraphic succession. Barth and Blutre (1975)
shied that not only is there a Tertiary peneplain developed at 1400-
1503 m in the Jabals Akakus and Tadrart, but that a series of terraces
at la.ier levels are related to pauses in din-wearing as the old
peneplain was dissected and the initiation of a new period of lateral
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weathering and erosion occurred. This process was never brought to
ocirpletion, hcever, since a new period of uplift and dissection
ensd before sufficient tine had elapsed for iplete peneplanation
to have occurred. Strongly develcped plateatc axe present, there-
fore, hidi are subparallel to the bedding. This is not always the
case, haever, and it seens likely that, during the later periods of
dissection of the Jabal Tadrart, peneplanation would have taken
place by badc.-c. aring of escarpnents Given the very gentle dip of
the strata, the badc-wearing process would have been controlled to
scite extent by lithological breaks within the succession, as discus-
sed above.

The abundant rodc paintings and engravings found in collapse
alcoves and on overhanging slab walls, or shelters as they are
usually tenred in the Sahara, of Savannahiand hunting scenes (MDri,
1965), axe evidence that the climate was nore htznid only a few thou-
sand years ago. Such a climate, hever, is quite consistent with
the arid weathering processes active at present in Utah and is irore
appropriate for water sapping of thinly-bedded horizons.

1.4 The Geology and Geonorphology of the Study Area, Northwest Saudi
Arabia

1.4.1	 General

A far greater literature exists on the Palaeozoic of Southwest
Libya than on that of Northwest Saudi Arabia. Geological research in
Southwest Libya was daninated by the studies of Italian and French
geologists working prior to Libyan independence (1951) and, thereafter,
by exploration related to the search for hydrocarbons. By oitrast,
the geological exploration of the Palaeozoic succession in Saudi
Arabia was largely undertaken in the 1950's and 1960's by German
geologists, the geologists of the United States Geological Survey
(Pcwers et al., 1966, 1968) and the Arabian AnErican Oil Ccirpany
(Aramco). Unlike the study of the Palaeozoic of the Nurzuq Basin,
the author did not have access to unpublished oil ozitpany reports in
Saudi Arabia. Ccrisequently the only major available source material
on the Palaeozoic of the study area at the tine the writer's field
vrk was undertaken was that of Pciers et al. (1966, 1968) who quoted
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extensively fran the wcxrk of Helal (1964a, 1965). Since then Wolfart
(198 1) has published a major revie .i of the Ler Palaeozoic of the
Middle East.

Despite the limited geological literature available on the
Pa1ozoic of Northwest Saudi Arabia, relatively recent geological
and sediunto logical studies on the Lcx.ier Palaeozoic of Southern
Jordan and Southern Israel (Table 1.4) provided valuable insight into
their lithostratigraiical equivalents in Saudi Arabia (Selley, 1970,
1972, 1978; Sneh & Weissbrod, 1978). A seminal paper on the nature
of Nubian-type sandstones in Arabia is that of Picard (1943).

Geological field work was undertaken in Northwest Saudi Arabia,
in the Qassim District, just northwest of Buraydah (Fig. 1.20). A
short visit was also made to Al Mayyah, north of the main study area,
to exnine outcropping Lcwer Devonian Sandstones. The main study
area (Fig. 1.21) is bounded to the north by the Wadi. at Tunuus (just
south of 27°(X)' latitude) and to the west by the contact of the Saq
Formation with the basnt rocks of the Arabian Shield. In the east,
the boundary foUcis the basal unconformity of the Perrnian Khuff
Formation which cuts across the TabUk Pbrmation; while to the south
the area is bounded by a line which runs east-west through Buraydah
(approximately 26°20' latitude). This area provides good exposure
and nearly carplete sections through the Loser Palaeozoic succession.
It includes two topographic features, Jabal Sag and the Sarah Ridge,
which have provided iirportant sedimantological data (Figs. 1.21 &
1.22). Sate geological data are available fran the logs of a nurrber
of water supply boreholes (Fig. 1.21).

1.4 .2	 Stratigraphy, Structure and Gecxtoro1ogy

The Iøier Palaeozoic succession of Northwest Saudi Arabia has
been divided into two formations, the Sag and Tabuk formations (403 in

and 610 in thick respectively in their type sections; Powers et al,
1966) ( Table 1.4), the sedinents of which are well exposed in the
study area in northwest-southeast striking escarpaents (Figs. 1.21 &
1.22). The succession of siliciclastic sedinents which corrprises the
Sag and Tabuk formatias rests on the Arabian Shield with very strong
angular discordance, and is itself uncaformably overlain by the
Perniian Khuff Formation (Fig. 1.21). Stratum contours, based on the
logs of 18 boreholes in the southeast part of the Qassim District
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Figure 1.22 LPNDSAT LSE-CDIOUR IGES OF NORTh CENTRPL
SAUDI ARABIA 2ND OF STUTh AREA

The vertical Irrgins of the photographs are orientated
tc,qards the north northeast *

Upr	 in the north of the image Palaeozoic strata are hidden
beneath the sands of the Great Nafud Sandsea. In the
southgest, rocks of the Precrrian Shield are exposed.
The area studied lies in the southeast where the east-
west trending Sarah Ridge may be seen.

Iier : detail of study area. The vstern boundary of the
Tabuk Formation is clearly visible as a northwest-
southeast aligned escarnt. The boundary between
the Sag Formation and the Precairbriari Shield is
discernible as a marked oDlour change. The Sarah
Ridge and the outcrop of the "Sarah Miter"to the
east of the Tabuk escarient may also be seen.

A fossil dendritic pattern visible in the south,
on the Precaxthrian Shield, provides evidence of
easterly and northeasterly drainage associated
with the Wad! Ar Rxnah lineanant.
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(Parsas-Basi1, 1968), drawn cii the Precnbrian basextent and cii the
base of the Tabuk Formation, indicate a regional dip to the northwest

of less than one degree. The Tabuk Formation decreases in thickness

southwards fran Qusayba, as a result of erosion prior to deposition

of the thuff Formation (Fig. 1.21).

The Lcwer Palaeozoic succession has many similarities with that

of the Central Sahara aiprising NdDian-ty fluvial, shal1i-xine

and prthable fluvio-glacial facies as well as deposits of deltaic
origin (see Figs. 1.6 & 1.11). The Carian and Lower Ordavician Sag

Formation is iposed predominantly of cross-stratified sandstones,

similar to those of the Hassaouna and Tadrart formations of Libya

(Fig. 1.11), whilst the succeeding Lower Ordovician to Iiier tvonian

Tabuk Formation, xtosed of sandstones, siltstones and subordinate

shales and cx)nglcrrerates, provides evidence of soithat itore marine

depositional settings than those of their lithostratigraphical equiv-

alents in Libya. Nevertheless both areas appear to be tharacterised

by late Ordovician glacial or periglacial deposits and by early
Silurian graptolitic shales.

The sedimants of the Tabuk Formation have been assigned to seven
informal irthers by Poaers et al. (1966) (Table 1.4) largely on the
basis of the recognition of three graptolitic shale neithers, the

"Hanadir" (Lianvirnian), "Ra' an" (prthably late Caradocian) and

"Qusayba" (Llandoverian) irerrers • The remaining neithers of this

Formation are caiosed predominantly of sandstones, the "Skolithos
Sandstone rrer" being distinctive by the abundance of vertical bur-

rows. The "Tawil 1rrber" lies at the top of the succession and is

caiosed of cross-stratified sandstones that are very similar to those

of the thickly-bedded intervals of the Tadrart Formation (Fig. 1.11).
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QiPP'IER 2

TEGiNIQtJES ND ¶IERLNOLOGY E4PLOYED I FAIES STUDIES

2.1 Introduction

The rrethods of facies analysis adopted in this thesis have been
described by ading (1978, Chap. 2) and Selley (1978). In the study
of Nubian-type sandstones the subjects of palaeocurrent analysis and
ithnology have received considerable attention (e.g. Beuf et al.,
1971; Selley, 1970, 1972) because of the general lack of variation in
the other paralreters relevant to facies analysis: sedirrentary struc-
tures, bed geatetry and lithology. The problerrs associated with the
interpretation of palaeocurrent data and ichnology in Palaeozoic
Nubian-type sandstones are central thetres in any study of these
sandstones. Conseqntly a review of these subjects as they apply to
this research is presented below. First, hoiever, scire aspects of
bed georretry, sedinentaxy structures and lithology are briefly dis-
cussed.

Bespite the presence of sate steep rock faces in the Jabal
Tadrart which provided excellent exposure in two dirrens ions of bed
geoltetry, in the majority of the sections treasured the identification
of the type of boundary surface at the base of each bed proved to be
inpossible to ascertain with confidence. Cbservations in same well-
exposed three-dirrensional sections of broad shallow scour horizons
encouraged a scepticism about whether these could be distinguished
from planar erosion surfaces except in unusually well-exposed sec-
tions nonral to scour/channel axes. Betailed work on these broad
shallow scours suggested that they were far ntre abundant in the
cosets of cross-strata typical of Nubian-type sandstones, and gener-
ally described as having a planar geametry, than was previously
appreciated.

The terminology etrplcxyed in describing sedinentaxy structures is
based largely upon the classic descriptions of stratification and
cross-stratification of McKee and Weir (1953), Allen (1963),
Southard (1975) and Harrr (l975a, l975b). The conventions of syrthols
and abbreviations used in diagraxte largely follow those of Selley
(1978) and	 's Standard Legend (Fig. 2.1) * Since lithological
and grainsize variations within many of the sections neasured were
limited it was considered reasonable to cithine data on lithology,
grainsize and sedirrentaxy structures in one colum of varying width.

* See copy in pocket at end of Volurre II
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It should be noted that the tants "planar" and "trough" cross-
stratification have been used to distinguish sets with flat lxunding
surfaces fran those with curd trough-shed bounding surfaces,
"Tabular" and "wedge" cross-strata are varieties of planar cross-
strata. The lower bounding surfaces of sets and beds may be "ero-
sional", if discordance is dxistrab1e, or "abrupt" if no discordance
is visibi. Additionally, foresets are described as angular, tarigen-
tial or cncave following Jling (1965). Lastly scour and fill, and
thannel fill cross-stratification are distinguished by their lr
bounding surface, the fonter being trough-shaped, the latter cylin-
drical (Allen, 1963).

Thin section and scanning electron microscope petrographic work
was undertaken on saIrles collected in the field. Although sandstones
pre&ininated, other lithologies present in the successions studied were
ccnglaterates, diamictites, siltstones and shales (Fig. 2.1). The
classification of these siliciclastic rocks adcpted here, is based upon
grainsize (Wentorth, 1922, in Blatt et al., 1972) and the percentages
of matrix and quartz detrital conpalents (Pettijohn, Potter and Siever,
1973, p. 158, after Dott, 1964). The sandstones studied were all
quartz arenites or subarkoses and were remarkable for their uniform
and mature mineralogy. The texture and diagenetic catpDnents of the
sanpies studied varied ccnsiderably however. The tern "quartz arenite"
is considered preferable to Krynine' s term "orthoquartzite" (1941) which
carte to be used synonyirously with "quartz arenite" (Pettij din, 1957, p.
295), because it is felt that aiy use of the tern "quartzite" should be
avoided for the frequently very friable Nubian-type sandstones.

Petrographic studies of Palozoic Nubian-type sandstones have
been undertaken largely by French geologists (Beuf et al., 1971; nnig
& Vittinberga, 1962; Chauvel & Massa, 1981) who have concentrated upon
the graphic presentation of petrographic data in vertical logs as a
neans of tharacterising and correlating aarently barren and nonoto-
nous siliciclastic successions. The petrographic data recorded for
this purpose included the follcMing factors: abundance of mica and
heavy minerals, degree of rounding of grains, prortion of grains to
certent, grainsize and sorting, and grain cositian. These studies
illustrated the petrographic variation that exists in Nubian-type sand-
stones, but nonetheless confinred the predaninance of mineralogically-
mature sandstones. Idditionally, enaasis has been laid upon the study
of iron-rich oolitic sedinents which are present at various stratigra-
phic horizons, but not: within the blanket sandstones of the Canbro-
Orthvician and the Lcer tvonian (Uiauvel & Massa, 1981).
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2.2 Palaeocurrent Pnalysis

The use of palocurrent indicators in facies analysis is a very

irrportant aspect of determining the depositional setting of any suite

of rocks under study (Selley, 1978). The ccnstruction of a n'enter of

palaeocurrent rose diagrams may be used to distinguish environirents

of broadly unidirectional flcw from those of scattered f1i azimuths,

and those of birtodal current azimuths. Furthenrore, the calculation

of vector irean azimuths fran broadly unidirectional palaeocurrent

data provides valuable evidence for the orientation of the palos lope

(Potter & Pettijobn, 1977). Once a general environrrent of deposition

of the sedirrentary rocks under study has been established the palo-

current data available should be analysed rrore critically. Rather
than liring readings together to create rose diagrairs, each palaeo-
current reading should be interpreted in the light of the type of
stratification and the type of bed from which it was neasured, and in

the light of its relationship to readings obtained fran vertically
and laterally adjacent beds. Canparison of the readings obtained

fran similar types of stratification may also provide evidence which

can be used to establish the nature of the sthenvironnents within the

established depositional setting. Attertpts have been made to use
palaeocurrent analysis to refine established broadly-defined environ-
itental interpretations, invariably with mixed success • For

instance Ore (1963) and Smith (1972) both reached different conclu-

sions about hcw to distinguish braided from Ireandering fluvial depD-

sits. Banks and Collinson (1974) shd ha the palaeocurrent data

fran preserved braided stream deposits should display a lier variance

than those fran a rrodem braided river. Throughdut the debate which
centred on these papers, no cnsensus was established about the vali-

dity of any particular approach to distinguishing t1e tho environments.
On the one hand there exists the need to obtain as many readings as

possible to obtain statistically valid results. On the other hand,

any resulting rose diagram suffers from carparing unlike with unlike.

However, if the palaeocurxent data are used initially to provide an
indication of the orientation of the palaeoslope and then to provide
additional evidence for the interpretation of each bed in a succession,
the palaeocurrent data can play a valuable part in determining the

senviroriirents present and the processes operating in a depositional
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setting. This aroadi is ccisidered nore valuable in refining broad

envircxircental interpretations than a statistical manipulation of a

large data set of palaeocurrent readings.

2.3 Ithnology

In a detailed, maticulous and vll illustrated piece of work

Desio (l94Cb) described the "vestigia prcbleinatica" of Libya and first

drecpi at±ention to the abundance of trace fossils in the Jabal Tadrart.
In his work, many of the structures reoorded within the beds and on

bed surfaces were recognised as being fossilised "structures within

the seditrent left by living organisrr", i.e. they were trace fossils
or fossil lebensspuxen (bel, 1912; Haas, 1954). Desio (194(b),

therefore, undertook the earliest study in Libya of palaeoichnology
(Buddand, about 1830, in Hantzschel, 1975). In attenting to define

which trace fossils occurred together he also initiated a study of

trace fossil associations or idinocoenoses (Davitashvili, 1945;

Lessertisseur, 1955) a subject later expanded by Seilacher (1969)

after work in the satre area. Table 2.1 shis the genera and species

Lsio (19 4(b) identified in the Silurian and Ionian successions of

southern Libya together with their Irodern generic narres (after

Hantzschel, 1975). It will be noted that sane of Desio' s "vestigia

prcblematica" are of inorganic origin and will not be further discus-
sed here (a1thou it is interesting to note that he sati mudcracks -
his Polygonolites - in the Iiier Devonian succession). Further it
should be noted that two of the Middle and Upper Devonian species
are no longer considered valid nanes (Hantzschel, 1975): Myrianites

libycus is a horizontal trail ccrsed of a rounded furr, marked

transversely with eidistant grooves, which nay be referable either

to Gyrichnites WUT]EAVES, 1883, or to Palaeophycus IThLL, 1847;
Terebell-olites fezzanensis is a pencil-like tube which branches in an
irregular fashion and which may be the cast of a burrow, the orienta-

tion of which is not kncMn; it is possible, hcwever, since it is

usually enriched in iron oxides, that it is of inorganic, recent

origin related either to the developtent of vertical tubes of precip-

itated minerals caused by capillary action at the rock surface, or by

iron enricbrrent on the surface of the rock. It should be noted that



IaNS	 JT.L ERIC N4E
& - GENERA	 (HANTZSGEL, 1975) 	 WCtTIaJ
(tIFSIO, l94) 	 t = inorganic origin

* = nane no 1onr
in use

r4idd1e &	 Myricoiite-s libycu n. f	 *	 Near Al Mahruqah
Upper	 Bifwigites fezzcvi.5n816 n. f.	 Bifwgitas JJesio, 1940	 (Wadi Ash Shati)
Devcnian	 Ter'ebelloiites fezzcvensis n. f.	 *	 & Our al Beddadah

(Wadi Ash Shati)

Eociathrus Batboi a. E.
llarlcuia Hajloi Conr.	 Arthrophycus Hall, 1852
Cruziana cfr. furoifera (Orb.) Delgado	 Cruziona 0 'Orbigny, 1842
Cruziana cfr. Prevosti Rou.	 Cruzicma D'Orbigny, 1842	 Jabal Akakus,

lower	 Areniool-ites sp.	 Arenicolites Salter, 1857	 Jabal Tadrart
Devonian Kinnayia dubia n. E.	 1 (ripple-like structures)	 & Jabal Idinen

Xinnsyia labyrinthica n. f.	 1- (ripple-like structures)
Nereites Castroi Deig.	 Neraites Necleay, 1839
Sabe7-lcifex parvus n. f.	 SabellaFifex Richter, 1921
Climactichnites Chiesai n. f.	 Cl-i mactichnites Logan, 1860
Polygonolites	 t (Mudcracks)
Intercanu7ites	 t (Cone-in-Cone structures)

Haricatia Harlani Ccnr.	 ulrthrophycus Hall, 1852
Silurian- Cruziana fw'cifera (d'Orb.) Delgado	 Cruziana d'Orbigny, 1842 	 Jabal
Devonian Cruziana Saportai Delgado	 Cruziwia d'Orbigny, 1842 	 Eei

Fraena cfr. Rouaulti (lebesc.)	 Fraena Rouault, 1850

Nereites Castroi Delgado	 Nereites Macleay, 1839

Silurian Saeilcu'ifez parvus n. f.	 Sabellw'i fez Richter, 1921 	 Akak
InterccrriuVi,tes	 t (Cone-in-Cone structures)	

us

Silurian Rouaultia Lye lli (uault)	 type species of Rouauitia,	 Gilf
no Fraena Rouault, 1850	 Kabir

Sctheilcrri fez tassiliensis n. f.	 Sabeliarifez Richter, 1921	 Ti'n A2kizn

SAMPlE IDTI

A = Near Al Mahruqah

& Our al Bedda3.ah,
I -.'Wadi Shari.

Ghadamis
B = Jabal Akakus	 I Basin
C = Jabal Idinen

D = Jabal ¶Ldrart	 C B

	

0	 KufrahE = Ti'n Alkun
E	 Murzuq	 Basin GL BasinF = Jabal Eei

G = Gilf Kabir

Table 2.1	 TRACE POSSII.S OF IHE S1IB3N AND 0EVUThN STRAJA OF SOUIEER' LIBYA (NDDIF A?ER IO, 194th).
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Hantzsthel (1975) xe iended that the generic terms Harlania and
RouauZtia be droed in favour of Arthrophycus and Fraena respectively.
In the fonrer case Geppert (1852) failed to designate a type species
for Harlcrnia and conseqntly Hall's term, Athrophycus (1852), is
favoured. It is adopted here despite the fact that the term Hariania
is in nore cainon use in Saharan geology.

Beuf et al. (1971) reviewed the trace fossils present in the
Loer Palaeozoic and in the Ia..ier Devonian of the Sahara (Tables 2.2
& 2.3). The nanc1atuie listed as being proper, or correct, as oppo-
sed to that popularly and widely used in Saharan geology, includes
only one nane not approved in the treatise on the sbject (Hantzschel,
1975): Pelcypodichnus SEILCHER, 1953, should irore properly be
Lochela JAS, 1879. However, the popular terms oirronly used axe an
unhappy mixture of generic nanes (many of which are n obsolete
(Hantzsdiel, 1975) or have been used in a broader sense; TigilZ.ites,
for instance, is widely used to describe ail vertical burrow's), and
descriptive tents derived fran the norphological classification of
Lessertissei.ir (1955) (e.g. Bilobite, from bilcbate tracks). It is
considered desirable to discontinte the use of these terms replacing
them by generic (and specific) narres where possible, and where not
possible, by Irorphological or ethological terms.

The Palaeozoic trace fossils of Arabia have attracted less
attention than those of North Africa. However, Pciiers et al. (1966)
and Wolfart (1981) recorded the presence of a ntatber of ichnogenera
in the Palaeozoic strata of Arabia, and Selley (1970) undertook
detailed ichnofacies work on the Cairbro-Ordovician succession of
Jordan (Table 2.4).

The norphological description of trace fossils favoured by
Gthler (1966), and based to a large extent on sanles collected and
observed in the Palaeozoic succession of the Sahara, was a nodified
version of the largely norphological classification of Lessertisseur
(1955). In Lessertisseur's classification (1955) the traces of
invertebrate activity were divided into those on the bedding surface
(exogenic traces; e.g. sirrle bilcbate and trilobate crawling trails,
spiral and starlike feeding traces and resting traces), and those
created within the sedixrent (endogenic traces; e.g. feeding traces,
vertical and horizontal burrs and tunnels). Althoui Lessertisseur
(1955) divided his two main categories largely on the basis of their
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IGE	 ICHN(XERl½. & SPECIES

	

Pevaiiari	 Fraena Bouault

Skolithos

Rusophycus

	

Si1urin	 SkoUthos

Har2ania

	

Cano-	 liarlania

OrdOViClan	 Rusophycus

Sablarifs duf.renoyi (Pouault)
Cruziana furcifera d'Orbigny
Cruziana goldfussi (Rouault)

Cruziana huberi (Meunier)

Dip licimites

Ichnyspica

Incifex

Tasmanadia

Meres tomichnites

Skolithos

Fraena 1uau1t

dified after PGers et al. (1966), Selley (1970)
and Wolfart (1981)

Table 2 • 4 TR10E SSILS OF THE C BRThN '10 tEIAN STTh OF APABIA
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three-ditrensional gecztetry, he also divided them according to an

ethological classification (i.e • one based on interpretation of the

type of activity represented by the trace, whether it be resting,

feeding or lcxxtrotion). Gubler (1966) droed the ethological can-

ponent of Lessertisseur's classification (1955) and adted a purely

rrorphological classification which is in sitstance very similar to

that adcted by Horitz (in Frey, 1971). Horcwitz (idem) also used
a bipartate division between intrastratal structures and bedding-

surface structures and divided t the trace fossils within these

headings according to their shape. His classification also tcok

accamt of the filling or internal pattern, the size and the orien-

tation of the trace.

A nodification of Gubler's classification provided the basis for

an initial description of the trace fossils camnly found in the
Palaeozoic successions studied in this thesis (Table 2.5). It should
be noted that the disadvantage of this classification is that sane

traces may be considered both exogenic and endogenic. For exairple,

rectilinear, regular surface traces such as Arenicolites may also be
classified as siirple non-rectilinear internal traces. This can have
the result that the sane trace fossil may have two different narres,

For instance, BiJgites is thouat to be the surface expression of
Diplocraterion or a similar U-shaped internal trace (Seilacher, 1969).

additional prdlenE arise in attemrting to define which traces are

surface traces, which are burris in relief, and which are traces at
bed interfaces. Arthrophycus, and the other endogenic burrs in

relief (e .g. Scolicia) have appearances characteristic both of bedding

plane and internal trace fossils. They might therefore be considered

both endogenic and exogenic, but the presence of internal structures

within the trace fossil indicates that they are best considered endo-

genic traces which have nodified the bedding interface as well as the
internal structure of the bed. In the case of Arthrophycus (see Fig.
2.6), which has a corrplex internal structure of spreiten which creates

an arc-Like webb of disturbed sedinent, it is fairly easy to make the

distinction. Honever, in many cases, no internal structure is visible.

A further classification prthlem is created by traces which vary

laterally and conseqtently belong to different subdivisions of the

classification. Fraena, for instance, can be unilthate or bilobate.
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Unilthate	 Agrichniwn
Fraena

_____________ Gyrichnites

Bilthate	 Climactichnites	 Halopca
Cruzicoza	 Isopadichnus
Diplichnites	 Rusophycus
Fraena
Gyrochorte	 Sagitticimus

NIC TRACES	 Trildate	 Xouphithniwn
(tracks & traces	 Merestomichnites 	 Scolicia
ai the bed	 Protichnites
surface)

Meandering	 Cochliclmus
Nereites

Regular	 Curjeifonit	 Paleodictyon

Rectilinear Arenicolites
Bifw2gites
Corophioide

__________________ __________ _____________ Diplocraterion

Arthrophy cue	 Plonolitea
Burrs	 Fucusopsis	 Phycodes
in relief	 Palasophycus	 Scolicia

(Scoysnia)

DNIC TRPCFS
(tubes & burr qs	 Traces at	 Naonere.ites
within the bed) bed inter-

faces

Internal	 Sinpie	 Cylindxi awn	 Siwlithos
traces	 rectilinear Monocraterion	 Tigillites

Sabe lkuifex

Sinle na-	 Arenicolites Corophioides 	 plocraterion
rectilinear

Cclrplex	 Dasdal-us Spirophyton Zoophy cue
helicoidal

Other cauplex Asterosoma	 Rosselia
arrangelrents_______________________

Others	 Lockeia ( Pelecypodichnus)

*Not present in rocks older	 dified after
than Rexuiian but used by	 Gubler (1966) and
Seilacher (1964) to define	 Lessertisseur (1955)
a nau-xnarine idmofaoies

Table 2.5

MRMOIOCAL SSIFICATIG OF TRACE FSILS ITR EXAMPLES FRCM CIAM-DEVThN

STRATA, NORIE AFRICA iD ARABIA.
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Martinssai (1970) devised a descriptive system for trace fossils
to distinguish traces on the upper and ler surfaces of a bed (the
casting msdiunO, traces within a bed, and other unusual ipes of
traces (Fig. 2.2). The main distinction in Tartinsscn's system
(1970) is between traces which are present on the tper surface of a
bed (Epichnia), on the ler surface of a bed (Hypichnia) and traces
present within the bed (Endidmia). In Table 2.5 all the endogenic
traces are Endidinia, whereas the exogenic traces may be preserved
as indentations and grooves cn the uer surface of a bed (Epidinia)
or as protuberances and ridges on the sole of a bed which was laid
down on a surface with tracks and traces on it (Hypidmia).

Trace fossils lend themselves to an ethological, genetic
interpretation because they generally reflect the behaviour and
activity of the organisms which produced them rather than the physio-
logy of that organism. Indeed different organisms with similar
behaviour may create identical traces. Their traces, therefore, are
of great va1i in interpreting the oonditions which existed when they
were alive, but are of limited val in dating the rocks in which
they left their mark. Seilacher (1953) recognised that organisms
generated traces not only through the activities of resting, feeding
and loconotion (as in the classification of Lessertisseur, 1955) but
also as a result of their occupation of dwelling structures * His
ethological classification (1953) (Fig. 2.2) also took into account
the fact that a locc*Totion trace created while feeding (a grazing
trace) should be distinguished frQn one where the trace was produced
purely by locotion (a crawling trace) and, similarly, that feeding
structures within the sedinent should be distinguished from struc-.
tures created purely for dwelling. The Latin terms for resting,
crawling, grazing, feeding, and dwelling traces used by Seiladi.er are
not generally adcted here, but in using the English terms it should
be noted that a feeding trace is one created within the sedinent and
not on it, whilst a grazing trace is a surface trace which may or may
not form a coirplex surface pattern.

The fact that organisms may burrcM along buried bed interfaces
creates a difficulty in relating norphological to ethological
classifications. Whereas all endogenic traces were created within
the sedirrent body not all surface traces wee created at the
sedinent-water interface. 2s already noted, nost surface traces axe
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rousing a load impression among
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i #d	 ENDICHNIA
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hypirhniol r,dges	 exichn,ol burrow cools
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Diagrairrnatic representation of toponanic terminology
suggested by Mrtinsson (1970) and shan in cross
section (MarUnsson, 1970, p. 327). (Stippled areas
are siltstones arid ruled areas, shales. For descrip-
tive terms at right refer to bed A.)

Both diagrams from Hantzschel (1975).

Figure 2.2	 EiOWGIL AND 'IOPCIYIONIC TERNINOLOGIES FOR 'ICE
RESILS
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resting, crawling or grazing traces, but: sate were created by horizon-
tal burxcing alcng a bed interface and by the subsequent collse of
the overlying bed into the burrfl (e.g. sate varieties of Cruziana,
Webby, 1969). Such a trace fossil, of burri origin, is difficult to
distinguish from a hypichnial cast of a resting, crawling or grazing
trace, because no internal structure of the burri has been preserved.

Trace fossils and their associations have been shown to be
particularly useful in palaeogeographic investigations because of
their autoththonous nature. Since they cannot be displaced, they
provide unequivocal evidence of life on or within the sedinent.
Since they also provide evidence of life-style or behaviour, which
was determined to a large extent by the local environrrent, they are
good facies indicators • Seilather (1967), after itre than ten years'

rk on the	 , showed that characteristic trace fossil assem-
blages occur in the sane facies in rocks of different ages and loca-
tions. Each such asserrblage, he argid, is characteristic of a
particular environirent and is oonpsed of associations of trace
fossils which oonstitute ichnofacies. The identification of differ-
ent ichnofacies represents one part: of the process of defining a
facies. As a rough generalisation, shallow water ichnofacies are
tharacterised by vertical tubes, burrowing structures, dwelling
burrows, and resting inpress ions whereas, in rocks of deeper water
origin, trace fossils with car1icated spreiten structures and many
varied and patterned grazing trails are characteristic. Shalloi-
water environxtents, therefore, are characterised by high-energy
currents and ccnsegntly by suspension feeders. These organisms
are gradually replaced in deeper water, lower energy environitents, by
increasingly elaborate sedirrent feeding organisms, living both within
the seditrent and at the sedinent-water interface. It was also shown
(Seilacher, 1967) that the trace fossil asseirblages of flysth depos-
its are dominated by grazing trails, those of epi continental and
paralic nolasse deposits are characterised by resting traces, and
those of predaninantly fluviatile and continental deposits, with only
periodic marine inundations, are d-iaracterised by all the ethological
associations except oDrrplex grazing trails.

The trace fossils thserwd in this study in the Palaeozoic
successions of Libya and Saudi Arabia are illustrated in Figures 2.3
to 2.9. The fonretions and facies in which the trace fossils were



Figure 2.3	 EXCGENIC TRZCES : SURF2CE PRPJIS AND TR1½CKS

Scales: lens cap and Libyan ocin, 5 cm and 2 cm diairethr
respectively; hamner head, 15 cm long.

For locality ners see Fig. 3.5

Upper far left : network of trails on a rippled surface of
fine-grained sandstone. From facies RBSdSt,
Tadrart Formation, locality 13.

Upper middle left : arthropod track oDnsisting of narroc median
furroi, flanked on both sides by regularly-spaced
leaf-shaped lthes • Similar to Nereites but not
meandering. Frau facies RBSdSt, Tadrart Formation,
Tihererin.

Upper middle and far right : ?Diplichnites. locomotion traces
of arthiopods, ?trilobites. Note tricuspate scratch
marks in right hand specimen (Seilacher, 1970).
This specimen is also similar to Merestomichnites, a
eurypterid track. Left hand sample fran facies 2,
Sag Formation, near Anz. Right hand sample from the
top of the Tanezzuft Formation, Jabal Iclinen.

Iøier far left : Frczena. Bilobate and unildate simple surface
tracks that may be striated longitudinally or trans-
versely. Also nd Rouauitia. This example is a
bilobate track on a rippled sandstone surface. Fran
facies 2, Sag Formation, near Anz.

Iøer middle left : Fraena or Agrchniwn. Sfltle unilobate
sinuous surface track, 2-4 irm wide. Developed on
the surface of a rippled sandstone of facies RBSdSt,
Tadrart Formation, locality 2.

Loier middle and far right : arthrcpod tracks. Similar tracks
to those shcwn in the upper middle left photograph.
Fran facies RBSdSt, Tadrart Formation, Tihererin.
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Figure 2,4	 CRUZIANA, RUSOPHYCUS 2ND SCOE,ICIA

Scales: lens cap and Libyan coin, 5 an and 2 cm diarreter
respectively; penknife, 2 an wide.

Bbr locality nuthers see Fig. 3.5.

Upper far left : Rusophycus. Bilobate resting trace of an
arthiopod, ?trilobite. From facies RBSdSt at the
top of the Acacus Formation, locality 9.

Upper middle left : Cruzi-ana acacen.sis. Bilobate deep resting

()	 burrcyy or nest of a trilcbite that is characteristicof the Acacus Formation (Seilather, 1970). From
facies PBSdSt at the top of the Acacus Fbrmation,
locality 9. Sarrle is present on a slab of rodc
used as a beduin tathstone.

Upper middle right : Cruziana. BildDate crawling trace of an
.	 arthiopod, ?trilobite. From facies RBSdSt, near the
-' top of the Tadrart Formation, Tihererin. This is an

examrple of the smallest of the Cruziana species seen
in this study.

Upper far right : Cruziana. From facies RBSdSt at the top of
the Acacus Formation, locality 9. Smaller species
than C. acacnsis.

Lower left : Scolicia (and Cruziana acacensis at bottom).
(E)	 Weakly trilobate and bilobate band-like, gastropod

trails. Occur both as surface and internal trails.
From facies RBSdSt at the top of the Acacus Formation,
locality 9. In Lcrr Palaeozoic and tvonian sedi-
mrents, Scolicia is thought to be a marine indicator
since gastropods first occupied non-narine habitats
in the Carboniferous (Clarkson, 1979).

Ii,r middle and right : Cruziana. From fine-grained inter-
calations within the sandstones of the Saq Formation,

'' /	 facies 1, in the region of Jabal Saq. Generally
present on the sole of fine-grained cross-laminated
sandstones lying above thin mnicaceous siltstone beds.
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Figure 2.5	 FEEDG BURIOWS AND SIME'LE BtYT IRIEGCJLR SUREACE
TRAILS

Scales: lens c and Libyan coin, 5 a and 2 cm diarreter
respectively.

Left upper and lcr : a1l subparallel sinuous traces. 	 y
(/.) b	 be either internal burrows (e.g. Paiaeophycus or"c' -'	 Fucusops-zs) or sinpie, but irregular unilthate grazing

trails (e.g. Fraena or pessibly Agichniwn). Upper
saxiple fran the top of the Tanezzuft Formation, Jabal
Idinen; bottan sanpie from facies 3, Tabuk Formation,
Jabal Hanadir.

Middle upper : Palaeophycus. Cylindrical or sthcylindrical
(ft)	 burrcM that is carmonly unbranched and has srrooth

wall surfaces. Burrcs may be orientated mDre or
less thliqly to bedding. From facies EBSdSt,
Tadrart Pbrnation, Bir Talauaut.

Middle lcier and right upper : Palaeophycus and/or Fucusopsis.
.	 Cylindrical or scylindrical burris. Sinuous
"	 burrcs with srtooth walls or faint longitudinal

striae may be attributed to Palaeophycus, whilst
straighter burrciis with thread-like sculpture may
be assigned to Fucusopsis. Ioier sanple fran the
Tiil ?ther of the Tabuk Formation (Løqer tvonian),
near Al Mayyah; upper sairple fran a fine-grained
sandstone in the Ouan Kasa Formation (Middle 1vonian)

Right liier : Gyrc1mites. Unilcbate trail corrprising a rounded
(F)	 furrcw marked transversely by nearly straight grooves.

From Mrar Formation (Cathoniferous), 30 km southeast
of Al Awaynat.
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Figure 2 • 6 	 ARTHROPHYCUS ANt) ASTEROSOMA

Scales: lens cap and Libyan cxin, 5 an and 2 an dianeter
respectively; penknife, 9 an long.

For locality nutbers see Fig. 3.5

Left and upper right : Arthrophycus. Bundles of backfilled,
annulated sedinent-feeding burrows, with an internal

-"	 c1vrcn pattern of spreiten; characteristically
arranged into a paam-frond appearance, but also
present as nearly straight burrows (upper left).
Generally present on the sole of fine-grained
sandstone beds lying above argillaceous siltsthne
or shale beds in facies CSdSt. The pa:lm-frond
variety are characteristic of the Acacus Formation
wbereas both varieties are present in the Tadrart
Formation. Upper left, from Tadrart Bbrmation,
locality 4. Loier left, fran Tadrart Formation,
locality 7. Upper right, fran Acacus Formation,
locality 10.

Løier right : Asterosomz. Radially backfilled burrow
system of a sedinent-feeding organism. From

I	 facies PBSdSt, Tadrart Formation, locality 2.
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Figure 2.7	 SKOLITHOS VERL'ICPJL BURS

Scales: lens cap and Libyan coin, 5 an and 2 an dianter
respectively.

For locality nurthers see Fig. 3.5

Upper left : characteristic vertical burrows of facies VIBSdSt.
Tadrart Formation, locality 13.

Lower left : characteristic vertical burrows of tbe Aouinet
Otnine Formation with annular ornarrent on the
inside of the burrow. This specirren is fran Gour
Iduka.

Niddle and lower right : t varieties of vertical burrow

E . 
cbaracterise the Haouaz Formation both of which

-' are smaller than those of the Tadrart Formation
Sirr1e tubes (per middle) contrast with poorly
defined vertical tubes which are slightly larger
and which produce an irregular nobbly appearance
on the upper bedding plane (lower middle and
right). The distinction may be in part de to
differing degrees of cntation, however.
All three exairles from tbe Qaxqaf region.

Upper right : vertical burrow displaying a radial stellate
(C	 pattern on the upper bedding plane of a sandstone

of facies 3, Tabuk Formation, Al Qara.
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Figure 2.8	 E'TD(XENIC TRACES

Scales: lens cap and Libyan coin, 5 an and 2 an dianeter
respectively.

For locality nurers see Fig. 3.5

Upper left : Pl-cznolites. Cylindrical or scy1indrical
f	

sedinent-feeding infilled burrciis, horizontal
'Th	 and oblique to bedding planes and penetrating

the sedinent in an irregular fashion. Similar
to Paiaeophycus. From the tqD of the Tanezzuft
Formation, Jabal Idinen.

Iøier left : Bifungites. Duith-be 11-like structure, present on
(b	 sandstone bedding planes, that may be the surface

/	 expression of Dip locraterion or similar U-shaped
burro..is (Seilather, 1969). This specinen is
fran the Iøer Bifungites Zone of the Aouinet
Ouenine Formation in the rqaf region.

Middle upper and lcwer : Corophioides. 	 d-shaped structure
on sandstone bedding planes. Thoi4t to be the

,E)	 surface expression of U-shaped spreiten burroas
that vre perpendicular to the bedding plane.
Both specirrens fran fades RBSdSt, Tadrart
Formation. Upper san1e from locality 2,
1ier sarrple fran locality 16.

Right upper and lcwer : Spirophyton. Caiplex internal
/	 sedinent-fding trace, similar to Zoophycus,
LC, F)	 but smaller, and displaying a circular outline

around the spreiten. Spirally-coiled conical
and planar forms exist. The conical-circular
trace is attributed to lateral migration of the
organism, and backfilling of the burrcw
(Seilacher, 1969). Both san1es from facies
PBSdSt, Tadrart Formation. Upper sanple from
locality 17, lr sanle fran locality 2.
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Figure 2.9	 VARIETY OF END(XENIC ND EKCXIC TRPJCE EtSSILS,
SX1E OF UTcERThI FFILITIES

Scale: lens cap is 5 an dianeter.

For locality nutbers see Fig. 3.5.

Upper far left : Rossel-za. Cylindrical burrows, coitrconly
obliqt to bedding, present within a chanter

' -'	 filled with concentric layers of matrix that are
generally strongly weathered. Thoiht to be
eit1r the dwelling burrow of a seniisessile suspension-
feeding organism, or the burrow system of a sedinnt-
injesting organism similar to that of Asterosoma
(Seilacher, 1969). The central burrow on the right
of the picture is 4 an long. From facies CBdSt,
Tadrart Brmation, locality 17.

Upper middle left : crescentic bedding plane trace fossil with
longitudinal ribbing. Probably attributable to
Arenicoloides, and possibly the preserved lowest part
of a Corophioides U-tube (Haritzschel, 1975). The
trace fossil in this photograph is 2 • 5 an from horn
to horn of the crescent. Fran facies RBSdSt, Tadrart
Formation, locality 5.

Upper middle and far right : two varieties of horizontal feeding
(c ) burrows of uncertain affinities. The one on the right

1	 may be a variety of Phycodes. Fran facies RBSdSt,
Tadrart Formation.

Ler left : cylindrical, ttspirally" annulated trace fossil of
(E)	 uncertain affinities. Similar to Dip lichnites. Fran

facies SdSt at the top of the Acacus Formation,
locality 8.

Iø.ier middle and right : trails and resting traces. Possibly
attributable to Sagittic7znus. Fran facies RBSdSt,

/	 Tadrart Formation, localities 1 and 13.
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found, and their localities, are reoorded in the descriptions of
these figures sincE they act, in this thesis, as a reference set of
thotogras for the description of the facies given in Chapters 3, 4
and 5. Exogenic traces are illustrated in Figures 2.3 and 2.4, the
majority of whith are irregular (Cf. Table 2.5) and are thought to
be arthropod tracks and trails (i.e. crawling and possibly grazing
traces), and resting traces. In nost cases the type of arthropod
responsible for these traces is uncertain but, in the case of
Merstomichnites, eurypterids are thought to have been responsible
(Hantzschel, 1975), and Cruiana and Rusophycus are thought to be the
crawling and resting tracEs of trilobites (Crirres, 1970; Seilacther,
1970). Scol-zc-ia (Fig. 2.4) may be both an exogenic trace and an
endogenic trace (Table 2.5), and is thought to be the grazing and
feeding trace of a gastropod (Seilacher, 1978, pers. ccirm.). In
Figure 2.5 feeding burrs and siuple but irregular surface trails
are illustrated. In sane cases it is very difficult to establish
whether the traces axe exogenic or endogenic (e.g. Palaeophycus,
Fucusopsis and Fraena). In other cases, hever, a burrriw'-origin
nay clearly be established, and in the case of Gyrichnites a surface
crawling-origin may be oonfidently proposed.

Endogenic traces are illustrated in Figures 2 • 6, 2.7 and 2.8.
Arthrophycus, a burrc trace preserved in relief, and Asterosomz, a

rlex internal trace (cf. Table 2.5), are both sedirrent-feeding
organisms (Fig. 2.6). Skolithos (Fig. 2.7) is a sirLple rectilinear
trace (cf. Table 2.5) and is perhaps the Itost canton trace fossil in
the sedinnts studied. This idmogenus is badly in need of ironogra-
phic treatrrent (Osgood, 1970). Although Skol-ithos and Tigillits
are distinct but overlaing genera (the description of the fonter
includes Irention of a fu-inel--shaped top to the tube whereas no
rrention is made of this in the description of the latter; Hantzsthel,
1975) the two terms have often been used synanynously. Furtherrrore,
the term used for vertical burrs tends to be determined by the
nationality of the user rather than by any characteristics of the
trace: the French and '2ennans use the term Tigillitss (Gubler, 1966;
Beuf et al., 1971; Klitzsch, 1969), the Italians use the naire
Sabellarifex (Desio, 194th) and the Arrericans use Scol-ithus (Pers
et al., 1966). In the text of this thesis the narre used by the
author quoted has been enployed unless the present author has
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personally studied the succession in qtstion, as to &, otherwise
would lead to an even greater uncertainty about the tharacter of the
trace fossil being described than already exists. Monocratrion is
distinguished from Skoiithos by the presence of depressed laminae
adjacent to the burrows, annulation inai1s on the burrow, and "trutpet
pipe" fme1 structures. The difference between these two trace
fossils may be a result of the different activity of one burrowing
and filter-feeding organism, the forer being created by uiard
rroverrent of the organism in the burrow, the latter from itinuous
occiation of the burrow (Gcldring, 1962; Hantzsthel, 1975). A
variety of en&genic trace fossils is illustrated in Figure 2.8, two
of which have exogenic, regular and rectilinear surface expressions:
Bifungites and Corophioides (see Table 2.5). These two trace fossils
have a similar appearance to Piano iites but are distinct in being the
traces of U-shaped burrows whereas Piano iites is the trace of a
burrowing organism whidi created an dulating burrow system through
the sedirtent. Spirophyton is a oDrrplex helicoidal, internal trace
fossil fonred by a sedirrent-feeding organism. It is similar to
Asterosoma (Fig. 2.6) and Rosselia (Fig. 2.9) both of which share a
otplex internal structure. Finally three exairples of engenic, and
three of exogenic traces of uncertain affinities, all from the Jabals
Akakus and Tadrart, are illustrated in Figure 2.9. The enthgenic
traces (top right) were probably produced by sedirrent-feeding burrow-
ing organisrrs whilst the egenic traces (bottart) may be the crawling
and resting traces of arthropods.

The majority of the trace fossils reoDrded in the Carrbrian to
Ivoniaii sedirrents of North Africa and Prabia (Tables 2.1-2.4; Figs.
2.3-2.9) belong to the following ichnofacies of Seilacher's bathy-
iretric zonation (1967): Scoysnia (non-marine), Skolithos (littoral)
and Cruziana (shallow-marine, sub-littoral) ichnofacies (Table 2.6).
Qily a few ichnogenera are present which belong to the ichnofacies
characteristic of deeper water depositional environirents (Zoophycus
and Nereites ichnofacies). These are Daedaius Spirophyton Zoophycus
(corrplex helioDidal, internal, sedinent-feeding traces), and Nereites
(neandering, surface grazing traces) (Table 2.5). When Seilad-ier
visited the Jabal Tadrart and at regions he recognised trace fossils
typical of the Cruziana and Skolithos ichnofacies in the Lower
Palozoic and JJeijonian successions. He considered, however, that the



ICHNOPACIES	 LSCRIPPIC	 GEEJ.
(nanEd after
typeichnonus) __________________ ____________________________

Scoyenia	 Non-marine assem- Arenicolites
blage tharacter- Cochlichnus
ised by tracks	 C7yindricwn
and vertical	 Fuersichnus (Phycodes type)
buriows Isopodi ehnus

Kouphichniwn
Lockeia
Merestornichnites
Pa Zaeophycus
Phy codes
Plctnolites
Protichnites

Skolithos	 Assth1age of	 Arenicolites
vertical and	 Bifungites
U-hedburims	 DipiocYxzter2on
created by suspen- Monocraterion
sion feeders adju- SkoUthos
sting position in Tigillites
littoral sands in
respcse to
sediuentaticn

Cruziana	 Arthrophycus
Ass1ages of	 Paiaeophycus
feeding tras	 Phycodes
arid tracks	 Planolites
created inAs terosoma

	

	 As teros omawell-sorted
s1i.aflcw-narine	 Cruzi- ana

lVeonerej.tessands and
Spirophyton	 silts	 Corophioides

Sco lici a
Spirophy ton

t)dified after Seilacher (1964,
1967, 1969) and Pollard (1980).

Table 2,6	 ICHN0F7CIES OF CZBRtAN '10 DE\?CIThN SPRTA,
NORI'H AFPI AND APABI2
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Scoyenia ithnofacies was absent in the successions he studied (1969).
He further argued that the Spirophyton in the Dewnian successicrs
should be assigned to the Cruziana idmofacies and that io separate
trace fossil assenblages existed within this ithnofacies: the
Spirophyton and Asterasoma asseni1ages (Table 2.5). He considered
these assenblages, by analogy with Ordovician Nubian-type sandstcnes

in southern Jordan (Bender, 1963; cf. Selley, 1970), to be related to
different subenvironnnts of a channel system diaracterised by differ-
ent current strengths. This is an exanple of the way in which
Seilather's initial bathinetry nodel (1967) has been irodified over
the years as it has been realised that marine trace fossil assenbiages
are not solely depth-dependent but, as Osgood (1970) and Frey (1971)
have pointed out, such factors as nutrient supply and substrate type
probably influenced the ccirposition of the idinocoenoses to an equal
degree. Indeed Osgood and Szmuc (1972) questioned the value of
Zoophycus (similar to Spirophyton, see Fig. 2.8) as a bathyrretry
indicator, as they cbserved that it can occur both in shallow and
deep water sediments. In the liit of this evidence, the presence of
Dasdalus and Spirophyton cannot be considered to provide any strong
support for deeçer-water idinofacies than the Cruziana ichriofacies.
Nereits was recorded in the Acacus Formation by Isio (l94Cb, Plate
XI and p. 70) (Table 2.1) and a trace fossil similar to Nereites fran
the Tadrart Formation is illustrated in Figure 2.3. In both specitrens
the track is fairly straightwith occasional minor changes in direction.
They are distinct, therefore, fran the classical ireande ring grazing
traces of Nereites figured in Hantzschel (1975) and may, perhs, be
irore reasonably assigned to Gyrochorte or Halopoa (Hantzschel, 1975).
In conclusion, little evidence exists for the presence of trace fos-
sils of the Zoophycus and Nereites ichnofacies, which provides some
evidence for shallow marine (sub-littoral and littoral) depositional
enviromients, noithstanding the argurrents of Osgood (1970) and Crimes
(1980) that Seilacher' s ichnofacies bathymetrv concept (1967) was a
serious oversiirlification.

It is very difficult to establish from the trace fossil assem-
blages present in the Palaeozoic successions studied whether any
evidence exists for non-marine depositional environments. Studies of
terrestrial trace fossil assemblages have concentrated on sozoic
sediments, particularly those of the Triassic (Seilacher, 1967;
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Pllard, 1980), since the developient of a full oDirplerrent of terres-
trial organisms did not occur until xnudi later in geological history
than the developient of a full marine fauna. Hcwever, in the
tonian, insects and terrestrial arthiopods occied non-marine
habitats (Clarkson, 1979; 11ard, 1980) and, therefore, it should
be possible to use the traces of these organisms in ithnofacies
studies. The trace fossils characteristic of the Scoyen-za icbno-
facies are listed in Table 2.6. They omprise exogenic crawling and
resting traces and endogenic vertical and horizontal burrci.is. The
vertical burrcis may have been occupied by insects (elling traces)
whilst the horizontal burrois were probably fonred by terrestrial
soft-bodied, sedirrent-feeding organisms similar to their marine
counterparts. Distinguishing these trace fossils from those fonred
in the shallow-marine realm is dependent, therefore, upon the recog-
nition of insect-fonred burris, and traces forired by terrestrial
arthiopods. Scoyen-ta, the type trace fossil of the non-marine
ichnofacies, is not found in earlier sedimarits than those of the
Perrnian but nost of the other trace fossils of this icbnofacies are
recorded in tvcnian rocks and sone of them in Lcer Palaeozoic rocks
(Pollard, 1980; Hantzschel, 1975). Unfortunately, the trace fossil
considered by Seilacher (1970) to be a facies indicator for a non-
marine environnent, Isopodichnus, is considered by others to belong
to the genus Cruzicma and/or Rusophycus (Hantzschel, 1975; Bromley
& Asgaard, 1979) iirplying that, in this case, the traces produced by
marine and non-marine arthiopods may not be distinguished at generic
level. Similarly Cylindricuin, a genus typical of the Scoysnia idino-
facies and thought by Pollard (1980) to be the d1ling burr g of
insects, is considered by Brornley and Asgaard (1979) to be synonynus
with Skolithos. Arthropod tracks and resting traces other than
Cruziana and Rusophycus were aily rarely observed in this study.
Soire exairles of the foot-like iirressiais, scratch marks and resting
traces cbserved are illustrated in Figures 2.3 and 2.9. Apart fron a
tentative recognition of Mersstomichnites in two specirrens (Fig. 2.3,
upper middle and far right) none of the trace fossils of arthropods
characteristic of the Scoyenia ichnofacies was observed. This sug-
gests that subaerially-forned exogenic traces were only rarely pre-
served, if at all, in the sedirrents studied. Of the other trace
fossils observed which axe characteristic of the Scoyenia idmofacies
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ncne vere exclusive to that ichnofacies, being- also tharacteristic of
the Skolithos or Cruziana idinofacies. Clearly ichnofacies defined
at generic level and considered alae do not provide sufficient evi-
dence to adequately distinguish the idmocoenoses of sub-littoral
and littoral fran fresh-water and subaerial environnents in this
study. It is necessary to define the trace fossils nre precisely,
to relate these assemblages to observatja-is of similar assemblages
elsewhere, to make ethological interpretations of the trace fossils
and to relate them to all the sediirentary evidence on depositional
environnent of the beds in which the icbnofossils were found.

The irost conrron trace fossils in the sedii-rents studied are all
characteristic ichnogenera of the Skolithos and Cruziana ichnofacies.
Little evidence exists, therefore, for a well-developed Scoyenia
ichnofacies. It was found, hcwe'ver, that the folliing assemblage
of trace fossils was characteristic of thin bioturbated, argillaceous
intercalations within the coarser-grained beds of the Nubian-type
sandstes: Arthrophycus, Skolithos, Cruziczna and Paiaeophycus.
These coarser-grained beds have been interpreted as fluviatile and
estuarine deposits (see Ciaps. 3 & 4) and, oDnseqtntly, this
"Arthrophycus assemblage" is considered, contrary to Seiladier (1969),
to be evidence for restricted marine or na-i-marine conditions, con-
trasting with the en-narine conditions inferred from the much itore
diverse trace fossil assemblages characteristic of the finer-grained
beds of the Nubian-type sandstones.

Finally, the trace fossils illustrated in Figures 2.3-2.9 draw
attention to age-related scale changes in three ichnogenera:
Cruziana, Skolithos and Arthrophycus. Carthio-Ordovician and Silurian
Cruzicma species axe larger than their Laier Devonian counterparts
(Fig. 2.4) , whilst the Skolithos species characteristic of the
Ordovician Haouaz Formation is significantly larger than its equiva-
lent in the Devonian Tadrart and ouinet Ouenine formations (Fig. 2.7).
Corrparison of Skolithos species must be treated with care, hcever,

iing to the pcor definition of the genus. Lastly Silurian exarrles
of Arthrophycus fran the Acacus Formation are considerably larger
than those from the Ioer Devonian Tadrart Formation, although a
range of scales and types is present in the Tadraxt Formation (Fig.
2.6).
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3.1 Introduction

3.1.1	 Stratigra-iy

In this chapter a fades study of the Ivcriian Tadrart and Ouan Kasa

formations is presented. The Tadrart Formation carrises a thick suc-
cession of sandstones and very subordinate siltstones which forms the

upper part of the blanket sandstone kncn as the External Tassilian

Sandstones (Kilian, 1931) (Table 3.1). The lcer part of this blanket
sandstone is cnsed of the massive sandstones of the uçer part of

the Acacus Formation. The sandstones of the Tadrart Formation have

not been dated on direct evidence in Southwest Libya but they are

thought to be Siegenian/Emsian on indirect evidence (see Q-iapter 1,

section 1.3.3). Equally the uer part of the Acacus Formation (units

14 & 15, Table 3.1) has not been dated on direct evidence (Klitzsch,

1965a, 1969) although it has been argued, again on indirect evidence,

that it is not younger than Llandoverian (Klitzsch, 1969), of Ludlovian

age (Freulon, 1964), or of n1ockian/Eud1ovian age (Bellini & '1assa,

1980). The shales and subordinate sandstones and siltstones of the

Ouan Kasa Pbnnation, on the other hand, have been dated on the basis
of a marine fauna of brathiopods as Middle tvonian (Eifelian) (see
Chter 1, section 1.3.3).

Klitzsth (1965a, 1969) maasured sections through the Silurian to

Middle ]Jevonian succession of Southwest Libya which he established as
the type sections for the Tanezzuft, Acacus, Tadrart and Ouan Kasa
formations (Fig. 3.1) (Banerjee, 1980). He follcwed the divisions of
the succession proposed by ]sio (l936a, 1940a) for the Silurian and
Burollet (1960) for the Davonian. Burollet (1960) based his type

sections on the vrk of oil onpany geologists who had maasured

sections in the Jabal Tadrart (Collath & Heller, 1958; Colloith et al.,
1961). They recognised a regional unoifoniiity/disconforrnity surface

at the base of a succession of "ruinifonn' sandstones which they used

to define the base of the Tadrart Formation. Freulon (1964) published

the results of sections he maasured in the Jabals Akakus and Tadrart

at Wadi Takarkhouri and Takis set (Fig 3.2) and further south at In



0
.c''	 _-4

U)
0	 I

___ ___ _______	 ___.1	 U)U)-U)

0

U)
-	 U)

U)

o. .-Ir4	 -I

04

I

U)U)

(

U) m	 1Lfl
4 U)

H	
.U)H-

	

-	 -

_____________________ 	 1	 ___________________ 	 ________________________________ _____________________________

w 0
-

jE	 ar	 .m.'-I	 U)4) N-0	 )flOU)
W -4
0•. - -4	 -4	 - -4 '-	 -	 c4

U)

___ ___ ______ ________ ____
LI

U)	 U)
a)

z a)

a)
U) U)	 -4	 tO

-	

a) )	
a)	 U)-4 a)

U)

U)	 I. U)	(U 	 a) U)

a)	 (U4.	 •C	 a)
U)	 U) LOU)	 LU a) U)

_1
U)	 -'-I	 I

'-4

I	 ii
!'0

U) ______ ____	 ____ _____ _____

(U

tO

U)

4.)

H
t-)

-4

a.,
w
a.,

U)

H
C'.,
a)



0
0s
'-I

a'
.-1

'.4

'-4
(N

C0

I

.-14) Co

Co Co

'I-C

E
I-fl:)

a'

-4
'I

a'

S
-4

I
I

4-,
OC
Co

E

4,
Co

j

E
-1

Co

C-)

0)

'!:.1I	 E
i.

I	 I
::..

:;::::.:.
¶•\	 g.::.:::\

I	 °

4-,
CO

'ii

4-C	 Co	
Co

Co	 Co

. E	 Co	
Co44	 •I	 CO4-1

i.

CO

4j	 j

!	
• 	 C

2	 + •

ifflui
0\
'-C

a'
'-I

a'	 C
-C

I-0)
-C

9'

I
C14 Ea'

0-C
.bUCI
4)

0)

z
k

.?	 0o 0)0
U 0
(I) 0)'-

E
C

ky'3)

•YO4,

4'4

E
-4
CD



Pigiire 32	 IOC1TIC OF MEASUID SECL[aS, 3ABLS AXPKUS AND

TADRHL'

rp anstructed from Figures 1.7 and 1.9.

The author's nasured sectia-is (marked in red) and those

reported by Bellini and Massa (1980), Collath et al.
(1961), Freulaa (1964) and Klitzsch (1965a) give an

indication of the availability of stratigraphic data

in the axa. The dashed lines shcyq the cxrrelations

established between individual sections to nke up five

oDnxsite sectics, the nartes of which are underlined

in red.
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Ezzan, in which he divided the External Tassilian Sandstones into a
lcMer unit (Grs & Hariania) and an upper unit (Srie de Takisset,
also Srie des Grs Rouge), separated by an iron-oxide enriched bed,
the Ikniouen Horizon (Table 3.1). Freulon (1964), therefore, recog-
nised tso major stratigra±ic breaks within the External Tassilian
Sandstones, that at the base of the Grès a Harlania, and that of the
Ikniouen Horizon. In. the author's field vrk two further inrtant
stratigraphic breaks were recognised, both within the Tadrart.
Formation, on the basis of vthich the External Tassilian Sandstones
have been divided into four sequences (Table 3.1), each of which is
characterised by a fining-iards grai.nsize pattern and each of which
lies above an unconformity/disconformity surface. ¶the interpretation
of the fades of these sequences indicated an i.ard transition fran
continental to marine deposition (see FLg. 3.6). Consequently they
have been tentEd transgressive sequences (Table 3.1).

The recognition of a nuither of transgressive sequences and
unconformity/disconformity surfaces in the External Tassilian
Sandstones of the Jabal Tadrart suggests that this blanket sandstone
has similar characteristics both in the Jabal Trart and in the
Tassili N'Ajjer (Dubois t al., 1969). Klitzsch (1965a, 1969, pers.
ccnn. 1978) and Ui.rii and Massa (1980), however, c1aind that only
one major regional unconformity exists, that at the base of the
Tadrart Formation. Additionally Bellini and Massa (1980, p. 29)
argued that this unconformity is marked by a sharp grainsize break
which clearly distinguishes the Tadrart Formation from the Acacus
Formation and which represents the initiation of a cycle of sediman-
tation through to the Middle Devonian. Furthernore it has been
argued that the unconformity at the base of the Tadrart Formation was
caused by mioverrents associated with the Caledoriian Orogeny (Ardennian
phase) (Furst & Klitzsch, 1963; Bellini & Massa, 1980), and that the
Tadrart Formation, therefore, may be interpreted as a post-orogenic
deposit (Bellini & Massa, 1980, p. 16). It was found that little
evidence existed to indicate that the surface of .unconformity
and its correlative disconformity surface at the base of th
Tadrart Formation was any Irore or any less significant than the
other three similar surfaces recognised within the succession.
It was neither clearly associated with any greater degree of
angular truncation nor with any sharper grains ize transiticri than
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any of the other noDnformity/disconformity surfaces. Consequently,

rio evidence appears to exist to support the contention that the time

break at the base of the Tadrart Formation was greater than at any of

the other three uriconforinities. The evidence of four fining-uards

sequences lying above regional unconformity/disconformity surfaces is

support for an episodic, pulse-like sedimentation pattern of epeiro-

genic or eustatic origin (or a cc&bination of both) rather than

support for a concept of pre- arid post-Caledonian Orogeny sedimenta-

tion. Indeed, it is arguable whether the term "Caledonian Orogeny"

is applicable to the tectonic history of North Africa and arabia since

the continent of which they were a part was involved in no continental

collision or crustal rupture at the time of the closing of the lapetus

Ocean (Scotese et al., 1979) (see Chapter 1). The siitiilarity of the
facies of the Tadrart Fbrrration with those of the Internal and

External Tassilian Sandstones of the Tassili N'Ajjer (Beuf et al.,
1971) suggests that the stable cratonic tectonic setting thought to

be applicable to the interpretation of the Canbro-Ordovician blanket
sandstones (Beuf et al., 1971) is probably also applicable to these
blanket sandstones.

When the first field sections were measured by the author, the

base of a major sandstone bluff, which correlated with a massive

sandstone unit at the base of the type section (Fig. 3.1, see Fig.

1.18), was taken as the base of the Tadrarb Formation • It was

cbserved, hoiiever, that the base of this sandstone unit lay conform-

ably above thinly bedded sandstones and siltstones in some localities,
whereas at others the boundary was a loi-ang1e angular unziform-

ity. It was also observed that similar unconformity/disconformity

surfaces existed both stratigraphically higher, within the Tadrart

Formation, and lcwer, within the Acacus Formation. Consequently,

althoui the majority of the sections measured were measured on the

exposures of the Tadrart Formation, sate sections were also measured

on the exposures of the Acacus Formation in order that the facies of

the upper beds of this formation could be rpared and contrasted

with those of the Tadrart Fonnaticn. It was concluded that the thick,

massive cross-stratified sandstone at the top of the Acacus Formation,

and the thin overlying well-bedded succession (units 14 & 15, Fig.

3.1) display facies and vertical sequence characteristics which are
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very similar to those of the Tadrart Formation, and quite distinct
fran those of the underlying well-bedded succession of sandstones,
siltstones and shales of the 1cr part of the Acacus Formation
(units 8-13, Fig. 3.1). The conviction grew, therefore, that the
subdivision adopted by Freulon (1964) (Table 3.1) was a nre valuable
stratigra1iic franer rk than that of Klitzsch (1965a, 1969). The
reason that irore than one regional unconformity/disconformity surface
was not previously recognised is thought to be related to the nature
of these surfaces. They are easily recognised where a well-bedded,
fine-grained sandstone succession is truncated by massive sandstone
of an overlying transgressi've sequence. Hcy ever, where a massive
sandstone unit catpletely truncates a well-bedded sandstone succession
dcn to an underlying massive sandstone unit, the boundary is very
difficult to discern because of the similarity of the facies of the
beds above and belcw the boundary. It is a characteristic of these
massive sandstones that they display abundant scour and channel
erosion surfaces. To recognise a regional unconformity/disconformity
surface within a succession of the massive cross-stratified sandstones,
therefore, it is necessary to distinguish this type of surface from
penecontaioraneous channel and scour erosion surfaces. The only way
this can be done is by lateral correlation of detailed maasured
sections. Ideally these would be spaced much nore closely than the
five conposite nasured sections of this study (Fig. 3.2) but, in the
tine available, it was not possible to obtain a denser grid of strati-
graphic data. Nevertheless, the correlation of these corrposite
sections provided strong evidence for the presence of four fining-
upiards seqnces each lying above a regional unconformity/disconformity
surface. The geoitorphological study of the Jahal Tadrart and Jabal
2kakus (see Chapter 1, section 1.3.4) also provided support for the
presence of four sequences in the External Tassilian Sandstones. The
weathering of these sandstones in the study area into bluffs, slab
walls and slick-rock slopes revealed the presence of an alternation
of massive, laterally-persistent sandstone units and relatively fine-
grained, thinly-bedded sandstone units. The massive sandstones have
sharp basal boundaries, often erosive, and are persistent as strati-
graphic horizons throughout the study area. They irerge together in
the north of the study area and are difficult to distinguish. This is
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thoi4-it to be a reflection of greater truncation at each unconformity
surface in this area caused by contoran&us uplift of t1 Tihethoka
rth (see section 3.7).

Before describing the sections Ireasured, and the facies recogni-
sed, a brief description of the Silurian to Niddle Devonian succession
exposed in the Jabals Akakus and Tadrart is given. The 1errrost unit,
the Tariezzuft Formation (Fig. 3.1), carrises a lcwer 60 in unit of grey
and ye11 shales with sate thin fine-grained sandstone beds. This is
overlain by a middle unit, 170 in thick, of grey shale with very fine
to fine-grained sandstone and siltstone intercalations and thin to
thick beds. The upper unit is 170 in thick and is xnposed of green-
grey to black, bituminous and graptolitic shales • The occurrence of a
40 m thick fine-grained sandstone unit above the graptoitic shales is
used to maii the conformable boundary of the Tanezzuft Formation with
the Acacus Formation. The Tanezzuft Formation is of Lcwer Liandoverian
age (Klitzsch, 1965a, 1969) based ux its graptolite assenblages, and
is interpreted as being of open marine origin (Berry & Boucot, 1973a)
(Table 3.1). The succeeding Acacus Formation is catçosed of:
a basal 40 in thick, white to grey sandstone, in which sate silty shale
iritercalations are present, overlain by a 35 in thick grey, grapto-
litic shale. The shale is silty in parts of the succession and fine-
grained sandstone intercalations are present which display flute
marks, load casts and small-scale fining-upwards grainsize profiles.
bove the shale lies a succession of brown to grey, very fine to fine-

grained sandstones passing upwards to white sandstones. The sandstones
and intercalations of shale and siltstone are well-bedded in thin to
very thick bioturbated and rile-1aminated beds. Sate interference
rippled surfaces are present. The next unit upwards (unit 14, Fig.
3.1) comprises white to dark brcwn, fine to mediurn-grained and cross-
stratified sandstones, 135 in thick, which generally weather to a
massive bluff and are responsible for the vertical cliffs of the
Jabal Akakus (see Fig. 1.12). The sandstones are thickly bedded and
friable except where a strong ferruginous matrix is present. Thilijce
the succession beneath, biogenic structures are absent except in the
uperiiost beds where Arthzophycus is found. A 19 in thick grey, fine-
grained and poorly-sorted, argiUaus sandstone lies above in thin
beds (unit 15, Fig. 3.1). The sandstones ale bioturbated and strongly
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ferruginous, even 'tquartzitic" at the top, this being characteristic
of the boundary beten the Acacus and Tadrar formations (Klitzsch,
1965 a, 1969). The succession beneath uüt 14 carprises a regressive
coarsening-upiaxds	 nce of beds (Martindale, 1977) (see Chapter
1, section 1.3.3). It has been assigned to the middle and possibly
upper L1anverian by Klitzsdn (1965a, 1969) on the basis of the
graptolites in unit 9 (Fig. 3.1). No fossils were found in units 10
to 13 to provide any evidence of their age. Freulon (1964) described
the equivalent beds at Takisset (Fig. 3.2) as the "Zone die Passage"
(Table 3.1). He collected graptolites from a shale bed near the top
of this succession which were dated as 1cer Ludlovian. This is in
such stark contrast to the evidence of Klitzsch (l965a, 1969) and Massa
and Jaeger (1971) that sate doubt must be cast upon its validity. The
Grs a Haricmia beds lie above the Zone de Passage beds in Wadi Takisset
and are the equivalent of units 14 and 15 (Fig. 3.1 & Table 3.1).
These cross-stratified massive sandstones which pass uQards into
weU-bedded fine-grained sandstones arxl. siltstones are the beds of
the 1ciest transgressive seqnce of the External Tassilian Sandstones.
The only fossils found in these beds were reported by Freulon (l953a,
1955). He found "Gigantostraces" (the traces of eurjpterids) and
Pterygotus in the Grës a Haricinia, on the basis of which he argi.d
that these beds are Silurian in age (Freulon, 1964). The val of
these fossils, hGilever, is very limited for precise age deterrninaticn.

The base of the Tadrart Formation, and the Ikniouen Horizon at
the base of the Série die Takis set mark the base of the second trans-
gressive sequence (Table 3.1). Klitzsch (1965a, 1969) described this
boundary as an angular unconformity, dividing a succession which
weathered to rounded jabals lying to the west (and stratigraphically
bel) from one which weathered to "ruiniform" jabals to the east
(Figs. 3.1 & 3.2). He noted that the bed lying iirtrediately above the
boundary is carrron1y an iron-oxide cnented and silicified argilla-
ceous sandstone, although a white silty shale up to 1.2 in thick may
also be present. Freulon (1964) described the )]cnioien Horizon as a
one to three metre thick ferruginous crust of red and brn mnicaceous
sandstone which camonly displays cylindrical ferruginous Liesegang
bands. He noted that the Iknioien Horizon is one of a number of
ferruginous crusts developed within the Ectema1 ssi1ian Sandstones,
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associated with minor surfaces of erosion which display sane relief,
but are not associated with any angular unccnfonnity. He interpreted
these lxrizons as palaeosoils resulting from hiatuses and minor
localised uplift caused by Arcènnian phase epeirogenic novenents
(Freulcn, 1964). Adjacent to structurally positive arches, hciever,
such as the Tihcka Arch, Freulon (1955, 1964) noted that these
ferruinous crusts nay be locally associated with angular unconfonn-
ities of up to 7°. In contrast to the view held by Klitzsch (l965a,
1969) that the boundary is recognisable on the basis of a geatorpho-
logical change, Freulon (1964) cbserved that, without the particularly
strongly velcped "Ikraiouen Horizon" ferruginous crust, the sand-
stone succession of the Grs & Harlcr,zia would be difficult to distin-
guish from that of the "Srie de Takisset". It was found in the
author' s field work that geanorj±ological boundaries could provide
very misleading inpressions about the nature of the stratigraphic
boundaries within these weathered strata (Chapter 1, section 1.3.4).

In the type section, the Tadrart Formation oclrprises aroxirnately
317 m of white to lisit bin and orange cross-stratified fine to
coarse-grained sandstones in the lager part, and well-bedded fine-
grained sarstaies in the uer part (Klitzsch, 1965a, 1969) (Fig.
3.1). Plant remains have been reported from the lor beds, and the
urper beds are bioturbated and contain abundant trace fossils (ibid.).
A review of the plant remains found in the Lozer Devonian of Libya was
given by Lej al-Nicol and Massa (1980). The Tadrart Formation conprises
an alternation of tco main lithological asslages already encountered
lcMer in the section in units 14 and 15 of the Acacus Pbration: a
thi&ly-bedded, cross-stratified sandstone succession which weathers
to bluffs, slab walls, nesas, buttes and rock stacks, and a thinly-
bedded and bioturbated succession of fine-grained sandstones and silt-
stones which weathers to slopes, conmonly covered with scree (Figs.
3.1 & 3.3). The sandstones are white to light-brin, dark brn and
grey. The first unit of the formation ozrprises fine- to coarse-
grained sandstones (with granules occasionally present in the matrix)
vthich are generally friable except where a strong ferruginous matrix
is present. This unit is capped by a 50 an thick, red, silicified
siltstcne. Another thickly-bedded unit lies above, conprising 101 m
of cross-stratified sandstone, mainly nediizn-grained and containing



Figure 3.3	 JABZUJ TPDPAR : BLUFFS AND SLOPES

Major bluff developed in the basal sandstones of

transgressive secnce 3, Middle Wadi Teshuinat

(9 7-173 in stratigraphically above the base of the

Tadrart Fornation), ¶tr left hand arr marks

the base of the third transgressive sequence. It

also indicates the locatici of the irasured secticns

illustrated in Figures 3.19 and 3.20. The right

hand arrow indicates the pesition of a major exosiczi

saur surface illustrated in Figure 362. Scree-

strewn slopes and slick rock slopes are developed in

the upper beds of the secaid transgressive sequence.

The plateau at the top of the iresa is thought to be a

'Dartiary peneplain surface.
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rare ferruginous beds. There follcws an alternation of the thinly-
bedded and thickly-bedded lithological assthlages. Unit 18 is
diaracterised by an abundance of trace fossils including Cruzia,za,
Astrosoma,, Spirophyton and Tigillites, and units 19 and 21 are
tharacterised by alternating fine to cx)arse-grained sandstones with
granules, and fine to inediun-grained sandstones • The fine-grathed
sandstones and siltstones of unit 22 are diaracterised by pcor sort-
ing and an argillaceous matrix. Unit 23 is the last thick-bedded
unit in the succession, prising fine to oDarse-grained sandstones,
before the succession of sandstones and siltstaies passes up into the
predatitnantly argillacus Ouari Kasa Formation. It is noteworthy
that the thin-bedded assthlage of fine-grained sandstones and silt-
stones gains predominance over the coarser-grained, thick-bedded units
upwards in the succession and, therefore, the formation may be consi-
dered to represent, in gross terms, a fining-upwards sequence, possi-
bly of transgressive origins (Fig. 3.1, see Fig. 1.11). Hcwever, the
presence of fine to coarse-grained and. granular sandstones in the
thick-bedded units tcwards the tcp of the succession indicates that a
ntitber of grainsize cycles are present. Freulon (1964) descrthed the
equivalent beds in Wadi Takisset as catprising a 300 m thick succes-
sion of coarse-grained, cross-stratified sandstones in the ler part
which pass upiards into a finer-grained succession of sandstones dis-
playing sane rippled surfaces. This thickness for the Srie de
Takisset ccrresponds well with the thickness of 317 m for the sand-
stones of the Tadrart Formation neasured in the sane area by Klitzsth
(Fig. 3.2)

Freulon (1964) ireasured sections through the Upper Silurian and
Devonian successions at at least six different localities between Al
Awaynat and south of In Ezzan (Fig. 3.4, see Fig. 1.5) and shed
that major lateral thickness variations exist, largely in the Srie
de Takisset, but also in the Grs Haricojia. These lateral thickness
variations re also noted by Collcxrb and Heller (1958) and Collorrb
et al. (1961). The outcrc? pattern of the Acacus and Tadrart forma-
tions (Figs. 3.3 & 3.4) and the toçogrhy of the Jab als Akakus and
Tadrart reflect the lateral variation in thickness of the two forma-
tions, the width of outcrcp being greatest (up to 50 km) and the nost
rugd j abals being located where the formations are thickest just
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north of the Bab al Takarkhouri. The outcrop pattern is also,

however, a reflection of both the truncation of the Tadrart and

2cacus formations in the north by the predczninantly argi1lacus

sedinents of the tt(atti Formation" and the Carboniferous succession,

and the presence of a stnxtura1 flexure southeast of Ghat (cf. Figs.

1.9 & 1.10).

The Ouan Kasa Formation is thought to lie conformably above the

Tadrart Formation and, in the type section, corrrises 43 m of shale

with argil1acus siltstone and fine-grained sandstone intercalations

(Klit.zsch, 1965a, 1969). The contact between the Tadrart and Ouan

Kasa formations is poorly exposed, however, and it has been suggested

that a conglcaieratic bed lying above an erosion surface patchily

expDsed at Gour Iduka, south of Wadi Wan Kasa (Fig. 3.2), nay indi-

cate an unconformity at this boundary (Massa, pers. catm. 1978).

Bellini and Massa (1980, . 29-30) nonetheless argued that the

Tadrart and Ouan Kasa formations represent a fining-iards

"evolutionary cycle". Three lithologies are present in the Ouan Kasa

Formation all of which are bioturbated: grey shales with gypsum beds

and soma silty-horizons, light grey to grey silts tones with thin

shale intercalations, and thinly-bedded, fine-grained sandstones

(Fig. 3.1). These are arranged in coarsening-uards sequences, in

the lower two of which brachiopods, styliolines and tentaculitids

were collected by Klitzsch (1965a, 1969). In siltstones of the lower
sequence he recorded the presence of Strophomena caTianata CC1RAD,
and in the middle sequence, Chonetes orientalis var. admixta CCPER-
REID and Mucrospirifer raucronatus CC!IP2D. Soma dispute exists about
the age of the marine fauna present in the Ouan Kasa Formation.

Borghi and Chiesa (1940) first described the fauna and assigned it

to the Middle Bevonian (Eifelian). This was later suported by

Burollet and M3nderscheid (1967) and Hirisch (in Klitzsch, 1969).

Burollet and Nanderscheid (1967) reviied the palaeontological data

on the Ouan Kasa Formation and concluded that it was diachronous,

being Ekrisian in the Ghadnis Basin and Eifelian in the Ghat region.

Dubois et al. (1969) argued that it is of Siegenian/flnsian age in

the Polignac Basin. Nevertheless Bellini and Massa (1980) argued

that because the succession at Awaynat Wanin, on the southern border

of the (aadnis Basin (see Fig. 1.5) is well studied and because the
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Ouan Kasa Formation is Erasian in that locality, the Eifelian age
determined for the at regicri exposures irest be erroneous. thtil
their proposed nei type section through the tvonian succession at
Gour Iduka is published with direct evidence that the fauna of the
Ouan Kasa Formation is Erosian at that locality, it cannot be accepted
that they have disproved the Eifelian age determination. If Burollet
and Manderscheid (1967) were correct in their claim that the Ouan
Kasa Formation is diachronous then it is likely that the Tadrart
Formation is also diachronous. Evidence also exists that the Silurian
Tanezzuft and Acacus formations are diad-ironous across western Libya,
the arenaceous beds of the Acacus Formation lying above progressively
younger beds toiards the north, the whole succession representing,
therefore, a northwards prograding system (Massa & Jaeger, 1971).
The argutients of Bellini and Massa (1980) and others (see Chapter 1,
section 1.3.3) about the age of the External Tassilian Sandstones
dended upon age determinations of lithostratigraphical equivalents
to the north and northwest in the Ghadamis and Polignac basins (see
Fig. 1.5) and upon age determinations of interfingering shales with
these lithostratigraphical equivalents. Additionally, these argurrents
depended upon the ages of the youngest knan underlying Silurian beds
and the oldest knoin overlying Devonian beds, as well as evidence for
the age of the Ardennian ase of the Caledonian Orogeny which, it is
argid, derronstrably changed the nature of sedinntation. The
evidence available suggests that the Zone de Passage beds (units 8 to
13, Table 3.1) are upper to middle Llandoverian, and the Ouan Kasa
Forma.ticxi is Eifelian. Given the very nature of lithostratigraphical
correlation and the uncertainty about the influence of Caledonian
events in this area, the Siegenian/Th-isian age proposed for the Tadrart
Formation and the Wenlockian to Ludlovian age for the Grès a Harlania
(Bellini & Nassa, 1980) must be treated with sorre caution. It would
seem prudent to consider the External Tassilian Sandstones in the Ghat
region as uper Silurian (Wenlockian to Ludlovian) to Icier Devonian
(Table 3.1), until further work is undertaken on the age of these
sedirrents.
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3.1.2	 asured Sections

The Tadrart and Ouan Kasa formations strike north-south in the

study area (Fig. 3.2) and are truncated in the north by a late Devonian

unxnformity. The northernrcost outcrop of the Ouan Kasa Formation is

50 km south of Al Awaynat, whilst the Tadrart Formation extends to a

point just north of Al Awaynat before it is entirely truncated by the

"Chatti" and M' rar formations. In the south both formations extend

into Algeria and Niger (Furst & Klitzsch, 1963; Plauchut & Faure, 1959).

In this study, hoiiever, it was not possible to visit the outcixs of

the tqo formations south of the latitude 24° 3D'.

The Akakus escarpmant in the study area may only be penetrated

fran the wast through to the exposures of the Tadrart Formation by

two routes: the Wadi Tannesfert (to the west of Al Awaynat, Fig. 3.2),

and the annected wadis of Wadi Takar]thouri and Wad! Ahar (Fig. 3.5).

It was not possible to use the latter approach route as a rreans of

access to the eastern exposures, fran Chat, since part of the Wad!

Takarkhouri lies within the politically sensitive "no man's land" of

the border between Lfla and Algeria. Access to the exposures of the
Tadrart Formation fran aat was, therefore, achieved via Wad!

Tanezzuft, Wad! Tannesfert and Al Awaynat and then across sand and

gravel plains (sarir) and along shallovi, sand-clogged dry wadis to

Bir Talauaut (80 krns to the south) where a srrall waterwell exists.

The best topographic and geological maps of the Jabals Akakus

and Tadrart available to the author then the field work was undertaken

were those of the United States Army Map Service ("Fort Charlet" area,

1955, l:l,000,OCO scale) and of Collarb and Heller (1958) respectively.

The geological map of Collarib and Heller (1958), at a scale of

l:203,(XO was based upon previous maps of the area, mainly at

1:1, COO, COO scale, and upon photogeological interpretation of aerial

photographs backed up by field cbservations. Detailed structural

sections could not be produced, hcwever, as data on topographic

elevations were sparse. Consequently, although dip rreasurnents were

taken, the mapping of formation boundaries depended rrre on photo-

geological character than upon the calculation of bedding inter-

sections with topographic relief. No sufficiently accurate contour

map existed, therefore, to make esti.nates of stratigraphic positions

within the Tadrart Formation from values of elevation. Experience



Figure 3.5	 JABAL TDRZRF iecia P

Detailed map of Jabal Tadrart to shci neasured section

localities (nunbers 1 - 18). Where sections were

iteasured over a ccnsierab1e distance these are shn

with a solid bar. The section rreasured in tbe Ouan

Kasa Formation (locality 18) could not be accurately

located on the map and this is shcn as a brthen bar.

Similarly the type sectias neasured by Klitzsth
(l965a, 1969), which axe also shcin on this nap, are

cnly approximately located. These sections are

distinguished fran those neasured by the author by

the J.etter UKtt

localities with reasonably well established nanes are

listed belcw:

2 Tadrart 1ock Arch

9 : Wan Muhuggiag

10 Wan ?mil

12 : Ruin Mountain (see Fig. 1.13, upper)

14 : Arc de Trioirphe (see Fig. 3.37)

Map constructed fran NASA satellite image of the area

(approximate scale l:250,OCO) (see Fig. 1.15).

Additional sources: Collath and Heller (1958),

Co1lar et al. (1961), Craig et al. (1958),
Freulon (1964), Klitzsda (l965a, 1969) and

Mon (1965).
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with baztxretric altinetres in deserts, where daily pressure fluctua-
tions are considerable, led the author to the belief that the results
of the use of an a1tiner vuld be 	 igi.ous and of little valte.
The use of an Abney level in ireasuring sections is thought to have
provided reasonably accurate section thicknesses, however. The
Landsat Satellite image of the study area (see Fig. 1.15) at an
approximate scale of 1:250,0(X), although not available at the tinE of
the field work, was subseqntly of great use as a "base map", since
wad! systems stood out nore clearly on this than on the photogeologi-
cal map, and it served as the basis for the construction of Figures
1.7, 1.8, 1.9, 3.2 and 3.5.

Locating neasured sections on the Coilcith and Heller (1958) base
map in the field was initially based upon coitpass bearings and kilo-
mater readings fran the odareter of the landrover. After sar time
had been spent exploring the different wad! systems three major knorn
reference points ware established, Bir Talauaut, Wad! Teshuinat and
the eastern extension of Wad! Takarkhouri, where it was possible to
recognise some of the features described in the type section of the
Acacus and '1drart. formations (Fig. 3.1). Since the wad! systems
were filled with sand and existing landrover tracks folld circuit-
ous courses in alnost all directions, estimates of directions and
distances travelled proved to be highly inaccurate. It was only by
establishing a network of kncn major topographic features, recognised
on the iotogeo1ogical nap and later on the satellite image, outwards
fran krion reference points, that it proved possible to locate the
measured sections to a fair degree of accuracy (say to within 1 km).
A local Tuareg beduin acted as a guide and helped with route finding
and naming wadis and massifs.

A total of at least 1200 in of section in the Tadrart Formation
was measured in the Jabal Tadrart and Jabal Akakus in five separate
ccnçosite sections (Fig. 3.2). In the northern two of these, Wad!
Auls and Bir Talauaut, the basal part of the Tadrart Forinatia-i was
not measured. At Bir Talauaut the base was thought to be 90 m or
less below the base of the section measured. At Wad! Auis, although
not measured in detail, the basal 90 in was visible (see Fig. 1.18).
The next irposite section southwards lies approximately 24 ]cins to
the south of Bir Talauaut and was measured in three separate sections
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in Wad! 9shuinat, along 21 km of the wad! (Fig. 3.5). The
stratigraphically h4iest part was nEasured at locality 2. The
middle part of the Tadrart Formation was iteasured at localities
3-7, and the lcest part of the formation at localities 8-11. The
Wad! Anshal cciiosite section lies 20 kiris to the southeast of Wad!

shuinat (localities 12 & 13) and the southernmost ozosite section
lies a further 15 to 22 krns to the southeast at Tihererin (localities
15-17). South of the Bir Thiauaut section all the coITosite sections

re neasured from the base of the fonration. The top of the forna-
ticn, hcever, is only pcorly exposed, in the Wad! Wan Kasa and at
Gour Iduka, and the contact between the Tadrart Formation and the
overlying Ouari Kasa Formation was not observed. In addition to the
major cxnosite sections neasured in the Tadrart Formation, short
sections were also neasured in the Tadrart Formation at Al Awaynat,
at a point 12 kms south of Al Awaynat (Wad! Telia North), and at Wad!
Telia South (Fig. 3.2). Additional sections were neasured at Wad!
Wan Kasa (in the Ouan Kasa Formation, locality 18), and in Wad! Ahar,
Upper Wad! Teshui.nat and Wad! Tanezzuft (all in the Acacus Formation)
(Figs. 3.2 & 3.5). In the coirposite sections the practise adopted to
adaieve a full vertical section was to allcw considerable overlap of
stratigraphic intervals in order to allcM correlation of separate
sections into a ocrniposite. A nuither of separate vertical sections
were iteasured in the Wad! Teshuinat, Wad! Anshal and Tihererin can-
posites over intervals of particular interest. In establishing caii-
posite sections it was usually possible to trace stratigraphic hori-
zons dan-dip eastwards along approximately east-west orientated
'wadis so that up to three different neasured vertical sections conid
be ccined to produce a conposite section.

3.1.3	 Schematic Vertical Succession

Based largely on the corrposite sections of Wad! Anshal and
Tihererin (Big. 3.5) a sdiratic vertical section has been drawn up
to shoe the succession fran the liest major thick-bedded and cross-
stratified unit (unit 14 of the Acacus Forniaticn) up throu the
alternations of thinly- and thickly-bedded units of the drart
Pbrniatiaa to the marine succession of the Ouan Kasa Formation (Fig.
3.6). This section, therefore, illustrates the main characteristics
of the four transgressive seqtences of the External Tassilian



Figuxe 3.6	 SCHEW½TIC VERICZ½L SEC"flCtI THEOtKH 'IHE
ACZCUS, TADRz.Rr .ZND OtJAN K2 SJSA PTIGS,
JABAL T7DRZR.

NCII'E:

Apart fran transgressive seqnce 1, this vertical section
is based upon the author' s ireasured sections at Wadi Wan Kasa
(locality 18, Fig. 3.5), where a section through the sedirrents
of the Ouan Kasa Formation was ireasuxed, and sections at Wadi
Anshal (localities 12, 13 & 14, Fig. 3.5) and Tihererin
(localities 15, 16 & 17, Fig. 3.5). The ccnpsite sections
established for Wadi Anshal and Tihererin were rrelated
with each other (see Fig. 3.54) to provide a generalised and
schematic, yet characteristic, vertical succession through
transgressive seqnces 2, 3 and all but the uerrrst part of
seqnce 4. The section of transgressive seqtnce 1 is taken
fran the type section of the Acacus Formation (Klitzsch, l965a,
1969) and is assied facies on the basis of the author's
cbservations in Wadi Ahar (Fig. 3.5) and on work dertaken
jointly with Nartindale (1977).

Detailed actual neasured sections from Tihererin and Wadi
Anshal are presented in sections 3.2-3.5 (this Cnapter) to
illustrate the characteristics of the different facies.



65

Sandstones. Each seqnce displays a fining-ards grainsize pattern,
and is bounded at the base by an tinoDnformity/disconfonnity surface
which is mily marked by ferruginous sandstones inatediately above
and belcw the surface.

The massive sandstones of sequence 1 nerate the largest bluffs
and cliffs of the succession and are characterised by major shorizon-
tal internal scour horizons. It should be noted that this sequence
has been illustrated with a break in the vertical scale on Figure 3.6

for reasons of space. It appears thinner than it really is, therefore.
The equivalent unit in sequence 2 is broken by a remarkably laterally
persistent plateau at 40 to 45 in above the base of the Tadrart
Formation (see Fig. 1.18) beneath which slab walls and slick-rock
slopes are present in a hcxiogeneous succession of sandstone • Above
this plateau, which is developed along a thin fine-grained ferrtginous
sandstone horizon containing, in places, Arthrophycus and Skolithos,
the succession varies sonewhat. Where fine-grained partings are
present, an irregularly-weathered steep slope is developed ccaised
of small slab walls, slick-rock slopes and rubble-strewn slopes.
These are developed on weathered surfaces of well-bedded fiae-grained
sandstones with thin argillaceous siltstone intercalations. Where
the succession above the 40 in plateau is irore hcttgeneous, slick-rock
slopes and ramps are developed (see Pig. 1.19). At a stratigmic
position 90-127 in above the base of the Tadrart Formation the massive
sandstones of sequence 3 form a major bluff or slab wall lying,
usually erosively, above a thinly-bedded succession (Fig. 3.3). The
massive sandstones of sence 3 pass uiards into a thinly-bedded
scession of i to 80 in thickness which is generally weathered to a
series of rubble-stren slopes. A final sandstone bluff (tented the
"Sandstone Narker Bluff"), lying above this thinly-bedded succession
at 20D-240 in up in the Tadrart Formation, is thinner than the lcwer
two, but is persistent throuiout the south of the study area. In
the north the thinly-bedded horizons are thinner or absent and the
whole succession is less well differentiated gecziorphologically.
Hciever, the sandstones of the "Sandstone M.rker Bluff" may be tenta-
tively identified on the basis of their sediirentological characteris-
tics in these northern sections.

In this study of the four seqiences and the relationships between
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them it is shown that the 1cer three have similar palaeocuxrent

orien.tations whereas the uppenrst sequence displays an enigmatic

palaeocurrent pattern indicating, perhaps, sorre change in structural

and sedirrentological envircnrrerxt (section 37).

A tentative correlation between the schratic vertical section

and the type section (Fig. 3.1) is proposed in the right hand co1itni

of Figure 3.6. It seems likely that the base of sequence 3 was not

recognised in the type section because of truncation of the thin beds

at the top of sequence 2 in that section.

The lateral continuity of major cross-stratified sandstone bodies
and of the "40 in plateau" is a striking characteristic of the succes-

sion which allows correlation and makes the recognition of sequences

possible. However, not all the cross-stratified sandstone bodies are

similarly laterally continuous and many can be seen to thin and pinch
out over a distance of 50 m or so, being enveloped in the bioturbated

sandstones and siltstones of the thinly-bedded units. Correlation

with the type section suggests that units 19 and 23 may be of this

type. The cross-stratified sandstone succession at the base of

sequence 4 (mit 21, Fig. 3.1), although thinner than those of

sequences lower in the succession, is remarkably continuous, 	 ye,
creating a recognisable "Sandstone rker Bluff" in the rubbly, scree-
strewn slopes characteristic of the expo sure of the upper beds of the

Tadrart Formation.

The thick-bedded and cross-stratified sandstones have been

divided into t broad facies types, the multi-storey cross-stratified

sandstone facies (facies d) and the channelled sandstone and silt-

stone facies (facies CSdSt) interpreted as the sandstones of fluvial

and estuarine conpiex channel systems. The thin-bedded and

bioturbated sandstones have also been divided into two broad facies

types, the rippled and. bioturbated sandstone and silts tone facies

(facies RBSdSt) and the vertically-burrowed sandstone facies (facies

VBSd). The latter has been tentatively interpreted as the deposits of

tidal flats whilst the former is thought to have been deposited in a

shallow-narine envircrrrrent. 	 facies have been recognised in the Ouan
Kasa Formation: massive shales (facies MSh) and interbedded shales,

sandstones and siltstones (facies IShSdSt), the deposits of an open

marine environment. The four sequences recognised in the succession
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represent, therefore, transgressive sequences of fluvial and estuarine
channel deposits passing upwards in each case to sedinnts showing
evidence of stronger nrine inflince and weaker detrital supply to
the depositional setting. In the fourth sequence the transgression
is caiplete with the deposition of en marine sedimants. In the
second sequence a transition upards fran sedirrents showing the
characteristics of fluvial deposits (facies MSd) to those showing
predainantly estuarine channel characteristics (fades CSdSt) occurs
at the "40 in plateaul! break. In sequences 1 and 3, fades d and
CSdSt are riore ccziplexly related, whilst in sequence 4 facies MSd
is virtually absent.

A description and interpretation of these fades follcws in the
next sections of this chapter. The finer-grained facies of the
Tadrart Foniiation (fad.es RBSdSt and VBSd), and the facies of the
Ouan Kasa Fornation (Fig. 3.6) are given a less detailed treatnent
than facies IEd and CSdSt since these coarser-grained sedirrents
caprise the characteristic facies of Nubian-type sandstones.
Finally an account of the relationships of the facies to each other
and to the transgressive sequences is given in section 3.7.

3.2 rvkiltisthrey Cross-Stratified Sandstone Facies (MSd)

3.2.1	 Description

3.2.1.1 General

The sandstones of the multi-storey cross-stratified sandstone
facies are quartz arenites which are mature rrineralogica1ly but are
usually inmnature texturally. Sorting is generally poor althoigh
sorte well sorted sandstones are present and they are generally fine
to nediun-grained. Sane very fine-grained sandstones and soma
coarser-grained sandstones are present and very coarse quartz sand
grains and granules as well as argillaceDus siltstone intraforna-
tional clasts are conironly present as lags to foresets and sets.
In a few cases intraformational sandstone clasts of up to 33 cm
diarreter were obeerved. The sandstone grains are usually subangular
to subrounded, the larger grains corririly being better rounded than
the smaller ones. The sandstones are fawn, orange-buff and brown in
colour, are ccxrnonly extrenely friable (disintegrating in sarrple bags)
and poorly cexented.
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3.2.1 • 2 Sedirtentary structures, bedding and palaecxurrents

Sets of planar tabular and dge cross-strata are cxrmonly
stacked in Inulti-storey cosets of up to 8 m thickness. Sets are
generally aroditate1y 50-70 an thick and sh a slight tendency
to be thinner uards in the cx'set. ¶Ly are oDitnvnly up to 1 m
thick and exceptionally up to 2.8 in thick. Their basal boundaries may
be clearly erosive or Trerely planar and abrupt. Grainsize grading
within cxsets is generally Irore marked within the foresets of each
set than between sets, although it is camtn to find finer-grained
beds at the top of a onset of cross-strata. Reactivation surfaces
and recunbent-folded deforired cross-strata are ozirnonly present
punctuating the succession of planar cross-strata (Figs. 3.7, 3.8 &
3.9). The axis of the fold of the deforrred cross-strata conitnly
occurs high up in the set and gets progressively 1cer in the set in
a tldon_currentu direction as the defonred foresets pass laterally
into soft-sediirent defonred stratification. This is not always the
case, however (Fig. 3.8), and it was found that a great variety of
types of soft-sedirrent deformation characterises these structures.
"Diapiric" structures are another imon form of soft-sedinent
defonration (Fig. 3.8). In sate cases defonred strata nay be the

minant stratification type in both this facies, and in facies
CSdSt, for up to 10 in of vertical section. It is usually associated
with the ccarser-grained sandstones of the succession. Beds which
appear to be lacking dvious internal structure, such as that
marked with an arrow in Figure 3.9 (uer picture), often prove on
investigation laterally to be defonred beds "dn-current" fran
reciuttbent-folded cross-strata.

Planar cross-stratified sets carEronly have no top set or bottan
set and are oposed of angular foresets inclined to the horizontal
at generally between 20° and 27°, although angles of repose of up to
3l were neasured. In sets over 50 an thick foresets are crnon1y
thicker than 1 an (they may be up to ID an thick) and shcw fining-
upards grainsize grading normal to the foreset surface (Fig. 3.10).
It is also oiaron for foresets to thicken dcy nwards to the tos of the
foreset. 2n effect of the grainsize grading in the foresets is that,
whilst the sandstone of the set nay be said to be poDrly sorted,
small sarrles of sandstone fran the upper part of a foreset are
generally noderately to well sorted. Coarser-grade material is also
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"Diapiric" soft-sedinent cforned strata in nediizn-graird
sandstone with coarse sand grains and granules. 'The
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Grainsize gr9d foresets of 1-3 an thickness, xiposed of
irediui- to coarse-grained sandstone, with the coarse-grade
sand lying at the base of the foreset. ( foreset dip
aziuuth of these cross-strata is 0070).
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Depressions, at the base of a set of cross-strata,
marking the fontr presence of tabular-shaped clasts of
shale/argillaceous siltstone (5-12 an in length), the
margins of which are iron-oxide enriched. These clasts
ere deposited together with quartz granules and very

coarse-grade sand.

Figure 3.10 GRAINSIZE CHARACTERISTICS OF CI)SS-SThTA
AT BIR ¶LMUPllT
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present in accunulations at the toe of the foreset (i.e • at the base
of the set, where no bottan set is present) which may include coarse
sand grains, granules and intrafonnational shale and argillaceous
siltstone clasts conrronly of pebble size (a few ontinetres dianEter).
These weather out leaving holes in exposed sets of cross-strata giving
the base of the set a haxogeneous, pitted appearance (Fig. 3.9). Sets
nay be planar and wedge-shaped and it is caixon for sets to thicken in
a "dcn-curxent" direction (Fig. 3.9).

A large variety of subsidiary stratification types is present in
the sedinents of this facies. T:roih cross-stratification, scour and
fill, and channel fill cross-stratification, parallel stratification,
corrpound cross-stratification and cross-lamination are all present.
Planar cross-stratification is also catnonly present at a smaller
scale than the 50-70 an sets. This smaller-scale stratification type
is usually present in sets averaging 15 an in thickness and is often
associated with catWund cross-strata. The variety of stratification
types in the facies is contrasted by the hatogeneity of lithologies.
Scai argillaceous siltstones and silty shales, in thin bioturbated
intercalations and beds generally only a few centirretres thick, are
the only subsidiary lithologies present.

Within the stacked sets of planar cross-strata it is sorretirres
possible to find angular and tabular intraforirational sandstone clasts
of large cobble size (25 an diarreter). The sandstone of the clast,
hiever, is barely distinguishable from that surrounding it, and it is
usually very friable, suggesting little transport before deposition.

The measured section at Tihererin (Fig. 3.11) shcMs a character-
istic succession of bedding and stratification types present in this
facies as well as a niinber of features only infreqi.ntly observed.
The succession corrrises poorly-sorted medium to coarse-grained sand-
stones at the base of the Tadrart Formation. These lie above ferru-
ginous beds of facies RBSdSt at the top of the Acacus Fonnation.
Four rraj or scour surfaces are present in the succession and other
scouring events may be inferred by the sedirrentaiy structures. The
major scour surfaces are tharacterised in this succession by coarser-
grade sedirrent above the scours caipared with that belcM, but scoured
surfaces are also coimly present in this facies where no grainsize
variation exists across the boundary. In some cases, as at the base
of i.i.it 5 for instance, the sedirrent above the scour surface is



Figure 3.11	 EPSUR) SECI'IC OF P?CIES NSd AT TIHERERIN

Notes:

1) The section was nEasured from the base of the Tadrart

Fonnaticn to 10.5 m stratigraphically fran the base,

at locality 15 (Fig. 3.5).

2) The succession has been divided into mits for reference

purposes.

3) All the pa1ocurrent readings are from foreset dip

azimuths.

4) The sketches are fran photographs of scour and fill/

channel fill cross-stratification which display

concordant strata within scours, and an irregular,

scoured surface. These structures were seen at Wadi

Telia (North) and Wadi Auis (Fig. 3.2). In the

scoured-surface feature a poorly-sorted, coarse-

grained sandstone with granules lies above an

irregular surface that has positive relief over the

thicker foresets of the underlying cross-strata.

5) Abbreviations: tIER = upper flci.Q'-regn,

LER = lcMer flc-regine.
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finer-grained than that belc. The recumbent-folded deforned cross-
strata in the succession are carironly overlain by visibly erosively-
based beds, as at the top of unit 5, but they nay also be overlain by
soft-sediirent deforned strata, as in unit 1, or by abruptly based sets
of planar cross-strata.

Three bedding sequences are recognised within the succession at
Tihererin (Fig. 3.11) which shcw an ards trend towards beds of
decreasing inferred, depositional flaw strength (units 1-4, 6-8, and
unit 9). This trend is discernible in uiards-decreasing set thick-
ness, a generally poorly-developed, fining-uards grainsize gradation
and the occurrence, in the uper part of the sequence, of cross-
laminated sandstones. The palaeocurrent data obtained from foreset
dip azimuths from within each bedding seqience are generally unidirec-
tional and very tightly arranged about the vector nean orientaticn.
A nuidi wider dispersal of orientations, althoi.h still uninodal, is
obtained when all the palaeocurrent data from a succession are grouped
together especially when law-stage structures are included. The
bedding sequences described are only rarely recognisable, however.
Successions are irore coimon in which vertically stacked sets of planar
cross-strata, sone trough cross-strata and deforited strata are present,
with recurrent scoured surfaces and reactivation surfaces. The
succession above that of Figure 3.11 at Tihererin, for instance,
ccnrises 22 m of such a succession in which no argillaceous siltstone
or cross-laminated sandstone beds are present and no similar bedding
seqaences were identified.

Sate noteworthy small-scale structures within the succession at
Tihererin (Fig. 3.11) were observed. 7ngu1ar foresets of a set of
cross-strata (unit 9), showing grainsize grading from coarse to rrediun-
grade sand, are truncated by a reactivation surface which is cver1ain
by tangential foresets of slightly finer-grade sandstone. Multiple
reactivation surfaces overlain by tangential foresets are developed
above the lcwest of these. lnother structure of interest lies between
the angular cross-strata of the truncated set (unit 9). A flaggy,
cross-laminated, argiflaceous siltstone drape of up to 1 cm thickness
is present covering the lawer half of the foreset indicating slack-
water deposition from suspension. At the top of the set, and over-
lying both the angular and the tangential foresets, a pitted surface
with granules is present indicating the fonner existence of a pebble
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lag of shale rafonational clasts which have weathered out leaving

aily t1ir iiressions (Fig. 3.12). At the toe of the foresets of

the cross-strata of unit 2, back-flow cross-strata are clearly

developed (Boersira et al., 1968) (Fig. 3.12).

Visibly erosive basal boundaries to beds and sets are generally

planar or scour/channel-shaped surfaces although irregular scoured

surfaces are also rarely present. In Wadi Auis an example of an

irregular scoured surface was observed (Fig. 3.11, sketch) where the

underlying bed comprised cross-strata of mediun-grained sandstone in
foresets of variable thickness and in which the irregular relief of

the erosive surface sppears to have develcped in response to the
variation in thickness between the foresets. The palaeocurrent data

fran the beds beneath and above the scour show that the scouring

current was divergent by 120° fran that inferred to have formed the
planar cross-strata. This relationship may account for the unusual

nature of the scoured surface. The poorly-sorted, coarse-grained

sandstones lying above the scour display large-scale trough and planar

cross-stratification.

The measured section at Tihererin did not show an exanple of the

ccitton1y-present scour and fill or channel fill cross-stratification.

Small and large-scale examples of this structure were seen, however,

at Wadi Telia and Wadi Auis respectively (Fig. 3.11, sketches). In

neither case, however, was it possible to determine the three-

diirensia-ial character of the basal scour surfaces to distinguish

channel fill fran scour and fill cross-stratification.

In the measured section of the basal 43.5 m of the Tadrart

Formation in Wadi shuinat (Figs. 3.13 & 3.14), where finer-grained

sediments than those of the Tihererin measured section are present,

sane further characteristics of facLes MSd are displayed. The

succession is &minated by fine and mediui-grathed sandstones with

ten thin and very thin maroon and pale yellow/brn argillaceous

siltsthne intercalations which have been used to divide the succession

into reference units. The thin argillacecus intercalations are

laterally fltersistent in some cases but in others they were traced
along exposed faces of slick-rock slopes and broken cli ffed sections

for nore than 60 m. The eleven reference units have thicknesses

verying from less than 1 m up to 10 m. Although marked vertical

grainsize grading within these units is absent, an upiards decrease
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Figures 3.13 and 3.14	 SURED SETICS OF FACIES MSd

AT VDI TESHUINAT

Notes:

1) The sections were nasured from the base of the

Tadrart Fonration to 43.5 in stratigraphically from

the base, at locality 10 (Fig. 3.13) and at

locality 7 (Fig. 3.14) in Wadi.. Teshuinat (Fig. 3.5).

2) The succession has been divided into units for

reference purposes.

3) All the palaeocurrent readings are from cross-

stratification and trough axes.

4) Abbreviations:

a) Sp, Str, Ss, etc. = subfacies, mzdified after

Niall (1977; see Fig. 3.16)

b) UFR = upper fl-regirre.
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in set thickness is quite pronounced in sure cases (e.g. units 4 & 6,
particularly 6b). The bedding sequence of unit 6b also shcis evidence
of decreasing fli-strength in the upards transition fruit
horizontally-stratified to planar cross-stratified sandstones to
thinly-bedded and biotu±ated argillaceous siltstones. 'The base of
the units may be characterised by visibly erosive scoured horizons or
by planar abrct bed boundaries above the thin argillaceous siltstone
intercalations. Trough-iaped scours were not observed, hcMever.

Throughout the 43.5 in section all the cross-strata appeared to
dip in aroxivately the saire northwesterly direction. No apparent
foreset dip azimuths were served which were at variance with this
direction. The steep slick-rock slopes and walls up thith sections
were neasured did not provide much opportunity, however, for the
neasurenent of true foreset dip azimuths. It was decided not to
neasure aarent azimuths as these would only have provided poor
suEcort for the general thservation of unidirectional palaeocurrents
and they would have provided no valuable information on the range of
azimuths. The palaeocurrent roses plotted from true foreset dip
azimuths (Figs. 3.13 & 3.14), therefore, are based on a rather small
nurther of readings. Nevertheless, the evidence they provide for
palaeocu.rrent directions towards the north, northwest and west is
thought to be good. Although statistically soirewhat urreliable, the
iitression is given that units 1-5 were characterised by northwesterly
currents, units 6 and 7 by north-northeasterly currents and units 8-10
by a wider range of currents. Within a unit, or stacked succession of
units, the measured azimuths generally create a fairly tight palaeo-
current rose pattern.

The sandstones of this succession are similar to those of the
Tihererin section in being characterised by stacked planar cross-
strata displaying grainsize graded foresets and lag deposits of
coarse-grade sand, granules, and shale clasts viich lie at the base
of sets and, in sure cases, on the top surfaces of beds. The lag
deposits at the base of sets give individual sets a vertical fining-
iards grainsize character. Bottcan sets are usually absent but in
sane sets a hargeneous to irregularly-stratified bottom set is
present xipcsed of poorly-sorted sandstone including a connent of
coarse sand. Cross-lamination is present in these bottom sets in
sure cases. Trough cross-strata, scour and fill strata (see sketch,
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Fig. 3.14), reactivation surfaces arid sone recunibent-folded defonied
cross-strata are also present, although this latter stratification

type is not as abundant as in the coarser-grained sandstones of the
Tihererin section.

Over the whole 43.5 in succession a change fran predominantly

nedim-grained sandstones in the 1ar units to predominantly fine-

grained sandstones in the upper units is discernible, There is also
a gradual increase ui wards in the section of trough cross-
stratification,	 laminti, and channel-like structures of 5
to 25 in width in which intraforxtational conglorrerate channel lags
are present.

3.2.1.3 Biogenic structures

The presence of diagenetic iron-oxide enrichrrent of argillaceous
siltstone horizons in facies ?Ed, and the developitent of oDncretiorary
artifacts sonetines resD1ing biogenic structures, created difficul-

ties in confidently identifying bioturbation stn.ictures when recogni-

sable trace fossils were not present. Nevertheless, of the 12

argillaceous siltstone horizons Within the succession studied at Wad!

Teshuinat (Figs. 3.13 & 3.14), five contained biogenic structures,
t qo contained possible bioturbation structures and the five without

recognisable bioturbation lay at the base of the succession. The

trace fossils recognised include aena (see Fig. 2.3), SkoUthos
(see Fig. 2.7), Palaeophycus (see Fig. 2.5) and Arthrophycus (see Fig.
2.6). Fraena is an exogenic trace which, in these sedinents, is

represented by unilobate, transversely-ribbed trails which are
straight to moderately sinuous, cariton1y crossing each other, and nay
be present on current-rippled top surfaces of beds of planar cross-

strata (unit 8, Fig. 3.14). They are corrmonly overlain by argilla-

ceous siltstone beds which display lenticular cross-lamination.

Vthere more than one argillaceous horizon is present within an interval
of up to 1 in in thickness, these horizons are interbedded with thin

sets of planar cross-stratified sandstone, and ripple cross-laminated

sandstone beds which coirnonly display hard, haatite-enriched,

bioturbated and/or rippled top surfaces (e.g. unit 8, Fig. 3.14).
At the top of mit 11 (Fig. 3.14) Skolithos is present in a poorly-
sorted sandstone bed of 50 an thickness which is overlain by a maroon

cross-laminated argillaceous siltstone of the "40 in plateau" in which



74

the feeding burrows Arthrophycus and Palaeophycus are present. As

well as biogeriic structures, the argiflaceous siltstone horizons often
contain abundant intraforrnational clay clasts.

3.2.1.4 Petrograhy

The sandstones of this facies are quartz arenites and subarkoses

in which, in addition to quartz, a smell percentage of detrital grains

of feldspar, mica, and mature heavy minerals such as zircon, tountaline

and apatite are present. The quartz grains, some of which contain

inclusions of tourriaLine and rutile needles, are generally caTposed of
nDnocrystalline quartz but scire lycrystalline quartz grains are also

present (less than 10% of the quartz grains). Grains corrposed of

microcrystalline quartz are rare. int counting was undertaken to
establish the degree of sorting in the thin sections studied, and it

was shown that a range of degrees of sorting existed. The coarser-

grained sandstones are generally porly-sorted, or moderately to

paorly-sorted, whilst the finer-grained sandstones are generally

moderately-sorted, except for those associated with argillaceous

intercalations which have a range of textures from paor to well-sorted.
Although a range of degrees of rounding of quartz grains also exists,

roundness was not found to be directly related to grainsize. The
occasional very well rounded grains are generally the larger no-

crystalline quartz grains. In general the grains are subrounded to
subangular and grains displaying high sphericity are rare.

Silica precipitation and dissolution features are ortron in these
, and authigenic quartz overgrowths have developed on the

majority of the quartz grains (Fig. 3.15). Surface erosion features

were thserved on scire of t1e grains with overgrowths, suggesting that

the overgrths may have been inherited from an eroded sandstone, but
the erosion features are difficult to distinguish from weathering

phenczrena developed recently at expasure. The coiraon presence of

sharply developed, saretirres interlodd.ng, overgrowth crystal faces

suggests that the majority were fonted in place.

Both early and late haematite and subordinate lhronite cnt is

present, conTronly replacing any feldspar grains present, and corroding

and replacing polycrystalline quartz grains. Phorrbic crystals of

haematite are present on the surface of some grains whilst on others
radially fthrous hanatite rims are present (Fig. 3.15). In sate of
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the sandstones studied, especially catiron in the fine-grained examples,
a rim of green, yellow and brn, iroderate birefringence minerals are
present. Use of the electron probe on the scanning electron microscope
allced these rims to be identified as clay pellicles of Chlorite Group
minerals (possibly charrosite). In a nither of cases the chioritic
pellicle was present over a fibrous hanatite rim on the grain surface.
This indicates that the hanatite rim was developed first and is
evidence that sate of the hanatite present is of early diagenetic
origin. The thioritic clay pellicles are also thought to have an
early diagenetic origin. Those coating quartz grains may well have
forrred by the infiltration of clay minerals into shallowly-buried
sands during periods of high water-table level, and the subsuent
coating of sand grains during periods of low water-table level (Walker,
1967). Diagenetic alteration of the clays present in these early
pellicles is thought responsible for their present chloritic composi-
tion. The presence of chioritic rims over haematite rims suggests
that an additional process was operating whereby authigenic chlorite
was developed, possibly by the alteration of instable detrital grains,
and coated on the surface of quartz grains sate tiiie after burial.
Haematitic clay peflicles cprise finely divided clay with a small
proportion of included haeinatite and axe responsible for the red
pigrientation of red bed sandstones (Hatch et al., 1971). These
coatings have been ascribed to both crystallisation of original
amorphous coatings and to diagenetic redistribution of iron derived
fran the deciosition of iron-bearing detrital minerals.

A third authigenic carpnent is present in these sandstones.
Titaniferous iron-oxides, including geothite, also coat quartz grains.
The developiient of these rims is thought to have occurred later than
the other authigenic processes described since they were observed to be
present outside rims of haematite and chlorite. The presence of both
chlorite and haematite rims was shcn to inhibit the develorrrent of
quartz overgmrbhs. This further supports the early diagenetic origin
proposed for the texture of these sandstones, and provides an explana-
tion, in part, for their moderately grod. rorosities.

The mature heavy mineral assenblage of these quartz arenites and
subarkoses and the contrast of considerable mineralogical maturity with
only noderate to poor textural maturity may be evidence for a poly-
cyclic origin for these sandstones, derived originally, perhaps, fran



76

a granitic source area and deposited by processes, and in an

envircrirrent, not associated with textural maturity. This evidence,

and the presence of early stage haernatite and chlorite authigenic

components, supports a continental environmental interpretation

The scanning electron micros cxpe vrk undertaken on these

sandstones is discussed at the end of section 3.3 • 1 • 7 (this Chter)

together with a discussion of the petrography of facies CSdSt (see

Fig. 3.38).

3.2.2	 Interpretation

3.2.2 • 1 Sedimentary structures, models and vertical seqcnce analysis

The follcwing characteristic sedimentary structures of facies MSd

are all otnon1y present in transverse bars of braided river deposits

(Ore, 1963): abundant planar, tabular and wedge-shaped sets of cross-

strata; angular foresets with grainsize grading, and sets with poorer-

sorted and coarser-grade sediment at the tce of the foresets; soft-

sediment defored stratification including recurrbent-folded deformed

cross-strata; and minor current-ripple cross-lamination and trough

cross-stratification. The unidirectional pala&current data are also

characteristic of braided river deposits although similarly unidirec-

tional palae current roses may be plotted fran cross-strata of other

fluvial environments arid even tidally daiiinated marine environments

(Ore, 1963; Pineck & Singh, 1973). Transverse bars are initiated in

braided rivers as a result of an inability of the river to transport

the coarsest fraction of its load and the consequent deposition of this

fraction centrally in a channel. Seasonal fluctuations in disdarge,

load and gradient are responsthle for this incarpetence. The deposited

material builds into a bar by the addition of more sediment to the tcp

and dcinstream end of the incipient bar. As the bar is constructed,

lateral channels take progressively more water and become unstable.

They widen and, as dincutting occurs, the bar may become nergent.

Emergence of transverse bars by this process, and during 1c-stage f1c

conditions between floods, allcs minor thannels, often orientated obli-

quely to the major channels of the braided system, to dissect the bar.

Small-scale dunes and ripples are formed in the sand bedload of these

channels. While ergence and dissection of transverse bars occurs,

new transverse bars are initiated and constructed in the channels

lateral to the emergent bar. By this process the braided-river channel
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pattern is developed (Leopold & Woirnan, 1957). The textural

iintaturity of scme of the sandstones of this fades is further

evidence for a fluvial interpretation (Leopold & Women, 1957),

although this characteristic and those already irentioned are not

inconsistent with a tidal/estuarine interpretation (Klein, 1977;

Collinson, 1978b).

The presence of reactivation surfaces, scoured surfaces,

argillaceous siltstone/shale intraforirational clasts lying at the

base of sets and of foresets, and the absence of major argillaceous

beds, suggest a depositional setting of considerable fluctuation in
fl conditions. The environment appears to have been one where

high-velocity flais of considerable strength scoured away fine-

grained sediments accumulated on bar tops, in abandoned channels
or in overbank areas, and redeposited them in channels and in the
construction of transverse bars. The presence of clasts of siltstone

and shale indicates that fine-grained detritus was available in the
sediment source area from which the river load was derived whilst the

roundness of some sandstone grains suggests a polycyclic sedirrentaticn

history in which the sands of eroded Canibro-Ordovician Internal

9.ssilian Sandstones were redeposited during the early Devonian.

The prcbable virtual absence of major terrestrial vegetation in the

late Silurian/early Devonian nay be a partial explanation for the

absence of recognised overbank deposits and the inferred braiding of

the rivers, since river bank margins uld not have been stabilised

by vegetation (Schuiim, 1968; see Cotter, 1978 & Long, 1978).

Niall (1977) defined a nurrer of facies types (subfacies Sp,

Str, etc., Figs. 3.13 & 3.14), and four principal facies asserthlages

characteristic of braided river deposits. The Platte-type braided

river model (Fig. 3.16), based on the work of Smith (1970, l97la,

l97ab, 1972), is the most appropriate analogue for facies MSd although

the sediments of the Platte River are of slightly coarser grade

(medium to coarse-grained and pebbly sandstones) than those of facies

MSd. The major subfacies (Sp and Str) of. the Platte model are both

present although trough cross-stratified sandstones are not very

abundant. Of the subsidiary subfacies of the Platte model only the

congloiteratic subfacies (Gu) is not present in fades NSd. Cross-
laminated sandstones (subfacies Sr) are present but are not very

abundant. On the other hand scour and fill/channel fill cross-
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Sets traosd laterally up to 20 in.
Foresets axe steep avalanche slopes.
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Str .Trough cross-stratified, mdi.zn to
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Subsidiary subfacies
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irrbricated conglatrate with minor
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Sr. tcwer fli-xegine, cross-laminated
sandstcne.

Shz .Lwer and uer fl-regiir,
horizontally stratified/laminated
sandstone. Primary current lineation
may be present.
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Cross-laminated and bioturbated
with rootlets and caliche.
Deposits of waning floods, and
ovethank areas.

Ss Scour and fill/channel fill cross-
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Largely fran work on the Platte River, Colorado-Nebraska (Smith, 1970,
1971a, 1972), rrvdified after Miall (1977).

Figure 3.16	 PlATTE-TYPE BRPIflED RIVER )DEL
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stratified sandstones (subfacies Ss) are nore abundant in facies d
than in the Platte nodel. The differences beteen facies MSd and
the Platte nodel do not suggest, hover, that one of Miall' s three
alternative facies asseithiages (1977) would be a irore suitable nodel.
Since facies d differs from the Platte trodel in having less coarse-
grade material, the finer-grained deposits of the Bijou-Creek nodel
were considered as a possible analogue. These deposits, however, are
characterised by a predcininance of upper flc-regiiie, parallel-
stratified sandstone with priirary current lineation (MCKee et al.,

1967; see Williams, 1971, for another example) and are inappropriate
therefore as an analogue. In addition to the deposits of the Platte
River, those of the Tana River, Norway (Collinson, 1970) and the
South Saskatchewan River, Canada (Cant & Walker, 1978) also provide
suitable ana1ogs, the fornEr being an exarrle of the Platte-type
facies assentlage (Miall, 1977).

FoUciing the generalised interpretation of Miall' s subfacies
in the Platte model (1977), the sediirnts of facies 1d are inferred
to have been deposited under the follciing conditions (see Figs.
3.11, 3.13 & 3.14). During floods, upper flow-regine conditions
were responsible for scouring away lw-stage, fine-grained deposits
and ripping away the upper surfaces of transverse bars. Flood waters
caused channel bank collapse and the incorporation of large friable
sandstone clasts in channel deposits. Upper flcM-regiire parallel
stratified sandstone (si.bfacies 5hz) was deposited over the scoured
horizons in places, scretirnes incorporating shale and argillaceous-
siltstone intrafonational clasts that were transported by the fl
waters. During the follodng high-stage flow, siriixus-crested dunes
migrated down-stream in braided channels, constructing large-scale
sets of trough cross-strata (sub facies Str). Straight and slightly
sinixus-crested dunes, sandwaves and transverse bars were irore
abundant, however, and. these migrated down-stream during high-stage
flow, depositing large-scale sets of planar cross-strata (subfacies
Sp). Sheet run-off processes on the tops of bars generated small
bar-top channels at the downstream end of which delta-like lobate
sedirnt accumulations developed beyond the bar margin (Collinson,
1970).

¶1!ne horizontally stratified sandstone arid the scour and f ill!
channel fill cross-strata (terned scour and fill hereafter) (Fig.
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3.11) provide sane evidence for upper flow-regime conditions.
Primary current lineation was only occasionally observed on the
horizontal strata, however, and it is probable that inih of the
horizontal stratification was forrred by the process described by
Smith (197Th), whereby migrating very-shallow, rhanüoida1-shaped
bars generate pseudo-planar stratification under 1cr flow-regime
conditions. In the case where horizontal stratification was observed
lying above a preserved rippled surface of beds of subfacies Fl (top
of unit 8, Fig. 3.14) this interpretation seems the Irost likely. The
concordant fill of the broad shallow scours of the scour and fill
cross-strata was nest probably deposited under uçer flaw-regflte
conditions (Miall, 1977). This sedirtEntary structure is thought to
form by separate cutting and filling events (Miall, 1977). Scour
hollows reminiscent of the scours at the base of scour and fill
structures and caused, in sane cases, by local vortices developed
around obstructions have been seen in the Rio Grande and Brahnputra
rivers (Harms & Fahnestock, 1965; Coleman, 1969). Larger scours than
these may represent major or minor channels, formed by avulsion or
bar-top channelling during high-stage, or by bar dissection during
low-stage conditions (Miall, 1977). The association of scour and
fill cross-strata (subfacies Ss) with subfacies Sp, Str, and SS in
facies frd suggests that they were formed under high flow-velocity
conditions by in-channel vortices and by high-stage avulsion processes.

During falling-stage flow conditions, processes characteristic
of high-stage flow conditions continued but smaller-scale bedforins
were present in channels and on the top surface of bars which were
responsible for smaller-scale sets (subfacies Str and Sp). The bed-
forms migrating over the surface of transverse bars, on reaching the
bar crest, avalanched &in the lee slope creating angular fining-
upwards, grainsize graded foresets by the process described by Smith
(1972) (Fig. 3.17). Segregation of bedload material in the migrating
bar-top bedforms, by the concentration of coarse-grade sed.ixtent in
lee-side scour pockets, is responsible for this phencmenon. The
process ensures that large-scale sets of avalanche-foresets continue
to be constructed on the lee slopes of bars during falling-stage flow
conditions so long as bedforms migrate over the bar surface. 'Ise
large-scale sets have a greater preservation potential than the small-
scale sets formed on the bar top by migrating bedlorms because of the
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topograücally high position of the small-scale sets. The angular
characteristic of these foresets laid dn on the bar-front avalanche
slope may be attributed to the weakened separation ey in the lee of
the bar (Collinson, 1970).

The presence of lags of coarse-grade material, including abundant
clay clasts, on the top of beds of cross-strata (Fig. 3.12) may have
resulted from lc-stage sheet run off events scouring seditrent froat
part of a bar surface and redepositing it e1se .ihere on the top of the
bar. The decreasing fla*-strength of such sheet run-off flcMs is
responsible for the deposition of coarse-grade material initially and
for son winnowing of finer-grained sedinent. The presence of this
feature above lw-stage bar-dification strata (unit 9, Fig. 3.11)
supports this interpretation (see alsc unit 2, Fig. 3.13). The
feature also provides evidence that in sone cases the original top
surface of the bed is preserved, whereas the top of many sets of
cross-strata probably do not represent the original depositional
sedirrent-water interface, the top of the set having been removed by a
subsequent scouring event, preceding the deposition of the next set
of planar cross-strata.

During low-stage f1c, the fol1ing conditions of sedinent
accumulation may have applied. In general the deposits of these
periods are poorly preserved, but a nurrber of diagnostic sedirrentary
structures were produced and preserved. During periods of li-stage
flcr, los-velocity shallc flor s characterised the braided channels,
on the floors of which migrating ripples created beds of cross-
laminated. fine-grained sandstone (sthfacies Sr). Similar dosits
vre also laid down on the tops of bars. Silt and clay was deposited
from suspension in the quiet water conditions of abandoned channels
and pools in the braid plain, and in scour hollis created during
flood stage flows. Wind-driven currents and waves rippled the beds
of silt and sand in these environrrents and created cross-laminated
intercalations interbedded with argillaceous siltstones (sub facies
Fl). Organisms bioturbated these quiet-water sedirrents creating the
biogenic structures characteristic of subfacies Fl. The sedirrents
of this subfacies in facies d differ from those of the Platte River
in lacking any evidence for rootlet horizons, or for caliche beds
forrted as ovethank soil horizons. This suggests that overbank
deposits were rarely preserved, and it provides support for the
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inference that, because of the prcbable absence of late Silurian/
early Devonian major terrestrial vegetation, channel banks were
relatively unstable

The division of facies Id into subfacies (Fig. 3.16) allowed
an analysis of vertical subfacies transition datae A clearly-visible
scoured surface was oz)nsidered as a subfácies for these purposes
(subfacies SS). A nost courron vertical sequence was established

which	 rised stacked sets of planar cross-strata lying above a
scoured surface and passing up eventually to an argillaceous siltstone
bed (sfacies Fl):

A) SS--SpSp-+SS+Sp^Sp-^Fl^SS.
Considering, in addition, the second and third nost orrnon vertical
transitions of subfacies (second and third rank) it proved possible
to establish the following sequences, given in order of rank. (It
was necessary to go up to the fourth rank transition for subfacies
SS whilst for subfacies Sp all the possible transitions were included).

B)
C) SS±Shz^Sp-'-Str--Sp--F1+Spetc.
D) SS^Fl--Ss--Str^Sp+Fl^Shzetc.
E) SS^Sp±Shz^Fl
F) SS^Sp^Ss^Sp-*Sr^SS.

This analysis showed that, in sate cases, high and lci flow-strength
deposits nay be arranged vertically in a falling flcw-strength
seqcence (e.g. sequence B, see units 6-8, Fig. 3.11, and unit 6b,
Fig. 3.14). However, in other cases, no falling flow-strength
sequence was discernible (e.g. sequences A, C and D). In the cases
where " flow-strength sequences" were recognised, these were only
rarely clearly associated with true vertical fining-upwards seqtiences.
Ppart from facies Fl which is defined as being ca'rosed of finer-
grained sedinent, it was cotteon to find that the "low flow-strength"
deposits were of the sane grainsize as those of high flow-strengths.
The value of this type of analysis is to establish trends not other-
wise discernible in seq ences showing sone gradational or transitional
variation. The evidence of soft-sedlirent deforned cross-strata, scour
and fill cross-strata, abrupt planar basal set boundaries and intra-

formational clasts, suggests that in facies MSd many irore erosion
surfaces, resulting from marked increases in flow strength, are

present than axe indicated by the visibly erosional scour surfaces
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(subfacies SS). As a result it is cmon for beds in a succession to
be virtually hydrodynamically independent of their neighbours in the
measured section. Consequently the study of individual beds, or
actual bedding sequences showing internal genetic relationships, and
the lateral characteristics of these beds arid bedding sequences, is
likely to be the irore rewarding approach to the interpretation of
these sediments (Coilinson, 1978a).

Scxre aoubt has been cast upon the validity of vertical sequence
analysis in generating nodels of fluvial alluvitin and caution is
required in relating idealised ancient sequences to the inferred
vertical sequences of vell-docurrnted rrodern rivers (Collinson, 1981).
Nevertheless, it is worth noting that the idealised vertical sequence
determined for the Battery Point Formation (Devonian, Quebec), and
interpreted as being analogous to the deposits of the South
Saskatchewan River (Cant & Walker, 1976; Cant, 1978), has many
similarities with sequence A, determined from this facies, and with
sate of the bedding sequences described in the measured sections at
Tihererin and Wadi Teshuinat (Figs. 3.11, 3.13 & 3.14). Cant and
Walker (1976) described a 10 m thick vertical sequence showing a
fining-upwards grainsize trend and an upwards decrease in set thick-
ness. In their rrodel, a scoured basal surface is overlain by alter-
nating sets of planar and trough cross-strata (with some scour and
fill cross-strata) which are interpreted as channel deposits. These
are overlain by thin sets of planar cross-strata and cross-laminated
sandstones and interbedded shales. This fine-grained succession
capping the sequence is thought to have been deposited on bar tops
and by quiet water vertical accretion. Consequently, these deposits
have a low preservation potential. Nevertheless, units 4 and 8 (Fig.
3.11) may be exarrles of these bar top deposits. Lon stage deposits
of fine-grained sediment lying in depressions in the braid plain are
likely to have a higher preservation potential, however. The fine-
grade sediments of the succession at Wadi Teshuinat (Figs. 3.13 &
3.14) are thought to have been deposited in this si.±environrrent of
the braid plain.

'Ire coarse-grained beds of facies d may be interpreted
similarly to the coarse mener of the Battery Point sequence as
being in-channel deposits of mid-channel bars and migrating dunes.
Ctie of the vertical bedding sequences at Tihererin (units 6-8, Fig.
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3.11) is similar to the Battery Point seqtnce, but is rrch thinner,

whilst the thickest unit seen in the Wadi Teshuinat measured section

(unit 6, Figs. 3.13 & 3.14) orrares xDth in scale and sedimentary

structures with the Battery Point sequence. The generally thinner

nature of individual (rather than staded) coarse nerthers in facies

NSd seqtnces suggests that this facies may have been deposited in a

braid plain of shallower, less stable channels than that of the South

Saskatchewan River. Hcwever, it is nst probably an oversirrlifica-

tion to interpret all the cross-strata of facies d as channel

deposits since the sediments deposited in intra-channel platform

areas may also be preserved (see below).

In the follcwing six sections consideration is given to the

evidence provided by the sedimentary structures of fades MSd ai the
processes, and particularly the flow depths, which characterised the

depositional setting of facies NSd. This approach was inspired to

some extent by the similar approach adopted by Hodgson (1978) in his

interpretation of the Iøwer Carboniferous Fell Sandstone braided

river deposits of Northern England.

3.2.2 • 2 Cross-stratification

The abundant large-scale planar, and subsidiary trough cross-

strata of facies NSd may have been created by a nuter of different

processes. Under aggradational conditions migrating trains of

straight and sinuous-crested ripple-forms (sandwaves, dunes, nega-

ripples, etc.) create cosets of planar and trough cross-strata

respectively (Allen, 1963; Dalrple et al., 1978; Harms, l975a;

Southard, 1975). Under stable flcw conditions the dimensions of sate

of these ripple-forms are determined by flow strength. Large-scale

cross-strata nay also be created, however, during the construction

of bars by a process of sediment avalanching on bar lee slopes from

migrating bar-top ripples and ripple-forms (Smith, 1972) (Fig. 3.17).

In this case set thickness is a response to the geometry and scale

of the bar rather than to flow strength. The heterogeneous geometry

of the sets of planar cross-strata of facies MSd, and the relatively

rare occurrence of trough cross -strata, suggest that the process by

which these sediments were laid down was nore catplex than that of

the migration of a train of ripple-forms in stable flow conditions.

Furthernore, the presence of grainsize graded foresets is evidence
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for relatively snail-scale ripple-forms serflpceed on larger

ripple-forms (see section 3.2,2.5). Both of these oDnclus ions

indicate that the nodel proposed by Jopling (1966) for the creation

of planar cross-strata under unstable flow conditions nay be nore

applicable to the sedixtents of this facies than ncdels based upon

the assurption of stable flow conditions. Jopling (1966) showed

that planar cross-strata nay be forned by a process of aggradatian
under conditions of changing flow strength and sedinEnt discharge.

Changes in base level nay result in the deve1orent of an enlarged

ripple which grows into a microdelta and which subsequently grows

downstre by a process of foreset accretion. A set of cross-strata

is created by this process, the thickness of which is related to
attenpts by the system to achieve an equilibriixn profile in response
to changes in flow depth.

Once a microdelta is produced it is only necessary to have
continued aggradational conditions and sane sediirent transport over

the top set of the microdelta for persistant downstream accretion of

the avalanche slope. Sedirrent may be transported along the topset

under any flow regine and still contribute to the foreset aggradation.
Hence the structure has an inherent stability. Any change in flow
conditions, which may include changes in flow velocity, flow depth,

sedinent, sedinent grainsize and flow direction, will,

under conditions favouring aggradation, cause an enlarged ripple to
form and grow into a microdelta, over which the consequent change in
flow depth will cause &Mnstream foreset accretion for as long as

sedirrent is transported over the top of the microdelta (Jopling,

1966). Similarly any constriction existing in unidirectional or
semi-unidirectional flow (resulting, for instance, from the develop-

rrent of dunes, sandwaves or bars during stable flow conditions) will

be the site of flow expansion on the lee side of the bedform, bedload

deposition and the creation of planar cross-stratification. Jopling

(1966) argued, therefore, for an approach to the subject of the

genesis of cross-strata that is based upon an understanding of the
effects of the many changes in flow conditions which characterise

natural depositional systems. 1spite the enphasis that has existed
in the literature for many years upon the study of bedforrns generated

under stable flow conditions, the earlier approach of Jopling (1966)

has recently been supported (Leeder, 1981).
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3.2.2.3 Controls on the dirrensia-s and gecnetry of ripples,
san,iaves and dunes

In attting to establish vnat flaw depths were characteristic
of the depositional setting of facies d it is necessary to consider
whether the thickness of sets of cross-strata may be used as evidence
for depositional flaw depth. Althoh it .has been argued in the
previous section that flaw depths were unubthdly constantly chang-
ing, it is prable that sate of the cosets of trough and planar
cross-strata of fades MSd were deposited under relatively stable
flaw conditions in which the bedforn that developed were in hydro-
dynamic equilftriun with flaw strength. These conditions probably
existed at certain tines in the major channels of the braid plain.
Leeder (1981) argued that bedform scale, an indication of which nay
be determined fran set thickness, is only influenced by flaw strength
(and therefore flcw depth) where outer flaw zone processes are active
in noulding the ripple-forms that are developed in migrating bedload
material. The relationship of small-scale ripples and dunes to outer
flaw zone processes has been thoroughly docurrented in the literature
but the position of sandwaves in the flaw regime/bedforrn heirarchy
is iirrfect1y understood. Allen (1968), YalIn (1964, 1977) and Guy
et al. (1966) discussed the relationship between flaw depth and the
dinEnsions of ripples arid dunes. In their work the boundary scale
values between the tt naturally-occurring distinct populations of
ripple forms (ripples and dunes) are an axplitude of 4 ans and a
wavelength of 60 ans (Allen, 1968). Thr concluded that ripples are
forned in predaninantly hydraulically saDoth or laminar fla arid
that their di.nens ions are dependent not on flaw depth but on grainsize
and flaw separation dynamics (Leeder, 1981), whereas dunes are limited
to hydraulically rough, turbulent flaws, and their dirrensions are a
response to grainsize and depositional flaw strength, i.e • outer flaw
zone processes. Allen (1968) shcwed that a relationship exists
between dune chord arid flaw depth, dune chord being approximately
five tines flaw depth, whilst Yalin (1964) showed that dune height
cannot exceed about one sixth of flaw depth (not "about six tines the
flaw depth" as stated in Allen, 1968, p. 138). Fran field evidence
it has been slown that the ratio of height (H) to wavelength (Xx) for
ripples is different from that for dunes (Allen, 1970). The ratio
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for dunes may be approxirrated by the equation H = 0.074 where
0,60 <A <2CXX) mtres. It should be noted that these relationships
are established from lines of regression drawn through a scatter of
data points and that the foregoing relationships are not ODnsis tent
with each other. Fbr instance, a dune of chord length 1 in should
have a height of 7.4 ans and should have been generated in a f1oi
depth of approximately one fifth of a ntre on the basis of Allen's
relationships (1968, 1970). According to Yalin (1964), however, a
dune of 7.4 arms height should have foned in a flow of not less than
6 x 7.4 a:ns, I . e. approximately 44 ans. The flow depth calculation
shows a discrepancy of just over a factor of two, therefore. It
might be reasonable to assune fran these calculations that flci depth
must be greater than three tinmss dune height and yet sbould generally
be less than seven tines dune height. This relationship is used a
nurber of tines in the following pages.

Sandwaves are difficult to interpret hydrodynamically because
they only become clearly distinct from dunes in flow depths of
greater than 50 an (Southard, 1975). It is necessary, therefore, to
include field evidence of flow depths unobtainable in flume tanks.
Southard (1975) used evidence fran estuarine nediun-grained sandwaves
to create a flow velocity/flow depth diagram. This leaves sane doubt
about whether the sandwaves studied re truly equilibrium bedforrns.
A further corrplication is provided by the fact that flume tank data
on sandwaves in coarse-grade sands are ll documented but data on
fine to irediurn-grained sand (typical of facies MSd) is sparse.
tspite these qualifications, Southard (1975), basing his interpreta-
tion on the straight-crested bars of Costello (1974), the interrrediate
flattened dunes of Pratt (1973) and on his own research,
concluded that sandwaves belong in the stable-flow bedfonn heirarchy
as a lower flcw regine bedform type that is distinct from ripples and
dunes. Sandwaves are tharacterised by a lr height to wavelength
ratio than dunes, and a weaker dynamic coupling than exists with
dunes between successive bedforms (the correlation of length fran
sandwave trough to crest with the height of the bedforrn irrrrediately
upstream is not as strong for sandwaves as for dunes (Costello, 1974)).

The distinction between sandwaves and dunes is complicated by
the presence of bedforms that have characteristics lying between these
two ripple-form types, Southard (1975) described dunes as bedforxns
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with sinuous (to irregular) crestlines and tangential to concave

foresets, and sandwaves as bedfonr with straight to slightly sinuous

crestlines and generally angular foresets. The fontr generates

trough cross-stratification whilst the latter generates planar cross-

stratification. Da1ryle et al. (1978), hcwever, recognised large-

scale ripple forms (his rrgaripp1es type 1) in the tidal environrrent

of the Bay of Furidy which had straight to slightly sinuous crests,

which lacked scour pits and which had vertical form indices typical

of dunes not sandwaws. These do not fit easily into the elegant but

over-sirtlified bipartate classification. A migrating train of such

ngaripples uld probably generate large-scale planar cross-

stratification not dissimilar to that generated by migrating sandwaves.

Large-scale ripple forms vary, therefore, both in the degree to

which the vertical form index conplies with the equation established

by Allen (1970) for dunes, and the degree to which their crests are

continuous and straight, or curved and broken, the latter types

generally, but not always, being associated with scour hollcws. Allen

(1968, after Conolly, 1965) suggested that a mDrphological gradation

may exist between tabular sets of cross-stratification, broad sheets

of sensibly constant thickness that were generated frctri straight-

crested bedforns, and trough sets of cross-stratification, sets only

four or five tinEs wider than thick, generated from broken and sinuous-

crested bedforxrs.

Leeder (1981) discussed the conditions of turbulent f1i,

sedinE.nt transport and bedform trethanics under which dunes and sand-

waves are created and provided evidence to support the view that there

is a considerable difference in the hydrodynamic conditions of genera-

tion of sandwaves and dunes • Jackson (1976, in leeder, 1981) identi-

fied an inner and outer turbulent boundary layer. The inner layer

(inner f1ai zone) corresponds approximately to Allen's laminar sublayer

(1970, p. 37-39) and ccxrprises spanwise streaks of lci and high speed

fluid, which are sthject to periodic disruption and lift-up (bursts).

The outer layer of the turbulent boundary layer (outer flai zone)

conprises 1arge-urst, "break up" vortices, and aelerated, downward-

moving sweep fluid. A periodic "burst-sweep" cycle is identified

which is responsible for rrost of the turbulence in a flai and for the

vast majority of sedirrent transport.

Outer-layer fli variables were sIwn to determine iran burst
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Feriodicity, even within the inner layer (Leader, 1981). A coherent

outer-layer f 1CM structure exists (tentEd macroturbulence) which
extends up to the free water surface and of which "surface boils"
are an exar1e. A poorly understood and coirplex relationship exists
between macroturbulence and form-roughness of the bed, bursts being
related to adverse pressure gradients in the lee of dunes, and burst
spacial interval downstream, at a given point in tine, being approxi-
irately five times water depth. This spacial burst interval may be
related to bedform spacing, since, as noted earlier, dune chord
length is freqnt1y found to be approximately five times f low depth.
This is supported by YalIn (1977) who developed the idea that bed
discontinuities disturb the structure of turbulence at repeat dis-
tances of 4-7 f low depths. This vrk, therefore, supports the
findings of earlier workers that dune spacing and geietzy are
determined by outer f 1 zone macroturbulence.

Bursts of the burst-sweep cycle are related to lee-side macro-
separation eddies arid may be responsible for the scour hollows
fruently present at the base of lee slopes of dunes (leeder, 1981).
No evidence exists for a similar relationship, however, in saridwaves
between f low depth, chord length and ripple-form height. Costello's
flurre tank studies of sandwaves (1974) indicated that these lg,
low bedforms with irregular wavelengths arise from chance bed defects
produced by greater than average grain mounds, or bed irregularities.
leeder (1981) considered, on this evidence, that these bedfonns may
not be directly related to outer flow zone prcoesses, but are
probably related to grain to grain hindrance effects arid are irore
similar therefore to ripples than they are to dunes. Ripples are
unaffected by nacroturbulence except to the extent that the burst-
sweep cycle produces defects in the inner flow zone which, together
with flow separation and reattachment, determines the ripple geciretry
for a given grainsize. Just as Jopling (1966) showed that micro-
deltas may grow from enlarged ripples in unstable flow conditions,
so Leeder (1981) argued that with increased but stable f low condi-
tions small-scale ripples may be "cannibalized" by larger ripples
which travel downstream at a greater rate assimilating smaller bed-
forms in the process. These "rogus" ripples may then grow into
sandwaves. The transition from ripples to sandwaves with increasing
flow strength vuld appear to be a gradational change, therefore.
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As the slip face of a sandwave increases in size, effective lee-side
inacroturbulent bursts ("Iregabursts tt ) nay cause sufficient scour
to transform the bed configuration fran that of a bedform daninated
by micro-flcM separation dynamics to one controlled both by nacro-
turbulence and flow separation, i.e. sandwaves of long wavelength
nay be converted to dunes with shorter wavelengths. The trigger for
this transfornation nay be the build-i. of a critical excess pressure
in the lee of a sandwave, which is sufficient to create an unfavour-
able pressure gradient and a separation eddy strong enough to inter-
fere with the burst-sweep cycle of the outer flow zone. Such an
analysis uld suggest that the transition fran sandwaves to dunes,
with increasing but stable flow conditions, vuld be abrupt.
Southard (1975, p. 24), however, argued that, whilst the rile to
sandwave transition is abrupt:, the sandwave to dune transition is
gradational. A great deal must depend i.on the rate at which flow
strength increases and the extent to which the bed has sufficient
tin-e to regain equiLibriun with new flow conditions.

Although sandwaves are still pcorly understood the rk of
Leeder (1981) and Jackson (1976) suggests that sandwaves and dunes
are distinguished hydrodynamically by the presence or absence of the
control of outer flow zone processes. Where macroturbulence is
effective in moulding the bed, dunes that have wavelength to height
ratios that conform approximately to the relationship established by
Allen (1970) are created. The diitensions of these dunes are deter-
mined by burst/sweep cycle periodicity which in turn is related to
flow depth. Where outer flow zone processes do not directly affect
the bed gecrrtry, sandwaves of variable dirrensions are generated in
which wavelength to height ratios are irregular but are always
greater than those for dunes. The characteristics of sandwaves and
the processes cerating in their generation appear to be closer to
those of ripples, "rogu&t ripples and microdeltas, therefore, than
they are to those of dunes. Since it is the effectiveness of flow
rnacroturbulence in moulding bed gearetry which detennines whether
sandwaves or dunes are created, and since a strong lee-side separa-
tion eddy may act as a trigger for effective macroturbulent control,
the presence of distinct scour hollows in the lee of dunes nay be
considered their most intrinsic characteristic. The absence of scour
hollows suggests that microflow separation dynamics (i.e • inner flow
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zone prcxesses) were dcxninant in their creation, in whicth case

wavelength to height ratios are less likely to be cxnstant and Iry

be the same or larger than those for dunes. Dalrple et al. 's
negaripples type 1 (1978) are an exanle of the former, and sandwaves

an exanpie of the latter. Since migrating trains of dunes that have

distinct scour hollows generate trough cross-strata, it nay be con-

clixJ.ed that flow depth calculations from set thicknesses are only

valid in the case of the relatively rare cosets of trough cross-

strata in facies Id. Using the relationship established earlier in

this section, set thicknesses of 50-lCx) cm which are characteristic.

of sets of trough cross-strata of fades MSd, suggest that deposi-

tional flow depth was between 1.50 in and 7 in. Although this state-

rrent is still very general it has relevance in considering whether

a nodern large river, such as the Bra1-naputra River, would be a

suitable alternative analogue to the Platte River. Furthernore it

will be shci,n that the relationship of depositional flow depth to

dune dimensions nay be used to establish the depth of flow that was

responsible for the creation of the larger of the grainsize graded

foresets (section 3.2.2.5).

3.2.2.4 Ice-side flow structure

The flow strucbire on the lee-side of ripple-forms (ripples,

sandwaves, dunes) is fundamentally the sane as that of microdeltas

(Jopling, 1961; Boersma et al., 1968) (Fig. 3.17). This pattern of
flaw cx rises a separation eddy of reverse circulation over which

there is a zone of mixing and free turbulence and above which there

is a zone of no diffusion. At the crest of the structure, flow

separation or boundary layer separation (Allen, 1968) occurs which

allows the separation eddy to form and which divides the transported

sediment into twD fractions: a) the bedload that acciznulates at the

brink of the lee slope until this slope exceeds the angle of repose

of the sedlirent and avalanching takes place; and b) the suspended

load that is transported further dnstream. Dzwnstreara from the

point of separation, at a distance cormnly six to eight times the

height of the set, the zone of diffusion expands to the extent that

the flow becomes reattached to the bottom (Jopling, 1961). In

ripple-forms, the point of reattachtent is approximately b thirds

of the distance up the next ripple-form stoss side (Peineck & Singh,
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1973). In the zone of reverse circulation, flow velocities nay be
large enough to sweep fine-grained sediirent (which has been deposited
out of suspension through the zone of mixing) to the bottan of the
lee slope where it may be deposited either as fine ripple-laminae
between coarser larninae fornd by avalanching (zone of interweaving)
or as a ripple-laminated bottan set layer over which avalanche fore-
sets prograde (Boersma et czl., 1968) (Fig. 3.17). The strengths of
the flow separation eddy, and the reverse circulation flow, vary
between different large-scale ripple-forms and determine whether scour
hollows are created, which, as noted earlier, is related to the degree
to which outer flow zone processes control the geatry of the rile-
form.

¶L processes involved in the transition of sandwaves to dunes
have been studied and srrised by Leeder (1981). In order to gen-
erate effective nEgabursts in the lee of sandwa'ves and to transform
the whole bed gec1ietry, flow strength must be increased but flow
depth must not decrease to much below three tins sandwave height.
This is because the transformation from sandwaves to dunes must
involve the creation of dunes of not less than the height of the
superseded sandwaves and these must form in flows in equilthriurn
with dune height. Following the argurrent presented earlier it is
also a requirxent that flow over the sandwave must remain suffici-
ently deep for the generation of a critical excess pressure in the
lee of the sandwave, a strong separation eddy, and interference with
the burst-sweep cycle of the outer flow zone (Leeder, 1981). Since
sets of planar cross-strata are camnly 70 ans thick it uld seem
that flow depths of 2.10 m to 4.90 m were not achieved (using the
relationship flow depth equals 3 to 7 tines dune height). In flow
depths of less than 2.10 in the spacial periodicity of negabursts

uld be less than that of sandwave crests (Southard, 1975) with the
result that bursting vuld break up flow on the stoss side of the
sandwave causing superinosed dunes to form.

Further evidence that flow conditions suitable for the trans-
formation of sandwaves,4iiicrodeltas to dunes were not achieved is
provided by the characteristics of the foresets • Flow strength and
the ratio of the water depth at the crest and at the base of the lee
slope of a ripple-form are the essential controls on fore set type and
shape (Jopling, 1966; Allen, 1970). Flow separation causes sedinent
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transported to the crest of the bedform to be continuously discharged

over the ripple-form crest and convected and diffused in a turbulent-
free shear layer before finally settling on the upper part of the lee

slope and causing an increase in the slope of the avalanche face.

Every tine the angle of initial yield of the sedinent is reached an

avalanche of sedin'ent leaves the crest. If sedimant discharge is
high, intermittent avalanching does not take place, but there is
continuous general sliding down the lee slope. This latter process

is not accatpanied by any sorting of the sediirent whereas grains

carried down the lee slope by avalanches becorre size-sorted during

the process, the coarser grains travelling furthest. Brush (1965, in
Peineck & Singh, 1973) proposed that in avalanches down lee slopes
coarser material should accunulate towards the outer side of the

avalanching material and should travel furthest. This conclusion was

reached by considering the fact that larger particles tend to irove in
the zone of lesser shear, an3. that, under the influence of gravity

and by virtue of their size and higher settling velocities, they are

transported the greatest distance. Inversely graded foreset laminae

should result frcm these processes. Since these were not seen in
facies MSd, nor were they reported by Smith (197la, 1972) or Collinson

(1970, 1978b), it may be assuned that an alternative process dcxninated.

Avalanching and lee-side rolling are characteristic of lcw flow

strengths. As tractive force increases nore and irore bedload grains

are catapulted into the turbulent eddy and are deposited on either

the lower slopes of the avalanche slope or in front of it so that
angular foresets becorre tangential or concave uards. Similarly a

decrease in sedinent grainsize favours tangential and concave foresets
over angular ones, and a shallcMing of the basin in front of the dune
has the sane effect because, for a given trac±ive force, nore of the

suspended material is landing beyond the avalanche material and this

rphasises the curved lower part of the foreset. The presence of

angular foresets in the planar cross-strata of facies MSd indicates,
therefore, that relatively low flow strengths and/or relatively deep

lee-side basins prevailed.

'I general absence of bottcm sets, with the exception of the

rare presence of wavy bottom set laininae, honogeneous bottom sets and

back flow cross-stratification (Figs. 3.11 & 3.12) and the generally

angular nature of foresets of cross-strata, is evidence, therefore,
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that ripple-form, lee-side eddies were generally ineffective in the

creation of "regressive ripples" (Jopling, 1961) or back-flow cross-

strata (Boersma et al., 1968) (Fig. 3.17). These characteristics

also provide evidence for minimal suspension transport and, by

irrplication, the absence of strong crestal flow separation and strong

lee-side eddies. It also inplies that flow depths over the crest of

the bedform were relatively low arid that disproportionately long

foreset slopes existed. These flow strength inçlicaticns indicate

that conditions in the lee of the sandwaves were generally in dis-

equilibrium with flow, and were considerably less turbulent than was

necessary to achieve the transition to dunes, conditions characteris-

tic of the dcnstream side of bars but generally not pertaining to

an actively migrating train of dunes or Inegaripples. Further, it

appears that, despite the existence of high flow strengths during

flocd-stage flows (evidence for which is provided by the presence of

upper flow-regime horizontally-stratified sandstone beds), flow depths

were only sufficiently great to create large-scale dunes or to trans-

form inicrodeltas/sandwaves into dunes, in the deeper channels.

3.2.2.5 Grainsize graded foresets

It has already been noted (section 3.2.2.1) that alternating

coarse and fine laminations in foresets of itodern planar tabular

cross-strata in the Platte River result from avalanching of sediment

previously sorted by small bedforme on the surface of transverse bars,

upstream fran their slip faces (Smith, 1972). Lunate and linguoid

dunes and ripples are usually preceded by scour pockets which contain

the coarsest sediment in transport. These scour pockets, formed by

lee-side eddies, rrove along in front of the migrating ripples and

dunes, carrying the coarsest grains in them. As the bedform and its

scour pocket approach the crest of the bar, the coarse material spills

over first and is followed by continuous avalanching of the finer

material in the ripple or dune. The result is a coarse and fine-

grained larnina couplet, or grainsize graded foreset, the thic}mess of

which is determined by the length of the foreset and the size of the

parent bedform plus scour pocket (Fig. 3.17).

Dunes have been observed migrating over the tops of bars and

over the stoss side of sandwaves, towards the crest, in a nurrer of

studies (Collinson, 1970; Smith, l971a, 1972; Harms et al., 1974;
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Coltian, 1969; Boothroyd & Hubbard, 1976). Harms et al. (1974)
ccnsidered that the sandwaves and sterhnposed dunes vre in ui1i-
brium with the flowr, whereas Allen and Collinson (1974) argued that
the phennon resulted from unstable flows, the sandwaves forming
under different flow conditions than the superiitx)Sed dunes. Mccabe
and Jones (1977), after conducting flume experiirents, cast doubt on
the interpretation of graded foresets given by Smith (1972) and
supported, in pait, by McBride et ai. (1975). They observed a con-
centration of coarse-grade material at the base of the slip face,
resulting frau avalanching of mixed-grade sedirrent, which produced a
base-of-set lag deposit that was similar to those seen in facies Med.
They did not, hcwever, observe any processes which created grainsize
segregation of the whole foreset. Jopling (1964) noted, from fliire
microdelta studies, that probably the Irost Jirortant sorting process
in the developirent of size-differentiated foreset larninae is not
sorting as a result of the avalanching process itself, but rather
segregation of gra.insizes along the stream bed stream from the
avalanche face (see Boersma, 1967). He did not, however, consider
that this segregation might occur by the process described by Smith
(1972) despite his observation (Jopling, 1965) that sedflrent is often
transported along the topset of rriicrodeltas as riples. Instead he
considered that fine and coarse-grade, foreset-laminae alternations
result largely fran the alternation of traction bedload and suspen-
sion load deposition on the avalanche face (Jopling, 1966).

Collinson (1970) observed two foreset typos in trenches through
linguoid bars in the Tana River in which tabular sets of cross-strata
with angular foresets were exposed. The finer-grained foresets
decrease in thickness downwards and re thought to be deposited from
suspension and to be coiiosed of sedirrent transported over the stoss
slope by saltation. The coarser-grained foresets, on the other hand,
thicken downwards and were thought to have been deposited by avalan-
ching of material transported to the crest of the bar as ripples.
The observations in the Tana River suggest that Jopling' s division of
foresets into suspension and avalanche types is valid and that Smith's
foreset couplets (1972) are to be found within the downward-thickening
avalanche-type foresets. Although the hypothesis that variations in
the heavy-fluid layer may be responsible for grainsize segregation of
avalanched material (Jopling, 1966) cannot be ignored, it is considered
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that the process described by Smith (1972) for the genesis of grain-

size graded foresets offers a convincing explanation for this phenan-

enon in facies MSd. From the evidence that graded foresets provide

about the dinEnsions of bar-tcp dunes, conclusions nay be drawn about

the outer flow zone conditions applying at the tima of the migration

of these dunes. This approach, therefore, provides evidence about

the flow depths over the top of the bar or sandwave at the tine of

active foreset accretion.

It is a sirrle matter to calculate that, for a set thickness of

70 ans and a foreset angle of 300 fran the horizontal (= foreset
length of 140 cms) a foreset thickness greater than approximately 1.5

ans indicates that the parent bedform and its scour pocket must have

been a dune rather than a ripple. Since many of the foresets of the

planar cross-strata of facies MSd are thicker than 1.5 ans and lie in

sets of at least 70 cms thickness, it nay be assurred that superfltosed

dunes were responsible, at least in part, for the creation of the

planar cross-strata. Graded foresets of up to 10 an thickness must

have been fornd by dunes of up to 10 cm in height and 145 cm wave-

length since the cross sectional area of a 10 cm thick foreset, in a
set 70 an thick, is the sane as that of a dune and accxanying scour

pocket of 10 an height and 145 an wavelength, assuming an angle of

inclination of 30°. If lower angles of inclination existed the

dimensions of the superflosed dune u1d have been slightly larger.

These dunes provide evidence, therefore, using the relationship dis-

cussed in section 3.2.2.3, for flcM depths over the stoss side of the
order of 30-70 an during active dune migration. These flow depths are

not necessarily an indication of the maximum flow depth over the sand-
wave or bar in which the grainsize graded foresets were deposited.

However, it seems reasonable to assurre that deeper flows over the
sandwave or bar were either of insufficient strength to cause a trans-

fonnaticxi. to dunes, or of such strength that sediirent was continuously

transported to the crest of the bedform in upper flow regirre conditions.
The haiogeneously-sorted foresets of the sandwaves may well have been

forired by this process. Although flow depths nay have exceeded 70 cm

over the sandwave during high-stage flow conditions, therefore, flow
depths appear to have been insufficient in the areas away fran the

main channels of the. braid plain (i.e. generally less than 2.10 m

water depth, see section 3.2.2.4) to transform the sandwaves or bars

to dunes.
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3.2.2.6 Reactivation surfaces

Evidence for nodification of bars and ripple-fornE during falling-

stage flow oznditions, and of dissection of bars during the low-stage,

is provided by the presence of reactivation surfaces and small-scale

cross-stratified sandstones lying above reactivation surfaces that are

present within cosets of predminantly large-scale sets of cross-strata.

rr.abe and Jones (1977) showed how convex-upards reactivation surfaces

are produced by washing out of the top of large-scale rip1e-forms by

superiiised ripples. They also reviewed the processes by which

reactivation surfaces are fornd, concluding that only certain

varieties of reactivation surfaces provide evidence of falling and

low-stage flow conditions (Fig. 3.18). Reactivation surfaces may be

foiited by ran&n interaction of bedfonns (under constant flow stage)

(Allen, 1973b) or by changes in flow direction in tidal environrrents

(Klein, 1970) (Fig. 3.18). Collinson (1970) argd that reactivation

surfaces in linguoid bars of the Thna River resulted frcin low-stage

nodification by wave action or flow around the bedform, particularly

parallel to the slip face. Unit 9 (Fig. 3.11) is thought to have

forrrEd by this process. The bar which was dissected, in this case,

shows evidence of an earlier hiatus when cross-laminated argillaceous

siltstone was built up the lee face of the bar by low-stage currents.

The presence of reactivation surfaces of the type described by

Collinson (1970) and by McCabe and Jones (1977) in facies Id is

thought to provide evidence, therefore, for fairly rapid changes in

flow stage in the forxier case and for fairly constant or slowly-

changing flow conditions in the latter case.

A third type of "reactivation surface" is seen in facies MSd

which should not strictly be tenrd a reactivation surface according

to the definition of Mccabe and Jones (1977, p. 713) since it is not

present within a "cross-bed". Instead, it is an irregular surface

over e or a nuiiber of planar sets of cross-strata. These sets are

not continuous but terminate laterally "dcn-current" and are overlain

by a planar wedge set of cross-strata which thickens down-current by

overstepping and engulfing the underlying sets • The set above the

"reactivation surface is characterised by a planar top surface and

an irregular basal surface, therefore (see reactivation surface in

Fig. 3.9, lower). This type of reactivation surface is thought to
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result from bar ccristruction during rising or high-stage flcw con-
ditions when slip-face foreset accretion causes the migration of a

bar over earlier 1cii-stage bedforrns into a depression or pool in the
braid platform dawn-current fran the bar. It may also have been

produced by the develont of a delta lthe at the downstream end of
a bar-top or braid-platform channel (Bluck, 1974).

Although the reactivation surfaces of the type described by

Collinsz)n (1970) provide evidence of lcr-stage f1i around bars

which may have been rgent, the other types of reactivation surfaces

seen in facies d, whilst providing some evidence for stage fluctua-

tions, do not provide any evidence for l-sthge emergence of bars.

No evidence for subaerial exposure of bars, or other parts of the
braid plain, in the form of desiccation cracks or caliche horizons,
was observed, and the biogenic traces of subfacies Fl, suggest that

the abandond channels and pools of the braid plain rarely dried up
conpletely and, perhaps, that the tops of bars re rarely emergent

either. The persistence of the "pools" and "abandoned channels"

through time suggests that the braid plain may have been the site of

some extensive lakes. The River Tana provides a good exanple of this

type of despositional setting (Collinson, 1970). Bars within the

channel system are comTonly always su1rgent, and perennial lakes
and pools in the braid plain contain sediment-feeding organisme
(Collinson, 1978b).

3.2 • 2.7 Soft-sediment deformation structures

Recumbent-folded deformed cross-stratification is abundant in
this facies and provides evidence for pore water pressure fluctuations
in recently deposited sediment resulting from changes in superinciin-
bent sediment load (McKee et al., 1962). Alternatively this phenom-
enon may be attributed to changing water levels in the lee of a bar
(Bluck, 1974). Reduced overburden and/or depth of water allcs water

to escape from previously slightly over-pressured sands causing

fluidisation of the sediment. The fact that the foresets of this

structure are invariably deformed "dcMnstream" u1d seem to suggest

that the deformation is to sate extent current-induced. In a nuther

of cases (e.g. mit 7, Fig. 3.14, just out of section) a reactivation

surface was seen that truncated a succession of beds not thicker than

1 m and including a bed with recumbent-folded foresets. If the
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truncation plane does not indicate erosion of a considerable thickness

of sedinent, an assttion that is difficult to verify, then the

folding of the foresets would have occurred after only minor burial,

In the case of unit 7 (Fig. 3.14) a probable explanation is that

current-induced horizontal stresses, perhaps produced during flood

stage vfiien overburden sediment was renoved, or during falling stage

when water depths decreased, were responsible for deforming sedinent

that was undergoing fluidisation at the tine • It is also possible

that earthquake trerrors vre responsible for the fluidisation arid

sediment deformation (Allen & Banks, 1972) but this explanation alone

doss not account for the "down-current" character of the deformation.

3.2.2.8 Palaeocurrent data

The low-variance palaeocurrent rose diagrams plotted from foreset

dip azirrn.iths of stacked sets of planar cross-strata suggest that these

represent the deposits of straight to slightly sinuous-crested,

similarly-orientated transverse bars. Ore (1963) and Smith (1972)

hasised that the sinuosity of bar crests in straight braided

channels determines the character of the palaeocurrent rose diagram

and, whilst differing on certain aspects of palaeocurrent interpreta -

tion, they both concluded that a wide dispersion would be expected.

Banks and Collinson (1974) argued, hcrever, that the cross-strata

deposited from a migrating transverse bar, with a convex-&nstream

crest, would show a mud-i lower variance of azimuth orientations than

a sinple consideration of the geonetry of the bar crest would suggest.

Thr concluded that braided-stream deposits, as suggested by Kelling
(1968), Allen (1970), Blatt et al. (1972) and others, are indeed

characterised by low palaeocurrent variance. Miall (1977) argued that

braided streams are tharacterised by lower directional variance than

other itore or less unirnodal flow systns including neandering streams

and many delta distributaries. He also noted that planar cross-strata

in fluvial systems carrronly show higher directional variance than
trough cross-strata since bar avalanche slopes may be orientated at

high angles to the channel direction. It follows that low directional

variance from planar cross-strata suggests deposition from fairly

straight-crested transverse bars migrating down channel, rather than

fran sinuous and horn bars, such as those observed in the South
Saskatchewan River (Cant & Walker, 1978).
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fl- degree of low-stage irodification of high-stage deposits nay

also determine the degree of palaeocurrent variancE (Smith, 1974).

The low-variance palaeocurrent data from facies 'Ed would suggest
that lcw-stage rrodification was not extensive. This is evidence

that changes in discharge in the rivers responsible for facies d

nay generally have been very rapid, unlike those of the Platte River,

not allcwing time for significant bar rnDdification (Jones, 1977)

although the presence of convex-up reactivation surfaces is evidence,

an the contrar for gentle flow stage changes. Unfortunately insuf-

ficient palaeccurrent data were collected from low-stage bar dissec-

tion structures to establish the degree of divergence that these show

from the prevailing palaeocurrent orientation, but divergences of up
to 900 were recorded. The divergence of orientations between groups

of units showing low-variance palaeocurrents (Figs. 3,13 & 3.14) may

indicate major changes in style of bar migration, accretion and pres-
ervation, or changes in the orientation of the channel in which the
bars were situated. The palaeocurrent data from facies d in the

lowest 40 m of the Tadrart Formation (second transgressive sequence,

see Rig. 3.6) were plotted together for each of the successions

maasured in the study area and are discussed in section 3.7 (see Fig.
3.55). The three southern rose diagrams, with 20 readings each, or

irore, show an internal variance of 150° to 180°, a birrodal or trirrodal

distribution, and very similar vector nean directions. They are

thought, therefore, to provide support for a fluvial interpretation

although they represent such a grouping of data from thick successions

of facLes d that these rose diagrams are considered to provide
little evidence about the type of fluvial system (Collinsa-i, 19 78b,

. 57-58)

3.2.2.9 Biogenic structures

The trace fossil evidence of facies MSd, and the biogenic traces

in sub facies Fl, cannot be used directly to distinguish continental
and marine sediments although similar trace fossil asserr1ages have

freqiently been quoted in support of argurrents for a marine deposi-
tional setting (see Chapters 1 & 2, sections 1.1.1 & 2.3). Hcever,

the presence of Fraena, Arthrophycus and Palaeophycus in the argilla-
ceous siltstone intercalations of subfacies Fl, and of Skolithos in
adjacent sandstone beds, indicates the former existence of organisms
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'which built carplex internal sediment-feeding burrcw systems
(Arthrophycu8 and Palaeophycus), organisms which occupied vertical
burrzs and lived by filter feeding of suspended sedinnt (Skolithos)
and organisms which cri1ed along the sedinent surface (Frczna) (see
Table 2.5). These trace fossils belong to the Skolithos and uziana
ithnofacies of Seilacher (Table 2.6) but are thought, from their
sedinentological context, to be evidence for the occupation by soft-
bodied organisms of perennial lakes in the braid plain, abandoned
channels and pools, and of restricted marine environrrents (lagoons
and estuarine channels) created during transgressions of the sea over
the braid plain. Arthrophycus is present in two distinct forms, a
pairt-frond shaped bundle of curved burrs and a straight to sirnxus
isolated burri variety (Fig. 2.6). Fades MSd is dcxninated by the
straight-burr variety although small-scale exanpies of the bundle
variety are also rarely present. The presence of Arthrophycus has
freqiently been quoted as evidence for a marine environirent of
deposition (e.g. Potter & Pettijohn, 1977, in the Silurian Tuscarora
Sandstone Formation of the Appalachians) but Cotter, also working on
the Tuscarora Formation (1978, & pers. conin. 1979), has cast doubt on
this, suggesting that both marine and lacustrine varieties are present,
the latter being observed in thin shale intercalations within a thick
succession of cross-stratified sandstones interpreted as being of
braided fluvial origin. It is possible that further work would shcw
that the different varieties of Arthrophycus present may be related to
different environnents/water salinities (see section 3.3.2.8).

The sedirrentary strucbires of the trace-fossil bearing beds,
which include planar cross-strata, the upper surfaces of which
ccmnnly display current ripples with superiirposed trails (subfacies
Sp), lenticular cross-lamination and intrafonretional clay clasts
(subfacies Fl), and ripple cross-lamination (subfacies Sr), provide
support for an interpretation of these beds as the deposits of lakes,
lagoons and abandoned channels since they are the product of sudden
changes in f1i strength and of gentle current winnoiing in quiet
shallcM-water conditions (Collinson, l978b). The sudden changes in
f1a strength occur when a channel is abandoned, or when fla into a
lake/lagoon is abruptly terminated by channel avuls ion. The differ-
ence between the trace fossils present in the sandstone beds and those
found within the argillaceous beds is probably largely a function of
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substrate type, nutrient availability and current conditions at the

sedinnt/water interface.

The trace fossils and biogenic traces of this facies provide

evidence, therefore, that the seditients of subfacies Fl and adjacent

sandstone si.bfacies (Sr and Sp) were capable of providing a habitat

for sediirent and suspension-feeding organisms, whith must have been

me of quiet water and only rare subaerial rergence. Igoons and

extensive pennanent lakes, abandcned channels and pools in fluvial

fboodplains provide this habitat. It seems unlJJely that eath of the

trace-fossil bearing beds represents a transgress ion resulting in the

deve1cient of estuarine/marine envircaments, since the fine-grained

intercalations are laterally inpersistent and are present at a large

nijrber of different stratigraphic horizons. The presence of fades

Fl at the "40 m marker plateauu, hciever, is thought to indicate the

transition fran fluvial deposits of facies MSd to estuarine,4narine

dosits of facies CSdSt.

The interpretation presented here for the trace fossils of facies

is similar to that proposed by Selley (1970) for Jordanian Nubian-

type sandstones, but is perhaps nore strongly dependent upon the

sedimsntological setting of the biogenic structures. This enphasis

has been app lied because of the soirewhat inconclusive results of

earlier atterrts to discriminate marine and non-narine depositional

environnents using trace fossils (see Chapters 1 & 2, sections 1.1.1

& 2.3)

3.2.2.10 Conclusions

Cross-stratification is so abundant in this facies that the
conditions under whith it was fonred have been discussed at sate

length. Cosets of trough cross-stratification are interpreted as the

product of migrating sinuous and lunate-crested dunes which were

present in the daannels of a braid plain and from the diirensions of
whith, inferred fran set thicknesses, floi depths of 1.5 m to 7 m

have been calculated. The interpretation of planar cross-stratifica-

tion is irore complicated, since it may have fonred by migration of

sandwaves, straight-crested dunes or microdeltas,4ars. Since it is

not clear hoi the cross-stratification produced by straight-crested

dunes may be distinguished from that produced by sandwaves, and since

the dinensions of rnicrodeltas4ars and sandwaves are not controlled
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by outer flow zone processes, set thicknesses of planar cross-strata
may not be used to infer depositional flow depths. However, the
evidence provided by grainsize graded foresets for strinposed 11-
scale dunes indicates that flow depths, during active migration of the
bedfon responsible for the planar cross-strata, was of the order of
30-70 ans over the crest of the bedform. The discrepancy between the

flow depths calculated for the crest of these bedfornis and the flow
depths calculated fran the trough cross-strata is thought to provide
evidence that the trough cross-strata were fonred during flood-stage
deposition in the deeper of the braid-plain channels, whilst the
down-stream foreset accretion of microdeltas/bars and sandwaves took
place during all flow stages both within channels and in platform
areas of the braid plain.

The evidence for uer flow regiire oonditions provided by the
fine to nedium-grained, horizontally-stratified sandstones (subfacies
Shz) (Guy et al., 1966), and the relatively rare occurrence of cosets
of trough cross-strata, are thought to indicate that although flow
velocities were occasionally sufficient to transform sandwaves into
dunes this rarely occurred away from the major channels because water
depth was generally too shallow, i.e. generally less than 2.10 in. The
presence of abundant grainsize graded foresets, hcwever, indicates
that flcw depth/flow strength conditions were fregnt1y such that
outer flow zone macrotuulence was capable of iioulding the bedload
material into small-scale dunes which migrated over a bed "landscape"
the irregularities of which were too great to be eliminated or trans-
foired into large-scale dunes.

Taking into account the evidence provided by the reactivation
, low-stage modification structures and. ter flow regine

horizontal stratification of facies d, for fluctuating flow con-
ditions, and allowing for the absence of evidence for subaerial e-
sure of the bedforins, the following interpretation of the planar
cross-strata and associated beds of this facies has been established,
based upon a refinnt of the earlier interpretation based upon
Miall's subfacies (1977) (see section 3.2.2.1).

depositional setting was a braided river system in which the
major channels were typically a few netres deep (characteristically
perhaps 2-4 in, but possibly up to 7 m deep) and lay in a braid plain
of low topograic relief and poorly developed channel banks, in parts
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of which extensive lakes were developed. Transverse bars, typically
70-1(X) an high, but in places up to 2.8 in high, and with straight to
sinuous crests of up to 40 in in length, were present in wide channels,
many of which were shallc,ier than the major channels of the braid
plain. During flood-stage flcis, saxe scouring and erosion of
previous ly-deposited sedinent took place. Net aggradation of sedinent
occurred in the depressions of the ifuvial plain on the lee-side of
transverse bars by the avalanching of sedinent carried as bedload
dnstream to the crest of the bar. Aggradatiai also took place by
the initiation of new bars as a result of the grcwth of rogue ripples
and sandwaves/inicrodeltas from pre-existing ripples in response to
changes in flcw conditions. At the height of the flood stage, upper
fli regitre conditions existed depositing horizontally-stratified
sandstones on scoured surfaces and bar tops, and transporting sedinent
to bar crests • As the flood-stage waned, lower flow regine conditions
predaninated and dunes were created which migrated thnstream on bar
stoss slopes in flows of 30-70 an depth. Flow depths between bars
were typically of the order of 1-2 m and were insufficient even in
flood-stage to trans form the sandwaves/inicrodeltas into dunes. As
flo.i stage continued to wane ripples instead of dunes migrated over
the bar stoss slope, and bar dissection and ircdification processes
predominated. Continued bar migration downstream resulted in the
developrent of internal reactivation surfaces. Flcw appears not to
have waned to the extent that bars were subaerially exposed for long
periods of tine. During the following flood stage the uneven topo-
graphy resulting from the previously described processes provided the
catalyst for the developirent of lee-slope avalanche faces which migra-
ted downstream.

Although evidence for low-stage errergence is not strong, the
abundant reactivation surfaces and stratification types indicating
fluctuations of flow strength and minor upper flow-regmne conditions,
and the strength of evidence in favour of abundant transverse bar
deposits and very subordinate dune and iregaripple-train deposits,
suggests an interpretation for facies NSd based upon the Platte, Tana
and South Saskatchewan rivers as irodern analogues. The thick stacks
of multi-storey planar cross-strata may have been deposited as succes-
sive sand flats (Cant & Walker, 1978). These have been recorded as
growing from mid-channel transverse bars, a small part of which beozxnes
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iergent during falling stage and acts as a nucleus for d'in-stream

and lateral grcwth into sand flats 50 in to 20(X) in long. They are
cciiposed of thick (1-2 in) sets of planar cross-strata (the original
transverse bar) and smaller sets of planar tabular cross-strata, with

subordinate parallel-stratified, trough cross-stratified and cross-
laminated sandstones.

Although the sand flats are errergent during lcw f1 q stage,
features developed on their surf ace providing evidence

of their rgence are remcved during the next high fli stage. The

abundant clay clasts incorporated in cross-strata may have originally
been desiccated clay drapes. Similar sand flats are developed in the
Brahmaputra (Coleman, 1969) and the possibility that this big river

might provide a rrdern analogue for facies d is considered in the

interpretation of facies CSdSt (section 3.3.2.10). Bluck (1979) gave

two exanples of fine-grained braided alluvium, the characteristics of

which are controlled by flc depth and channel floor relief. In the

deeper of these two exanpies (flood depth less than 3 in) three strati-

fication types are developed in the follcwing vertical sequence;

planar stratified sands overlie an erosion surface and planar cross-

strata and pseudo-planar stratified sands lie above. Vhere the li
fl .i stage channel has greater relief the rhoirbDidal-shaped bars

responsible for the pseudo-planar stratification are replaced by

planar cross-stratified sand flats • This suggests that the rivers

responsible for facies d were typically characterised by channels
in which flood water depths were not much shallcier than 3 in, and it
provides support for the South Saskatchewan River analogue, in which
channels are typically 3-5 in deep. This conclusion is consistent with
earlier conclusions that the depositional setting of facies d was

one of slightly shallower channels than characterise the South

Saskatchewan River, and that channels were perhaps typically 2-4 in

deep.

An alternative model to that of the South Saskatchewan River was

proposed by Bluck (1974) for the construction of preserved sheet-

sandstone caiplexes (lithosares) from his work on sandur deposits in
southern Iceland. ansverse (or lateral) bars were observed to

develop on the inside banks of sinuous reaches of major braided

channels, where they were preserved as the channel migrated under-

cutting the outside bank of the bend in the river. As the channel
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continued to undercut this bank a succession of transverse bars were

stacked together in a platform area which was topographically higher

than the main channel but lay within the channel calex. Thansverse

channels cut across this platform area and opened out into deeper

slough channels, at the dnstream margin of the platform, building

small deltas as a result of flcv expansion. Continued undercutting

of the outside bank of the main channel left the early-fornd trans-

verse bars progressively further rerroved from the main channel and

these were ultimately accreted to form a sra-platform area cczrsed

of sandstones bearing the sedirrentary structures of transverse bars,

transverse channels and small deltas. It was inferred that the bed-

forms of the main channel would not be preserved by this process

(although those of slough and transverse channels would be) with the

result that trough cross-stratification and major channelled sandstone

]xx3ies would not be a very significant cponent of the lithosorrE.

This type of lateral accretion of transverse bar deposits nay well

explain the sheet-like character of facies Sd, and the relatively

minor iirportance of the deposits of migrating dune-trains. The pre-

served deposits, studied by Bluck (1974), hrynever, were characterised

by very variable cross-strata foreset dip azimuths, as the cross-

strata were fonred rrainly during lci-stage flcw when flow orientations

were widely dispersed. The cross-strata of facies d, on the other

hand, have a 1cM variance of palaeocurrent orientations, suggesting

that deposition twk place predominantly from fairly straight-crested

transverse bars during high f1cM stage and that the resultant cross-

strata, once accreted into a lithosorre, were not extensively nx3.ified.

Harms (1980) encountered the sane 1cM palaeocurrent variance in
the late Jurassic-early Cretaceous Nubian-type sandstones of Egypt, in
that part of the succession of cross-stratified sandstones that had

very similar characteristics to those of facies MSd. The presence of

roDtlet horizons within beds similar in aearance to subfacies Fl,
and the presence of abundant convex-tMards reactivation surfaces

(see Fig. 3.18, uer), led to a fluvial interpretation for these beds

based upon a nodal of 1cM-relief, perennial rivers in an extensive

alluvial plain in which falling-stage structures were created but in

which lcw-stage bar-dissection events, such as characterise ephexeral,

flashy braided-river systems, were not very significant. Hanns (1980)

proposed that the evidence suggested, therefore, that the channels of
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this alluvial plain must have been straight to only slightly sinuous.
The processes by which the transverse-bar, or sandwave, deposits re

accreted into a lithosoma may well have been similar to those descri-

bed by Bluck (1974) and Cant and Walker (1978) in which case the

palaeocurrent data should be interpreted as providing evidence for

very wide channels and the fon-cer existence of straight-crested trans-

verse bars rather than for straight channels, a1thoth, of course, no

evidence exists in either the sozoic or the Palaeozoic Nubian-type

sandstones under discussion for v11-develed ireandering-channel

systems.

Harms (1980) described a vertical seqnce of beds which is

ccmnly present in the Nubian-type sandstones he studied, in

which a ooset of planar tabular cross-strata lies above a sharply-

erosional base and is overlain by a haematitic, kaolin-rich root

horizon of fine-grained sandstone in which plant fragirents are
oorrmcnly present. The cosets of cross-strata are characterised by

upiards-thinning sets, grainsize graded foresets inclined at 25°-26°

and displaying very lcw dip azimuth variances, arid by soft-sedirrent

deformation including recent-folded foresets. This vertical

seq nce of beds is very similar to those described fran facies d

(see Figs. 3.11, 3.13 & 3.14) and to those of the Upper Caitbrian Ibunt

Simon Sandstone (Driese et al., 1981), and was interpreted by Harms
(1980) to be channel saniaves overlain by vegetated flood-plain

deposits, the latter fonred by the process described by Walker (1974)

whereby clay deposited fran suspension is infiltrated into the inter-

stices of the previously-deposited sand in very shal1a water in
flood-plain pools, lakes and abandoned channels. The root horizons,

plant remains and unimodal palaeocurrent data were sufficient evidence

for Harms (1980) to prqose a non-narine interpretation for his beds,

whereas the presence in the clay-rich beds of trace fossils similar to

those encountered in facies 'Ed persuaded Driese et al. (1981) to
propose a marine estuarine interpretation for the Mount Simon

Sandstone beds. It is considered that, despite the trace fossil

evidence of facies MSd, the evidence of the petrography, the seditren-

taxy structures and the unirrodal 1oi-variance pa1acurrent data (see

Fig. 3.55) supports a fluvial interpretation. Evidence has been

provided by Ashley (1978) and Niddleton and Hereford (1981) that

tidal influence in fluvial systen generally results in soire bipolarity
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of foreset azimuths, even if this is cnly very rare.
It has been noted earlier that the absence of preserved channel-

shaped erosional scour surfaces in facies MSd ny be attributed to
the process by which transverse bars are accreted into a lithosate
(Bluck, 1974) wherthy the major channel sandstone bodies are only
rarely preserved. 2n alternative explanation for this *ienanenon is
that the fluvial deposits were laid doin on large-scale humid alluvial
fans or inland deltas (Bocthxoyd & Ntimdal, 1978; Bull, 1972; Friend,
1978; Gole & ChLtale, 1966; Heward, 1978) 'where channel incision was
not widespread and alluvium was deposited on convex-uards ides of
varying scales fran stres and rivers which decreased in size in-
stream. Selley (1978) prcç>osed that the cyclicity of coarser-grained,
thickly-bedded sandstones with finer-grained bi.oturbated sandstones,
which characterises the Jordanian Caithro-Ordovician Nubian-type sand-
stones, and the Central Saharan External Tassilian Sandstones, may be
a result of periodic uplift, or sea level fall, initiating, on each
occasion, a cycle of alluvial fan develqnt at the foot of a
lanard-retreating escarrxnent. He interpreted the coarser-grained
cross-stratified sandstones, therefore, as the deposits of braided-
streams which flci.ied over a coalescing 	 lex of broad, inbricated
alluvial fans on a piedmont plain, similar in sone respects to the
interpretation of sate of the sandstones of the nIbrricbn Group of
Scotland (Stewart, 1975). 7ssuming that the escarpnents were carçosed
of earlier Nubian-type sandstone seqtences, then the absence in facies
rEd of ccnglonerates, which are normally characteristic of alluvial
fans (Heward, 1978), and the oixmon1y texturally-ininature yet miner-
alogicafly-mature petrography of the sandstones of facies MSd are not
inconsistent with this hypothesis. H'ever, all the evidence suggests
that, although the rivers are thought to have been perennial and
relatively thal1oi, they were not characterised by abundant l-stage
reworking and subaerial emergence. This is generally inconsistent
with the characteristics of alluvial fan deposits although Boothrcyd
and Nimredai. (1978) noted fran studies of a large-scale humid alluvial
fan that sedimentary structures formed during subaerial exposure on
the tops of bars are rarely preserved in the sediients deposited at
the centre of braided channel coirlexes because of later scouring
events. Cie line of evidence against the retreating-escartent hypo-
thesis is that, in sate cases, the escarrent undergoing denudation
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would not have been cxxtposed of sufficiently oo se-grade sedinent
to suçly detritus to the alluvial fan supposedly depz)sited by this

process (see section 3.7)

3.3 Channelled Sandstone and Siltstone Facies (CSdSt)

3.3.1	 ]scription

3.3.11 General

Sandstone successions with irore abundant argillaceous siltstone

intercalations than are present in facies MSd, and characterised by

channelling cxi a variety of scales, have been assigned to the channel-

led sandstone and siltstone facies. Although sour and fill and

channel fill cross-stratification is present in facies MSd (subfacies

Ss), this facies Iray be distinguished from fades NSd by the presence

of reoognis able channel-fill sequences and a variety of types of

channelled socur surfaces that are clearly distinct from those at the

base of socur and fill/channel fill cross-stratification. Neverthe-

less, facies Ed and facies CSdSt are very similar in a large nurther

of respects and are difficult to distinguish without good expesure.
The dannel1ed sandstones of facies CSdSt are present, usually

associated with facies d, in all four transgressive sequences (Fig.

3.6) as one of the facies of the ooarse-grained units of the Tadrart

Thration identified by Klitzsch (1965a) (Fig. 3.1). This facies

oonmnonly lies above facies MSd, but it has a cciriplex, inter-fingering

relationship with both facies NSd and ISdSt. The facies is charac-

tensed by nulti-storey planar cross-stratified sandstones and bedding

seqtences of channel-fill sandstones lying above and within sooured

channel-shaped basal boundaries. Grainsize variation and pa1acurrent

directional variance are nore marked within the stacked cross-strata

of this facies than in those of facies Md.

As with facies JSd, this facies has an abundance of reactivation

surfaces, intrafonnational clay clasts, soft-sedinEnt deforired strata

(including recurthent-folded foresets), and grainsize graded foresets

in thick planar sets of cross-strata of, exticxial1y, up to 2.5-3 in

thickness, but typically of 70 at thickness. Otound cross-

stratification is omonly present in both facies CSdSt and d, but

this facies is less lithologically harogeneous than facies MSd.
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Argillaceous siltstone horizons are irore abundant, although generally
laterally iitersistent, in thin and very thin beds, and they show
Irore evidence of biotuthation than those of facies d. The trace
fossils present, hcwever, are broadly the sane, the argillaceous
horizons yielding abundant Artlzrophycus and exarrples of Palaeophycus
and Fraena, whilst adj acen.t fine-grained relatively well-sorted
sandstone beds ccmonly contain SkoUthos. In addition, hovever,
sons exanples of Cruzicuia were found in the argillaus beds, whilst
sate of the channel sandstones also contain RosseUa, Intrafonnational
conglarerates are present above rnaj or scour surfaces and are generally
overlain by thick sets of tabular or trough cross -stratified sandstone.
The conglarerates may be up to 60 art thick and are generally mancirtict
and clast supported, containing clasts of fine-grained sandstone or
argillaceous siltstone of up to 40 an in dianeter, but oxruron1y of
5-10 an dianeter. The clasts lie within a very poorly-sorted, sand-
stone matrix and may be slightly rounded or tabular in shape. It
proved iirossible to correlate intrafonnational conglorrerates over any
distance and it seems likely that they are not laterally persistent
for mare than a few hundred netres

The secUnents of facies CSdSt have been divided into four sub-
fades, the first three being characterised by different varieties of
channel and scour structures, and the fourth being characterised by
an abundance of clay drapes and intercalations. The sediments of
sub faci.es 1, and their sedimentary structures, are similar to those
of subfacies Sp of facies d, but are distinguished by the presence
of abundant broad shaUi scours that are concave upwards and channel
shaped. Channel-fill vertical seqences, conprising a large variety
of bedding types including beds of trough, planar and scour and fill
cross-stratified, and cross-laminated anto, characterise subfacies
2 and 3, the latter being distinguished by the presence of abundant
biogenic structures and by sparse shell iroulds and casts. The sedi-
irent-s of subfacies 4 display no channelling but are tharacterised by
an alternating segi.nce of beds of sandstone arid argillaceous siltstcne/
shale.
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3.3.1.2 Subfacies 1

Multiple sha1lo scour surfaces, up to 12 in wide and generally
less than 1 in deep, overlain by thin argillaceous siltstone horizons
which are overlain, in turn, angular foresets of cross-strata
filling the concave-up, channel-shaped scour, dia.racterise this sub-
facies. Pëcx)gnition of these scour surfaces is dependent upcn good
exposure without which the erosion horizons might be thought to be
planar and the succession mistaken for facies MSd. Subfacies 1 is
well displayed at locality 4 (Fig. 3.5) in Wadi Teshuinat where it
lies both above and beneath beds of facies MSd (Figs, 3 • 19 & 3.20).
The multiple scour horizons may appear to be concordantly filled with
channel-fill cross-strata when vied ctn the axis of the scoured
surface (Figs, 3.21 & 3.22 lcer), but the cross-strata lying within
the scours are, in fact, oxsed of angular foresets up to a few
centiiretxes thick which display grainsize grading and thinning-upwards
from the toe of the foresets. They form sets of cross-strata which
may be up to 175 an thick and in which reactivation surfaces are
present. No clear fining-iards grainsize grading Within the set
was observed. A section orientated at 90° to that of the channelled
sandstones illustrated, would have the appearance of a vertical coset
of thick sets of planar cross-strata, since the axis of the scour is
characteristically virtually horizontal and p1anar" in two dinen-
sions over distances of up to 20 in. The scours, therefore, have a
shallc,i-thannel gectxy rather than a scour-and-fill geonetry in
which the axis of the scour plunges at both ends.

Foreset dip azuths neasured from the sane set vary laterally
by as nuth as 84°. The trace of foresets, corresponding to the line
of the bar crest, may be fo1laed on horizontal exposures giving
evidence that bar crests were up to 40 m in length, and were sinuous.
Straight crests of up to 10 m in length were also observed. These
horizontal exposures displayed a oDIr1ex interfingering of foresets,
with foresets dying out laterally and interfingering with new fore-
sets • The argillaceous siltstone drapes on the basal scour surfaces
of the channel scours axe irrersistent laterally and, where they
pinch out, clay clasts are carmily incorporated in the toeset of the
cross-strata.

Ccixund cross-stratification (Hanns, 1975a) is coitmonly present
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in this subfacies (Figs. 3.21, 3.22 & 3.23) oDnçrLsing "c1cin-current"

dipping sets of cross-strata at a variety of scales. The foresets

are cannonly grainsize graded and inclined at angles of greater than

20° whereas the dipping sets are generally inclined at between 5° and

100. Inclined sets vary in thickness from a few centiitres to 1 m

but sets of , 15 an and c. 70 an thickness are characteristic of the

fades. Variance beten foreset dip azixrnith and the dip azimuth of

the basal boundary of the inclined set ny be quite considerable or
negligible corresponding to the two types figured by Hanns (1975a

Figs. 3.5 & 3.6 respectively). Soft-sedinent deformation and recurtent-

folded foresets are xxnrronly present in the inclined sets of cross-
strata. In one exle a wedge-shaped set of recurrbent-folded defornEd

cross-strata was dserved lying above the upperrrost inclined set of a

set of caromd cross-strata and thickening "&wn-current" so that its

upper surface was approximately flat Ci .e. corresponded to the regional

dip). The sandstones of the coirpound cross-strata (including beds with

multiple reactivation surfaces) are generally poorly to noderately-

sorted but individual foresets may corrprise well-sorted sandstones

'tiith differ in grainsize from adjacent foresets.
Reactivation surfaces, including oonvex-uards surfaces, are

present within the sandstone successions lying above the basal scour

surfaces (Figs. 3.24 & 3.26), and their presence creates a variety of

coirpourid cross-stratification. These conpound cross-strata are found

within sixcessions of planar cross-strata sthich occasionally pass

upwards into finer-grained biotu±ated sandstones (Fig. 3.26, descrip-

tion ]øier photo-montage). large-wavelength ripple bedding may also

be present at the top of successions of planar cross-strata in this
facies (Fig. 3.24). The ripple bedding is develced in well-sorted

sandstone which contrasts with the underlying poorly-sorted sandstone.

This sub facies is generally characterised by itoderately to

poorly-sorted, cross-stratified sandstones with foreset dip azimuth

variance of to c. 1500. In sate cases, hcwever, herringbone cross-
stratification is clearly developed (Figs. 3.25 & 3.26, see also Fig.3.37)

with bipolar palaeocurrents. Beds of planar tabular cross-strata are

present in this subfacies which pass upwards into a thin succession

of rippled sandstone and siltstone beds from which rippled surfaces

also display bipolar palacuxxents.

Lags of coarse and very coarse-grade quartz grains and



Figure 3.21 COMPOUSID CI)SS-STRPTA AND B1D SHAUJ SCOURS

AT DI TESHIJINAT.

?hoto-iontage of features of subfacies 1,

facies CSdSt (Fig. 3.19); see Figure 3.22

for overlay diagrams.
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Figure 3.22 OVERLAY DIZGBZ OF COMPOUND CFDSS-SflTh AND

B1D SHALtW SCIRS AT VDI TESHUINAT

Upper : ccaround cross-stratified, fine-grained and

well-sorted sandstone in inclined sets of

c. 70 in thickness which are catposed of

foresets inclined at angles of greater than

20°. A large variance exists between the

dip azimuths of these foresets and the dip

azimuths of the set boundaries.

Iiwer : broad, sha1l scours with overlying fine to

mediiit-grained sandstone (fsu-nsl) in sets

which vary in thickness frcm 80-175 cm.

Sate distortion is present in this overlay

diagram as a result of the three-dirrensional

nature of the exposure.
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Car,ound sets of cross-strata, 15-25 an thick, in fine-
grained sar4storie ,at Wadi Teshuinat. These ociound
cross-strata äre , bei±ween foreset and set dip azimuths.
The haImr (3) an long) provides a scale.

Caiçound set of cross-strata in fine-grained sandstone at
Wadi Anshal.	 majority of the sets are 4-15 an thick
(typically 6-10 an thick) i.e. considerably naller than
those of t1 cctipound sets illustrated in the uer 1x)to-
graph. These ccvpound cross-strata are characterised by a
1c,z-noderate variance beb.'een foreset and set dip azimuth.
In this exan1e, coarse-grade sand grains are present in
grainsize graded foresets. The hamrr (bottan left)
provides a scale.

Figure 3.23 C)MP(XI1D CW)SS-STRTIFIED SANDS'lONE 	 DI
THUINAT ND DI ANSHL



Figure 3.24 LE-WVELENG'IH PIPPLE-M)DIETTI0N OF PLNR

CIOSS-STA, 1ND VEX-UPDS REcI'wATIa

SUFAES

upper : large-wavelength (60 an) riled, well-sorted,

nEdiun-grained sandstone, at the top of a

succession of planar cross-stratified sets of

poorly-sorted, nedium- to coarse-grained

sandstone at Bir Talauaut. This succession is

characterised by recunbent-folded, deforned

cross-strata and sets of exceptionally, up to

1 m thickness but characteristically 10-15 an

thickness. The dip azimuths of the foresets

of these cross-strata display a variance of

135°. The penknife (8.5 an long) provides a
scale, and a felt-tip pen was used to ençhasize
the large-wavelength ripple structure. The

ripple nodification structure is thought to
provide evidence of falling fli-sthge conditions.

Lier : a variety of carpound cross-stratification,

present at locality 3, Wadi Teshuinat (Fig. 3.5),.

in which the inclined set boundaries are also

convex-urwards reactivation surfaces. The set in

which these reactivation surfaces are present

(identified by the position of the hairrrer) has an

irregular basal boundary and angular foresets that

are inclined, as in the overlying set, at angles of

repose of 25° to 27°. A 5 an thick, haiogeneous

bed divides the t sets. See Lgure 3.18 (upper)

for a proposed process of fornation of this

structure.
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Figure 3.25	 EXN4PLES OF HERRINGBCZJE C)SS-STPTIFICATIG

Upper left : sandstcnes of facies CSdSt lying above sandstones

and argillaceous siltstones of facies RBSdSt (lighter

oloured beds) at the base of transgressive sequence 3,

locality 3, Wadi Teshuinat (Fig. 3.5). Arrows indicate

posite palaeocurrent directions measured fmn the

foresets of tvx adjacent sets of cross-strata, the lcer

of whith is c. 1 m thick. This is a close-up of part of

the exposure iflustrated in Figure 3.62 (lcer picture).

See Figure 3.26 for overlay diagram.

Upper right planar set of cross-stratified, meditin-grained

sandstone (identified by the position of the hamier) that

has a foreset dip azimutth (1900) with a variance of 125°

fran the sets above and belci; from the sane locality as

that of the upper left photograph.

Iøer	 part of a 40 m thick nüt of nediun-grained, cross-

stratified sandstones of facies CSdSt lying entirely

within sediirents of facies RBSdSt in the upper part of

transgressive sequence 4 (214-254 m stratigraphically

above the base of the Tadrart Formation) at Bir Talauaut.

The right hand arrci.i marks the pesition of herringbone

cross-stratification lying above a scoured basal boundary.

An extensive, l-angle truncation plane is marked by the

left-hans. arr. Base to top of photograph is c. 30 m.

See Figure 3.26 for overlay diagram and palaeocurrent

rose diagram.
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Figure 3.26 OVERLAY DThGRMS (1 HERRIN(ONE cross-
STFICI½TEON ZND CcVEX-URDS
REACIVATIc StJR7cES

Upper	 from photo-ntage (Fig. 3.25, lier) to illustrate
herringbone cross-stratification above scoured basal
boundary (iS), and large-scale, low'-angle truncation
plane with strata lying concordantly above (LHS)
The bipolar palaeocurrent rose diagram is constructed
fran foreset dip azimuths ireasured from the succession
illustrated.

Niddle from photograph (Fig. 3.25, upper left) to shcM
herringbone cross-strata. The liest set illustrated
has sone inçersistent top-set stratification.

tower from photo-nontage (Fig. 3.24, lcer) to shci.i

convex-upwards reactivation surfaces with angular
foresets lying above these surfaces. Bioturbation
structures and shale clasts are present just above
the irregular basal boundary of the set. The conpound
set of cross-strata is overlain by beds of planar
cross-strata which pass up (above the succession
illustrated here and in Figure 3.24, lor) into
bioturbated sandstones with abundant 'iale jntra-
formational clasts.



20m

0

3m

3m

H.Sst Homogeneous sandstone bed

R.S.	 Reactivation surface

Figure 326
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argillaceous siltstone intrafonrational clasts, are stirtes present

on the top of beds of horizcita1 strata and cross-strata (Figs. 3.19,

unit 6). Biogenic traces are present in sone of the shale and

argillaceous siltstone beds, Arthrophycus being the only trace fossil

identified in these beds (Fig. 3.20, unit 12), whilst Skolithos is

present in sone of the sandstones.

3.3.1.3 Subfacies 2

Bedding sequences cxrprising trough cross-strata and channel fill

cross-strata which pass upwards into planar cross-strata and which lie

above scoured, erosive basal boundaries have been assigned to sub facies
2 (Fig. 3.20, units 17 & 18). The basal boundary may be cbannel-shed

andup to 12 in wide, as in subfacies 1, but it is mare ziionly irre-

gular or nearly planar. It is generally overlain by a thin argilla-

ceous siltstone bed. ¶I1e bedding sequences are ct:mronly not conplete,

being truncated by younger bedding sequences higher in the succession.

This subfacies although similar in a number of respects to subfacies 1
of this facies, and to facies ILSd, is distinc± frciii both of them by
its variety of stratification types and absence of imilti-storey cosets

of planar cross-strata. As well as the stratification types already
nitioned, rmiltiple scour and fill cross-stratification and harogen-

eous beds are ccirronly present, the latter generally at the base of

the bedding sequence. Current-ripple lamination is also present but

lateral-accretion cross-stratification is absent. The bedding

sequences, when conpiete, are c. 2-3 in thick, and shcw no regular

fining-uards grainsize trend. Wnere planar cross-stratified sand-

stone lies above the basal scoured boundary, the foresets are gener-

ally inclined at an angle of greater than 25°, and in sone cases,
greater than 30g. These beds of planar cross-strata are characterised

by very thick sets (Fig. 3.27, lcer) which are generally isolate and

not stacked in a coset of cross-strata. Intraformational clay clasts

are conrronly present in the cross-strata of this subfacies, and sate

irregular, wavy, lw-angle cross-strata present high in bedding
sequences are thought to indicate the initiation of soft-sedirrent

deformation. An intraforrrational conglarerate is sa'retiires present

in the basal beds of the channel bedding sequences (Fig. 3.28).

The palaeocurrent variance, as ireasured from linguoid rippled
sandstone bedding planes and foreset dip azimuths, appears generally
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ntraformaticri cong1aerate lying 75 in stratigraphically

above the base of the ¶Ldrart Fonnation at Wadi Anshal

(Fig. 3.5). The conglaterate, whith is nuianict and

matrix-supported, in places, and c1ast-suorted

elsewhere, lies above an erosional basal boundary and

is cx)nposed of white, fine-grained sandstone clasts

and poorly-sorted sandstone matrix. These glaierates

are thought to result fran thannel collapse events

during lateral thannel migration.

Figure 3.28	 INTTIONAL ca1ara1ERATE.
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to be fairly lcw although examples of bipolar palaeocurrents were

observed from sarE rippled surfaces. Only a limited airourit of palaeo-

current data was available from this subfacies, however.

3.3.l..4 Subfacies 3

Bedding seqnces indicative of channel-fill successions but

distinguished fixin those of subfacies 2 by a significantly greater

anount of biogenic structures, and by the presence of shell noulds

and casts, have been assigned to subfacies 3 CEig. 3.29). Soft-

sediment deformation and ripple lamination are also more abundant in

this subfacies. The sub facies is characterised by fine and very fine-

grained, rroderately to well-sorted sandstones which are present in
bedding seqnces of planar, trough and channel-fill cross-strata

which pass uwards to cross-laminated and bioturbated sandstones.

The bedding seqtnces generally display a poor fining-.pards grain-
size gradation although the stadc.ing of channel sandstone bodies

carImDnly obscures this trend.

Near the top of some of the channel sandstone bodies noulds and

casts of shell fragments were observed. Similar evidence for dislo-

cated shells and fragments of shells were found in the fine-grained

sandstone beds of facies RBSdSt. In many cases the iirression left

in the sandstone bed was virtually indistinguishable from that left

by a clay clast, but in some cases the shape of the umbo was reoog-

nisable. The shape and size of these inressions is sistent with

their being assigned to Nucula cfr. corbui-iformis Hall. Borghi and

Chiesa (1940) observed very similar shell irrpressions in the Ouan

Kasa Formation and assigned them to the same species, an infaunal

vagrant bivalve. Evidence for these bivalves had not been observed

before in the massive sandstone beds of the Tadrart Formation.
Fossil plant fragments are also present in these channel sandstone

bodies observed in one case on the upper bedding plane of a medium-

grained, trough cross-stratified sandstone bed (Fig. 3.42, upper left).

The trace fossils Skolithos and Rosselia (see Figs. 2.7 & 2.9)
which are present in the sandstones of this subfacies (Figs. 3.29,

3.30, 3.32), provide evidence that suspension-feeding organisms built

ie1ling tubes in the channels and, also, that organisms fed on the

nutrient present Within the channel sands. 'Ise burrow's are present

in the upper, finer-grained beds of the bedding sequences (Fig. 3.30).



Figure 3.29	 MEASURED SECTION IN FYCIES CSdSt, RBSdSt

2ND VBSd 2T TIHERERIN

Notes:

1) ¶L section was ireasured 224 to 251 in stratigraphically

above the base of the tI'a.drart Forma.tion at locality 17

(Fig. 3.5) in the basal 27 m of transgressive sequence

4 ("Sandstone Marker Bluff").

2) The palaeocurrent readings were measured from trough

axes or foreset dip azimi±hs of cross-strata, except

where a ripple sign is shcn.
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Roaselia trace fossil burrows in well-sorted, fine-grained
sandstone at Tihererin (cf. neasured section of Fig. 3.29)
In this case the burrows penetrate 8 an below the uer
bedding plane of the bed (shown at the top of the photo-
graph), the surface of 'thich is strongly bioturbated and
overlain by a 5 mit thick bed of horizontally laminated
siltstone.

Rose ilia burrows lying 25-30 cm below the top of the sane
sarstone bed as that illustrated above. A zone of strcrigly
biotuibated sediiient lies above the semi-spherical Rosselia
burrows.

Figure 3.30 ROSSELIA IN SDSIUES OF SUBFCS 3, F7%CIES CSdSt
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Just as with subfacies 2, the bedding seqnces of si.facies 3
lie above both curved and proximately planar basal soz)ured bound-
aries (Fig. 3.31, upper). The subfacies , however, also character-
ised by larger-scale major scour horizons of 15-40 in width and of
1-5 in depth (Rigs. 3.31, lower & 3.32 upper). 'Iliese sours and the
sandstone succession lying above them, nay be present within facies
CSdSt and in association with facies VBSd (Fig. 3.32, upper), or they
nay exist as a large-scale lens of sandstone lying totally within
facies RBSdSt (Fig. 3.32, lower). The latter channelled sandstone
body shows good evidence for lateral accretion but this is not a
o:irtron feature of this facies. In sone of the channel sandstone
bodies lying within fades RBSdSt clay intrafornational clasts and
shell fragnents were found on foreset, sone of which also
displayed foreset ripple cross-lamination.

The palaeocurrent data from subfacies 3 display a large variance
and are daninated by southwest, south and southeast directions (Figs.
3.29 & 3.32). These orientations are in marked oontrast to the pre-
valent northwesterly foreset azimuth direction obtained from the
majority of the cross-strata of facies d and CSdSt. Hcwever, the
beds illustrated in Figures 3.29 and 3.32 are from transgressive
seqence 4, the characteristics of which suggest a different palaeo-
geograthy. A discussion of the evidence provided by the sedirrents
of transgress ive seqtence 4 for their palaeogeograiic setting is
presented in section 3.7 (this Chapter). Although bipolar palaeo-
current patterns were not observed, the range of current readings
suggest offshore, along-shore and sorre onshore currents during depo-
sition of the sedliterits of this subfacies.

3.3.1.5 StibfacLes 4

Laterally fltrsistent sandstone beds with thin shale and mica-
cus argillaceous siltstone intercalations have been assigned to
subfacies 4 (Fig. 3.20, units 14 & 15). This subfacies is carironly
associated with subfacies 1 and 2, and with fades MSd, although it
is also present lying above subfacies 3. It differs from the three
other subfacies of this fades in not being directly associated with
channelling or bedding seqtences indicative of channel-fill sandstone
bodies. As with all the sedinents of this facies, hcever, it nay be
associated with large-scale scours and channels. Subfacies 4 crrnnly



Figure 3.31 CHZNNELLED SNLES OF FCIES CSdSt 2T THE

BASE OF TR?NSGRESSIVE SEQUENCE 4

Upper : sha11 scours in the basal sandstones of transgressive

seqnce 4, at Wadi ?nsha1 (Fig. 3.5) (Sandstone Marker
Bluff"). A 2m bar provides scale.

Iir : a nj or scoured surface overlain by strongly

bioturbated sandstones of subfacies in the
sandstones of the "Sandstone Marker Bluff", at

Wadi Teshuinat (Fig. 3.5). A haimer (lxttan right)

provides scale. 2½n overlay diagram of this bedding

sequen is illustrated in Figure 3.32.
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Figure 3.32	 GINEL-FflL BEDDG SEQUENCES OF SUBBACIES 3
AT DI TESHUIITAT

Upper : strongly-bioturbated, fine-grained sandstones of
subfacies 3, from transgressive sequence 4, locality 2
(Fig. 3.5). Horizontal bedding and cross-stratification
may be discerned within these sandstones, which lie
above a major scour surface that truncates sandstones
of subfacies 1 and 2 • A channel-sandstone bedding
sequence of subfacies 3 lies above and passes uards
into vertically-burra'ied sandstones of facies VBSd.
The palaeocurrent indicators of the d-iannel sandstones
of subfacies 2 which lie above the vertically-burraned
beds indicate that palaeof1cis were predominantly
tcwards the south. This section is illustrated in
Figure 3.31 (lc,ier).

Lcier : channel sandstone body that displays lateral
accretion cross-stratification and soft-sedinnt
deforiration, and is overlain and mderlain by
horizontally stratified, bioturbated sandstones of
facies PBSdSt, from transgressive sequence 4,
locality 2 (Fig. 3.5). The channel is inferred to
have migrated tcards the right (west) whilst the
foreset dip azimuths indicate predominantly southerly-
directed palaeocurrents, as in the channelled sandstones
illustrated above. Note that three-diisional
distortion in the photographs fran which this diagram
was taken al1s the false irrression to be given that
the upper beds of facies RBSdSt are not horizontal.
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lies at the top of the thickly-bedded units of the transgressive

seqrnces and is less laterally persistent than the other subfacies.

In two cases where the sub facies is well developed, both within the

thickly-bedded unit of transgress ive seqtnce 2 in Wadi Teshuinat

(Figs. 3.33 & 3.36), the sediments of this sthfacies interfinger

laterally with adjacent sediments over distances of 1-1 • 5 km. In one

case they interfinger with sediments of facies d (Fig. 3.33) and in

the other case with sediments of subfacies 1 of facies CSdSt (Fig.

3.36).

The sandstone beds of this subfacies are generally 10-50 cm

thick and are ocnposed of very fine to itediuin-grained, poorly to

nDderately-sorted sandstones which are generally planar cross-

stratified (Figs. 3.33 & 3.35, lower). Grainsize grading and soft-

sediment deformation of foresets is crmn, and shale intraformational

clasts are generally present within both the shale beds and the cross-

stratified sandstones, generally at the base of sets • Reactivation

surfaces and onpound cross-strata nay be present in the sandstone
beds which nay also display the following bedding types: horizontal

stratification, hatogeneous bedding, trough cross-stratification and

planar sets of cross-strata with concave foresets.

The sandstone beds thicken and thin laterally (Figs. 3.34, lower,

& 3.36, lower). This irregular geometry appears to be of primary
origin in many cases, since bioturbation and rippling of the upper
surface of these beds suggest preservation, rather than truncation,

of the original bed surface. In other cases, however, beds appear

to have been truncated prior to deposition of clay and argillaceous
silt. The upper surface of some of the sandstone beds is character-

ised by a long-wavelength (c. 1 m) rippled surface.

Clay drapes lying on the upper surface of foresets and at the

base of sets, are occasionally present (Figs. 3.27, upper, & 3.34,

upper). These are caiparable to the structures described by Mbray

and Visser (1982) and Allen (1981).

The fine-grained sediments of this subfacies are generally

hontgeneous and bioturbated, lying in beds of 5-20 ans thickness.
Sandstone and siltstone inter calations and lenses are present within

these sedirrents which display cross-lamination including lenticular

and wavy cross-lamination. Bioturbation is carrron in this subfacies;

trails and burrows such as Fraena and PaZ-aeophycus are often seen on



Figure 3.33 BEDDING SEQUENCES ND SEDIMENTJRL STRUCIURES
OF S1JBFZCIES 4

Laer : part of a 7 m thick develitent of subfacies 4 that
lies above an ircai-oxide 	 nted sandstone at the base of
transgressive seqnos 2, locality 9, Wadi Teshuinat (Fig.
3.5). The sandstone beds, which are generally 15-50 an
thick, are composed of nderately*sorted, fine to nediun-
grained sandstone which displays planar and conxund
cross-stratification, and grainsize graded foresets.
Foreset dip azimuths are uninodal and northwesterly
orientated (i.e. into the plane of the exp3 sure).
Pecuirbent-folded defoamd cross-strata are present in
sets (generafly 5-10 an thick) of caipound cross-strata
(see v11-develed example above the arrow and also a
close-up in the upper left photograph). The top of beds
oDrrnonly display asynnetrical ripples arid are overlain
by sandy and silty shale beds of up to 20 cm thickness.
These contain abundant clay intrafcximiaticnal clasts, of
up to 5 cm in length, and peorly-sorted cross-laminated
sandstone intercalaticns. Bioturbation structures and
the straight-burrow variety of Arthrophycus (Fig. 2.6)
are present in the shale beds. See Figure 3.34 (lower)
for overlay diagram.
These beds of sthfacies 4 pass by a lateral facies change
into sandstones of facies NSd, present at the base of
transgressive seqnos 2 and illustrated in Figure 3.13.
They also pass vertically into sandstones of facies MSd.

Upper left : recuirent-folded defonred cross-strata in
coirpound sets of cross -strata.

tJpper right : oinplex differential ctpaction structures
resulting fran major lateral thickening and thinning
of shale and. sandstone beds.

The hanirer provides scale in all three illustrations.
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Figure 3.34 OVERLAY DIRNS BEDDIiG SEQJENCES OF
SUBP7½CIES 4.

Upper	 argi1lacus siltstone and silty shale beds lying
above asyimetrically rippled surfaces, and bounding
a oztplex of sandstone beds displaying planar
cross-strata with clay drapes cii the upper surfaces
of sane foresets (see Fig. 3.27, uer, for
photograph). These structures may provide evidence
for tidal onditions although they are not diagnostic.

Ler : lateral thickening and thinning of silty shale and
sandstone beds on the base of sone of which load
structures are present (see Fig.3.33 for photographs).
The gecaietry of the beds suggest intennittent
tracticu deposition of irregularly-shaped sandstone
bodies in a region where suspension deposition and
minor ripple-inducing currents were active during
periods of limited sedinEnt supply. The truncation
of sone of the sandstone beds may be attributed to
current scouring events prior to the deposition of
clay drapes, but other sandstone beds are thought
to reflect t1ir original depositional geonetry.



E
C,

0 0
2 g 0

E

\

I

L



r

	

a- 	 -

V -	-

-

b.	 ,	
•.	 -:-	 -

Sandstone bed, with abundant Art hrophy cue a the sole of
the bed, lying within a succession of very fine-grained
sandstones and siltstones of subfacies 4 at locality 14,
Wadi Ahar (Fig. 3.5), near the base of transgressive
seqnce 1, Acacus Fonation (see Fig. 3.37, "Arc de
Tricrphe").

'--	
_1— —

r
__ __ -

.-•-	 -

Fine-grained sandstone bed, of 25 an thidcness, displaying
planar cross-strata (maximiin foreset dip direction is out of
the plane of the photograph, tc'iards the left of the photo-
grapher), and bounded above ai be1i by shale beds of 2-5 an
thickness. The base of the sandstone bed is loaded into the
shale, whilst the tc surface is gently rippled. Detail fran
Figure 3.36, lcjer.

Figure 3 • 35 BIOGENIC ND SEDIMETPJRY STRtI'URFS OF SUBFACIFS 4,
FAC]1S cdSt



Figure 3.36	 EXEOStJRE OF SANDS'ICES OF FCIES CSdSt AND

d It ESCARPMENT AT WDI SHtJINAT

Upper : secticn of irregular scarp fontis and slick-IDck

slopes (above arrow) in a c. 60 m thick

exposure of sandstones of facies CdSt in the

uçer part of transgressive seqtnce 2, above

the "40 m plateau", at locality 5 (Fig. 3.5).

Above this, sandstones of facies d and CSdSt

of transgressive seqnce 3 form a massive slab

wall, c. 60 in high, in the uer part of the
photograph.

Lower : enlargnt of arrced part of esure in

upper photograph illustrating a major

channel 25 in wide and 4 m deep. Belcw the

channel, sandstone beds of subfacies 4,

displaying lateral thickness differences

are present (see Fig. 3.35, lower).
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Figure 3.37 NA'WWL RXK Z1CH I SZNDS1ONES OF CIES CSdSt
AT VDI AHAR

Upper : natural rock arch, or "Arc de Triaiphe",.
sculptured fran fine to nediun-grained
sandstones of mit 14 of the Acacus
Fonration (see Fig. 3.1) (Klitzsdi, l965a,
1969). The arch, which is nore than 100 in

high and is located in a region given the
narre "Bab al Ramlat" ("Pass of Sand" in
Arabic) in the Wadi Ahar (locality 14, Fig.
3.5), is nposed of cross-stratified and
channelled sandstones and si±sidiary silt-
stones, sate of which contain abundant
Arthrophycus (see Fig. 3.35), of facies
cst (transgressive seqnce 1).

Lower	 overlay diagram shcwing that, even allowing
for three-dinensional and perspective effects,
many of the breaks in the succession are
strikingly subparallel to each other. The
palaeocurrent rose shows that foreset dip
azimuths neasured from cross-strata of
subfacies 1 and 2 within this succession
display a bipolar distribution. The landrover
provides scale.
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the rippled tc bedding planes of the sands taie beds and Skol-ithos
may be present within these beds. Arthrophycus is cDnnnly present
on the sole of sandstone beds lying above the shale and siltstone
intercalations (Fig. 3 • 35, upper) and Cruziana may also be present
on these soles. In transgress lye seqnce 1 (Acacus Formation, Cf.
Fig. 3.6) the Arthrophycus is 031mczlly palm-frond shaped, whereas in
the higher seqcnces (Tadrart Formation) it is usualiy present in its
straight-burra form (see Fig. 2.6). The Cruziana in this facies is
similar to that found in facies BBSdSt (see Fig. 2.4, upper central
right) and is smaller than the speciirens fran the ACaCUS Formation.

Fran the limited palaeocurrent data available from this sub facies
unimdal palaeocurrent roses were plotted with variances of up to 1600.

3.3.1.6 Large-scale scour surfaces and channels

A major characteristic of facies CSdSt is the presence of large-
scale scour surfaces and channels. In Wadi Teshuinat a shallc
channel 25 in across and 4 in deep is eçosed (Fig. 3.36) and, in Wadi
Ahar, scours and truncation planes of at least 50 in length are recog-
nisable (Pig. 3.37). A major truncation plane of similar dinnsions
is present at Bir Talauaut (Figs. 3.25, lcier, & 3.26, upper) which
has a depth of at least 6 in. The channel in Wadi Teshuinat is lined
with a thin siltstone bed and a bioturbated silty shale bed (both
2-5 an thick). It has similar characteristics, therefore, to the
channel described in subfacies 3 (Figs. 3.31, lower, & 3.32, upper).
The truncated beds beneath the channel are bioturbated along the
scour surface and the channel is filled with cosets of planar cross-
stratified, well-soi±ed, fine-grained sandstones in which reactiva-
tion surfaces and bioturbated, argillaceous siltstone drapes and
intercalations are present. The foresets of the cross-strata dip
into the channel and along its axis. The sedinntary fill of the
channel displays a fining-upards trend, the higher beds of the
segnce being flaggy. The channel-fill may be considered a variant
of subfacies 3 and 4, therefore. Above the channel-fill, the presence
of a bed of planar cross-strata with foresets dipping to the right
(Fig. 3.36, lcwer, top of the photograph) indicates that the channel
no longer controlled sedinentation at the tine of deposition of this
bed.
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3.3.1.7 Petrography

A etrographic study of the sandstones of this facies revealed

very similar mineralogies, textures and diagenetic histories to those

of facies d (see section 3.2.1.4 & Fig. 3.15), although a wider

range of degrees of sorting and grain rcLlnding exists, with sate
examples of well-sorted and rounded textures in ndiu-a and fine-

grained sarsthnes. It is interesting to note that the most well-

sorted and well-rounded sandstone samples were from the tpermDst

transgressive sequence (sequence 4, see Fig. 3.6) although poorly-

sorted samples were also oDilected from this sequence. It is possi-

ble that this trend in sandstone textures is related to a general

increase in marine influence in the sediirents of this facies strati-
graphically iwards in the successicr of the Tadrart Formation (see
Fig. 3.6).

Detrital biotite is calmDnly present in the sandstones of this

facies, generally trapped and deforired between sand grains, vthilst

feldspar is only rarely present. Chloritic clay pellicles are present
but chlorite is more abundant in this facies as an authigenic anor-
phous green to brcin interstitial pore fill. This is an important
thservation since authigenic amorphous chlorite, as oosed to the

chlorite of clay pellicles oDimonly present in facies MSd and thought

to develop in non-narine sedflrents, is oDnsidered to provide scxre

limited evidence for marine influence (RDdd, 1980). Both early and

late-stage haematite is present in addition to authigenic chlorite,

oDrrmDnly extensively replacing inicas and polycrystalline quartz grains.

Scanning electron micrographs of the sandstones of both facies

d and CSdSt axe illustrated in Figures 3,38 and 3.39. 	 om a study
of the nathre of the quartz overgrowths and the authigenic minerals

present, it was o3ncluded that the vast majority of the quartz over-
growths grew in place and that the fractures observed on grains with

orgrcwths are generally a result of either late diagenetic grain

destruction caused 1q haematite rentation and replacnent, or arid

weathering processes following exposure. The micrographs illustrate

the platey character of the aüorite Group minerals and the ihcrboidal

and hexagonal character of the haatite and ilirenite minerals. They

also illustrate interlocking authigenic quartz overgrcwths, and fea-

tures resulting from silica dissolution and precipitation on quartz-

grain surfaces (Figs. 3.38, 3.39, see Fig. 3.15).



Figure 3,38 ELECflCN MICR)GEAPHS OF S DSBES FIOM FACIES

d AND CSdSt

Pacies CSdSt.	 diun-grained sandstone from transgressive
seqnce 3, Bir Talauaut.

Upper far left :	 interlodldng quartz overgrcrths (grains
(P) 300 microns diarreter).

Upper middle left : detail of diagenetic corrosion of surface
() of quartz overgrowth (inagn. x 800).

Iier far and middle left pore casts showing nature of the
interconnected pore space. Large pores (70 microns
diarreter) are connected by thin tabular radiating pore
throats. A resid of iron-titanium oxides is present
on the pore cast (magn. x 360, far left; x 200, middle
left).

Facies d.	 Fine-grained sandstone, irrrrediately beneath a
thin argillaceous, bioturbated siltstone intercalation,
fran transgressive sequence 2, Wadi Teshuinat.

Upper middle right : surface of quartz grains covered in
() platey Chlorite Group minerals (magn. x 13CC)).

Iøer middle right detail of miciograph above, shiing
(() presence of platey minerals of the Chlorite Group,

and rhoitbic crystals of haatite and iron-titanium
oxides. Micrograph is 40 microns in width.

Upper far right	 detail shoiing hexagonal platey Chlorite
Group minerals (2-3 microns diarreter) an surface of
quartz sand grain (magn. x 4800).

Iøer far right : detail shcwing fractured quartz grain
(ii) surface, possibly created by grain to grain collision

prior to deposition, but nore likely by recent grain
fracturing during late diagenetic iron-enrichnent
and/or weathering associated with recent exposure.
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Figure 3.39	 EIECITECt MIC1OGRJPHS OF SANDSE F)M CIES CSdSt

Poorly-sorted, fine-grained sandstone in a bed displaying
recuthent-folded deforned cross-stratification, fr
transgressive sequence 3, Wadi 2nshal.

Upper far left : silica dissolution and solution precipitation
surface on quartz grain. The light coloured minerals are
iron-titanium oxides and Chlorite Group minerals (micro-
graph is 60 microns in diarreter, mgn. x 1500).

lower far left : exle of an aggregate of haerratite, ilirenite
(f) and Chlorite Group minerals (nagn. x 940).

Central four micrographs : exan1es of grain surfaces displaying
( c. overgrowths and fractured surfaces. Upper left: niagn. x

400. Upper right: magn. x 300. lower left: niagn. x 120.
/ Loc.ier right: nagn. x 480. Even at a magnification of

x 300 the overgrowth boundary (ler right) is not visibly
eroded. The overgrcwths, therefore, are thought to have
developed within these sandstones rather than to have been
inherited. Much of tle fracturing seen on the quartz
grains is thought to be associated with recent exposure.

Upper far right : platey Chlorite Group minerals lying within
the pore space of the sandstone (iragn. x 4800).

Lower far right : rhaibs of authigenic hanatite and ilrrenite
() (1-3 microns diameter, rnagn. x 18000).
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The trogray of this fades, ther, provides evidence for

the sane polycyclic, granitic source origin for these sandstones as

that determined for facies MSd. The early diagenetic haematite and
the chlorite clay ne suggest a oontinental oxidising environirent,
whereas the developirent of abundant interstitial anthigenic chlorite
may indicate sane marine influence.

3.3.2	 Interpretation

3.3.2 • 1 Sedlirentary structures and depositional mde1

The presence of grainsize graded foresets, soft-sedinent defor-

mation structures, reactivation surfaces, canpound cross-strata and

shale intrafonrnational clasts within thick successions of cross-

stratified sandstone, sate of which is poorly sorted, supports an

interpretation for this facies, similar to that for facies NSd, as
the deposits of transverse bars in a braided river system. The plant

remains suggest deposition in fluvial channels or bars, or in the

dcnstream extension of these fluvial thannels. The indicatia-is of
shell fragrrents and the abundant bioturbatian in subfacies 3, and the
presence of clay dres in subfacies 4, suggest marine influence in
this facies, whilst the evidence for sate, admittedly limited, herring-
bone cross-stratification in subfacies 1 suggests tidal influence
(Klein, 1977). These deposits are thought to have been laid dcn,
therefore, on a ooastal plain that was dcrninated by fluvial and estua-
nine channels. The question of the degree of tidal influence in these
channels is discussed belc and in section 3 • 7. It is reoognised that

insufficient evidence is available to prove that tidal currents were

active in the creation of the sedirrentary structures of this facies,

but it is thought likely that the depositional system was tidal since

the deposits of the associated facies RBSdSt and VBSd suggest soire
tidal influence.

Although si±)fades 1, 2 and 3 have been defined as distinct sub-
fades they are, in nature, representative exarr1es of a gradational

range of bedding sequences present in the facies, subfacies 1 being

the nost similar to the transverse bar deposits of facies d, and

subfacies 3 displaying the nost evidence of marine influence. Just

as in fades d, evidence for subaerial energence of estuanine
channel bars in the form of desiccation cracks or calithe soil hori-
zons is absent in this fades. Evidence for lcM-stage/lo.1-tide irodi-
ficatiori of bedfonre is present, hcwever, in the form of canpund
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cross-strata, convex-upards reactivation surfaces, and large-

wavelength iipple-nodification of planar cross-strata.

3.3.2.2 Subfacies 1

The sediments of subfacies 1 have been interpreted as the

deposits of large-scale estuarine diannel bars. The georretry of the

shallow scours, and the presence of argillaceous siltstctie drapes

overlain by planar cross-strata above these scour horizons, indicate

that the scouring events were independent of the filling events, and

that a period of slack-water deposition intervened. The cohesive

nature of the argillaceous drape explains its preservation beneath

planar cross-strata which were deposited over the drape at a later

stage under hi4i.er-energy conditions (Hju1sbxn, in Sunclborg, 1956)

Algae nay also have been responsible for binding the fine-grained

sediment. The evidence of argillaceous drapes which pass laterally

into beds of brcken argillaceous siltstone clasts indicates that flaw

strength was sufficient in some places to rip the fine-grained
sediments. The presence of lags of coarse sand grains and argilla-

ceous clasts above parallel-stratified sands (Fig. 3.19, unit 6)

provides further support for ficod-stage scouring and uer flaw-

regime deposition follcwed by winnawing of bed surfaces.

The scours typical of subfacies 1 should not be considered the

same, there fore, as those associated with scour and fill and trough

cross -stratification, where fine-grained drapes are generally absent

and where the scouring and filling events were virtually simultaneous.

It follows that the scours of this subfacies do not proviñe evidence

of migrating trains of dunes with lee-side scour hollows, but rather

evidence of three distinct flow strengths: one sufficiently strong to

scour away earlier sediment and to leave channel-shaped scours, one

sufficientl weak to allow fine-grained suspension deposition in the
scours, and an intermediate flaw strength in which transverse bars
migrated downstream over an irregular channel bed as a result of slip-

face accretion. The range of foreset dip azimuths measured from each

set of planar cross-strata lying within a scour (Fig. 3.22, lcr),

indicates that the transverse bar crests were corrnonly sinuous.

T- fluctuations in flaw strength indicated by the characteristics
of this facies nay be found in both fluvial and estuarine environments
(Miall, 1977; Boothroyd & Hubbard, 1976), but the presence of scare rare
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herringbone cross-stratification (Figs. 3.25 & 3.26) is thought to
provide evidence that tidal currents were occasionally active and,
hence, that tidal estuarine oDnditions may have prevailed (Klein, 1977).
The rare occurrence of this herringbcne cross-stratification, however,
is thought to indicate that f1urial flood-stage depsiticn was the dan-
inant plvcess in these channels.

The scale of son of the sets of cross-strata and of carpound
cross-strata (Fig. 3.22) indicates that bars of up to 3 m in height
existed with sinuous crests up to 40 m in length. The interfingering
of foresets bears witness to in.terrnittent avalanching of small-scale
bedforn along the crest of the bar in different places at different
t.Ims. A similar interweaving of foresets was noted by Bluck (1974),
in Icelandic braid bars where progradation of lobate bar tails by
sporadic slip-face accretion resulted in the interference of tv bars
and oonseqtently in the interdigitation of their foresets.

extent to which sinuous bar crests adjust to the scours over
which the bars migrate may depend upon the flow strength and water
depth at the tima of bar migration. In cases where concave-downstream
bar crests lie above and are related to underlying channel scours, it
is thought that these nay have formad during relatively low-stage
flows. In other cases, bar-crest sinuosity appears to be unrelated
to underlying bed irorphology and this is thought to result from the
migration of bars over irregular channel bed surfaces during flood
stage.

Evidence of fluctuations of flow strength during flood to high-
stage flow conditions is thought to be provided by large-scale ccn-
pound cross-strata (Fig. 3.22, upper) and oonvex-upards reactivation
surfaces (Fig. 3.26, lower). The fonrer may have forired by the
migration of ripple fonts, at least 70 an in height, over an inclined
bar margin, whilst the latter is thought to have forrred by the pro-
cess descrthed by MCabe and Jones (1977) where the "washing out" of
a bar crest during fluctuating flow conditions results in the creation
of cx)nvex-upiards reactivation surfaces (see Fig. 3 • 18). Evidence
that slip-face accretion was intermittent is provided by the bioturba-
tion structures at the toe of sate foresets. The bar is thought to
have built downstream periodically over an irregular surface into a
pool of water in which conditions were occasionally sufficiently quiet
for the occation of the sedflrents of the pool by sedinent-injesting
organisms.
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The small-scale coirpound cross-strata (Fig. 3.23) and the
large-wavelength ripple structures (Fig. 3.24, upper) are thought to
provide evidence for irdification of bedfonns during lcw-stage fl'i
xiditicns. In the forrrer case depz)sition is thought to have occurred
on the margins of bars and within channels that were dissecting bars.
The migration of small-scale bedforms dcMn-slope or obliqtely across
the slcçe of a bar surface is responsible for the inclined sets of
cross-strata (Smith, 1970). The large-wavelength ripple rrodificaticn
of planar cross-strata is thought to have been created uric3er high flcw
strength conditions at the transition to upper flag regitre as a result
of shalloi water sheet runoff (Miall, 1977).

It is conui in this fades for the deposits of lou-stage condi-
tions to be better sorted and slightly finer grained than the rtore
abundant high-stage deposits. During periods between major fluvial
supply of poorly-sorted sedirrent, therefore, it may be inferred that
tidal and fluvial currents partially rerked and sorted the sedirtent
within the channels.

The recurrbent-folded c3efonred cross-strata of this facies are
interpreted as in facies MSd (see section 3.2 • 2.7) by reference to
the work of MCKee et al. (1962), Bluck (1974) and Allen and Banks
(1972). Bluck (1974) cbserved that sedirrents lying beneath braid-
plain pools, doumstream fran migrating bars, were subject to great
variation in overburden pressure due to fluctuating water depths and
intermittent sedirtent loading. This results in sudden changes in pore
fluid pressure which are ccrpensated for by the expulsion or ass imila-
tion of water frau the pool, which, in turn, leads to the fluidisation
of the sedinent and soft-sedirrent deformation. Since any such
deformation would normally be associated with dounstream current-
induced shear, it seene reasonable to propose this as a ire dianism for
the generation of the structure, especially as the structure is
carnionly associated with falling-stage bar tail sediirentary structures
(conpund cross-strata and reactivation surfaces). The abundance of
other soft-sedirrent deformation structures is attributed to rapid
deposition, trapping of a large proportion of interstitial water
during flood-stage flcw, and the escape of this water during falling-
stage conditions.
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3.3.2.3 Subfacies 2

Vertical bedding sequences characteristic of the fill of 1i-

sinuosity fluvial/estuarine channels (Collinson, 1978b, pp. 54-55;

Boothroyd & Hubbard, 1976) (Fig. 3.20, units 17 & 18) are typical of

subfacies 2. The thickness of the bedding seqtences sugests the

presence of channels of 2-3 m depth, and the preservation of the

bedding sequences indicates that this sub facies was deposited in an

environirent of well-established diannellised f 1CM. No lateral-

accretion cross-stratification was observed in this subfacies but

the fairly flat basal scour surface of sone of the bedding sequences

may indicate that sone lateral channel migration took place. The

presence of trough cross-stratification indicates that in-channel

dune migration occurred, whilst the linguoid-rippled beds prove

evidence for the abandonnent of channels as flCM transferred to other

channels. As in subfacies 1, the presence of argillaceous siltstone

lags on channel-scour surfaces indicates that scouring events were

distinct and separate from the events responsible for the filling of

the channels. The channels which were created, hcwever, appear to

have been deeper and to have been nore enduring. The presence within

the channel sequences of sare intraforirational congloirerates with

ccetent clasts (Fig. 3.28) sgests that channel banks were fairly

well established.

3.3.2.4 Subfacies 3

The plant remains, Nucula shell iroulds and casts, trace fossils,

and the abundant bioturbation within the fining-upwards bedding

sequences of sub facies 3, indicate deposition within estuarine

channels with considerable marine influence, the coarser-grained

sands of which were colonised by filter-feeding and se±ixrent-injesting

organisms when fluvial input waned or fluvial supply scsiitched to

adjacent channels (Figs. 3.29 & 3.30). Tl intensely biothrbated

fine-grained seditrent lying at the top of sorre bedding sequences

(Figs. 3.31, lCMer, & 3.32, upper) was probably deposited and subse-

quently bioturbated in quiet-water conditions in abandoned or inactive

sub-aqueous channels.

The presence of trough cross-stratification at the base of the

channel sequences (Fig. 3.29) is evidence that dunes migrated down

the estuarine channels, and the oversteepening of sorre of the foresets
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of these cross-strata suggests that currents passg across the foot
of the dune slip face transported sedirrent 1ay fran the foreset toe
This process, as 11 as the effects of the rapid deposition of sedi-
rrent in these channels fol1ing river floods, and of pore-water
pressure changes resulting fran water level fluctuaticris of possible
tidal origin, is thought to be responsible for the abundant soft-
sedinEnt deformation structures.

The presence of planar and npound cross-stratification in the
channel sequences, in addition to trough cross-stratification, is
evidence that deposition tock place in these channels fran bars and/or
sandwaves as well as fran dunes. Pa1ocurrent orientations derived
£ ran linguoid-riled surfaces within the channel sequences shcii a
wide variance which is thought to indicate the fonter existence of
unchannellised marine currents with a great variety of flcw directicris
which were active during periods of limited fluvial input to the sub-
aqueous channels. where the channelled sandstones of subfacies 3 lie
within facies 1BSdSt (Fig. 3.32, lwer), these are thought to be the
subaqueous seiard extension of estuarine channels. AlthDugh siiiilar
in ncst respects to the other channels of this subfacies, the evidence
of lateral-accretion cross-stratification indicates that sorre of these
seaiard channels migrated laterally. The presence of clay intrafonna-
tional clasts and ripple-laxiinated beds along foreset surfaces, in
soma of the large-scale cross-strata of these seard channels, is
attributed to suspension deposition (clay drapes) and bar slip-face
nDdification by marine currents during slack water periods (clay clasts
and cross-lamination). The bedding seqinces and sedflrentaiy struc-
tures of this subfacies bear a strong resnblance to those described
from Pleistocene sub-tidal estuarine deposits (de Raaf & Bcersma, 1971)
and from Tertiary estuarine and tidal, channelled sandstones (Ioer
Bagshot Beds) (Bosence, 1973). Consequently the sedittents of this
subfacies have been tentatively interpreted as being the deposits of
sub-tidal estuarine channels (Fig. 3.29).

3.3.2.5 Subfacies 4

The Iretry of the sandstones and shales of subfacies 4, their
trace fossils and the clay drapes on cross-strata foresets, suggest
that deposition tock place in an environrrent outside the confines of
estuarine channels. These cross-stratified, riled and bioturbated
sandstones may, therefore, have been deposited as estuary irouth bars
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arid high-energy estuary mouth shoals at the seard termination of

estuarine channels (Fig. 3.20, units 14 & 15). The greater abundance

of silty shale in this subfacies, oared with the other subfacies,

suggests that traction deposition from channel currents alternated

with periods of suspension deposition. The shape and lateral oDntin-

ulty of the sandstci-ie bodies, and the riling of their uer surfaces,

is oDnsistent with a irodel of periodic deposition of thanne 1-derived

sediment as ldate lenses stacked in an irrbricate or randan fashion

cii the mouth bar, and subseqnt1y reworked by marine currents.

Further, the evidence supports the interpretation that sediment was
deposited as lcbate lenses in different places at different tines cii

the mouth bar. The presence of cross-stratified beds such as unit 15

(Fig. 3.20; see also Fig. 3.35, lier) provide evidence that, occa-

sionally, channel bars migrated seiard as far as the mouth bar.

The structures present in these cross-stratified units (reactivation
surfaces, grains ize graded foresets, soft-sediment deformation and

shale intraformatiaaal clasts), the moderate to poor sorting of the

sedinent, and the presence of subordinate stratification types (hori-

zontal stratification and homogeneous bedding), are very similar

characteristics to those of the channel bar deposits of the other

subfacies. This suggests that sedirrent input to the mouth bar occur-

red during periods of strong fluvial currents, the deposits of which
re only reworked in the uppermost few centimetres by organisms,

wave action and marine currents • The palaeocurrent data indicate that

the dominant flaii direction respcnsible for the deposition of the

sediments of this subfacies was the sane as that for subfacies 1 and

2. Since the dominant palaeocurrent orientation of these two subfacies

has been interpreted as being an indication of the offshore direction,

it may be inferred that the palaeocurrent data of this subfacies pro-

vide evidence for deposition from offshore-directed fluvi ally-derived
currents on estuarine mouth bars.

The foreset clay drapes of scite of the cross-stratified bar

sandstones (Fig. 3 • 34, upper) may provide evidence for tidal influence

during bar progradation (de Raaf & Boersma, 1971). Pecent work by

Visser (1980), Allen (1981) and Horrewood and Allen (1981) has

drawn attention to the presence in modem and ancient tidal deposits

of tidal bundle structures. These are formed by the action of the

subordinate tidal current cii the slip-face accretion surface of a
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bar or save. 'Itiis current is responsible for a thin, ci1ex fore-
set bounded on either side by clay drapes and tenred a "tidal bund1e".

bray and Visser (1982) have shcn hc the subordinate tidal current
may be strong enough to erode the clay drape deposited during the slack
water period that preceded reversal of the current, and, consequently,
the tidal reversal event results in the preservation of a single clay
drape rather than a couplet. In Figure 3.34 (uer left) evidence for
erosicn of the upper part of a bar, prior to deposition of a clay
drape, is clearly visible • Had closer examination of the boundaries
and internal stricture of the silty clay drapes been undertaken, evi-
dence for ripple-laminated units deposited by the subordinate current
might have been cbtained. The presence of lenticular and wavy cross-
laminated saridstcrie and siltstcrie intercalations within the silty shale
beds is thought to provide sara possible independent evidence for tidal
influence in this subfacies (ined & Singh, 1973). Further rk on

this fades might be profitably devoted to this subject since, although
the foreset clay drapes are not abundant, the fades may well provide
similar evidence for tidal influence on migrating bars as that provided
by the Miocene sandstones of Switzerland (Haxewood & Allen, 1981). The
evidence available doss not provide any proof of tidal action, hver,
since the foreset clay drapes observed may, alternatively, have been
deposited during periods of 10 freshwater discharge.

3.3.2 .6 Channel-shaped scour surfaces

The channel-shaped scours, and maj or angular truncation planes
that distinguish facies (EdSt from fades d are thought to have been
created and preserved by channelling and estuarine processes that sre
diaracteristic of the coastal plain environirents of these Devaiian
sedinents, but were not active in the tvonian braid-plain environments
of fades d on account of the less well developed channels and the
sha1lcr flcws. Although no evidence for a dcnstream increase in

sinsity has been established fran the sediments of facies d and
CSdSt, except for the rare occurrence of lateral-accretion cross-
stratification in seiard estuarine channels, the evidence for nore
stable dianrel banks provided by latera1ly-inersistent, clast-
supported, intraformational ccnglarerates in facies CSdSt suggests
that the channels of this fades re deeper than those of fades MSd.
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Comparison of the subfacies of facies CSdSt interpreted to be the most
1anard (subfacies 1) with that interpreted to be the most seaward
(sub fades 3) indicates that channels increased both in depth and in
width in a seard direction. Bedding seqnces of up to 3 in thick-
ness are characteristic of facies d, and of subfacies 1 and 2 of
fades CSdSt (estuarine channels) whereas subfacies 3 (?sub-tidal
estuarine channels) comprises sorre exauples of channel sandstone
bodies of 4-5 in thickness (Figs. 3.32, lcer, & 3.36). The channel-
shaped scours axe generally up to 12 in in width in the seaward
facies (1 & 2) whereas they may be up to 25 in in width in the seaward
subfacies (3). The larger scour surfaces of at least 50 in width and 6
in depth are thought to be the margins of discrete cxTposite channel
systems corrpsed of a large nuriber of erosively-based channels lying
within an estuarine channel systen. The preservation of such a scour-
based estuari.ne channel canpiex may have been facilitated by the
switching of fluvial input to another estuarine channel system as the
first one becarre choked. This model is analogous to that prcposed by
Campbell (1976) for channel conposite units in the Jurassic of Nei
Mexico, but in facies CSdSt the discrete units of corrposite channel
systems are not as large. Carrpbell's wzk, hcwever, was undertaken
on braided fluvial alluviun and not estuarmne deposits. It is anana-
bus, therefore, that the channel-shaped scours seen in facies CSdSt
were not also present in facies MSd. This ancxnaly is thought to be
explained by the presence of a braid plain of lc, q tcpographic relief,
and the process by which transverse bars were accreted to form litho-
sares, in the model proposed for the interpretation of facies NSd
(see section 3.2.2.10). It seems unlikely that the sedirrents deposi-
ted and preserved in this braid-plain envircrnient would be divisible
into discrete channel-system complexes but, rather, they would form
broad units of sheet or blanket gearetry.

The conbined evidence, therefore, of bedding-sequence thickness,
and. the scale and character of channel-shaped scours, indicates that
thannels of c. 2-5 in depth were typical of the depositional setting
of this facies, the channels deepening seaward. Bank margins of the
estuarine channels may have been more caretent than those of the
fluvial channels upstream, allaing slightly deeper channels to exist.
Breathing of the channel margins, and the consequent develcirent of a
new channel cxaiplex, may have been responsible for the preservation of



127

erosively-based estuaxine diannel cx)rr1exes. Little evidence for lat-

eral migration of diannels exists in the sedInen.ts of subfacies 1,

vthereas sare Limited evidence for lateral migration was reoDgnised in

the more seiard sedinents of subfacies 2 and 3. ''thi1st it seems

pithable that the majority of the sand bodies of this fades represent

vertical accretion under terroral1y thanging f1a.i conditions, a minor-

ity of them were probably dex)sited by laterafly migrating channels.

Beuf et aZ-. (1971) observed in sediints of similar facies to these

evidence for a type of periodic lateral migration of channels provided

by the presence of a series of parallel channel scours ead-i younger

one truncating the older one adjacent to it, and filled with the sedi-

rrents of migrating transverse bars. Althoi4-i no similar feature was

observed in fades CSdSt this observation does provide sate indirect

support for the predominance of vertical accretion processes canpared

with true lateral migration processes.

3.3.2.7 Palaeocurrent data

Aitbough providing evidence of sate bipolar current directions,

the palacurrent data obtained fran this fades indicate a strong

predominance of major currents (i.e • currents with the pcir to create

bedforrns) directed in a northwesterly direction s The palaeocurrent
data of the sedirrents of this fades from transgress ive sequence 4 are

excticrial, haiever, in having a large variance and including a

southerly orientated canponent. The gereral confonnity of palo cur-

rent directions tc,qards the norLhvst obtained fran both facies d

and CSdSt is illustrated in Figures 3.55 and 3.56 (see section 3.7,

this Chapter). As with facies MSd, therefore, ficod-stage fluvial

currents appear to have been the agent responsible for the deposition

of the majority of the preserved sedinent even in the case of stha-

ous channels an the inner shelf (sandstones of subfacies 3 lying

entirely within sedirrents of fades RBSdSt). The dominance of

northwasterly-orientated currents and the fact that herringbone cross-

stratification and foreset clay drapes are not canrronly present, sug-

gest that fluvial currents had greater fli strength and were more

significant than tidal or any other marine currents. Since ebb-tidal

currents have the sane floi direction as fluvial currents they are

difficult to distinguish from eath other. The texture of the sedinents,
ha.iever, provides little support for a floe circulation system involving
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extensive reworking of sediirnt in floDd-tidal and ebb-tidal channels.
The greater palaeocurrent variance of this fades, crpared with that
of fades MSd, is thout to reflect the influence of marine currents,
of tidal or storm origin, and also a Irore varied pattern of channel
orientations close to the sea.

3.3.2.8 Biogenic structures

'fl similarity of the trace fossil asserrblages of fades CSdSt
(see section 3.3.1.1) with those of fades rd (see section 3.2.2.9)
indicates that the organisms responsible occupied broadly similar
habitats in the depositional settings of each facies (i.e. lakes,
lagcxns and abandoned channels). The trace fossils present in this
fades may be divided into two categories, those that occur in rela-
tively well-sorted and thickly-bedded, fine-grained sandstone beds
(Skolithos and Rosselia) and those that occur in argillaceous silt-
stones and shales, and on the soles and surfaces of adjacent sandstone
beds (Arthrophycus, Palaeophycus, Fraena and Cruziana). The absence
of the folling distinctive trace fossils, which are characteristic
of fades RBSdSt, suggests that the sediirents of facies CdSt were
deposited in irore restricted conditions than the relatively open-
marine inner-shelf oDnditions of facies RBSdSt: Spirophyton, Corophio-
ides and Asterosoma. Since the shales, argillaceous siltstcnes and
fine-grained sandstones, in which the trace fcssi is of facies d,
CSdSt, SdSt and VBSd are found, do not differ significantly between
fades, it seen unlikely that substrate type played a controlling
inflcnce on the trace fossil asseirlages present in these fades.
On the other hand water salinity differences between the fades Iray
well offer an explanation for the greater abundance of idinogenera in
the nore marine fades (PBSdSt and VBSd) than in the non-narine and
restricted-marine facies (MSd and CSdSt), the restricted-iiarine facies
rceaning, in. this context, estuarine channel deposits and channel-irouth
shoal deposits that were daaracterised by lcw-salinity waters.

The presence of the "straight-burrcw variety" of Arthrophycus in
the sedinerits of fades IvEd and CSdSt only, suggests that, in the
rocks under study, the organism responsible for these burras and the
nrxe of existence of this organism was limited to brackish and fresh-
water envircrments. !This conclusion is similar to that reached by
Cotter in his study of this trace fossil in the Silurian of North
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1itrica (1978, & pers. canxt., 1979) (see secticn 3.2.2.9). Indeed,
the "palm-frond variety" of Ar'throphycus was aily found in the 1l-
bedded sedinents of facies RBSdSt and VBSd in the uçer beds of
transgressive seqice 1, whilst it was absent fran these facies in
sequences 2, 3 and 4 (Fig. 3.6).

Cruzicina, unlike Arthrophycus, is present in facies CSdSt (sub-
facies 4) and in facies RBSdSt, but is absent from facies d.
Seilather (1969, 1970) and Osgcod (1970) argd that Cruziana is the
crawling trace of a trilcbite, an exclusively marine arthrcpod
(Harrington, 1959), vthereas others believe that Cruzicma, defined
aily at ichnogenus level, provides no more evidence than that of
crawling trails of arthropods of both marine and non-marine affinities
CR. Brcniley, pers.carin., 1982). Sellr (1970) and Nartino and Zapecza
(1978) studied Cruziana and Rusophycus -bearing sandstone sucoessions
whith have been interpreted from their sedimantary structures as being
of fluvial origin, the forner in the Ordovician of Jordan and the
latter in the Upper Silurian of North Anerica, and concluded that the
trace fossils provided evidence for marine influence in the form of
minor tranegressious and the occupation of the lr reaches of estu-
aries by marine organisrrs during lw-stage fl-conditions (Selley,
1970) and the develoient of marine-influenced interdistributaxy bays
in a high-constructive elongate delta conplex (Martino & Zapecza, 1978).
In the present study, the possible tidal influence associated with the
beds in which tbe Cruzicma trace fossils are present (sthfacies 4)
sugcsts that these sediirents were deposited at the mouths of
estuarine/?tidal channels (Fig. 3.20, units 14 & 15) ratber than in
interdistributary bays. Hever, it is possible that those sedinents
of this subfacies that interfinger with sedirrents of sub facies 1 and
2, and with fades NSd, were deposited as crevasse splay and crevasse
channel sandstone bodies produced by sudden incursions of floed-
generated currents into tidally-influenced ficod-plain regions lying
between the major channels and partially cen to the sea.

3.3.2.9 Vertical sequence analysis

A study of sub facies transitions in this facies cannot be use-
fully undertaken without including the associated fades with which
it interfingers: fades rd (braided fluvial), fades RBSdSt (shaflcw-
marine), and facies VBSd (?tidal flat) (Fig. 3.6). A qualitative
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analysis of all these fades in the neasured sections provided the

fol1iing information ai fades and subfacies ass ocLations. Braided

fluvial deposits without channel scour features (facies MSd) are

interbedded with possibly tidally-influenced transverse bar deposits

lying above broad shalli channel scours (subfacies 1, fades csdSt).

These may be overlain by estuarine nouth bar deposits (subfacies 4,

fades CSdSt), or ?tidal flat deposits (subfacies 2, facies CSdSt,

and fades VBSd). In the fonrer case a minor marine advance in a

large-scale estuarine channel and in the latter case abandonrrt of

an estuarine channel may be invoked to explain these relationships.

Deposits of well-developed estuarine channels (subfacies 2, fades

(dSt) are generally stacked vertically, trmcating each other.

They coirnonly lie above the estuarine transverse bar deposits of

subfacies 1 and pass upwards into ?tidal flat deposits (facies VBSd

and RBSdSt). The seiard estuarine channel deposits of subfacies 3

(facies CSdSt) and the rrouth bar deposits of subfacies 4 (both of

fades CSdSt) are ImDst corritaily overlain by sha1li-marine deposits

of facies RBSdSt.

The o1exity of the depositional system is reflected by the

fact that seiiard estuarine channel and nuth bar deposits are

overlain, in sorre cases, by estuarine transverse bar deposits (sub-
fades 1, fades CSdSt). Although many of these fades transiticns

could be explained by fluctuating sea level during deposition, it is

not thonght necessary to invoke this process except for the major

transgressive sequences (see Fig. 3.6). Switching of fluvial input

from one estuarine channel to another would probably have been

sufficient to substantially change the equilibrium balance between

sedlirent supply, subsidence and oaction which controls minor

advances and retreats of the sea along a coastline during a period

of stable sea level. Bene 1ed fluvial input to a previously abandoned

channel would cause seaward progradation of the fluvial fades.

The absence of a prodelta shale fades in the transgressive sequence,

and the heterolithic character of fades RBSdSt, suggest that the

cpen marine environrrent seaward of the estuarine channels was an

extensive shallcM-marine inner shelf. The palogeographic rei-

struction which fits the evidence best, therefore, is as follcMs:

fluvial channels of a braid plain passed dotmstream into a coastal

plain envirnirrent of estuarine/?tidal channels, which passed
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thns1cpe with a very gentle gradient into an environment of shallow-

water shelf deposition, subaqueous channels and channel irouth bars.

3.3.2.10 Alternative depositional nodels

The possibility exists that the absence of evidence for very

active 1Gw-stage rerking of bars nay indicate that the fluvial

system responsible for the braid plain and estuarine deposits of

facies d and CSdSt was tharacterised by large deep rivers, such as

the Brahiraputra River (Coleman, 1969). The low palaeocurrent variance
of cosets of planar cross-strata in fades NSd may also be interpreted
as providing evidence for deep-water depositional conditions. Faced

with similar phenarena, as well as very large-scale bedforms, in the
fluvial Triassic Harwkesbury Sandstone of Nec South Wales, Conaghan

and Jones (1975) and Jcnes and Rust (1981) proposed interpretations

based upon the Brahmaputra River mDclel. The Brahmaputra and Ganges

rivers together have deposited an extensive Recent sheet sandstone of

precbrninant1y fluvial deposits 3(X) km by 5(X) km in extent (Fig. 3.40,
upper). The nouth of the Ganges River is dominated by sandstone

bodies deposited by fluvial currents which extend well out into the
Bay of Bengal. The channel floor of the Braiimaputra River is
tharacterised by large-scale migrating bedfonns, including saniaves,

which build cosets of planar cross-strata on the channel floor.

These channel bars may be bioturbated on their upper surfaces and

are rarely emergent. It may be inferred that the palaeocurrent

variance of the deposited cosets of planar cross-strata would be very

low, and that reactivation surfaces wDuld form within these bars,

without their becoming emergent as a result of flow-stage fluctuations

(Jones, 1977). This irodel is not faw)ured, however, for facies rd

and CSdSt because the evidence for channel depths in both facies is

considered sufficiently strong to rule out the possibility that

channels were present which were four times deeper than the inferred

deepest channel of both facies (6 m deep ipared with 25 m deep in

the Brahmaputra River). Secondly, the evidence from the planar cross-

strata of facies d suggests that deposition took place largely by

the downstream construction of transverse bars, under conditions of

fluctuating flow strength, rather than by tha migration of trains of

dunes and sandwaves, as in the bed of the Brabmaputra River. It seems
probable, therefore, that the lack of evidence of emergence in facies
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Ret sheet sandstaie deposited by the Brahmaputra
and Ganges rivers (after Co1nan, 1969).

Ipcsitiaial itcdel for sandstcries of the Tifemine
Th,rnatiori, La,jer Devcxiian, Algeria (after Beuf et al., 1971).

A. (1r) rivers daudiing into the sea deposit cross-
stratified sandstones • LaQlstrine and lagocnal deposits
are laid da,n in interfiuve areas.

B. (urcer) fo1ling reducticn In fluvial inpit, depositii is
&xninated by marine and littoral processes.
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d is a result of the loc.i preservation potential of rergence struc-

tures in sha11i-water braided-river systems.

MK (1962) studied the sozoic Nubian-type sandstones of

Libya with the intention of establishing whether an aeolian deposi -
tional iroael wu1d be appropriate. His studies led him to the cxn-

clus ion that the sediments studied were all deposited subagueously and
that none of them were aeolian. However, Beuf et al. (1971) proposed
that sate of the sedinentary structures of the Saharan Nubian-type

sandstones (in this case, those of the Pa1azoic) indicated deposi-
tion from aeolian dunes in interfiuve areas of braided and rreandering
fluvial plains. Although s sedinEnt was most probably transported
by wind prior to being deposited in fluvial channels, none of the

sedinentary structures of facies MSd and CSdSt observed in the present

study are thought to provide oDnvincing evidence for subaerial and

o1ian deposition. Studies of recent aeolian dunes (McKee, 1966;

McKee & Tibbits, 1964; and McKee, 1979), of ancient aeolian depceits

(Thonpson, 1969) and personal observations of modem and ancient

aeolian dune sands (Penro-Trias sic sandstones near Penrith, in Arran

and at Hopetoun (MDray Fifth)) indicate that the following features

are characteristic of aeolian dune deposits:

(1) conpiex inclined truncation planes separating foresets with a

wide range of angles of inclination;

(2) sets which thin and thicken laterally in a cxtplex irregular
fashion;

(3) soft-sediment deforiration;

(4) very large-scale trough cross-stratification;

(5) very large-scale, low-angle truncation planes, often slightly

curved and convex-upiards, overlain confonnably by thick
hatogeneus beds;

(6) well-sorted sediment.

None of the sub facies of facies CSdSt and IvlSd have more than one or 10 of
these characteristics and the abundance of horizontal or sub-horizontal

set boundaries, so characteristic of Nubian-type sandstones, is thought

to distinguish them from existing aeolian facies models (e.g. Glennie,

1970; Walker & Middleton, 1979).

The trace fossil evidence and the absence of evidence for sub-
aerial rergence suggest that the work undertaken in recent years on
off-shore shallow marine sand bodies (nderton, 1976; Boyles & Scott,
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1982; Brenner & Davies, 1974; Hthday & Reading, 1972; Johnson, 1978;
Pryor & Amaral, 1971; Spearing, 1975; Stanley & Swift, 1976) may
provide a c3epositional analogy for the sediuents of subfacies 3 which
axe orttonly closely associated with shallow-marine sedirtents of
facies RBSdSt. The presence of plant remains and sane poorly-sorted
sedirrent does not suggest, hcwever, that the sedinents of this sub-
facies have been extensively rewoiied by marine currents. Neverthe-
less many of the sane fluctuating and reversing current flow cndi-
tions typical of tidal/estuarine environrrents (Klein, 1977) have been
shown to apply to the depositional proansses responsible for off-shore
sand bodies. The absence in subfacies 3 of recxised large-scale
low-angle inclined surfaces such as those described fran Precarrbrian
sandstones interpreted as shallow-marine tidal sand bars (Ho1zay &
Reading, 1972), from Eocere sandstones interpreted as shelf sanä'aves
of up to 20 in heiit and 2 km length (Nio, 1976), and frau linear
tidal and stonii-daninated sand ridges (Jthnson, 1977) as well as the
absence of uiard-coarsening seqnces typical of these sandLodies,
indicates that no close siitiilarity exists.

3.3.2.11 Conclusion

The sedflrents of facies CdSt provide evidence for a coastal
plain and nearshore marine depositional envira-ment dominated by a
braided pattern of fluvial and estuarine channels which passed of f-
shore into subaqueous channels and estuary nttli. bars and shoals.
The palocurrent data indicate that this depositional system was
daxiinated by fluvial currents, even in the nearshore environment, a
characteristic of sare of the mouths of the world's major rivers;
e.g. the Ganges (Fig. 3.40, upper; Coleman, 1969), the Mississii
(Elliot, 1978 a) and the Niger (Oarikens, 1974). This facies may,
therefore, be considered as a deltaic plain/fluvianarine facies, and
it bears a strong resxülance to the facies of the Quaternary deposits
of the deltaic plain of the Niger Delta (ibid.) and to those of the
distributary channels of the Phone Delta (Oomkens, 1970). Where
tidal influence on a delta is absent or restricted to a low tidal
range a coastal barrier bar is canrronly develced and its sediments
preserved (e.g. the Phone Delta, ibid.), whereas where the tidal range
is niicrotidal to uesotidal lateral migration of tidal channels ensures
that the sedirrents of the barrier bar have a low preservation potential



134

(e.g. Niger t1ta, Oorrkens, 1974; Hayes & Kana, 1976). The absence
of reooiised barrier bar facies in facies CSdSt and 1SdSt (see
section 3.4) is thought to suggest that sane tidal nf1ince prcbably
existed in the depceiticnal reginE of these facies. The estuarine
channels of facies CSdSt have, therefore, been tentatively interpreted
as tidal, both inter-tidal and sub-tidal, folliing oarison with
seqnces described by Boothroyd and Hubbard (1976) and de Raaf and
Boerna (1971). The scarcity of herrinone cross-stratification in
the sediirents of these channels is not thought to disprove this inter-
pretaticn since a large nurther of authors have noted that evidence of
the rninant current direction is cxxtucnly preferentially preserved
over the subordinate current in tidal enviraments (Bridges, 1982).
This is not to suggest, however, that the channels of this facies
were thninated by ei±-tidal currents. Evidence has already been pre-
sented that suggests that fluvial currents were dcminant and that the
inflience of marine currents was subordinate. Not least of this evi-
dence is the palaeo current data frau transgressive sequences 2 and 3
(see Figs. 3.56 & 3.57) which indicate a very strong precminance of
northwesterly palaeof1ciqs. However, the sahat enigmatic palaeo-
current data of transgressive seqnce 4 (Fig. 3.58) are thought to
ref lect an increase in inflnce of marine currents, including along-
shore currents (to the southwest), at the eense of fluvial currents.
The southeasterly azirrn.iths in this transgressive sequence may be an
indication of the activity of flood-tidal currents.

Brackish and loi-salinity waters are thought to have character-
ised the estuarine channels and the rennial lakes, lagxns and
abandoned channels of the fluvial/estuarine flood plain. The probable
absence of barrier beaches in this environrrent uld have allowed
access for marine waters to the restricted flood plain envircnirents,
explaining the presence in sane of these quiet-water sediuents, as
well as in those of the estuarine channels, of trace fossils thought
to be of marine and restricted-marine affinities.

The absence of desiccation sedinentary structures is thought to
indicate that channel water levels generally rnained high enough to
restrict the amount of desiccation arid energence modification to a
minimum. This suggests that a humid climate must have prevailed.
The evidence of bedding seqtence thicknesses and sooured surfaces
indicates that the more landward estuarine channels were contrKnly



135

2-4 in deep whilst the seiard channels were otonly 3-5 in deep,
but up to 7 in deep, and were present above scxxired surfaces of a
greater width than those which thaxacterised the lan .iard estuarine
channels. No direct evidence was cbtained for the sni-enclosed
or funnel-shaped coastal body of water that characterises estuaries
(Pritchard, 1967), and, given the very widespread distribution of
the blanket sandstones of fades rEd and CSdSt (Beuf et al., 1971),
it seems prthable that the coastal plain was one of very k relief
in which estuaries were only thiçorarily well developed before
channel switching led to their abandcnnnt, and in which there
was little structural or geczrorphological control to a1l the
develorent of funnel-shaped estuaries. The environnent of
deposition prcosed for this facies is similar, therefore, in sate
respects, to that proposed by Beuf et al. (1971) for the tizrr
Devonian sandstones of southern 1geria (Fig. 3.40, lcer).
Hever, evidence for neandering channels and for alian deposits,
such as those recognised by Beuf et al. (1971), was not present
either in this fades or in facies MSd. This fluviallv-daninated
coastal/deltaic plain, therefore, nay have been similar to that of
the Niger Delta and the Ganges Delta (Fig. 3.40, upper) except
that the estharine channels are thought, generally, not to have
been deeper than 5 in.
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3.4 Ri1ed and Bioturbated Sandstone and Siltstone Facies (RBSdSt)

3.4.1	 Description

3.4.1.1 General

¶flE rippled and bioturbated sandstone and siltstone facies

characteristically ccixprises thinly-bedded heterolithic successions

of alternating fine and very fine-grained sandstones, siltstones and

subordinate silty shales in beds of 5-30 an thickness (Fig. 3.6).

Repetitive seqnces of sedinentary structures are characteristic of

the facies, and discordant minor scour surfaces are abundant and caruionly

present at the base of sandstone beds. These sedinents generally

weather to rubbly, scree-strewn slopes, and the coarser-grained beds

weather to "platforms" or "paverrts" which stand out Within the
slopes.

Thace fossils are abmdant in this facies whilst plant remains
and shell fragnents are present in scxte beds. Cross-lamination is
the nost cam sedirrentary structure, the najority of which is

current-forned, although exanpies of wave-ripple cross-lamination were

also observed. Six subfacies were identified in the facies of which
subfacies 5 and 6 are only rarely present. Subfacies 1 and 2 conprise

alternating thin, bioturbated beds of sandstone, siltstone and silty

shale, subfacies 2 being distinguished fran subfacies 1 by the presence

of thinner, nre argillaceous flaggy beds • Subfacies 3, 5 and 6 are

diaracterised by erosively-based vertical bedding sequences indicating

decreasing flow strength, whilst subfacies 4 caiprises a sequence of

bioturbated beds reflecting a vertical increase in flow strength.

3.4.1.2 Subfacies 1

Alternating beds of laterally-persistent bioturbated sandstone

and argillaceous siltstone (Fig. 3.41) have been assigned to subfacies

1, which is the subfacies irost comraDnly present in this facies. Can-

plex feeding burrow systems are characteristic of the siltstone beds

(Asterosoma, see Fig. 2.6, and Spirophyton, see Fig. 2.8), whilst the

sandstone beds are characterised by shell fragnents, vertical burrows

(e.g. Sko1ithos, see Fig. 2.7, and Corophioides, see Fig. 2.8), trails
and resting traces caxironly found on rippled surfaces (e.g. Cruziana,

see Fig. 2.4, Sagittichnus, see Fig. 2.9, and Halopoa; see also Fig.

2.3 for further extples of arthropod tracks). In nost of the



Figure 3q41 NESURED scric OF F7CIES PBSdSt T ?ThDI ANSHAL

Notes:

1) The section was nasured 141 to 181 m stratigraphically

above the base of the Tadrart Formation at locality 12

(Fig. 3.5) in the upper part of trarisgressive sequence 3.

2) The palaeocurrent readings were neasured from

asyirmetrical ri1ed surfaces arid cross-larninaticn.

The inferred pa1as1ope direction towards the

northwest is derived fran the palaeocurrent rose

diagranis plotted from all the cross-strata dip

azimuths available fran facies d and CSdSt in

transgressive seqnca 3 (see Fig. 3.57).
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sandstone beds biotuthation is nore pronounced in the upper part of
the bed and nay be absent in the ler part. The shell fragitents were
always too broken to be identified, but bivalve s1-11 casts and noulds
similar to those described fran subfacies 3 of facies CSdSt (see
section 3.3.1.4) were thserved which have been tentatively assigned to
the genus Nucula. In addition sone samples were collected fran sand-
stones of this subfacies which are possibly referrable to Conuiaria

(see Borghi, 1940, plate XVI), a Caithrian to Perrnian fossil group of
possible Cnidarian (hydrozoan) affinities (Clarkscri, 1979). The sand-
stone beds of this subfacies may also contain plant riains, the
inpressions of both Psi1csida genera, Athros tignri and Aneuophyton,
being present (Fig. 3.42).

As well as current-forited straight-crested, undulatory and
linguoid ripple surfaces and ripple cross-lamination, sate "bundle-
wise", upiard-building, small-scale foresets and bifurcating ripple
crests were dser-ved, which are thought to be characteristic of wave-
forned ripples (Boersina, 1970) (Fig. 3.43). In addition, climbing-
ripple and flaser cross-lamination is present in this subfacies, and
loaded ripples are also a corriron feature (Fig. 3.43). A small nurrber
of examples of hixnrrocky cross-stratification (Harms, l975b) were
observed in the fine-grained sandstone beds, and, interbedded with
the finer-grained sedirtents of this subfacies, are planar cross-
stratified sandstone beds which, in sate cases, lie within bedding
sequences thought to be characteristic of tidal creeks (Fig. 3.44)
(Pineck & Singh, 1973), and in other cases are isolate, and inter-
bedded with strongly biotw±ated sedirrent (Fig. 3.41). SaTe of the
planar cross-strata of the "tidal creek" bedding sequences display
recumbent-folded deforrred cross-strata. Nearly-honogeneous sandstone
beds of irregular shape and displaying ccarplex soft-sedirrent deforma-
tion are also present, lying above scoured surfaces within the well-
bedded rippled beds of this sub facies.

Heterolithic bedding sequences characteristic of this subfacies
are illustrated in Figures 3.45 (lier right) and 3.47 (lower right).
Discordant bedding relationships (Fig. 3.45, upper), loaded channel
sandstone bodies (Fig. 3.45, lcier) and ferruginised intraformational
clay clasts (Fig. 3.47, lcier left) are all coniron features of these
sequences. In sate cases the beds of this subfacies lie markedly
subhorizontally to the regional dip whilst others may be laterally



Figure 3.42 PMADflOR OF TflE TADPZ\RT RLW

Scales: lens cap, 5 an diaireter; coin, 2 cm diarrter; key, 5 an
in length.

Upper three illustrations : AivtotLgma, Iipressions of stalk and
leaf-like fragments with longitudinal ribs, present on the bedding
planes of
1) bioturbated, fine-grained sandstones of facies

ISdSt (subfacies 1) at Bir Talauaut, transgressive
seqtnce 4, and

2) nedium-grained sandstones of facies CSdSt (sfacies
3), transgressive seqnce 4, at locality 17,
Tihererin (Fig. 3.5) (left photograph).

Iøwer two illustrations : Aneuophyton, inpressions of nassive
pitted wood, present on the bedding planes of bioturbated,
fine-grained sandstones of facies RBSdSt at Bir Talauaut,
transgressive secjnce 4. These specirtens nay tentatively
be assigned to the species A. gernianicwn, after descrip-
tions in Darrah (1960).
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Figure 3.43	 SEDINENTZ½RY STRLXURES OF ?4CIES PBSdSt

Scales: lens cap, 5 an diairter; haxmisr, 30 an long.

tper left and. right, and middle left : varieties of cross-

(, , lamination. Nearly in-iase c1iirUing ripples, wavelength

a) 20 an (upper left). Bioturbated very fine-grained

sandstone beds with rippled surfaces, faintly cross-

laminated or harogeneous internally (uer right).

Trough cross-laminated silty very fine-grained sandstone

with thin f lasers of argillaceous siltstone (middle left).

Lor left : honogeneous and cross-laminated sandstone beds

(E) with linguoid rippled surfaces and loaded ripples on

the sole of the beds.

Middle and lcer right : soft-sedirrent deforrration in
(o, ) sandstones of subfacies 3, interpreted as the deposits

of subtidal channels. Iøer otograph is of

sandstones of subfacies 3, illustrated in Figure 3.41.
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Figure 3.44 MEASURED SEC2IGS OF FAdES RBSdSt AT WADI

ANSHAL 1ND TIHERER1

Nctes:

1) The Wadi 7nshal sections are actual bedding sequences

that were measured through sediments laterally

equivalent to those illustrated in Figure 3.41,

141 to 181 in stratigraphically above the base of

the Tadrarb Fbntation at locality 12 (Fig. 3.5).

2) The Tihererin section was measured 150 to 163 in

stratigraphically above the base of the Tadrart

Fontation at locality 17 (Fig. 3.5). For

convenience of illustration the vertical

succession of the Tihererin section has been

foreshortened.

3) All the sections vre rrEasured in sediments of

the upper part of transgressive sequence 3.

4) The palaeocurrent readings were measured frcxn

trough axes and foreset dip azimuLhs of cross-

strata. The inferred palaeoslce direction tcwards

the northwest is derived frcan the palaeocurrent rose

diagrams plotted from all the cross-strata dip

azimuths available fran facies MEd and CSdSt in

transgressive sequence 3 (see Fig. 3.57).
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Figure 3.45	 SEDIMENTZU STRUURES OF F2JCIES RBSdSt

Upper : discordant bedding relationaips in interbedded

siltstones and cross-laminated, very fine-grained

sandstones, sone of which display wave-ripple cross-

lamination and evidence for the forner presence of

intrafornational clay clasts.

Lcrier left : small loaded channel of very fine-grained

sandstone lying within a succession of interbedded

Art hrophycus and Cruziana-bearing sandstones and

siltstones. The upper beds of the channel are

biotu±ated and the sandstones adjacent to the

channel provide evidence of current and wave-ripple

cross-lamination.

Iier right : succession of beds of facies RBSdSt near the

top of transgressive seqi.nce i in which the two

sedinitary structures illustrated above are present,

locality 8, Wadi shuinat (Fig. 3.5). The over-

hanging wall is cczrosed of the basal sandstones

of transgress ive sequence 2.
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Figure 3.46	 MEZ½SURED SECI'ICS OF P7CIES VBSd 2ND 1SdSt

2T WDI TESHUDAT, ThDI INSHAL ND TIHEREPI

Notes:

1) The section thioh facies VBSd is an idealised vertical

succession based ton xreasured sections through the
sediments of the uçer part of transgressive sequence 3

at Wadi ?nshal and Tihererin (180 to 210 in, and 207 to
223 in stratigraphically above the base of the Tadmrt

Fo3miation, respectively) at localities 12 and 17

respectively (Fig. 3.5).

2) The sections measured through fades RBSdSt are actual

bedding sequences fran the upper part of transgressive
sequence 4 (228 to 317 in stratigraphically above the

base of the Tadrart Formation) fran locality 2, Wadi

Teshuinat (Fig. 3.19).

3) The palaeocu.rrent readings were measured fran trough

axes and foreset dip azimt±lis of cross-strata, except

where a ripple sign is shown.

4) Abbreviations: t3fl = upper flcw-regiIrE.
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Figure 3.47	 SEDIMEPY ND BIOGENIC STR LJRES OF F7CIES
RBSdSt ND VBSd

Scales: lens cap, 5 an dianeter; haimer, 30 an long.

Upper left and right, and lower middle : vertically-burrowed,
(14,e, fine-grained sandstone characteristic of facies V13Sd.

Internal stratification is occasionally visible in
these beds, usually amall-scale planar cross-stratification
(upr right).

Lcer left : ferruginised intrafornational clay clast prints
() in fine-grained sandstone of facies RBSdSt.

Iier right : bedding seqence characteristic of subfacies 1,
() facies PBSdSt, and ccirpceed of alternating beds of

cross-laminated sandstone, 8-20 an thick, and thinner beds
of argillaceous siltstone. Nearly in-phase clirrfbing
ripple, wave-ripple and linguoid-ripple cross-lamination
is present. Sc of the sandstone beds are strongly
vertically-burrcd.
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irrersistent. T. varieties of the alternating sandstone/silts tone
bedding sequences of this subfacies were observed in which evidence
is provided for alternating floi-strength conditions. In the first,
cross-laminated and haiogeneous sandstone beds, of up to 20 cm thick-
ness and of lenticular appearance in exposure, alternate with thin
argillaceous siltstones of up to 5 an thickness. This variety is
tharacterised by the presence of wave-forrred rip led surfaces on sax
of which Cruziana traces were observed. The second variety ccrprises
stacked sequences of horizontally-stratified, and wavy-bedded, very
fine-grained sandstone beds, of up to 25 cm thickness, which grade up
to ripple-laminated silty sandstone beds with rare Cruziana.

3.4.1.3 Subfacies 2

Flaggy alternations of biotu±ated, thin and very thin beds (up
to 10 an thick) of cross-laminated, very fine-grained, silty sandstone
and horizontally laminated siltstone and silty shale have been assigned
to subfacies 2 (Fig. 3.41). Thicker beds of trough cross-laminated
and planar cross-stratified sandstone are cormonly present, intethedded
with the other sediments of this subfacies, some of which display clay-
clast lags, rippled surfaces and bioturbation on their upper surfaces.
Intraformational clay clasts are corrrronly present, also, in all the
sandstone beds of this subfacies (Fig. 3.47, lcer left).

3.4,1.4 Subfacies 3

Channel-fill bedding sequences of sandstones and silts tones lying
within channel scours have been assigned to subfacies 3 (Fig. 3.41).
The channel flcor coimonly contains Skolithos burrows and is generally
overlain by a thin cross-laminated siltstone bed. The bedding sequen-
ces in the channel vary considerably, but are all characterised by an
upward-fining grainsize trend. The sequence may consist of cross-
laminated beds passing upwards into beds displaying soft-sediment
deformed stratification (Figs. 3.41 & 3.43, middle and lower right),
or it may be characterised by alternations of trough cross-stratifica-
tion and horizontal stratification in the lcer part, passing uards
to bioturbated and cross-laminated sandstones containing shell frag-
nents in the upper part (Fig. 3.44, lcMer). Typically, hever, the
bedding sequence of this subfacies is as shcin in Figure 3.44 (upper)
where bedding types (a) and (b) are dczninated by Skolithos burrais,
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and bedding type (c) by coirplex internal feeding burrow sys tens
(Asterosomz and Spirophyton), U-shaped sedinent-feeding traces
(Corophioides, see Fig. 2.8) and trails and tracks including Cruziana.
At the top of the succession siltstones are present (bedding type Cd))
in which the sane trace fossil asseithlage is present except for
Cruziana and Spirophyton. The cross-stratified, fine-grained sand-
stones of bedding type (a) may not be present at the base of the
seqnce or they may be present in a rriither of sets. Wriere present
they are diaracterised by clay intraformational clasts. The strongly-
biothrbated sandstone and silty sandstone beds of bedding type (b)
comxonly decrease in thickness upwards and are overlain by the alter-
nating very fine-grained sandstones and flaggy siltstones of bedding
type Cc). The sandstones are typically very silty and maicaceous, and
are present in cross-laminated beds with rippled and bioturbated top
surfaces. The beds of bedding type Cc) are characteristically 5-15
an thick and ooiuronly contain clay intrafonnational clasts • These
beds pass upiards gradationally into the flaggy siltstones and sth-
ordinate silty shales of bedding type (d).

Other typical bedding sequences of this fades are shcin in
Figure 3.46 (1ciier) where trough and planar cross-stratified sandstones
pass upiards to cross-laminated sedirrents. Figure 3.47 (uer right)
illustrates the character of the Skolithos beds (bedding type (b)).
This subfacies is similar, therefore, to subfacies 3 of facies CSdSt,
differing only in being always entirely associated with beds of facies
ISdSt, containing a greater diversity of ichnogenera, and being can-
posed, generally, of finer-grained sedirrent. Sate large-scale exarr1es
of lenticular sandstone bodies of this facies, hc'ciever, are present in
which nediun to coarse-grained sandstones are present (Fig. 3.48; see
also Fig. 3.32, iper, for an exanpie of subfacies 3, facies CSdSt).

3.4.1.5 Sthfades 4

Coarsening-upiards sequences of bioturbated siltstones to very
fine-grained sandstones (Fig. 3.44) which may pass upiards to hatcgen-
eous units of strongly-biothrbated, well-sorted sandstone have been
assigned to subfacies 4 (Fig. 3.41). Sate of the sane bedding types
recognised in subfacies 3 are also present in this siibfacies (bedding
types (c) and (ci)) and are associated with the sane trace fossil
asslages (Fig. 3.44). The sandstone bodies in which this subfacies
was recognised are oDirrronly lenticular and laterally inpersistent in
outcrop.
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Channel sandstone body lying within strongly bioturbated

sandstones and siltstones of facies RBSdSt, transgressive

seqtnce 4, near the top of the nEasured section at Bir

Talauaut (ELg. 3.5). The sandstone body, which is 6 in

thick and is conposed of nediun to coarse-grained

sandstone, is interpreted as a subtidal channel • The

stratification of the channel sands is thuinated by

trough and scour and fill cross-stratification, the

sets of which axe typically 10-50 an thick and, on their

uer surfaces, display bioturbation structures and clay

clast prints. The foreset dip azimuths indicate palaeo-

currents orientated southeastwards (116° to 1210). A

felt-tip pen was used to aasize the cross-strata.

Figure 3.48 CHANNEL SANDSE BODY OF SUBF7CIES 3
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3.4.1.6 Subfacies 5

Horizontally-stratified beds in thida water-escape structures
(Fig. 3.49) and Skolithos burrows (Fig. 3.47) are generally present,
and which coiaxonly lie above an angular, planar scoured surface, have
been assigned to subfacies 5 (Fig. 3.44). This sthfacies is aily
rarely present.

3.4.1.7 Subfacies 6

Scour and fill/channel fill cross-stratified sandstones that pass
upwards to cliithing.-ripple cross-laminated sandstones, and. siltstones
(Fig. 3.44), have been assigned to subfacies 6. This subfacies is
generally present in lenticular sandstone bodies, and is only rarely
present.

3.4.1.8 Palaeocurrent data

A limited nuither of palaeocurrent readings were obtained from the
sediments of facies R13SdSt. In transgressive sequence 4 the palaeo-
current orientations derived fran asyrriretrical ripples created a bi-
polar palaeocurrent rose and those derived from cross-strata shcd a
very great variance including palaeoflows to all four points of the
otpass (see section 3.7, Fig. 3.59). Since the majority of palaeo-
current data obtained for this facies was derived fran sed±nnts of
transgressive sequence 4, in which the uniformity of palaeocurrent
orientations characteristic of transgressive sequences 1, 2 and 3 is
absent, it is difficult to ascertain to what extent the palaeocurrents
of this facies are similar to those of the coarser-grained facies with
which they are associated in each of the transgressive sequences. The
iitression was gained, however, from the field sections measured in
transgressive sequences 1, 2 and 3 that, whilst the palaeocurrent
orientations obtained from both ripples and cross-strata of sediments
of facies RBSdSt displayed a wider variance than those from cross-
strata of facies CSdSt and MSd, the foreset dip azimuths of the cross-
strata nevertheless showed a predaninant palaeocurrent orientation
that was similar to that of the oDarser-grained facies, i.e. towards
the northwest. The palaeocurxent directions obtained from current
ripples in these sequences displayed a wider variance with directions
probably testifying to onshore, offshore and along-shore currents.
Of particular inportance, however, was the observation of siperinposed
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Sthhorizaital bed of hcitcgeneous, fine to very fine-
grained sandstone, of 40 an thickness, with water-escape
soft-sedilTent deformation structures. !,bulds and casts
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illustrated above.

Figure 3.49	 TER-ESCAPE DEEO1TION STRUCTURES IN
SUBFAIES 5
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rippled sandstone beds displaying opposite palaeocurrent directions.
Although the palaeocurrent data of transgress ive seqnce 4 are nore
difficult to interpret, it may be noted that a certain similarity
exists between the palaeocurrent rose derived from facies CSdSt
(Fig. 3.58) arid that of facies RBSdSt arid VBSd (see Fig. 3.59).

3.4.1.9 Biogenic structhres

A mudi greater variety of trace fossils is present in facies
SdSt than in any of the other facies of the External Tassilian

Sandstones (Fig. 3.6), the majority of the trace fossils that are
•tharacteristic of the Cruziana ichnofacies being present (cf. Table
2.6). As in facies CSdSt, the trace fossils may be divided into those
that occur in relatively thick sandstone beds and those that occur in
interbedded sandstone arid siltstone successions. In this facies a
further subdivision was recognised, slightly different trace fossil
asserrblages characterising thin beds of siltstone, and successions of
thinly-interbedded very fine-grained sandstone and siltstone. These
three trace fossil asseithlages were best recognised in the sedinnts
of subfacies 3 and 4, in which bedding types (b), (c) and (d) contain
the trace fossil asserrblages typical of thick sandstones, interbedded
sandstones and siltstones, and of siltstones respectively (Fig. 3.44,
upper). In addition to the trace fossils coimonly found in the sedi-
nents of bedding type (c), Halopoa and Sagittichnus may also be pres-
ent, whilst Sco ii cia (see Fig. 2.4) and the paJin-frond variety of
Arthrophycus (see Fig. 2.6) were found in these beds in transgressive
seqnce 1 only.

3.4.1.10 Petrography

The sandstones and siltstones of this fades are 7 like those of
facies CSdSt, ccziposed of quartz arenites with a range of textures,
poorly-sorted sarrples being as corrni as wefl-sorted sairles. Well-
rounded and spherical grains are only rarely present. Sara clay
matrix was probably originally present but not in sufficient quantity
to class the sedirrents as quartz wackes. The amDunt of depositional
matrix is difficult to determine since much of the original clay has
been diagenetically altered. The sedirrents are rich in detrital
biotite and muscovite but feldspar is rarely present. A heavy mineral
asseirblage of detrital zircon, i3xrenite and tounnaline, and the



142

fo11o1ng authigenic minerals, throsite, haematite, i3xenite and
geothite are caiüy present (Fig. 3.50). Silica dissolutiai and
silica replacement structures are cmm, as is haernatite cerrentaticn
and replacement of unstable detrital grains, but quartz overgrcwths
are not so abundant as in facies CSC3St. This is attri1 yited to the
greater degree of early diagenetic mineral gimrth resulting fran the
alteration of depositional clay matrix.

As vU as having a greater percentage of depositiaial matrix
than facies MSd and CC3St, this facies differs from the coarser-
grained fades in having nore abundant authigenic thiorite (confidently
identified as chanosite in me case, see Fig. 3.50) and in containing
very small quantities of s*ieru1itic fibrous kaolinite. An1c)rplus
interstitial thlorite as 1l as diloritic clay rims on quartz grains
axe present, whilst the klinite is only present where replacing
mica. These authigenic minerals suggest that the re fluids may
have had a slightly different acidity than those of the coarser-
grained facies. Although this may be sczr evidence for marine influ-
ence, the presence of peorly-sorted sanples suggests that these sedi-
itents have not been sjected to extensive marine transport and/or
sorting processes.

3.4.2	 Interpretation

The presence in this fades of plant remains (previously repor-
ted in these beds by Lejal4Iico1 and Massa, 1980), shell fragirents,
shell iroulds and casts, trace fossils of Seilacher' s Sko l-z thos and
Cruzicma ichnofacies (see Table 2.6) and texturally-variable but
mineralogically-nature sedinent in heterolithic beds, provides evi-
dence for a marine c3epositimal environment tharacterised by spasirodic
fluvial detrital supply and the variable flaa-strength conditions of
shallai-marine environments and particularly tidal regimes (Klein,
1977; Elliott, 1978b). The abundance of current-formed asyniretrical
rippl surfaces and cross-lnination, the relatively rare occurrence
of wave ripples, and the wide dispersal of pa1aecurrent orientations
fran w'nith clear evidence of bipolar palaeocurrent distributions were
sorretirtes cbserved, are thought to provide evidence that tidalind/
storm action predaninated over wave action in an environment tharac-
tensed by a greater variety of flo, directions than that of the
estuarine diannel enviraiirent of the associated facies CSdSt. The



Figure 3.50	 LEC2FC MEC1DGPHS OF SANDSES FM

FACIES PBSdSt

Upper and lcwer left : micrographs of features of an argilla-

(ii t) ceous very fine-grained sandstone from near the top of

transgressive seance 1, Wadi Teshuinat.

Upper left: silica dissolution surface on angular

quartz grain overed with rhatbs of authigenic

haem3.tite and ilrrenite (dianeter of micrograph is
40 microns, Inagn. x 2403).

Lovr left: irregular quartz overgrowths on sand grain.

The depression in the centre may be the result of

inhibition of quartz overgrowth develont by the

presence of early diagenetic haaUte or chlorite

(rnagn. x 1000).

Upper and lower right, and middle : micrographs of features

(, of a white, micaceous siltstone to very fine-grained

E) sandstone fran a bioturbated bed, 7 an thick, near the

top of transgressive sequence 4, Tihererin.

Upper and lower right: authigenic charrosite on

irregular grain surfaces (rnagn. x 2403, upper;

x 2003, lower).

Middle: detail of auihigenic chanosite.
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presence of abundant clay-clast intraformaticnal cmglcirrerates, plant
rnains and sate texturally-iranature sediment, provide evidence that
sate, at least, of the fluvially-derived sediment was not extensively
re .iorked by tidal or other currents (Elliott, 1978b). The character-
istics of this facies, and of associated fades CSdSt, suggest, there-
fore, that fluvial currents played an irrorbant role in creating the

sedirrentary structures of these two facies, thcse of fades RBSdSt
being rrre strongly cxritrolled by nearshore marine currents than those
of fades CSdSt. It is considered that the sediments of facies RBSdSt
provide sufficient evidence for fluvial detrital supply and limited
current rerking, hever, to indicate that the larger sand bodies of
this facies, such as sate of those of subfacies 3, are unlikely to
have been deposited as offshore sand shoals or bars (Spearing, 1975).

The alternation of finer and oDarser-grained beds that character-
ises subfacies 1, in which sedimentary structure and biogenic evidence
of alternating high and lw-energy fli conditions exists, is thought
to provide evidence for periodic lowering of wave base in a sha1lcz-
marine envircnirent and consequent increase in flcw-strength at the
sedirrent-water interface. This may have been related to tidal or
storm action. The cross-stratified sand bodies within these sequences
nay have been deposited as tide-driven, shallcw-rnarine dunes or bars
(Johnson, 1978), although wind and storm action could also have been
responsible.

The palocurrent data, the close spatial and tnpDral associa-
tion of current-forrred structures indicating bi-directional flcw, and
the presence of the folliing structures in this facies: scoured sur-
faces, cross-stratification with sharp set boundaries, clay-clast
conglarerates, flaser arid wavy cross-lamination, load casts and soft-
sediment deformed bedding, provide evidence, especially when taken
together with the characteristics of subfacies 4 of fades CSdSt (see
sections 3.3.1.5 & 3.3.2.5), for the follcMing prosses, processes
typical of tidal erivirorirtents: bedload transport with bipolar-birtodal
reversals of f 1cM direction, tine-velocity asyrrrretry of current bed-
load transport, scouring events, alternation of current bedload
transport with suspension settlElent during slack-water periods, and
differential corrpacticzi, loading and hydroplastic readjustment (DDtt
& Hcy.iard, 1962; Klein, 1970, 1977; Peineck, 1963; Faineck & Wunderlich,
1968; Willire, 1960). The absence of evidence for emergence, exposure
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and evaporation, such as etch marks, washout structures, interference
ripples, flat-topped and dcuble-crested ripples, runzel marks and
desiccation cracks (Evans, 1965; Klein, 1977; ineck & Singh, 1973)
suggests that the majority of the sedinents of this facies vre depo-
sited subaqteously rather than subaerially. Jlthough Desio (l94Cb)
recorded the presence of mud-cracks within the sedinents of the
Tadrart Formation, this thservation has not been supported since.
It is proposed, therefore, that a reasonable interpretaticn for these
sedirrents is that they were deposited predaninantly in a tidally-
inflnced nearshore environment. Hcr.qever, it should be stressed
that the evidence indicates that the envirc)nirent was one daninated by
spasnodic but strong fluvial detrital supply and by fluvially-derived
currents, suggesting the presence of "fingers" of estuarine channel
sands extending into this environmant. It should also be stressed
that the sarihat limited palaeocurrent data from this facies does
not display an unequivocal bipolar current pattern, although sate
examples exist, but rather a wide range of orientations suggesting
the activity of long-shore and wind/storm induced currents, as well
as tidal and fluvial currents. The annotations ct-i Figures 3.41, 3.44
and 3.46 should be considered, therefore, as possible interpretations
that, on the basis of the data available, are thought to be the nost
reasonable.

The presence of a diverse assemblage of trace fossils belcnging
to Seilacher' s Cruzicina idinofacies (see Table 2.6) and concentrated
largely within the thinly interbedded heterolithic sandstone, silt-
stone and subordinate silty shale sequences, is thought to provide
support for a shallcw-water marine environrrent (Seilacher, 1967, 1969),
especially as Scolicia, one of the trace fossils present, although
only present in transgressive sequence 1, is thought to be the trail
of a gastropod (Hantzsdiel, 1975), an organism that first occupied
non-marine habitats in the Carboniferous (Clarkson, 1979). The
absence of trace fossils other than Skolithos in the thick sandstone
beds (bedding type (b), see Fig. 3.44) is thought to be a reflection
of discontinuous sedinentation in severe environrrental conditions in
which only suspension-feeding organisms, with burrs that offered
protection fran scouring currents, could survive, and also a response
to substrate type in which the general absence of nutrient ensured
that only a filter-feeding node of existence was viable (Goidring,



145

1964; Hallarn & Swett, 1966; Hc,iard, 1975). Qi the other hand the
differences in the trace fossil asserrblages of bedding types Cc)
(thinly interbedded sandstones and siltstcnes) and (d) (siltstcnes)
(see Fig. 3.44) are thought largely, to reflect a response to sedinent
substrate type. No evidence was found to siçport the proposed exis-
tence (Seiladier, 1969) of two separate trace fossil assi1ages
within the Cruzicrija facies, characterised by the type ithnogenera
Asterosoma and Spirophyton (see 'Ib1e 2.6), and thought to reflect
differences between subfacies within a shal1 q-narine depositicnal
envirorinEnt. Hever, the differences that were recognised between
the trace fossil assth1ages of facies RBSdSt and CSdSt are thought
to reflect differences in salinity and f1 .i-strength conditions
between shallcw-marine relatively quiet-water envirainents, and high-
energy estuarine/?tidal channel envircriments.

Considerable effort was devoted in the field to an atterrpt to
recognise within the sedinents of facies RBSdSt vertical bedding and
trace fossil sequences such as those described from nodern and. ancient
sha1lci-water shelf and shoreline environrrents (Goldring, 1962, 1964,
1971; GDldring & Bridges, 1973; Ho .iard, 1972; Hciard & Reineck, 1972).
Neither the sedimentary structures nor the sequences of trace fossil
asserrb1acs typical of bedding seqtences generated by migrating
beaches or barrier islands was recognised (Hcward, 1972; Hcward &
Reineck, 1972; tvis et al., 1972), in particular the lcw-angle
"swash cross-stratification" that characterises foreshore deposits
of beaches (1ineck & Singh, 1973, p. 9 3-94) was conpletely absent.
Three types of vertical transitions associated with trace fossil
asseithlats were recognised, however, at very different scales, two
small-scale varieties and one large-scale. The first small-scale
variety conprises beds of sub facies 1 with erosional basal boundaries
and an upiards increase in bionic structures, the lcer part of
the bed catnonly being characterised by horizontally-stratified sand-
stone, and the t of the bed, which is intensely bioturbated, being
truncated. These beds are thought to result from storm scouring
activity, which erodes the sea floor and resuspends sedinent during
the storm. This is follcwed by redeposition as the storm subsides
and the re-establishnent of an infama during a period of reduced
sedirrentaticn (Goidring & Bridges, 1973; Howard, 1975). The presence
of hurrrrocky cross-stratification in sc of the sandstones is
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additional evidence for stoxin activity. 1though these beds are not

unrnx)n in this facies it is also omn to find similar beds in

which the preserved original sediiintary structure at the base of

the bed corrprises cross-lamination, and the uer part of the bed is

overlai.n by a thin silty clay bed with lenticular lenses of sandstone

and siltstone. These beds, which coirrise the second vertical-

transition type recognised, are thought to result fran the scouring,

variable flai-strengths and the discontinuous deposition of tidal

rather than storm currents (Klein, 1977).

The larger-scale variety of vertical bedding sequence, in which

a vertical transition of trace fossil assenblages was present, was
recognised in the sedirrents of sub facies 3 and 4 (Fig. 3.44, uer).
In these sedinents up,ard-coarsening vertical bedding seqnces of

6-12 in thickness exist in which thinly-bedded siltstones, heteroli-

thic beds and overlying cross-laminated siltstones and sandstones, all

displaying a diverse idinofama, pass upwards to sandstone beds with
abundant Skolithos burrcws and no other recognisable trace fossils.
Planar cross-stratification is visible in these Skolithos beds, in
sorre cases, and a basal scour surface is generally present. The
Skolithos sandstones pass upwards in an upward-fining sequence of,

typically, a few rretres thickness (2-6 in), into the sane heterolithic

beds with a diverse ichnofauna described fran lcMer in the sequence.

These bedding sequences are thought to have been forrred by the pro-

gradation of an estuary nouth shoal and an overlying estuarine channel

such as those described fran the mesotidal Georgia Coast of the USA by

Greer (1975) (Fig. 3.51). These deposits, therefore, are the distal

equivalent of the estuary nouth bar sandstones of subfacies 4, facies

CSdSt. In son cases the Sko lithos sandstone of this sthfacies is

not ercsively based and the vertical upiard-coarsening succession rray

be corrared with that described fram inter-tidal and sub-tidal shoal
sands in a nesotidal erthaynent of South Carolina (:Reinhart & Ruby,
1982). The abundant examples of upward-fining sequences of subfacies

3, in which evidence for in-channel bar and dune migration exists

(see Figs. 3.41, 3.44, 3.46), provide evidence for a predominance

of channellised flcw rather than n-shelf f1, and the lenticular
gearetry in exposure of many of the sandstone bodies of subfacies 3
is further support for deposition in localised ?tidal/estuarine

channels.
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flasei structures

Fine sand bioturbated	
TIDAL FLAT

Laminated sand	 J
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mud pebbles

Wavy bedding

Ripples
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bioturbated

Laminated mud

Planar foresets

COarse sand

J
Gravel shell debris

_CHANNEL LAG

Erosion surface - - - - -

CHANNEL BAR
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CHANNEL BOTOM
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Progradation

Fine sand, traces of mud
Laminated mud

Shell layers

- - Muddy fine sand
-. - bioturbated

Laminated mud
m	

-	 INNER-SHELF
-	 - Muddy fine sand with
':_>-: shells bioturbated

Muddy fine sand
- -	 bioturbated

Sequence pioduced by t1 progradati of an estuary

nouth high-energy shoal (A), and an estuarine thannel (B);

Ossabi Sound, Georgia Coast, USA (after Greer, 1975; in

adLng, 1978).

Figuie 3.51 PSIBLE OSITIONZL XEL EDR F2CIES RBSdSt.
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The bedding sequences and sandst ie-xx ometry of the rela-

tively rare sediments of subfacies 5 and 6 provide evidence for open

shelf storm deposition and subaqueous crevasse deposition respectively

(Fig. 3.44). The vertical bedding sequence of subfacies 5 (Fig. 3 • 44)

and the water-escape structures of this subfacies (Fig. 3.49) are

typical of the rapidly-deposited shelf sediments of stonns (Johnson,

1978). The channel fill cross-stratification and clitthing-ripple

cross-lamination of sub facies 6 also provide evidence for rapid depo-

sition but, in this case, the sedimentary structures are characteris-

tic of crevasse-splays (Elliott, 1978a). The sediments of subfacies

6, therefore, display some similarities to those of subfacies 4 of

facies CSdSt, sediments interpreted as the deposits of estuary-uth

bars and possibly crevasse splays (see sections 3.3.2.5 & 3.3.2.8).

The association of both subfacies 5 and 6 with subfacies 1 is believed

to provide evidence that not only were the storm deposits laid dn on
the inner shelf but that the crevasse-splay deposits resulted frat

crevassing of subaqueus levees of seaward channels and were also,

therefore, laid dc,rzn on the inner shelf. Hc.'iever, although the evi-

dence suggests that the majority of the sediments of subfacies 1 were

deposited sub aqueously, the presence within this subfacies of hetero-
lithic lateral-accretion deposits (Fig. 3.44, lcr) that are charac-

teristic of tidal creeks (Peineck & Singh, 1973) suggests that sczre of

these deposits nay have been laid dcn subaerially on tidal flats.

Similarly, although no clear evidence exists for subaerial exposure in

the sediments of subfaaLes 2, the presence of planar cross-stratified
sandstone beds with bioturbated, rippled top surfaces displaying clay

clast laqs (Fig. 3.41) which, therefore, have many of the characteris-

tics of inter-tidal sand bars (megaripples) (Klein, 1977; Dalr7mple t

al., 1978) is thought to provide evidence that some, at least, of the

sediments of sub facies 2 may have been laid &in inter-tidally. With-

out further field work on these sediments it is inossib1e to establish

with any greater degree of confidence whether inter-tidal deposits are

present.

Beuf et al. (1971) studied sediments of a very similar fades to

facies RBSdSt in the 2agerian lithostratigrapiic equivalents of the

Tadrart Fonnation (Otd Karkai and Oued Sairene fonnations) (see Table

1.3) and interpreted th as "transitional-marine' t deposits, by which

they meant that the sediments displayed both marine and non-marine

characteristics. nong the ncxi-tiarine characteristics they observed
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were "fluviatile" pross-stratified and channelled sandstones with
unidirectional palaeocurrent indicators, whilst the thinly-bedded
secnces displayed a wide variety of palaeocurrent directions and
"marine" ichnofacies siiti1ar to those described frcm facies RBSdSt.
The "transitional-inarin&' deposits lay above "fluviatile" deposits in
a nuner of large-scale fining-upiards segences, the controls for
which were oDrisidered by Beuf et al. (1971) to be a balance of rates
of eustatic sea-level rise (possibly glacio-eustatic) and subsidence
such that the sea transgressed over a broad, 1i-re1ief fluvial plain
without the develcprrent of a lanard-nigrating coastline, the sea
reworking sate but not all of the sedirrent of the plain (see Fig. 3.40).
The predcxninance of seard-directed palaeocurrents within facies CSdSt
and RBSdSt, indicating the strength of fluvial currents, even within
shallow-shelf deposits hearing a full fauna of trace fossils of the
Cuziana ichnofacies, is a nost striking feature of these facies which
is of great irrportance in ccnsidering the hydrodynamic regixte control-
ling the developnent of the fades of the Tadrart Formation (see sec-
tim 3.7).

3.5 Vertically-Burrowed Sandstone Facies (VBSd)

3.5.1	 tscription

3.5.1.1 Sedirrentary structures, trace fossils and palaeocurrent data

Within the rippled and biotuated sandstone and siltstone facies,
and characteristically towards the tcp of transgressive sequence 3, a
successicn of highly bioturbated fine and very fine-grained sandstones
in beds 5 to 30 an thick is present (Figs. 3.6 & 3.46, upper). This
association of sandstones with subordinate cross-laminated siltstcnes
is tented the vertically-burrowed sandstone facies on account of the
abundant Skolithos burrows present within the sandstones (Fig. 3.47).
Trace fossils other than Sko lithos were not cbserved in this fades,
and the regular alternation of sandstones and siltstones, characteris-
tic of fades RBSdSt, is absent. The sandstones axe so strongly bio-
turbated that internal stratification is generally not visible
although in sone beds, planar tabular cross-stratification and
horizontal-stratification may be discerned, whilst on the surface of
sate beds linguid rippies may be present. The sandstone beds are
laterally persistent and the whole succession is generally well bedded,
although these beds may saretittes be clearly subparallel to the regional
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dip. Sane thin to very thin siltstcrie beds are present displaying
currit-ripp1e and f laser cross-lamination. Channel-shaped sandstone
bodies lie within the succession, often only 5 to 10 m wide, which
axe characterised by sour bases and a fining-upwards sequence of very
'well-sorted, fine-grained sandstones and cross-laminated siltstones
(Fig. 3.46, ujer). Fining-twards bedding sequences from horizontally-
laminated sandstones to cross-laminated siltstones in sequences of 40
to 100 an thickness (Fig. 3.46, sketch) and larger-scale channels of
fine to madiiin-grained, trough cross-stratified sandstone (Fig. 3 • 6)
are also present in the succession.

The palaeocurrent directions obtained from current-rippled sur-
faces of sedirrnts of this facies in transgressive sequence 3 are
bipolar with northwest and southeast orientations.

3.5.1.2 Petrography

The sandstones of this facies are, typically, irderately-sorted
quartz arenites with abundant authigenic chlorite, hanatite and
ilnenite in sate sanles (Fig. 3.52). Silica dissolution and preci-
pitation structures are oiiron but quartz overgrowths are not wefl
develcped, prthably because of the original presence of a snail per-
centage of clay matrix vthith altered during an early diagenetic phase
and masked the quartz grain surfaces. Detrital iltrenite, nn.iscovite
and biotite are present but feldspar is very rare.

3.5 • 2	 Interpretation

This facies lies within fades RBSdSt, with which it shcMs sate
similarities, especially the presence of flaser cross-lamination in
thin siltstone intercalations, and bipolar palaeocurrents, character-
istics of the fluctuating energy conditions typical of tidal environ-
irents (Klein, 1977; Fainedc & Wunderlich, 1968). The petrography of
the seditrents of the two facies is also very similar, providing sorre
sparse evidence for a marine environrrent, and good evidence for a
limited degree of current rerking of the sedirtent (see section
3.4.1.10). The abundance of Sko lithos vertical burrows, and the
absence of other trace fossils, in the strongly-bioturbated sandstones
of this facies, indicates, as in facies RBSdSt, that these sandstones
were dosited rapidly, they oontained limited nutrient therefore, and were
consequently only occiied by filter-feeding organisms. Further, the



Figure 3.52	 ELECTI)N MEC1DGR7 M1S OF SNES'ItE flOM

FACIES VBSd

Note: micrographs are of features in a rroderately-sorted,

fine-grained sandstone, with abundant green to bran

interstitial authigenic chlorite, from a bed with
nurrerous Skolithos burrcws, lying near the top of
transgressive seqince 3, at Tihererin.

Upper left : tabular detrital grain of i1rrnite (central

(A) right) surrounded by platey chlorite minerals

(Inicrograph 45 microns diarreter, inagn. x 2CXX)).

Loqer left : dissolution cavity in quartz grain (magn.
to)	 x600).

Middle : grain surface with silica dissolution structures

(,g) (upper) and precipitation surface of authigenic

chlorite, haematite and acicular crystals of i1rrnite

(ler) (inagn. x 2000).

Upper right characteristic quartz grains of facies VBSd.

(c The absence of major quartz overgrths is thought to

be a result of the early presence of abundant diagenetic

chlorite, haeinatite and ilnenite (rnagn. x 220).

Lower right : interstitial chlorite (magn. x 1300).
(E)
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restriction of the fauna to me vertical burrc'c' ichnospecies, is
thought to provide evidence for severe environrtents of periodic
strong-current turbulence, scouring and/or subria1 emargence in
which specially adapted organisms survived by occupying protected
vertical tubes (Goldring, 1964; Hallam & Swett, 1966; Hciard, 1975).
these onditions apply to tidal sand flats (Evans, 1965; Klein, 1977)
and to shoref ace littoral environments (Hcward, 1972; Sei lather,
1967). The subparallel bedding of the bioturbated sandstones may be
the result of deposition on the inclined margins of tidal creeks
(ineck & Singh, 1973) or of deposition in an upper shoreface envir-
cnrment (Elliott, 1978b). The channels within the succession are
interpreted as tidal channels of various sizes, whilst the horizontally-
stratified sandstone beds are thought to provide evidence for deposition
fran shallcw-water upper flc regiire tidal currents on a scoured surface
created by the same or an earlier strong tidal current. The vertical
transition fran these beds to ripple-laninated and bioturbated sediments
is thought to reflect the waning flow conditions that succeeded the
upper flow regime currents. Insufficient field work was undertaken
on the sedinnts of this facies to establish which of the tidal-flat
and the shoreface interpretations is the most valid. Similarly, on
the basis of the field work undertaken, it has not been possible to
identify the vertical £ining-upiards sequences characteristic of sa
prograding inter-tidal deposits (Sellwood, 1972) or the irore carlica-
ted vertical grainsize profiles of other inter-tidal deposits (Evans,
1975). Furthermore it is recognised that the inter-tidal flat and
tidal charnel interpretation represents only one of a nurrber of possible
interpretations, and the annotation to Figure 3.46 should be seen in
this light. Particularly, the absence of evidence for subaerial ener-
gence and evaporation weakens the prcosed interpretation, since many
of the structhres observed could have been forned subaqueously and/or
in energetic shallow-marine environments with no tidal influence.
However, as noted in section 3.2.2 for fluvial deposits, the absence
of evidence for subaerial emergence by no means proves that it did not
occur, arid the sedimentary biogenic structures of this facies do bear
a strong resenblance to those of inter-tidal flats (Klein, 1977).
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3.6 Facies of the Ouan Kasa Formation

3.6.1	 Description

3.61.1 General

ID facies were recognised in the sediments of the Ouan Kasa
Formation exposed at Wadi Wan Kasa (locality 18, Fig. 3.5): the inter-
bedded shale, sandstone and siltstone facies (IShSdSt) and the massive

shale fades (h) (Fig. 3.6). Three o3arsening-ards cycles are
present of between 10 and 18 in thickness, in each of which facies MSh
lies at the base and passes upwards gradationally into facies IShSdSt.
Cly a few palaeocurrent readings were obtained from this formation,
from current-rippled siltstones and sandstones • These indicated
currents directed both northstwards and southeastwards. The shales,
siltstones and sandstones of this formation contain a fauna of brachio-
pods, bivalves, styliolines and tentaculitids (Klitzsch, 1969).

3.6.1.2 Massive shale facies (ISh)

The massive shale fades conrises beds of green, grey and purple
gypsiferous shales with thin, laterally-inpersistent intercalations of
very fine-grained sandstone that display sharp basal boundaries and
gradational iper boundaries. Trails and other bioturbation traces
are abundant on the upper surfaces of these beds which are cciruonly
dissected by Skol-ithos burixiis. Horizontal stratification is coirrronly
developed in the laier part of t1se beds whilst current-fonted cross-
lamination predaninates in the uer part.

3 • 6.1.3 Interbedded shale, sandstone and siltstone facies (IShSdSt)

A coarsening-uiards trend is discernible in this facies, silt-
stones predaninating at the base, and sandstones at the top. Wave-
ripple cross-laminated beds of siltstone, interbedded with thin shales
and occasional very fine-grained sandstone beds, form successions of

to 5 in thidcness at the base of the facies (Fig. 3.53) in which
flaser and wavy cross-lamination, and sole tool marks are character-
istic of scte beds (Fig. 3.53). Above the siltstones, a succession
of bioturbated, cross-laminated fine and very-fine grained sandstones
is present in which desiccation cracks may be seen on saie rippled
surfaces. The thin beds display lc-angle cross-stratification where
the stratification has not been destroyed by bioturbation. Clay
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ol marks on the sole of a wave-ripp]e cross-laminated
bed of very fine-grained sandstone. Shell fragixents
and trails are present on the rippled upper surface of
this bed.

Alternating beds of cross-laminated ferruinous siltstone
and shale. ¶L suession is strongly bioturbated and
vertical burrs are visible.

Figure 3.53 SEDIMThRY STRURES OF THE OUAN IS PO1WTI1
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clast prints are tirn in these sandstones whilst plant remains ve
found in some beds.

The sandstones and siltstones of facies IShSdSt are noderately
to well-sorted and ozrosed predczninantly of angular to subrounded
quartz grains with quartz o'vergrcwths, and of detrital inicas • Iron-
ccide cementation is abundant with both haematite and linonite pres-
ent. The rnicas are generally partly replaced by haenatite. Authi-
geriic chlorite is also present in some sanples as well as se
possible glauccriite.

3.6.2	 Interpretation

The presence of the folling fossils in the Ouan Kasa Pbrmaticn
suggests an cpen-Inarine environment of deposition (Borghi & Chiesa,
1940): Nucuia corbuZiforms, Spirifer corbulifor,nis, Chonetes orien-
talis and Strophornena caranata (Fig. 3.6). The sediments of facies

are thought to have been deposited largely belcM wave base fran
suspension in an open-. narine shelf environment where occasicnal storns
were responsible, as a result of 1aiered wave base, for the presence
of sharply-based, fining-iards sandstone beds, with basal tool marks
(Johnson, 1978). The oDarsening-iards cycles of facies IShSdSt
reflect an upiards change from deposition below to deposition above
wave base and suggest either a gradual uiards change in base level,
or progradation of the depositional unit. This can occur as a result
of eustatic changes or by progradation of estuary nouth shoals locally
reducing water depth (Elliott, l978b). The presence of intraforma-
tional clay clasts within the sandstones of facies IShSdSt is thought
to provide evidence for seasonal reworking of very thin beds of fine-
grained suspension deposits, and the desiccation cracks present in
these sandstones indicate that progradatiai events and/or sea level
changes were sufficiently pronounced to allai occasional subaerial
xergence of the depositional surface. Although an cpen marine envir-

onment, therefore, is indicated in a general sense for deposits of
the Ouan Kasa Formation, this evidence, as well as that of the plant
remains and flaser cross-lamination, suggests that these deposits
were laid dcMn not far fran the ocastline in a region where sediment
was derived from an estuary, and currents, probably of tidal oriin, were
directed primarily onshore and off shue. The sedthnts shcing evidence
of eaergence may have been deposited on tidal flats.
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3.7 Conclusions

3.7.1	 Correlation between Carosite Sections

3.7.1.1 General

In this study of the facies of the Tadrart and Ouan Kasa fornia-
tions it was found that the sedints of the Tadrart Fonration could
be üvenient1y divided into thidcly-edded, relatively coarse-grained
units, generally daaracterised at their base by horizons of Liesegang
rings and iron-oxide ctation, and thinly-bedded, finer-grained
units (Fig. 3.1). The thidcly-edded units are conposed of sedinents
of the multi-storey cros s-stratified sandstone fades and the chan-
nelled sandstone and siltstone fades, whilst the thinly-bedded units
are ccnosed of sedinents of the rippled and bioturbated sandstone
and silts tone fades and the vertica1ly-burried sandstone fades
(Fig. 3.6). It was cbserved that these fades are also present in
the upper beds of the Acacus Formation (units 14 & 15, Fig. 3.1),
which led to the identification of four seqiences each of which was
interpreted as being broadly transgressive, since the sequences are
diaracterised by the presence of the coarser-grained fades at the
base, interpreted as fluvial and estuarine channel complex deposits,
and finer-grained Lacies, interpreted as shallow-marine and ?tidal-
flat deposits, lying above (Fig. 3.6). The interbedded shale, sand-
stone and siltstone fades, and the massive shale fades of the Ouan
Kasa Formation (Fig. 3.6) provide evidence for relatively cpen-marine
depositional conditions, which, since this formation is thought to
lie conformably above the Tadrart Formation, represent the cuthnination
of the depositional processes responsible for the fourth transgressive
seqlence. Although the sedinents of the upper beds of the Acacus
Formation have been studied in less detail than those of the Tadrart
Formation, these beds have been included in this study reference
to Klitzsda (1965, 1969) and to a section ireasured by the author at
Tanesfert (see Fig. 3.2). Th.is was considered necessary because it
was felt that any interpretation of the sedinents of the Tadrart
Fbnnation that attempts to place them in the context of their litho-
stratigraphical equivalents in the Central Sahara must errbrace all of
the sediirents of the External Tess ilian Sandstones, since these form
the only unanbiguous lithostratigraiical unit recognisable through-
out the Eastern Hoggar and Western Murzuq Basin in the Upper Silurian
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to Lcwer Devonian strata (see Tables 1.3 & 3.1; Fig. 1.6; Freu:lon,

1964).

The thickly-bedded units of the fcur transgressive sequences

(Fig. 3.6) were correlated between the coirposite sections at Bir

Talauaut, Wad! shuinat, Wad! Anshal and Tihereriri (Fig. 3.2) with

sone degree of confidence, as a result of the good exposure of these

beds in the wadis and cliffs of t Jabals Akakus and Tadrart. The

sandstones at the base of transgressive sequence 1 of the Jabal

Akakus escartent (see Fig. 1.12) and the sandstones of the "Sandstone

Macer Bluff" at the base of transgressive sequence 4 (see Figs. 3.29

& 3.31, upper), are both particularly well exposed and may be traced

laterally over large distances. In the north of the study area the

correlation of these thickly-bedded sandstone units pi:oved nore diff i-

ilt as a result of the conplete truncation by the sedirrents of over-

lying sequences of sc of the thinly-bedded units tharacteristic of

the upper part of the transgressive segnces, resulting in the ver-

tical juxtaposition of very similar thickly-bedded sandstones of

different transglessive sequences. Nevertheless the sections mreasured

in the north at Wad! Auis, Wad! lia (north and south), Al Awaynat

and Tanesfert (Fig. 3.2) have been tentatively correlated, by the

recognition of maj or scour surfaces and horizons of Liesegang rings

and iron-oxide cenentation, with the major colrposite sections neasured

further south, in order to establish a lithostratigraphic correlation

of all the sections rreasured in the External Tassilian Sandstones of

the Jabals Akakus and Tadrart (Fig. 3.54). The resulting stratigraphic

cross-section, whith has been constructed using a datum at the base

of the External Tassilian Sandstones, i.e. at the base of the thickly-

bedded sandstones of transgressive sequence 1 (exposed in the Jabal

Akakus escarpment and at Wad! Ahar; Figs. 3.5 & 3.37), is orientated

approximately north-south which is oblique to the inferred depositional

strike. Fran palaeogeographical reconstructions, based on the facies

studies and palaeocurrent data of each of the transgressive sequences

(see section 3.7 • 4 below), the depositional strike for the first three

transgressive sequences is inferred to have been northeast-southwest

(with a sed!itent source area in the southeast), tni1st the evidence

for that of the fourth transgressive sequence is enigmatic, but is

thought to indicate a depositional strike also aligned northeast-
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southwest. Conseqcntly the stratigrthic cross-section (Fig. 3.54)

displays features characteristic of both dip and strike-sections.

An exle of the formar iencxrenon is the lateral decrease in thick-

ness of the thickly-bedded sandstone unit of transgressive seqtnce 1

in a northward direction, thought to reflect increased distance from

sedirtnt source area. An exairle of the latter 	 is the

interdigitation of sedinents of fades CSdSt, and of facies RBSdSt

and VBSd, particularly vll developed in transgressive seqnces 3 and

4, and thought to reflect lateral facies changes along depositional

strike related to the position of major estuarine channel oDnplexes
lying within firier-grained shallow-marine deposits. The stratigraphic

cross-section also illustrates that not only are the External Tassilian

Sandstones truncated northwards by the Upper Devonian "Chatti Formation"

and the lower Carboniferous Mrar Fbnnation (see Fig. 1.9), but their
thickness is also controlled by three internal erosion surfaces, lying

at the base of transgressive seqi.nces 2, 3 and 4, the truncation

effects of which are to soire extent carensated for by thickness dif-

ferences within seqtence 4.

3.7.1.2 Control on stratigraphic thicknesses of ire asured sections

Accurate cx)rrelation of ire asured sections to form corrposite mea-
sured sections, and between catxsite iteasured sections to create a
lithostratigraphic cross-section (Fig. 3.54), was dependent, in part,
upon the accuracy of stratigraphic thicknesses rreasured (see section

3.1.2). A brief account of the thicknesses involved provides an idea
of error limits present in the rreasured sections (see Fig. 3.5). The

thickest vir-tually-cxntinuous vertical succession was ireasured at Wad!

Anshal (248 in). Further north, the Wad! Teshuinat cxtposite section

was coiistructed by the recognition of stratigraphic markers, fran

three separate measured sections in the lower, middle and upper Wad!

Teshuinat. The correlation between these in the laier and middle Wad!
Teshuinat was sufficiently uncertain that an error limit of ±20 m was

established for the total estimated thickness of the section (318 m).

In the south, the Tinererin conposite section was the only section in

which the uppernost beds of the Tadrart Formation were ireasured. Using

the "Sandstone Marker Bluff" of transgressive seience 4 (Fig. 3.54) as

a marker, sections at Tihexerin and Selfufet were correlated to esta-

blish a total thickness for the Tadrart Formation in this area of 331 m,
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for which an error limit of ±30 in was established. The discrepancy
between this thickness and that established by Klitzsth (1965a, 1969)
for the type section of the Tadrart Formation rreasured in this area
(317 m) is well within the estimated error limit. This encourages
soire confidence, therefore, in the thicknesses established for the
ODITD5ite sections illustrated schematically in Figure 3.54.

3.7 • 2	 Environrrents of Deposition

Fran the interpretation, of the six different facies recognised
within the Ecternal Tassilian Sandstones (Fig. 3.6) and fran their
position within the four transgressive sequences identified within
this succession the follcing observations may be made about the
daaracteristics of the vertical seqtnces present within this succes-
sion. The deposits of each of the four transgressive sequences
typically canprise fluvial and fluvial/estuarine sedinents at the
base, which pass upiards to shallcw-narine and/or ?tidal-flat deposits.
Estuarine channel sandstone deposits typically pass upwards to estuary
irouth bar and high-energy shoal deposits which, in turn, pass upiards
to inner-shelf deposits (see section 3.3.2.9). In transgressive
sequence 4 the inner shelf deposits pass up to relatively en-narine
deposits which display evidence for minor storm activity and occasional
shalling and anergence, possb1y as a result of estuaxy-xouth shoal
progradation. Transgressive sequence 2 displays the greatest evidence
for caitinuous if luvial ccnditicns, whilst in all the other sequences
the fluvial deposits are interbedded with estuarine deposits (Fig,
3.54). On the other hand transgressive sequence 4 is tharacterised
in the three southerly composite sections by the presence, at the base,
of the "Sandstone Marker Bluff", a sandstone body generally ccntaining
no fluvial deposits but; conposed of estuarine transverse bar and sea-
ward channel deposits in which estuarine scour surfaces are prominent
and abundant evidence of marine infli.nce is displayed in the form of
shell fragirents arid bioturbation (see Fig. 3.31).

It has been suggested, in the proposed interpretations of the
sedimentary structures of facies CSdSt, ISdSt and VBSd (sections
3.3.2, 3.4.2 and 3.5.2, this C'iapter), that the estuarire channels
and the inner-shelf environnent may have been subjected to tidal
influence. The evidence fran these facies for a daninance of if luvial
currents, and for the absence of barrier bars, and tidal and storm-
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daninated sand ridges (typical of macrotidal environitents, suth as

that of the Ord River 1ta; Wright et al., 1976), suggests that a
deltaic plain and sha11a-iriarine delta-front depositional environirent

existed, similar in sate respects to those of the Niger and Ganges

deltas. Given the difficulty of obtaining unequivocal evidence for

ancient tidal deposits, atteitts have been made in the literature to

apply indirect argunents to support a tidal interpretation (Bridges,

1982). Since tidal currents are considered one of the nost effective

marine agents for reing of sedinent, tabular bed geanetry, abun-

dant cross-stratification and beds of clay clasts may be considered
as sone indirect evidence of tidal action (ibid.). Hever, the pre-
sence of saie texturafly relatively-intnature sedirrent in facies CSdSt

and RBSdSt, and the strikingly unidirectional carosite palocurrerit

roses plotted fran a majority of the sedirrents of facies CSdSt (see

Figs. 3,56 & 3.57), indicate that, thatever the irerits of a tidal

interpretation, fluvial currents re pre-eminent over all other
currents • A further argurrent has been used to support tidal inter-

pretations based upon the indirect evidence of the effect of the width

of the continental shelf on tidal currents (ibid.). Since tidal
waves can only be generated in ocean basins, the tidal range at the

coastline is dependent upon the controls an propagation of the tidal

wave across the shelf. Although, in a general sense, an anlification

of the tidal wave can be shcn to take place across a shelf of decrea-

sing water depth, recent wrk has shn that no siirple general rela-
tionship can be established between width of ithental shelf and

coastal tidal range (Hcwarth, 1982). The evidence fran the blanket

gearetry and. the facies of the External Tassilian Sandstones for a

wide, shallox' continental shelf, and fran the palaeoccntinental

reconstructions of Scotese et al. (1979) for proxintity to a major

ocean basin on the margin of GDndwanaland (see Fig. 1.2), neither

supports nor denies a coastal tidal interpretation, therefore. The

problem must remain unresolved in this thesis. Hox'ever, the sedirren-

tary structures of facies CSdSt and RBSdSt indicating a corronent of

tidal inflience in the estuarine thannels and on the inner shelf, and
the association of these facies with facies VBSd, tentatively inter-

preted as being of tidal flat origin, taken together with the absence

of delta-front barrier bar facies, is considered sufficient evidence

to propose that tidal currents with a Iroderately lcw tidal range
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(microtidal or nsotida1) my have been active in the littoral environ-
Irent. Ccnsequently tidal terminology has been applied to the littoral
envira-irrents discussed hela and in the cross-section (Fig. 3.54).

The facies study of the sedirrents of the Ecternal Tassilian
sandstones has provided t fo1ling neralised pa1aeogeograhic
xeoDnstructiaa whilst the vertical secjcences present provide evidence
that these environirents migrated landviard during successive periods
of sedinent accumulation, i.e. the sequences axe retrogradatia-ial or
transgressive. Starting with the most 1anciard depositional environ-
rrent evidence exists from facies d for a perennial braided fluvial
envirament in which the main channels were typically 2-4 m deep and
were pDorly supported by weak channel banks. These channels lj
within a braid plain of abundant wide, sha110 channels, sandflats,
abandoned channels and widespread lakes • The braid plain, which was
extensive and of 1 tcpographic relief, experienced occasional minor
marine transgressions resulting from periodic changes in the balance
between sea, subsidence and sedLirent suly, with the result
that lagoonal and estuarine channel conditions occasionally prevailed.
Passing seawards, fades CSdSt, RBSdSt and VBSd provide evidence for a
fluvially-daninated estuarine envircnmant of straight to sinuous
?tidal/estuarine channels, flanked by ?tidal-flat and shaU-narine
relatively quiet-water deposits, and passing dcnstream to subaqous
channel and mouth bar deposits lying in a shalloi-water inner-shelf
setting. The coastal plain is thount to have been me of very li
relief in which estuarine channel corrlexes were only txrarily
well developed before channel switching led to their abandciirrent.
The estuarine channels increased in depth seawards, the subaqueous
channels being typically 3-5 m deep, whilst the evidence of the scour
surfaces suggests that the width of the channels also increased sea-
wards. The shallcM-ater inner-shelf environnent apears to have been

minated by fluvial/estuarine currents which deposited land-derived
sedirrent bath on channel mouth bars and further seaward, scare of which
sedirrent was reviced into ?tide-driven dunes and sate of which was
resuspended and deposited as sheet sands probably as a result of storms.
Passing further seawards fades h and IShSdSt provide evidence for
a relatively open-marine environnent daninated by suspension deposition
and influenced by occasional storms and shaflcwing events.
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The transgressive sequnoss recDgnised are prcbably best iider-

stood by referenoa to fluvial, estuarine/delta top, and shallCM-

marine depositicnal models • The Platte River fluvial model and the

iresotidal sha1li-narine models of Georgia and South Carolina, US&

(see sections 3.2.2 & 3.4.2 respectively) are thought to provide the
best modern analogs for the sediirents of facies ?Ed and RBSdSt

respectively, whilst the sedirtents of facies CSdSt and VBSd have been

canpared with those of modem microtidal and Iresotidal estuaries/

deltas and tidal flats respectively. No good modem analog pears

to exist for these estuarine/deltaic deposits which are thought to

have been laid dcin in a coastal setting of very 1CM relief d-iaracter-

ised by a dynanic equilibrium of strong fluvial sedirrent suly, st-

sidence and relative sea level rise that resulted in a gradual land-
ward Inigraticn of the ooastal depositional setting. The ooastline is

thought to have been poorly developed as in the case of a fluvi ally

daninant delta, and interfluve areas between estuarine/?tidal channels

are th y ght to have been the site of inter-tidal, lagocrial and lacus-

trine depositicn.

3.7.3	 Fossil Evidence

The study of the trace fossils of the E>cternal Tassilian

S&idstcnes has shcwn that trace fossils of Seilacher' s Scoyenia,

Skolithos and Cruziana ichnofacies are present (see Table 2.6), and

that they are present in three distinct assertlages (Table 3.2).

These assnblages iray broadly be assigned to the Skolithos and Cruziana

ichnofacies but this doss not imply acceptance of the envircirental

interpretations originally inferred for these idinofacies (Sei lather,

1967).	 "Skolithos assenlage" is present in brackish, fresh-
water and shallCM-marine sandstcnes thought to have been deposited in

envircrirrentally severe oonditions of soouring currents and periodic

turbulence. This asslage is particularly characteristic of the

?tid.al flat deposits of facies VBSd. The "Arthrophycus assemblage"

is present in the 1CM-salinity, brackish and fresh-water deposits of
facies d and CSdSt, and is characterised by the straight-urrCM

variety" of Arthrophycus which is absent fran the "Cruzicina/Asterosonrz

asserrblage" found in the marine sedflrents of facies PBSdSt. Indeed,
although the "Cruziana/Asterosoma asserrblae" is characterised by a

ituich larger nurther of idinogenera than the "Arthrophycus assemblage",



ICNOBCIES ASSFMBLNS 	 LIThOIDG AND F7CIES	 GENEW

Skolithos	 Skolithos	 Sandstones of facies	 RosseUa
(Eridgenic vertical MSd, CSdSt, SdSt &	 Skolithos
burrcw and 11ing VBSd
trace-fcssil assem-
blage of fresh-water
brackish, and rrarine
environnents)

Arthrophycus	 Argillaceous siltstcnes, Arthrophycus
(Exoenic arid	 silty shales and adja- 	 Cruziana'
endogenic trace-	 cent sandstones of	 Fraena
fossil asseirblage	 •facLes Id & CSdSt	 Palaeophycus
of fresh-water and
brackish environ-
Irents. Crawling
traces and feeding
buriis preduninate)

Cruziana	 Cruzicma/As terosorna Interbedded sandstones, Arthzophycus
(Exogenic and endo- argillaceous siltstones As terosoina
genic trace-fossil and silty shales of 	 Corophioidss
assenlage of	 facies RBSdSt	 Cruziana
shall-rerine	 Ha lopoa
envirauxents.	 Sagittichnus
Crawling traces	 Scolicia*
and feeding burrois,	 Spirophy ton
both siirle and m-
plex, predominate)

NOTES:
Rosselia - only dDserved in sandstones of facies CSdSt.

Cruzicina - nob present in sedirrents of facies d.
Arthrophycus - only the "palm-frond variety" of this trace fossil was

cbserved in the "Cruziczna asseirblage", and then only in sedirrerits
of transgressive seqi..ence 1.

Halopoa & Sagittichnus - only rarely present.
Sco licia - only cbserved in transgressive sequence 1.

Table 3.2 TRA(I-FOSSIL ASSEMBLAGES OF LIBYAN EXTEIThL TASSIflEAN
SANDSIt1'ES
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cnly the "palm-frond vaxiety' of Arthrophycus was found in the sedi-
irents of facies RBSdSt and this occurrence was found to be restricted
to the seditrents of transgressive seqtnce 1. Hcward (1972) referred
to the presence of Athrophycus within an offshore fades of the Uer
Cretaceous Blackhk Formation of the USA. Considerable differences
exist bets.'een HcMard' s specthre.ns (1972) and both the "straight-burr"
and "pa3m-frond" varieties of the Palaeozoic of North Africa (Turner &
Bentcn, 1983) and it is xxisidered, therefore, that the environrrental
significance of the sozoic ithnonus has little relevance in o1si-
dering that of the Palaeozoic idinogenus. The presence of Cruzicoza in
the "Arthrophycus asent)lage" was found to be diaracteristic of facies
CSISt, but not fades d, suggesting that this trace fossil, regard-
less of the qtsticn of its possible trilobite genesis, is present in
brackish and restricted, as wall as shallcw-marine, environtrents, but
is not present in non-marine environrrkents • The "Cruziczna/As terosoma
asseirblage" xntains the largest number of ichnogenera of the three
assenblages, including aU those of the "Arthrophycus asseIrlage" and
is present in the heterolithic, ?tidal and inner-shelf aeposits of
fades IBSdSt. A generalised subdivision of this asseitbiage into
trace fossils oDItrtly present in different litbolog-tes proved possible
in the sedirrents of channel nouth shoals (see section 3,4.2) but no
evidence was cbtained to suporL the proposed division of the Cruziaza

ichnofacies of Seilacher (1967) into Asterosom2 and Sp-irophyton assein-
blages (Seilacher, 1969; see Table 2.6 & section 3.4 .2).

The fossil evidence of the External Tassilian Sandstones may be
surruiarised as fo1las therefore. The fluvial sedinents (facies MSd)
are nearly barren, with only sone of the trace fossils of the "Skolithos

and Arthrophycus asseithiages" present (Table 3.2), indicating the fore-
mar existence in these sedirrents of sone burrcwing soft-bodied inver-
tebrates. The estuarine channel seclLrrents (fades CSdSt), depz)sited
in lw-salinity and brackish waters, contain plant remains, Nucula

bivalves and all the trace fossils of the "Skolithos and Art hrcrphycus
asseniblages", indicating the presence of burrc1 'Qing soft-bodied inver-
tebrates and of crac.iling artthropods. The shallci-inarine heterolithic,
?tidal and inner-shelf deposits (facies RBSdSt) also contain plant
remains and Nucula bivalves, but are characterised by an abundance of
ichnogenera (the "Cruzicina asseirblage"). This is thoutat to provide
evidence for the presence in the normal marine salinities of the
depositional environnent of these sedinents of abundant arthropods
and sate gastropods, as well as many soft-bodied organisms. The
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relatively cperi.-inarine sedinents of facies Mh and IShSdSt oDntain
plant remains, Nucula bivalves and a nurrber of genera of bradiicpods
as well as tentaculites, styliolines and an abundance of trace fossiLs
of the "Cruziana and Skolithos assenbiages".

'Ihe fossil asseithiages of these sediitents bear sate similarities
to those of the alluvial and marine facies of the Old Red Sanc3stcne
of Southern Britain (Allen, 1979) in which plant remains and the trace
fossils of invertebrates daaracterise alluvial sediments whilst, in
addition to these fossils, deltaic, aastal and tidal sediments are
characterised by the presence of brachicpods, bivalves, gastropods,
arthropods and lingulids.

3.7.4	 Palaeocurrent Evidence

The palaecurrent data obtained from all the measured sections
have been plotted acozrding to their locaticn for each of the trans-
gressive sequences, except for transgressive sequence 1, where insuf -
ficient data were available (Figs. 3.55-3.59). The vast majority of
the palaeocurrent data in this study was obtained from foreset dip
azimuths of cross-strata of facies MSd and CSdSt. These sediments
are present in the basal cxarse-grained or thickly-bedded units of
each transgressive sequence (Fig. 3.54; see Fig. 3.1). The palaeo-
current data from these facies have been plotted separately for
trarisgressive sequence 2 (Figs. 3.55 & 3.56), those plotted in Figure
3.55 being from the sediments of facies MSd lying bela the "40 in
plateau", and those in Figure 3.56 being from the sediments of facies
CSdSt (and subsidiary intethedded sediments of facies d) lying
above the "40 in plateau" (see secticn 1.3.4, (iiap. 1). The palaeo-
current data from these two facies in transgressive sequence 3 have
been plotted together (Fig. 3.57) because the sediments of these
facies are rrlexly interbedded, whilst in transgressive sequence 4
facies d is absent, except in the north of the study area, and the
majority of the readings are fran facies CS3St (Fig. 3.58). Only in
the case of transgressive sequence 4 were sufficient measurerrents
obtained fran the fine-grained or thinly-bedded unit of the sequence
(carpDsed of sediments of facies RBSdSt and VBSd) to alla'i a plot of
palacurrent readings.

The palaeocurrent data from the fluvial depDsits at the base of
seqience 2 (Fig. 3.55) are thought to provide gd evidence for a
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depositicrial palslope tcziards the northwest whilst the evidence
from the cfverlying estuarine (and suirdinate fluvial) deposits sug-
gests that similarly orientated fluviaJ. currents were dominant in
this facies, A caiposite pa1ocurrent rose of all the readings
obtained fran facies 'Sd and CS3St in transgressive sequence 2 (Fig.
3.56, uer left)	 hasises the unidirectional nature of the palaso-
current data, and displays the wide variance. The significance of
this large variance is difficult to assess because the readings cate
fran a large area and fran different stratigraic horizons • The
evidence of the facies study and of Figures 3.55 and 3.56, therefore,
suggests that the oDarser-grained saditrents of transgressive sequence
2 were deposited by fluvial and fluvially-daninated estuarine/?tidal
channel flows, directed predominantly towards the northwest (Fig.
3.56, upper right). The finer-grained sedixrents were deposited in
shallow-marine inner-shelf environirents which retreated southeastwards
with tixre (Fig. 3.56, upper right) resulting in the deposition and
preservation of a transgressive sequence. Fran the limited palaeo-
current data available fran facies MSd and CSdSt of transgressive
seqnce 1 (Fig. 3.37; Martindale, 1977) a similar palaeogeograhic
setting may be inferred, with northwesterly directed channel palaso-
flows predominating, and with sare subordinate easterly directed
flows of possible fld-tidal origin. The data from transgressive
sequence 3 (Fig. 3.57) also provide evidence for a very cistant
palaeogeograüc setting dominated by northwesterly directed palaeo-
currents • The polymodal palocurrent data of transgressive sequence
4 (Figs * 3.58 & 3.59), on the other hand, are thought to provide
evidence for stronger inflnce of marine currents in this seqnence,
with a strong sc.xthwester1y-orientated along-shore current strongly
developed. As already noted, facies d is absent from sequence 4,
except in the north of the study area, and facies CSdSt in this
sequence is dominated by the irore seiard subfacies (?tidal subaque-
ous channels and mouth bars). A more typically marine palasocurrent
pattern might reasonably be expected, therefore. The absence of the
previously pervasive unidirectional northwesterly palaeof low is enig-
matic, however, and may be related to a possible change in oDastal
physiography associated with the major uplift of the Tiherrboka Arch
that preceded the deposition of this sequence (see section 3.7.5
below).
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3.7.5	 Correlation with Southern Algeria

Evidence for an uplift of the Tiheirboka Arch during the early
Devonian is provided by a correlation of the ctemal Tassilian
Sandstones across the Tiheirbcka Arch (Fig. 3.60; Table 3.1). This
correlation illustrates that, whereas the coarse-grained units of
seqrences 1, 2 and 3 decrease in thickness taiards the northwest,
the coarse-grained unit of secnce 4 appears to thin tcwards the
southeast. Figure 3.60 was constructed by correlating the corrsite
section nasuxed in Wadi Teshuinat and the catosite section neasured
approximately 250 km away at Wadi Sanene (Dubois et al., 1969;
Bennacef et al., 1971). Correlation was made possible by the fact

, although the transgressive sequences are similar to each other
in many respects, certain characteristics distinguish then. Major
scoured surfaces are corrirari at the base of each of the tranagressive
seqnces but the largest-scale scours with the greatest relief are
orrron1y at the base of sequence 3. This suggested a correlation of
the coarse-grained unit (txsed of facies NSd and CSdSt) of seqnce
3 with the "Middle Hard Bed", a coarse-grained, thickly-bedded unit
in the middle of the 0usd Karkai Formation (Fig. 3.60), at the base
of which Dubois et al. (1969) recorded the presence of a major palaeo-
topography. Using this initial correlation it was found that the
description of the Oued Tifernine and Tairelrik formations corresponded
rnarkably accurately with those of seqcences 2 and 3 respectively of
the Wadi Teshuinat succession. The description of the "pavenents" at
the top of the TanelriJc Formation bears a c:1ose reseithlance to that
of the thick successions of facies RBSdSt found at the top of sequence

in the Wadi Anshal and hererin capsite sections (Fig. 3.54).
The absence of a "Hard Bed" in the Atafaitafa Formation corresponding
to the coarse-grained unit of seqence 1 is explained by the northward
thinning of this unit illustrated in Figure 3.54. It is thought prob-
able that the fluvial and estuarine/?tidal deposits of this unit pass
northwestwards by a lateral facies change into the nicre marine deposits
of the Atafaitafa Formation. The report of marine fossils of
Gedinnian age in the sedirtents of this facies (Dubois et al., 1969)
is csistent with this correlation, and provides a tentative approd-
mate age for the first transgressive sequence.

The validity of this correlation of coarse-grained units over a
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distance of 250 km nay be reasonably questioued. It was found, hci-
ever, that cxrrelaticn of the transgressive segnces in the Jabals
Akakus and Tadrart could be established with confidence over distances

of up to 1(X) kin, arid Dubois et al. (1969) and Beuf et al. (1971) have
shcn that the coarse-grained units of the Oued Karkal and 0td Sanene
formations may be correlated for distances of up to 800 km west of the
Tihthoka Arch (Fig. 3.61). This correlation also shcs that each
sucoassive coarse-grained unit is nore laterally extensive tiards the
west. It seans reasonable to assume, therefore, that the 1iest of
the coarse-grained units seen in the Jabal Tadrart nay have passed
laterally into finer-grained facies east of Wadi Samne.

The correlation. established in Figure 3.60, therefore, indicates
that the 0d Sanarie Formation is the lateral equivalent of trartsgres-
sive sequence 4 • Unlike the stratigraphically 1cer successions,
however, the sedirrents of these lateral equivalents bear little
resexthlance to each other, those of the Oued Sarrene Formation being
the thickest and Irost continental in character of the coarse-grained
units, whilst those of sequence 4 are the thinnest and the rrst marine
in character of the four sequences in the Jabal Tadrart. It ses
possible, therefore, that the sedirrents of the 0d Sanene Formation
and of seqnce 4 are not closely related palaegeographically,
whereas the lcwer sequences appear to be directly genetically related.

Altho4-i the preservation of transgressive sequences 1, 2 and 3
appears to have been controlled by the Tihertboka Arch (Figs. 3.54 &
3.61) it has been found that the activity of the arch cannot be rela-
ted to the fades of these sequences • The palaeocurrent and outcrop
evidence indicates that the coarse-grained units (facies d and CSdSt)
of sequences 1, 2 and 3 represent sheet sandstones of considerable
extent which were spread over the Central Sahara by channels flowing
predominantly towards the northwest and depositing detritus derived
from a region southeast of Jabals Akakus and Tadrart. Correlation of
the oDirposite sections neasured in the Jabals Akakus and Tadrart with
a section at In Ezzan (Beuf et al., 1971) (Fig. 3.61) indicated that
the In Ezzan region may have acted structurally and topographically
as a positive region during rmich of the period of tine represented by
sequences 1, 2 and 3. Sone evidence for a northwes1ard decrease in
grains ize towards the Tiheithoka Arch in the study area is provided by
the sandstones of facies ?d at the base of transgressive sequence 2,
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the successic at Tihererin (Fig. 3.11) being coarser-grained than

that at Wadi Teshuinat (Figs. 3.13 & 3.14). A similar trend is dis-
cernible in the coarse-grained unit of sequence 1. The Tihenoka Arch,

therefore, appears to have acted as a structural axis which was subject

to periodic uplift, causing localised erosion of the sedirents deposi-

ted over tbe arch, whilst in the intervening periods it may have been

subject to the same subsidence as adjacent regions.

The stratigraphic correlations (Figs. 3.54, 3.60 & 3.61) indicate

that an uplift of the Tihanboka Arch took place prior to the deposition
of the sediirents of sequence 4 Inith was of greater significance than

the earlier epeirogenic n-ovartents of this structural alignnEnt, whilst

the facies evidence suggests that this uplift may have been responsible

for a change in the regional palaeogeography applying at the tirre of

deposition of the sedirrents of seqnce 4. In Figure 3.61 it is shown

that the lateral extent of the coarse-grained blanket sandstone of

seonce 4 is greater than any of the underlying oDarse-grained units

in Algeria. Given the absence of a similar thick coarse-grained sand-

stone unit of predninantly ncn-tiarine character in sequence 4 in

Libya, it is thought probable that the Algerian blanket sandstone

represents deposits eroded from a newly-uplifted sediuent source area

possibly located in the Eastern Hoggar.

3.7.6	 Transgressive Sequences

The processes responsible for the presence of three very similar

transgressive seqtnces, and a succeeding transgressive sequence which

differs in a nixber of respects from the underlying sequences, in the
Uer Silurian to Lower tvcnian sedilTrents of Southern Algeria and

Sout1est Libya were considered by Beuf et al. (1971) to be dcxninated

by eustatic sea level changes and variation in sediirent supply (Fig.

3.40). In recent seismic stratigraphic work (Vail et al., 1977; Brown &

Fisher, 1982) it has been argued that regional unconfonnities and their

correlative disconfonnities are dironostratigraphic tine horizons such

that all the sedinents lying above one of these surfaces are always

younger than those belcw. The unconformity/disconformity surfaces are

terned Ttsequence boundaries" because they may be used to define

"seismic sequences" the sediments of which are all depositionally

genetically related but are not necessarily synchronous. The

unoonfonnity/disccn.fonnity surfaces may be attributable to world-wide
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sea level dwiges or to localiseci interplay between eusta' and tec-
tonics, but in any event they are thought to represent a relative
fall in sea level with respect to the depositiaial surface. It has
been argued that world-wide sea level falls were relatively rapid
events whilst sea level rises took place relatively sloily (Vail et

ccl., 1977). It follcMs, therefore, that the characteristics of
transgxessive seqnces 1, 2 and 3 may be explained by proposing that
the depositional surface which fonted a part of the tinenta1 margin
of Gonianaland was tectonically stable and represented a surface on
^nich ailapping transgressive sequences were deposited during each
eustatic sea level rise, and over which a surface of unccnfonnity/
disccnforrnity was created during each sea level fall.

During the period of erosion related to these sea level falls
structurally-positive regions such as the Tih d'za Arch appear to
have uridergne a greater degree of erosion than relatively structurally-
negative regicris (Lg. 3.61). During the period of erosion preceeding
the deposition of sequence 4, hcwever, evidence exists that epeirogenic
activity was itore marked and a n, irore proximal sedirrnt source area
nay have been established. Nevertheless this period of erosion was
also succeeded by the deposition of a transgressive sequence. Klein
(1982) argued that cratonic sedinentatim is characteristically strongly
tidally-influenced and dcninated by transgressive sequences where
epeirogenic/orogenic activity is limited, whereas regressive sequences
were thc*aght to be a response to active tectonics. This vuld suggest
that, despite the increased epeirogenic activity associated with
sequence 4, the stratigraphic succession of the Ecterna1 Tassilian
Sandstones was largely ntrofled by eustatic changes, a view which
is consistent also with the work undertaken on cratmic sedinentation
by Sloss and Speed (1974) and Sloss (1978). A slightly different
errphasis was adopted by Busson (1978) to explain the stratigraphy and
sedinentology of sozoic Nubian-type sandstones of the African margins.
He argued that widespread vertical irovemants of the stable craton were
responsible for the deve1ont of these continental blanket sandstones,
an arg.ment which is not significantly different fran those quoted
earlier since it also depends upon relative changes in sea level.

It was noted in section 3.2.2.10 that Selley (1978) proposed a
retreating-es caxtent hypothesis of alluvial fan deposition (see
Haward, 1978) to acoount for the coarser-grained Nubian-type sandstones
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of Jordan, and the cyclicity characteristic of the Canbro-Ordovician
succession of Jordan. This hypothesis is not ti-ought to provide a
satisfactory explanation for the transyressive sequences of the
External Tassilian Sands torEs because it does not provide an explana-
tion for the presence of nediurn and oDarse-grained sands taies of one
cycle overlying fine and very fine-grained sandstones of an earlier
cycle where these older beds are very widespread. In areas of uplif-
ted arches, such as the Tihertboka Arch, coarse-grade sedinEnt may
have been derived from a range of eroded older rocks, but, in areas
of little epeirogenesis where sedinents of fades SdSt and VBSd
were deposited over a very large area, a cnward change in base
level that did not result in the rtoval by erosion of all of these
beds, and which caused the develoFzrent of a retreating escarpirent,
wDuld not allcw the deposition of anything coarser than fine-grained
sandstone. If, on the other hand, a depositional ircdel is in'oked to
explain the cycicity of the External Tassilian Sandstones in which
sedirrent may have been derived fran a far-distant source area then the
recurrence of coarse-grade sediment is less problematical. Further-
nore, work undertaken on the provenance of CretaceDus Nubian-type
sandstones of Southwest Egypt by Mazzullo and Ehrlidi (1980) showed
that the coarser-grained units of recognised transgressive seqi.ences
were d-aracterised by fluvial deposits containing to quartz grain
families, one of 11Piedrncnt" and the other of relict coastal plain
origin.	 presence of quartz grains thought to have been derived
from a "Piednnt" crystalline terrain, as well as rorked grains
fran earlier Nubian-type sandstones, indicates that, in this case a
retreating escarpirent hypothesis uld be inapplicable.

(e of the problems of interpretation posed by cratonic sedinents
and ephasised by the study of the Carrbro-Ordovician Orthoquartzite-
Carbonate Suite of North Arrerica (Dott & Byers, 1980) is the contncn
absence of major beds of shale or claystone in these successions.
Harms (1980) proposed for the sozoic Nubian-type sandstones of
Egypt that this enoitencn was a result of humid tropical weathering
conditions in which all minerals other than quartz were intensely
chemically weathered and were transported in suspension far beyond
the fluvial dciain onto the continental shelf. The general turbulence
characteristic of the fluvial flcw conditions, therefore, was thought
to be a cause of the absence of thick shale beds • In this study inner
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shelf deposits pass upiards to thick shale beds aily in the case of
transgressive seq1.ncE 4. In all earlier seqences thick shale beds
are absent. This is thought, similarly, to be a result of the tuthu-
lent f1'i conditions and also the lateral migration of slightly-
sinuous channels (Cotter, 1978) that are characteristic of the fluvial,
?tidal/estuarine and shallog-marine envircinients of the sedinents of
these sequences. It is not possible to invcke the activity of humid
tropical vathering, hcwever, to explain the textures of these
Palaeozoic sediitients, since they are thought to have been deposited in
a humid tenperate climate of middle latitudes (see Fig. 1.2). The
absence of shales at the top of transgressive sequences 1, 2 and 3
suggests that, even at the highest sea-level stand of the transgression,
deep water conditions were not deve1ed on the shelf.

The interpretation considered nost plausible for the transgress ive
sequences of the External Tassilian Sandstones is that they represent
retrogradational deltaic deposits laid dcn during periods of sea
level rise acccrtpanied by a rate of sedirrent supply which, although
possibly very great, was insufficient to maintain the coastLine at a
constant position. Curtis (1970) shcwed that the tical vertical
succession of such a retrogradational sequence was represented by
fluvial facies, overlain by deltaic plain facies overlain, in turn,
by prodelta and marine clays. In a delta characterised by 1) a braided-
fluvial upper deltaic plain, 2) a ler deltaic plain of low-sinuosity
estuarine/?tidal channel corr1exes and 3) an offshore shallow-marine
envircrment of strong fluvially-derived currents and other subordinate
marine currents, the vertical succession of sedirrents preserved in a
transgression uld be a Li ng-tards arenaceous successicri, such as
those of the External Tassilian Sandstores • Similar seqtences, resul-
ting fran marine transgressions over deltaic plains, have been recor-
ded fran the Rhone and the Niger (Ooirkens, 1970, 1974) although, in
these cases, the presence of fine-grained deposits on the deltaic
plain led to a different vertical grainsize profile. In the Rhcrie
delta, tiere a coastal barrier bar is developed, landward advance of
this sand body led to the developrrent of an intrasequential disconfor-
mity at its base. No similar disconformity was seen within the
transgressive seences of the External Tassilian Sandstones and
osequently the deltaic nodel of the Niger Ilta 'cthidi is dciriinated
by channel sandstones is considered rrore appropriate. Qi a stable
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shelf the deposits of transgressions have a greater preservation
potential than those of regressions and this is thought to explain
the duinance of transgxessive seqinces in the External Tassiliari
Sandstones, periods of regressicn generally, although not: always (see
belcw), being characterised by erosion and the development of surfaces
of uncnformity/disconfonnity.

The presence at the base of the transgressive sequences of major
scour surfaces, irczi-oxLde cenented beds and fluviatile and estuarine
channel sandstones displaying abundant evidence for erosive soz)uring
events is thonght to indicate that the rocks present were deposited
over a long period of tine during which only very little sediment was
preserved. ¶E-e scour surfaces or "palaeotopograpiic features"
characteristic of the base of seqtence 3 are well displayed in Wadi
Teshuinat (Fig. 3.62) at which locality evidence exists for a minor
regressive sequence in which two unconformity/scour surfaces are
developed. The regressive sequence is oDrrosed of inner-shelf depo-
sits in which nose-shaped crevasse splay or rruth-bar deposits are
present (facies CSdSt, subfacies 4), overlain erosively by ?tidal/
estuarine deposits which, in turn, are overlain by fluvial sandstones
lying within very major concave-upwards scour surfaces • This succes-
sion indicates that, whereas generally one surface of unccrifonnity
is present dividing the sediments of successive trarisgressive sequences,
in saie cases, sediments deposited during regressions are preserved as
highly truncated regressive/prograding sequences. Elshere the
concave-uards scours truncate dn to the sediments of facies RBSdSt
of the preceding cycle, cctrpletely rioving any regressive deposits
that may have been present (Fig. 3.63). Even when only aie major
erosion surface is present, hcever, at the base of a transgressive
sequence, it is not uncatnon to find that the basal beds of the
sequence are sediments of estuarine/?tidal channels which pass uiards
into fluvial sediments, indicating that a thin offlapping prograding
succession is present in sane places at the base of the major trans-
gressive sequences (Fig. 3.63). In the "Sandstone Marker Bluff" a
similar trend is discernible (Fig. 3.29), whilst at the base of
transgressive sequence 2 sediments of facies CSdSt, stfacies 4, are
iirersis1ntly present with fluvial sediments of facies MSd (Figs.
3.33 & 3.64). This association has been used as evidence that sate
of the sediments of subfacies 4 may be crevasse-splay deposits lying





Figure 3.62 IAIE-SCALE SODUR HORIZONS AT E BASE OF
TRANSGRESSIVE SEQUENCE 3

Note: all three illustrations show expesures of the lower beds
of transgressive sequence 3 and the upper beds of trans-
gressive sence 2 in a jabal at locality 3, Wad!

shuinat (Fig. 3.5). another illustratioa of this
j abal, a view fran the southeast, is presented in
Figure 3.3.

Upper left : two distinct scour surfaces are present within,
and at the base of the sandstones of fades MSd and CSdSt
which make up the basal beds of transgressive sequence 3.
The lower of these is nearly planar whilst the upper
scour is channel-shaped, aligned broadly east-west, and
has a depth of 15 in and a width of 40 in from crest to
trough.

Upper i:ight : eosure in slab walls and subordinate slick-rock
slopes of the canplete succession Cc. 75 in thick) of
sandstones of facies Id and CSdSt which neke up the
"coarse-grained unit" of transgressive sequence 3. The
scour surfaces shown in the upper left illustration are
visible at the base of the sandstce bluff.

Løer : close-up photo-nntage of the two scour surfaces
illustrated above and the beds with which they are
associated. The lcwer scour surface is nearly planar
but can be seen locally to truncate the underlying beds
(see arrow on left hand side), whilst the upper surface
clearly truncates the underlying beds throughout this
expc)sure. The near-planar scour surface divides beds
of facies RBSdSt, at the base, from those of subfacies 1
of facies CSdSt, whilst the channel-shaped scour surface
divides beds of facies CSdSt from those of facies MSd.
Characteristic features of these facies are visible and
include herringbone cross-stratification (see arrow on
right hand side, see Fig. 3.25) and a nose-shaped
sandstone body lying within wefl-bedded sedirrents of
facies RBSdSt (see lcnrost arrow).



•;4

J	 I.	 ..

	

•. •i:I .(	
/:

S( :I.1!

	

pi;	
'ii
Jfi

lej..J" •

LI;

if	

' 

fi.

	

;.	 I

:i1

t!!	 '(1 t

•
'1;	 ''

t4:

\
I JL:

I: 4
-

e'-!
1••'-. .	 j..

1	 '

i•	 •.;t

.•!-.	
i

ia

I •'•	 -.

- -:	 r•



Figure 3.63 CBNNEL SANDSIONES AND SODtJR SURThCES AT THE
B7SE OF TRNSGRESSIVE SEQUENCES 3 AND 4

tper : large channel sandstone body (lying above a scoured
surface of 6 in relief) conposed of sandstones of sub-
facies 2, facies CSdSt, which is exposed at the base
of transgressive sen 3, locality 5, Wadi shuinat
(Fig. 3.5). The sandstone body truncates sedinnts of
facxLes IBSdSt and is inutediately overlain by sandstones
of facies MSd. The foreset dip azimuths of the channel
sandstone cross -strata indicate northwesterly-orientated
palaeocurrents. The perscn at the bottan of the
tiotograph provis scale.

Lower : channel sandstone body (lying above a scoured surface
of 2.2 in relief) coriposed of sandstones of subfacies 3,
facies CSdSt, which is exposed at the base of transgressive
sence , in the "Sandstone Marker Bluff", locality 13,
Wadi Anshal (Fig. 3.5). The sandstone body, as in the
illustration above, truncates sedinents of facies RBSdSt
but is, in this case, overlain by sandstones of subfacies
1, facies CSdSt.
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Figure 3.64	 CH1PZC]ERISTICS OF E PASE OF TPZNSGRESSIVE

SEQUENCE 2

The basal sandstones of transgressive seqience 2 in

the Upper Wadi Teshuinat (this view is frcn locality

11, Fig. 3.5) are predatinant1y vathered to lit-

cxloured slick-rock slopes providing a sharp contrast

to the rounded dark-ocloured exposures of the under-

lying well-bedded sedinents of fades IBSdSt. 1\n

apparent angular unconformity at the base of the

slick-rock slopes is actually an irregular bub

nearly-horizontal geom'Drpholog±cal boundary that

is subparallel to the bedding. The bedding sequence

at this boundary, neasured at a position in the

middle of the ioto-montage, corrprises a conformable

succession of sandstones, and subordinate siltstones

of facies RBSdSt, CSdSt (subfacies 4), arid MSd fran

the base ujards. The sedirrents of facies CSdSt

which lie at the base of the slick-rock slope

caiprise very thin sandstone beds of subfacies 4

in which rare Arthrophycus is to be found. On the

skyline the "40 in plateau" is visible.
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within lacustrine dosits rather than nouth-bar deposits.

In sure cases the succession at the base of the transgressive

sequences shcs no scour horizon or unconformity. This is character-

istic of the base of seqince 2 (base of the Tadrart Foritation) in

Wadi Teshuinat (Fig. 3,64). Geaiorphological features give the

iipression in same places of the presence of an unconformity when in

reality only a disconformity exists. Similar disccziformnities and

unccnformities, tharacterised by scour surfaces, and evidence of lar-

scale channelling, were recorded by Rarnsbottan et al. (1979) fixxn the
Carboniferous of England. These features lie at the base of trans-

grass ive seances which have been interpreted as being the result
of eustatic sea level changes.

Strong iron-oxide camentation of beds near the base of the

transgressive seqiences, and the develctent of Liesegang rings (Fig.

3.65), has been used as evidence for hiatuses and the existence of

palaeosoils and subaerial palaeo-erosion surfaces (Beuf et al., 1971;

Freulon, 1964). It was found that many of the iron-rich beds studied

potrographically had suffered such strong haematite cxentation and

replacart that it was difficult to determine hcM much of the haata-

tite was of early diagenetic origin. It seems prcbable, hciiever, that

much of the iron enrid-irient is a late diagenetic phenorrencn caused by

recent subaerial exposure, and the precipitation of iron minerals

fran rreteoric waters along fine-grained intercalations. The presence

of these iron-enriched beds at the base of the transgressive sequences,

often along fine-grained argillaceous horizons, may be related as much

to their geaxrrtho1ogical position at the base of massive porous

sandstca-ie units, throun which neteoric waters have passed, as to

their stratigraic position. Indeed the presence of Arthophycus -
bearing, strongly iron-oxide cenented, Line-grained beds in fades

d indicates that these beds do not provide evidence either for a

hiatus or for subaerial exposure.

The evidence, therefore, of the basal characteristics of the

transgressive seq1 nces suggests that the sedirrents lying between the

major unconformities and correlative dis conformities of the External

Tassilian Sandstaes were deposited both during riods of relative

sea level fall, at which tiire preservation potential was ext.renely lcw,

and succeeding pariods of relative sea level rise, during which

tima preservation potential was much greater. The transgressive



Figure 3.65	 IR(I-ENRICHMENT ND LIESEGZNG RINGS IN

SANLUJES NB7R 'IHE BZ½SE OF TRZNSGRESSIVE
SEJENES

Scale is provided in these illustrations by a hanuer the
position of which is indicated, there necassary, by
arrows.

Upper, and lower rit : Liesegang rings developed in
(g sandstones at the base of transgressive seqince 1,

a) Upper Wadi Teshuinat (Fig. 3.5) (lower rit
illustration), and in sandstcnes iniiediately beneath
the base of transgressive sequence 2, iccality 15,
Tihererin (Fig. 3.5) (per two illustrations).

Iøer left : extensive iron-oxide enrichrrent of
(c) sandstones 8 m above the base of transgressive

seql.Ence 2, Wadi Anshal (locality 12, Fig. 3.5).

Lcr niiddle : "trainline crusts" developed by iron-oxide
(b) enrichnnt and typically present at a nuither of

different horizons in the basal sandstones of the
transgressive seqtnces. This example is from 10 m
above the base of transgressive seojience 2, locality
11, Wadi Teshuinat (Fig. 3.5).
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nature of the sequences recxised has been invoked as evidence for

stility and tect:onic inactivity of the craton during the late

Silurian/early Devonian., and it has been argd that the cc1icity of

the succession cannot be convincingly explained by a retreating

escalpmant hypothesis. The palaeocurrent evidence indicates that the

sediment source area for the sandstones of seqcnces 1, 2 and 3 lay

to the southeast of the Jab als Tadrart and iZ kakus, possibly, at least

in part, in the area of In Ezzan (Fig. 3.61). This suggests that at
the tirre of deposition of the Irost northwesterly-located sandstones

of facies rd of these sequences (i.e. during 1CM sea level stands) a

fluvial plain must have extended over distances greater than lODD km

along depositional strike and 5CXJ km dCMn pa1aeos10 frau the sedi-

irent source area (Fig. 3.61). During the ensuing sea level rise the

oDastal depositional setting is thought to have migrated lanard

over this extensive lcw-lying fluvial plain, leading to the preserva-

tion of fluvial deposits overlain by estuarine and shallCM-arine

sediitents. At maximum sea level high stand the cratonic platform,

which had been dcxninated earlier by blanket fluvial deposition, becne

an extensive shallcw-marine environment. Subsequent sea level fall

resulted in. widespread erosion and the deposition of thin regressive

sequences in some localised areas of greater relative subsidence. At

sea level 1CM stand fluvial conditions were re-established and a

renewed cycle of transgressive sedimentation coimenced. The deposi-

tional settings that apar to be characteristic of these Nubian-type

sandstones are difficult to illustrate by reference to Irodern analogues,

but it is hed that, despite the equivocal nature of much of the

evidence, this stiñy of the processes by which these sedirrents were

deposited, their facies, stratigrhy and regional distribution, may

have justified the conclusions drawn.
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