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A Qualitative Structural Evaluation of Jabal Az Zalmah Area,
Al-Kufrah Basin: Integration of Structural and Aeromagnetic Mapping

Amin A. Sherif*
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Abstract: The compilation of a fault map from
field work and photo interpretation for part of
the north-eastern flank of Al Kufrah Basin in
south-east Libya, together with the kinematic
analyses of several rhomboid structures, showed
the following major fault sets: dextral NW strike-
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slip faults; sinistral NE strike-stip faults; and EW

faults as subsidiary sets of either the NW or NE

trends. The NS trend, mainly as normal faults, is
represented by a north-south, righi-stepping sel
of well-defined en echelon grabens. These fault
sets revealed a NE sinistral wrench system, about
30 kmi-wide, made up of four belts of almost equal
width, each delimiting or controlling the
distribution of the NW faults. The NS grabens,
which are filled with Upper Ordovician sediments,
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mark the initiation of the wrench system as early
as Late Cambrian or Early Ordovician, because
they control, restrict, or confine the distribution
of all the other fault sets in the area.

The basement configuration as interpreted
Sfrom a total intensity aeromagnetic map for the
area confirmed the existence of this wrench system,
where the median of the proposed wrench system
at the surface coincides with a NE-trending deep
valley on the magnetic map. Several magnetic
anomalies were tested against the kinematic model
Jfor the area and were found to comply with the
proposed wrench svstem, with identical structural
manifestations on the surface.

INTRODUCTION

A preliminary geological map is presented here
as part of the geological mapping project for Jabal Al
Qardabah Sheet (Fig. 1), one of the mapping projects
carried out by the Industrial Research Centre (IRC).
It is part of Jabal Az Zalmah area, on the north-
eastern flanks of Al Kufrah Basin, SE Libya. The
geologic map (Fig. 2) represents an area of about
5000 Km?, and comprises eight 15-minute sheets.
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Fig. 1. Index map to the geology of Libya showing the location
of Jabal Al Qardabah Sheet on the NE flanks of Al Kufrah Basin.
Inset shows the location of the geological map (Fig. 2) fault map
(Fig. 4) and magnetic map (Fig.. [1) with respect to Jabal Al
Qardabah Sheet.

Structural photo interpretation was carried out using
eight strips of stereo-pairs having 60% overlap and 30%
sidelap at a scale of 1: 40,000. Each [5-minute sheet is
covered by three to four north-south-running strips of
aerial photographs, seven to ten overlapping photos per
strip. A fault map for two of these sheets (Fig. 4) was
compiled from the interpretation of aerial photographs
and fieldwork. Both of these maps will be studied in
relation to each other to investigate any association
between the distribution of the stratigraphic units and
the tectonic setting of the area.

A third map, a residual total intensity aeromagnetic
map (Fig. 11), will be qualitatively analysed, and later
interpreted in terms of the structural and stratigraphic
observations derived from the fault map and the
geological map, respectively. The magnetic map
covers exactly the same area as that covered by the
geological map (see Fig. 1). This should help in making
a three-dimensional correlation between the surface
geology and the basement “topography”. Based on
such correlation, a tectonic model for the study area
will be proposed.

STRATIGRAPHY

The author was directly involved in the mapping
of Jabal Al Qardabah Sheet through the structural
analyses of the area, while Mr. Yousif A. Shagroni
of the Industrial Research Centre established the
stratigraphy for the area. The participation of the
present author in the capacity described allowed
access to the stratigraphy of the area. A synopsis of
the stratigraphy is presented here as personal
communication from Mr. Shagrouni (Fig. 3).

The north-eastern outcrops (Az Zalmah area) of
Al Kufrah Basin is represented mainly by Palaeozoic
and Cretaceous rocks. The Cretaceous rocks are
not shown on figure 2 because of their restricted
outcrops and the scale limitations of the map. The
whole sequence is made up of clastic rocks (Fig. 3).
Unlike the south-eastern and south-western outcrops
of Al Kufrah Basin, this poriotn of the basin is almost
barren of any igneous or metamorphic exposires, save
for a basaltic ring structure within the central west
of Jabal Al Qardabah Sheet, at 25°37'00" N, 22°47'00"
E (beyond the western limits of figure 2).

Within the area of figure 2, the Lower Palaeozoic
sequenes (Cambrian to Lower Devonian) almost
follows the same lithostratigraphic subdivisions found
in Murzug Basin. The deviations are: 1) the missing
of Hawaz Formation (Middle Ordovician), and 2) the
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Fig. 2. Geological map for part of Jabal Al Qardabah Sheet (Yousif A. Shagroni, personal comunication). Th
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covers the same area to facilitate correlation between surface geology and basement (see index map Fi

structures on Fig. 8.
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Fig. 3. Stratigraphy of Az Zalmah area (Yousif A. Shagroni,
personal comunication). Thickness for individual units represent
maximum of composite sections. Note variation of thickness
scale.
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addition of Mahamasah Formation (Upper
Ordovician).

For the Upper Palacozoic (Middle Devonian to
Carboniferous), Al Kufrah Basin was separated from
Murzug Basin by the Tibesti-Sirt Uplift beginning in
Middle Devonian, or post Tadrart Formation
(Klitzsch, 1966, Bellini and Massa, 1980). This
isolation created a different style of deposition unique
to Al Kufrah Basin, which has a lithology different
from that found in Murzuq Basin.

Cambrian
Hasawnah Formation (Late Cambrian)

Lower Member (38 meters): Made up of several
fining-upward cycles. The lower part is generally
coarse- to medium-grained sandstone, well rounded
and cross-bedded, conglomeratic at lowermost levels
(base is not exposed in the area). The cycles in the
middle part start with thickly-bedded, coarse-grained
sandstone, and terminate with thinly-bedded, fine- to
medium-grained sandstone with intercalations of silt
and very fine-grained sandstone. The upper part is
represented by four fining-upward cycles that grade
from coarse-to medium- to fine-grained sandstone,
and terminate with micaceous shale interbeds.

Upper Member (260 meters): Represented by
fining- and thinning-upward cycles of coarse- to
medium-grained, cross-bedded sandstones. The
cycles within the lower part of this member are mostly
conglomeratic at their lower levels, becoming lenses
of imbricated conglomerate upwards, while these
same cycles are terminated by ferruginous, very fine-
grained sandstone and siltstone. The uppermost 15
meters of the lower part are rich in Arthrophycus
and Crusiana. The cycles within the upper part are
sharp-based and terminate with medium- to fine-
grained sandstone. The uppermost 40 meters of the
Upper Member are rich in Tigillites.

Ordovician
Ash Shabiyat Formation (Early Ordovician)

Lower Member (10-48 meters): Fining- and
thinning-upward cycles of coarse- to medium-grained,
Tigillite-bearing, kaolinitic sandstone. At different
levels, this lithology is sometimes intercalated with
cross-bedded sandstone. The cycles are often
terminated by about 20 cm of bluish-green clay.
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Upper Member (38 meters): Fine-grained,
thinly-bedded sandstone containing Arthrophycus,
with silt intercalations occasionally alternating with
interbeds of fine- to medium-grained, cross-bedded
sandstone.

Melaz Shugran Formation (Late Ordovician)

Lower Part (23 meters): Olive-green claystone,
gypsiferous in the lower 6 meters, intercalated in
intervals by fine-grained sandstone and micaceous
siltstone, as laminated and/or rippled bedding or as
flakes.

Upper Part (0-24 meters): Very fine-grained
sandstone and siltstone, in the form of rippled bedding,
with intercalations of ¢laystone.

Mamuniyat Formation (Late Ordovician)

Lower Member (48 meters): Sandstones with a
wide spectrum of grain size ranging from fine to
medium to cobble, as well as varying textures from
immature to mature within a very close distance,
sometimes as few as tens of meters. Bedding
thickness is also in the range of 0.4 to 2 meters.
Furthermore, primary sedimentary structures within
individual beds are extremely deformed: laminated
beds are highly convoluted; cross-bedded sets develop
overturned structures; and slump-like structure, as
well as massive and poorly defined internal structures
are observed.

Upper Menber (48 meters): In contrast with the
lower Member, the upper Member is thinly to medium,
evenly bedded, mostly micaceous, well sorted,
medium to coarse-grained sandstone. As for the
sedimentary structures, the Upper Member has
horizontal or gently dipping lamina and/or rippled
bedding. Furthermore, the upper part is found to be
intercalated with micaceous, silty, very fine-grained
sandstone containing few poorly preserved moulds
of brachiopods.

Mahamasah Formation (Late Ordovician)

Made up of coarsening-upward cycles—either
thinning-upward or thickening-upward—distributed
among four levels. Each of these levels seem to be
deposited in a distinctive structurally controlled
setting.

Level 1 (36 meters): The oldest level, made up of
four coarsening-upward, thinning-upward cycles, each
starting with claystone, followed by fine- to medium- to
coarse-grained sandstone, and ending with medium- to
coarse-grained, conglomeratic sandstone.

Level 2 (5.5-12.5 meters): Made up of three
coarsening-upward, thinning-upward cycles of
claystone, followed by fine- to medium-grained, or
fine-grained, subangular sandstone..

Level 3 (50 meters): Represented by one
coarsening-upward cycle. This level has two
distinctive thickening-upward cycles with an
intervening thinning-upward cycle. From bottom, it
is made up of: claystone; intercalations of clay, silt,
and fine-grained sandstone; fine- to medium-grained
sandstone; and fine- to medium-grained, subangular
sandstone that starts with cross-bedding and ends
with lamination.

Level 4 (22 meters): The youngest level, with two
coarsening-upward, thinning-upward cycles. In
sequence, these cycles are represented by: claystone;
siltstone; fine-grained sandstone; fine- to medium-
grained sandstone; and medium- to coarse-grained
sandstone.

Silurian
Tanezzufi Formation (Early Silurian)

Mostly represented by coarsening-upward cycles
of variable thickness, with an overall thickness
ranging between 20 and 95 meters (more than ten
cycles at maximum thickness). These cycles start
with argillites having variable shades of blue and
green, and terminates with cross-rippled, micaceous
siltstone. They range in thickness between 1.5 and
5.5 meters, with no preferential thickness trend.
Within the last few meters of Tanezzuft Formation,
the cycles become fining-upward, mostly made up
of brownish green gypsiferous argillites, with flakes
and very thin lenticular beds of siltstone. It is worth
mentioning that the older levels of this unit are found
to fill, progressively, the deepest palaeosites.

Akakus Formation (Late Silurian)
Represented by more than 30 coarsening-upward

cycles, ranging in thickness between 1.5 and 10.5
meters, while the recorded thickness for the whole
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unit is between 80 and 200 meters. The lower Y2 of
the formation is mostly made up of argillites, followed
by silt, and ending with fine- to very fine-grained,
cross-laminated and micaceous sandstone. The
cycles within the upper Y2 of the formation are mostly
terminated by large lenses (more than 30 meters long)
of thinly to medium-bedded and flaced, fine-grained
sandstone. Among the sedimentary structures found
within the upper half of Akakus Formation: convoluted
bedding, wrinkled ripples, mud cracks, wavy bedding,
and double-crested ripples. The upper 34 of Akakus
Formation become progressively rich in trace fossils:
Crusiana, Arthrophveus, and Tigillites.

Within the study area, the Devonian is represented
by Tadrart Formation, Qardabah Formation, and
Blitah Formation (Fig. 3). The Qardabah Formation
is a new unit introduced here, having no equivalent in
Murzug Basin, nor has it been identified in Al Kufrah
Basin. These three formations represent different
depositicnal systems, separated by clear and sharp
erosional surfaces.

Devonian
Tadrart Formation (Early Devonian)

Lower Part (28-55 meters): Coarsening-upward,
fining-upward cycles of fine- to medium-grained,
subangular, cross-bedded sandstone, with interlevels
of fine-grained, micaceous, cross-bedded sandstone.
This lithology is found to be interfingering—within the
upper half of this interval-with fine-grained sandstone
and siltstone, having clay intercalations and containing
Arthrophycus.

Upper Part (0-43 meters): Sandstone: fine- to
medium-grained, subangular, cross-bedded or
laminated, Tigillite-bearing. This interval represents
one thinning-upward sequence.

The maximum recorded thickness for Tadrart
Formation was 83 meters.

Qardabah Formation (Middle Devonian)

The main constituency of this formation is either
cross-bedded sandstone or Tigiilite-bearing
sandstone, the latter being more dominant. The
texture for these sandstones is coarse- to very
coarse-grained within the lower and upper levels of
this formation, while it is fine- to medium-grained in
the middle levels, with a well rounded texture
throughout the sequence. The cross-bedded

sandstones sometimes start with conglomerates,
while in others they terminate with lamination sets.
On the other hand, the fine- to medium-grained
sandstones sometimes terminate with siltstones and
claystones. The uppermost levels of this formation
contain Zoophycus. The recorded thickness for
Qardabah Formation is between 38 and 49 meters.

Blitalh Formation (Late Devonian)

Generally representing coarsening- and
thickening-upward cycles. Each cycle starts with
claystone, followed by claystone with intercalations
of lenticular siltstone and very fine-grained micaceous
sandstone, and terminating with fine- to very fine-
grained sandstone with clay parting. The sandstones
of some of these cycles are cross-bedded, while
some other cycles bare mud cracks at their topmost
levels. The base of this formation starts everywhere
with light bluish-green muds, while it is terminated
by bluish-green claystones found as intercalations
and/or lenticulations with very fine-grained sandstone.
The formation is abound with Zoophycus, with minor
Tigillites and Chondrites, while Brachiopod moulds
are found at the topmost levels. The recorded
thickness for Blitah Formation is between 163 and
172 meters.

Carboniferous
Az Zalmah Formation (Early Carboniferous)

Lower Member (400 meters): Fine- to medium-
to coarse-grained sandstone. Often as cross-bedded
and in fining-upward cycles. At different levels the
fine sandstones are intercalated with siltstone and
claystone. Rootlets and Lepidodendrons are also
found at different levels, mostly associated with mud
cracks. Zoophycus and Tigillites are the main trace
fossils.

Middle Member (82 meters): Mostly very fine-
grained sandstone as lenticular bedding. Burrows and
rootlets are found as intervals at different levels, as
well as intervals of argillites and claystone. Upper
part has intercalations of siltstones, argillites, and
shale. Topmost levels are represented by fine- to
medium- to coarse-grained sandstone with shale
intercalations.

Upper Member (180 meters): Sandstones with
grain size ranging between very fine to very coarse,
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being microconglomeratic at lower most levels.
Lower part found as cross-bedded, while the middle
part is calcareous or micaceous. The upper part is
found as fining- or coarsening-upward cycles, the
latter being more dominant. Throughout this part, the
fine- to very fine-grained levels of either of these
cycles is most often associated with clays as flakes,

partings, or intercalations.

STRUCTURAL FRAMEWORK

Two 15-minute sheets, bounded by longitudes
23°15'00"-23°45'00" E and latitudes 25°45'00"-

26°00'00"N were selected for
structural interpretation. This area
was found to include most of the
Palaeozoic sequence, from
Cambrian in the north-west to
Devonian in the south-east
(Fig.2).

The structural interpretation
involved folds, faults and joints, but
emphasis was on all linear or

semi-linear structural features of

any length, that appear to
represent faults or joints. These
fractures were either explicit or
inferred from features such as a
break in topography or an offset
in drainage, a change in tone, or
from the alignment of hills along
a semi-linear trend.

Throughout the area covering
Jabal Al Qardabah Sheet, most of
the fault planes which were
visited in the field show a very
clear horizontal component of
displacement, as expressed by
either horizontal grooves or
slickensides. These strike-slip
faults are also very clearly seen
on topographic planes, with
offsets ranging between few
meters to tens of meters. Strike-
slip faults were most often found
in en echelon sets having either
NW or NE orientation, while NS
and EW faults were most often
confined within well defined,
fault-bounded structures. In the
field, NS and EW faults

generally show negligible vertical displacement,
much less horizontal displacement, despite the fact
that these fault sets represent very long fault lines
or lineaments, sometimes exceeding 20km.

The data gathered from the structural photo-
interpretation and supported by field checks was
transferred onto controlled mosaics at a scale of
1:50,000, thus resulting in a controlled fault map (Fig.
4, see Fig. 1 for location). The fault map was then
filtered manually through a template to obtain
separate trend maps for every major trend, namely,
NS, EW, NE, and NW (Fig. 6). The devised template
(centre of figure 6) allowed the picking of any fault
within a specified azimuth range for any particular
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Fig. 4. Fault map of part of Jabal Al Qardabah Sheet, NE Al Kufrah Basin, compiled from
photinterpretation of stereoscopic aerial photographs. See Fig. 1 for location.
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Fig. 5. Major trend maps filtered from fault map (Fig. 4) through the template shown in centre. Labels A to 1 represent major fault sets

(see text for description).

trend. Thus, the NS and EW trends were both given
an azimuth range of 20°, while the NW and NE trends
were given a 70° azimuth range. The NW and NE
trends, having a wide angle range, were further
separated into NNW, WNW, and NNE, ENE,
respectively (Fig. 6).

The majority of faults in the area are not clear
straight faults, rather they are curved or bent. For
that the manual approach for filtering the eight trend
maps (Figs. 5 and 6) was favoured because it
allowed, for example, the picking of a bent
northwest-trending fault to be included in both the
NW and NS trend maps. Similarly, and for the
same fault, it could alse be included in both the
NNW and WNW trend maps.

Fault Sets

Several fault sets can be traced at once on all
eight trend maps of figures 5 and 6. These are either

found as linear fault sets or as clusters of Faults. The
description of these fault sets follows.

Fault Sets A, B, C, and D

All four of these sets are NE linear sets, therefore
they are all explicitly seen on the NE trend map in
figure 5 and on the ENE trend map in figure 6.
However, the NNE trend, and while it is a subset of
the NE trend, shows no trace of these fault sets,
except for fault set A where it is manifested as a
separator between the two main clusters of faults
seen on the NNE trend on figure 6. This indicates
that all four of these fault sets belong to the ENE
trend.

While fault set B is barely seen on the NNE trend
map, its manifestation and control on all the other
trend maps, without exception, is very conspicuous.
In all of these maps, the fault population is much
higher east of fault set B. This is particularly seen
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on the EW trend map (Fig. 5) and the NNW trend
map (Fig. 6), where the faults stop abruptly along
the trace of fault set B and to the east of it. This
same effect is also found on the NW and WNW
trend maps, even though these two trends have the
highest and evenly distributed fault population in the
area.

With its impact on all the trends in the area, fault
set B is not just made up of a single throughgoing set
of faults, rather it is made up of conjugate sets of
faults (see NE trend, Fig. 5). This feature is not found
along the other fault sets described so for, which
suggests that fault set B could represent the median
of a wide fault zone (about 30 km wide)
encompassing all the NE fault sets described above.

Fault Set E

The control of this north-south fault set is also
seen in all the trend maps, yetitis only partially seen
on the NS trend map (Fig. 5). The EW trend map

shows a cluster of east-west faults confined within a
narrow zone running north-south and in the path of
fault set E (Fig. 5). A direct comparison between
the EW and NS trend maps reveals that fault ser E
is not just one fault set but in fact it is made up of
two NS parallel fault sets, with an intervening
distance of about 4 km. Therefore, the confinement
of EW faults is directly related to fault set E, which
malkes the latter more like a graben defined by two
NS fault sets.

The effect of fault set E is also seen on the NW
trend map, where the anomalous fault population of
this trend is almost non-existent within this fault set.
This is also observed on the subsidiary trend map
WNW. The effect of this fault set on the NE trend
map is however represented by the sundering of the
two NNE clusters of faults.

Among the fault sets discussed so far, it was
shown that the NE fault set B and the NS fault set
E'both have controlled the distribution of all the other
trends in the area (compare with fault map, Fig. 4).
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The fault population in most of the trend maps is higher
east of fault set E, as was described for the fault set
B. This control indicates that both of these fault sets
are among the first structural trends to have developed
and should help in explaining the structural framework
of the area,

Fault Sets F and G

These two northeast-trending fault sets are very
important because they enclose between them a very
peculiar cluster of curved faults displaying a crude
“S” shape which have the same NE trend (Fig. 3).
Both of these fault sets are not visible on the NNE
trend map of fig. 6 because they belong to the ENE
trend, therefore they would belong structurally to
Jfault sets A to D.

Fault Sets H and 1

These two northwest-trending fault sets define
the limits of a large sigmoidal structure (highlighted
on NW trend map, Fig. 5), which does not show on
both the NNW and WNW trend maps. This indicates

that it was formed from the combination of both of

these two trends, where the smaller lozenge
structures within the large sigmoidal structure are
defined by two NNW and two WNW faults. The
controlling effect of fault sets H and T is very
prominent over the northeast fault sets, where fault
set H is found to limit the continuation of fault sets A
to D northeastward, while fault set I prevents fault
sets F and G from extending southwestward (see
NE trend, Fig. 5).

Structural Trends

Further enhancement of these fault sets was
achieved by producing 22 more trend maps through
permutational coupling of the original eight trend
maps of figures 5 and 6, which brought the total
number of trend maps to 30. These new maps
emphasised the fault sets of figures 5 and 6 by
bringing out new clusters of faults directly related
to these fault sets.

The combination NE+NNW (Fig. 7 a) is presented
here as an example. The intervening space between
any two adjacent fault sets A to D shows distinctive
fault patterns. These spaces are shown on figure 7 b
as Belts 1 to 4, with the NE Line (or fault set B ) as
the median of these belts. Belt 1 and Belt 2 are
represented by long and widely spaced NNW faults

(highlighted on Figure 6, NNW trend) that either
terminate or offset across fault set A. These same
belts are also accentuated by the two NNE clusters
of faults. Fault sets B and C mark the boundaries of
Belt 3, where the NNW trend has closely spaced
faults with their lengths defining the width of this belt.
While Belt 4 has the least distinctive pattern of faults,
the scattered orientation of the faults in this belt gives
a contrast against Belt 3, which further help define
the limits of both belts. All four of these belts stop
abruptly at fault set H (Line 1, Fig. 7 b).

Graben! and Graben 2 (fault set E) represent a
north-south, right-stepping en echelon set of grabens
(stippled on Fig. 7 c¢) with the southern segment
extending farther south beyond the area of figure 7
a. As was discussed earlier, this en echelon set was
found to affect most of the structures described thus
far.

Kinematic Settings

The four belts are believed to represent the width
of a northeast-trending wrench system —about 30 km
wide— with the NE /ine as the median of this system
(Fig. 7, b) especially that most of the faults in the
area are strike-slip faults having fault planes with
clear horizontal grooves or slickensides.

A structural system of this nature and width must
cover a much larger area than is defined by the limits
of Jabal Al Qardabah Sheet. According to Aydin and
Nur (1982), the length of a strike-slip system is three
times its width. This would put the length of the
assumed NE wrench system around 100 km, not to
exclude the possibility that the wrench system at hand
is part of a much wider system, which would put the
length of such a wrench system in the order of
hundreds or even thousands of kilometres.

Geographically, Az Zalmah area represents the
northeastern flanks of Al Kufrah Basin, a basin which
covers territory in four neighbouring countries with
an aerial extent of more than 400,000 km?®. This
makes Az Zalmah area a representative sample for
aregional model regarding the structure of this wrench
system as part of NE Africa. Such a model has to
take into account the plate tectonic settings of Africa
throughout its geologic history.

The stress regime associated with strike-slip
systems assumes horizontal maximum (6,) and
minimum (6,) principal stress axes and a vertical
intermediate principal stress axis (6,). These strike-
slip systems usually occur in conjugate sets having
opposite sense of displacements (Wilcox et al, 1973;
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Fig. 7. (a). The combination of two trend maps bring out clear NE belts (b) marking wide shear zone. (¢) Major belts relative to geological

map (Fig. 2) and NS En echelon graben (slipped).

Ramsay, 1980). In Az Zalmah area, the maximum
stress axis (6,) would assume a north-south
orientation, representing the northward drift of Africa
throughout the Phanerozoic, as postulated from
several Apparent Polar Wandering Paths (APWP)
for Gondwanaland (e.g. Morel and Irving, 1978;
Scotese et al, 1979; Condie, 1982; Bachtadse and
Briden, 1991). The conjugate set associated with this
orientation would then assume a NE sinistral shear
and a NW dextral shear. The tension fractures
accompanying this setting would assume a north-
south orientation, parallel to 6, (Fig. 9 d-1).
Rhomboidal fault-block structures are typical of
en echelon faults within a strike-slip system.
Depending on the en echelon sense (left- or right-
stepping) and the sense of movement along the pair
of strike-slip faults, pressure ridges and basins would
develop in the area between the en echelon set in
response to compression or extension, respectively

(Wilcox et al, 1973; Aydin and Nur, 1982; Ramsay
and Huber, 1987). Several of the fault-block
structures which were visited in the field have a NW
orientation (Fig. 8; see location of each structure on
Fig. 2) ranging in size between | km ? (Fig. 8 a) and
more than 40 km * (Fig. 8 d), and depending on their
size, large structures are bounded by relatively wide
fault zones, while small structures are bounded by a
single fault on each side.

Figure 8 a shows a NW left-stepping en echelon
set of faults developing a pressure ridge, which could
only develop from dextral strike-slip faults as shown
kinematically. Fig. 8 b represents a horst with a left-
stepping en echelon set, while fig. 8 ¢ shows a small
basin with a right-stepping en echelon set. Both of
these structures are compatible with dextral strike-
slip faults. Because wrench or shear zones usually
occur in conjugate sets having opposite sense of
displacements (Wilcox et al, 1973; Ramsay, 1980), it
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r

area of
compression

Fig. 8. Aerial photograph samples of structures found in the
ared. (a) pressure ridge caused by a left-stepping set of NW en
echelon strike-slip faults. b, ¢ and d: rhomboidal fault block struc-
tures, typical of a wrench system. See Fig. 2 for location of these
structures.

is safe to assume that the NW trend represents the
dextral antithetic component of the assumed wrench
system (R, and X shears, see Fig. 9 d-1), whereas
the NE fault sets and their associated belts—the
throughgoing wrench system—would belong to the
sinistral synthetic components, RI and P shears (Fig.
9d-1).

If the proposed NE-trending wrench system were
capable to move freely, the NE trend would have the
highest fault population, and the fault-block structures
(Fig. 8) would follow the same NE-trend. However,
the NW trend, especially the WNW trend, is found
to have the highest fault population, and the fault-
block structures all have a northwestern orientation.
Furthermore, while the NE-trending wrench zone
with its four belts is wide enough to cause
considerable lateral displacements, the NE faults
show no such displacements as observed on the
geological map of figure 2, nor have any of the faults
visited in the field shown any appreciable

displacement proportional to the width of the wrench
zone.

This raises the possibility that the proposed
wrench system might be inherently blocked. In clay
model experiments (Tchalenko and Ambraseys, 1970;
Wilcox ef al, 1973) faults related to synthetic sinistral
shear P (ENE faults in this case) start to develop
only at an advanced stage of a wrench system, when
the major fault is curved (Freund, 1974), which
suggests that these faults, together with their
complimentary set, the antithetic dextral shear X
(WNW faults), emerge from the resistance of the
main wrench system to any further movement. Freund
(1974) considers interconnecting en echelon
segments as one of the explanations for the curvature
of a wrench system which causes the resistance of
the main wrench system to any further movement.

The en echelon arrangement of tension fractures
accompanying a shear zone is a good criterion in
deciding whether the displacement along the shear
zone is dextral or sinistral (Badgley, 1965; Billings,
1972; Wilcox et al, 1973). In our case, the north-
south, right-stepping en echelon set of grabens
(stippled on Fig. 9 b) are compatible with a sinistral
NE-trending wrench system, whereas a dextral
system would produce EW lefi-stepping en echelon
grabens (Fig. 9 a).

Wilcox et al (1973), conducting clay model
experiments simulating shear zones, state that: “En
echelon tension fractures may form along a wrench
zone in the initial stage of deformation, but they easily
are destroyed as wrench displacement increases and
compressive structures (folds and conjugate faults)
become more prominent” (Wilcox et al, 1973, page
87). Two points in this statement are of great
importance. Firstly, that tension fractures mark the
initiation of a shear zone. We have shown that the
different fault trends were either truncated or
confined by fault set E (Figs. 5, 6, and 7). Such
controlling effect of fault set E indicates that it was
among the first structures to develop in the area, and
the Upper Ordovician stratigraphic sequence filling
this en echelon set of grabens give an estimated
timing for their opening around Early to Middle
Ordovician. Secondly, that tension fractures are
destroyed after conjugate shears develop. Figure 9 ¢
shows that the en echelon grabens filled by Melaz
Shugran and Mamuniyat formations must have been
subjected to intense compression to develop the
syncline-like structure it displays and to cause the
alignment of Melaz Shugran Formation along the
margins of both segments of the en echelon set of
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Qf en echelon arrangement of tension fractures |d|
in relation to sense of shear

Sinistral Shear Dextral Shear

0|z 6

right-slepping | NS fension left-stepping EW tension
en echelon fractures en echelon fractures
'b] NS right-stepping en echelon grabens

(tension fractures)

NE-trending as it affected the geology on

Sinistral Wrench System the surface, with no

NS tension fractures: normal faults
NE synthetic Shear: Sinistral Ry & P
NW antithetic Shear: dextral R2 & X

indication as to how the
Precambrian basement was
affected by the stress
regime causing this wrench
System.

A residual total intensity
aeromagnetic map for Jabal
Dalma area was published
in 1980 by the Industrial
Research Centre, Tripoli
(see reference list). The
magnetic map presented
here (Fig. 11) is part of the

s\ JFigure 2

Collapse of en echelon grabens

oo

2) After main shear takes over,
collapse of grabens cause
folding of Melaz Shugran and
Mamuniyat Formations

1) grabens receive depasits
of Melaz Shugran and
Mamuniyat farmations

MEDITERRANEAN
SEA

surveyed area (see Index
Map, Fig. 10). Both the
geological map (Fig. 2) and
the magnetic map cover
exactly the same area,
which would allow a three-
dimensional correlation
between the surface
geology and the basement

“topography”.

Fig. 9. A synopsis of the kinermatic interpretations for fault trends and the tectonic print over the

stratigraphy in the area, See text for discussion e3 afler Neev ef af (

grabens. Similar “folding” is nowhere found near these
grabens, which indicates that this is a structural
feature related only to these grabens. Furthermore,
the axes of any regional folding associated with the
northeast-trending shear zone at hand would assume
an east-west trend, parallel to thrusts and reverse
faults (see Fig. 9 d-1).

This NE configuration of the proposed wrench
system could be part of the Trans-African Lineament
(Nagy et al, 1977; Neev et al, 1982; Schandelmeier
et al, 1997) which is a sinistral megashear system
extending from the Benue trough of Nigeria via the
Chad Basin and Al Kufrah Basin, into Egypt and the
Levant, and terminating at the Anatolian fault in
Turkey (Fig. 9 d-3).

MAGNETIC MAP

The existence of a northeast-trending wrench
system in Az Zalmah area as was established earlier
through the kinematic analyses of the structural trends
and their relevant fault sets, as well as through the
kinematic analyses of selected sample structures (Fig.
8) give a general picture for the tectonics in the area

(1982).

Properties of a Magnetic Map

The magnetic contours, in gammas, represent the
residual total intensity geomagnetic field relative to
the theoretically calculated international geomagnetic
reference field of 1975. The survey was carried at
122 = 24 meters of ground clearance, with flight-line
spacing of 1 km and tie line spacing of 5 km. This
process of obtaining the residual field produced a
contour map with an anomalous magnetic field. In

[ | Geological Map and Magnetic Map

l:l Limits of Magnetic Survey

Fault Map .
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Fig. 10. Index map showing the area covered by the magnetic
survey. Note that the area covered by magnetic map (Fig. 11) is
the same as that covered by the geologic map (Fig. 2).
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that sense it should be possible to interpret the
magnetic map (Fig. 11) in terms of the structural and
geological features causing the anomalous field, which
should help in obtaining information about the
subsurface geology of the area.

Particular properties regarding the magnetic
survey operations and the magnetic map itself is
important in enhancing the quality of the magnetic
map and thus in utilising it as a qualitative tool in
interpreting the configuration of the granitic
basement. The first of these properties is the very
low altitude of 98 to 146 meters at which the
aeromagnetic survey was conducted. This should help
in showing more sharply defined and better-resolved
magnetic anomalies. Secondly, the clarity of the
aeromagnetic survey and the sharpness of the
anaomalies are best achieved when the flight-line
direction is normal to the trend of the geologic strike
(Daobrin, 1976), as opposed to complicated anomalies
arising from flight paths which make an oblique angle
with the geologic strike. This criterion is fulfilled in
the magnetic map presented here as the geologic map
of figure 2 shows that the stratigraphic strike has a
general northeast trend, while the direction for the
flight-lines run along a N 35" W direction. And finally,
the relatively small flight-line spacing of 1 km would
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also help in producing sharp and well-defined
anomalies.

The magnetic map could be divided into three
distinct zones: a North-western zone, a central zone,
and a south-eastern zone (Fig. 11, insert).

North-Western Zone

Shows localised anomalies with high amplitudes
and narrow wavelengths. These anomalies could
represent shallow Precambrian intrusions or
ferruginous Palaeozoic rocks. Within this zone,
anomalies X1 and X2 (Fig. 11, insert) are the most
prominent anomalies. These are the only two
anomalies showing a northwestern trend. Structurally,
anomaly X1 has a magnetic low and a clear right-
stepping structural form, while X2 represents a
magnetic high and a left-stepping structural form.

Central Zone

Sub-zone A is marked by a clear north-eastern
alignment of closely-spaced contours, with its north-
western and south-eastern limits taken at -200
gammas. The contours in the central “valley” of this
sub-zone become less dense and reach -400 gammas,

10 km

sub-zone A

"z -.o'ul'r‘f‘i“" '

sub-zane B

\

Z { -,u[[ lj =

e =

Fig. 11. A residual total intensity aeromagnetic map for part of Jabal Dalma area (Jabal Al Qardabah Sheet). Anomalous zones are
aiven in inset, as well as individual anomalies discussed in text. See Fig. 10 for location of map with respect to mgnetic survey area.
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the lowest in the area. Along the length of sub-zone
A, the contours alternate in their linear trend between
ENE and NNE directions. The two points at which
this change in direction takes place are marked by
Y1 and Y2. At Y1, the contours follow clear east-
west closures, while at Y2 the contours form adjacent
circular depressions that are offset along an east-
west trend. East of longitude 23°40'00", the contours
of sub-zone A are widely spaced and no longer have
their distinct north-eastern alignment, probably
reflecting increased thickness of sediments.

Within sub-zone B, the anomalies labelled R1 to
R35 are bounded by conspicuous trends orientated
ENE and NNE. Combined together, these trends
form well defined rhomb-shaped “blocks” (especially
anomaly R1) with values alternating between highs
and lows, probably reflecting corresponding basement
topography. Towards the southern limits of the central
zone, anomalies U and D show a left-stepping form
along an ENE trend, with anomaly D representing a
magnetic low, while anomaly U a magnetic high of more
than +250 gammas, the highest in the area.

South-Eastern Zone

The limits of this zone with the central zone is
taken along an arbitrary line across which the
contour spacing becomes markedly open. As this
zone is closer to the centre of Al Kufrah Basin,
the widely spaced contours and subdued anomalies
could be due to the increased thickness of the
sediments. Despite the subdued anomalies, the
contours still retain their overall north-eastern trend.

and its filtered trend maps (Figs. 5 and 6). Among
other correlative features between the structural
trends and the magnetic map, the NE Line marking
the median of the shear zone is the most striking of
these features, where it coincides exactly with the
central valley of sub-zone A (Fig. 12). This indicates
that there is a direct correlation between the structure
as itis seen on the surface, and the granitic basement
as reflected by the magnetic map. As such, the
magnetic anomalies could be interpreted within the
context of the proposed structural model of the
northeast-trending wrench system.

Anomalies XI and X2

Within the area of figure 11, these are the only
two anomalies which have a NW trend. When
these two anomalies are viewed within the
geological framework in the area, it can be seen
that anomaly X1 corresponds structurally to a
graben represented by Upper Ordovician units,
while anomaly X2 lies beneath a horst represented
by Cambrian—-Lower Ordovician units (Fig. 13, a).
Corresponding ‘grabens’ and ‘horsts’ are also seen
on the magnetic map, where anomaly XI
represents a magnetic low, and X2 represents a
magnetic high.

By applying the proposed mechanical model (Fig.
9, e-1) anomaly X1 could be resulting from the
interaction between the north-south normal faults and
the WNW antithetic X-faults (see Fig. 13, b).
Structurally, the northern limits of this anomaly is
represented by a right-stepping set of dextral faults

Magnetic Anomalies

The three zones
described above have been
delineated according to the
distribution of the individual
magnetic anomalies
marked in the insert of

figure 11. These anomalies
are believed to reflect the
structural manifestation of
the wrench system on the
magnetic “basement”.
Figure 12 shows the
relationship between the

ZONE

&\ // csnﬁgh;/ﬂ
s a/// 8 SE
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magnetic map and the
structural trends deduced
from the fault map (Fig. 4)

Fig. 12. Relation between structural trends associated with proposed wrench system deduced from
fault map (Fig. 4, see also Fig. 7.) and magnetic map (Fig. [1).
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joined by a north-south normal fault (Fig. 13, c). Such
a configuration would create an extensional stress
system, leading to an ideal pull-apart basin.

Anomaly X2 (Fig. 13, d) is interpreted as bounded
on its northern limits by a left-stepping set of dextral
X-faults joined by a NE sinistral fault which could
belong to either R, or P-faults. This fault set develops
a compressional state of stress. The other three faults
bounding this anomaly would add to this compressional
state of stress, where the northern and southern
corners of this structure are subjected to
compression, while the eastern and western corners
are subjected to extension. Combining these kinematic
conditions would lead to an overall counterclockwise
rotation of the whole block, which would add to the
compression exerted on this structure, thus causing
it to be uplifted.

The two anomalies X1 and X2, with their
corresponding graben and horst on the surface, are
well related mechanically to each other in the sense
that the extension developing in X1 would induce
compression on X2 and vice versa . This could of
course be related from a geophysical point of view
to the dipole effect of magnetic anomalies, but since
the magnetic map is a residual one, the anomalies
are enhanced by the removal of the regional,
therefore these anomalies are representative for fault
block structures especially that they are bounded by

elongated or linear zones of steep magnetic gradients
suggesting faulted and displaced magnetised blocks
(Dobrin, 1976).

Anomalies RI-R5

These anomalies (for location see Figs. 12 and
14, a) are found beneath the highly displaced outcrops
of Melaz Shuqran Formation just to the east of the
southern segment of the right-stepping en echelon
set of grabens. In fact, the whole area above these
anomalies is the most fractured part of the geological
map of figure 2. These anomalies are believed to be
the result of the interaction between the synthetic
sinistral shears R and P. Combined together, these
faults would create lozenge-shaped structures with
an overall east-northeast direction. As figure 14 ¢
shows, these structures start with the development
of a series of right-stepping sinistral faults R . Due
to geometrical restrictions, the P-faults cannot operate
simultaneously with the R, faults, rather only in
sequence since they both belong to the same conjugate
set (Freund, 1974). This will create the lozenge-
shaped structures (stage 2, Fig. 14 ¢) which will be
subjected to clockwise rotation (stage 3) since they
are bounded by sinistral faults on all sides. These
duplex structures have a contractional geometry and
are imbricated by P shears between pre-existing R

shears (Woodcock and Fischer,

U Ordov

(graben)

1986, Fig. 7 c). Once they start
to develop progressively, each
unit lozenge would rotate
independently, forcing the
neighbouring lozenge to absorb
part of the stress exerted upon
it, and vice versa. The
progressive development and
rotation of these blocks would
create volume excess at
restraining edges and volume

anomaly X,

b]

deficit at releasing edges of the
lozenge or rhomboid blocks
making up this duplex structure.
To accommodate for these
volume changes, the mechanical
system necessitates the discrete
uplift and subsidence of the
individual blocks in an alternating
fashion. This is clearly seen on

Fig. 13. Applying mechanical model to magnetic anomalies X1 and X2, a: location of
anomalies relative to NW-trending structures on geologic map (Fig. 2), b: mechanical model,

c: kinematics of anomaly X1, d: kinematics of anomaly X2.

the magnetic map, where
anomalies R1, R4, and RS are
uplifted blocks, while anomalies
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Madified from Woodcock and Fischer (1386)

Fig. 14. Applying kinematic model to magnetic anomalies R1 to R5. a: location of anomalies
relative to geologic map (Fig. 2.). b: kinematic model. ¢: interpretation of mechanical

development of anomalies.

R2 and R3 are down-thrown blocks. It should be
pointed out that while the internal rotation within each
block is clockwise, the external rotation (heavy arrows
in stages 1-3, Fig. 14 c) is counterclockwise, the latter
of which represents the proposed shear system and
represented by the outer arrows in figure 14b. This
could further explain the limited volume change
created by the rotation of the individual blocks, where
the outer rotation would counterbalance this volume
change and even help the whole duplex system to
reach equilibrium by allowing the uplift and subsidence
of the individual blocks.

Anomalies D and U

These two anomalies lie beneath Devonian rocks
on the geological map (see Fig. 15 a) and are among
the anomalies found within sub-zone B on the
magnetic map (Fig. 12). They are both bounded by
ENE left-stepping sinistral faults and NNE right-
stepping sinistral faults (Fig. 15 c). These two
structures are created by P-faults (ENE) isolating
lozenges already cut by R shears (NNE). In this
setting they would have an extensional geometry
{Woodcock and Fischer, 1986, Fig. 7b). Anomaly D
is cut into three lozenges and has a clear extensional
form as seen by the negative magnetic contours.

Anomaly U, on the other hand,
has positive magnetic contours,
the highest within the area of
figure 11, which would suggest a
contractional geometry. It will be
shown later that in spite of the
positive magnetic contours of
anomaly U, it still represents the
! extensional geometry associated
' with the model of figure 15 c.
The locked fault structure (Fig.
8, a) which is also a duplex structure
made up of one lozenge, is located
above the two anomalies U and D
(Fig. 15, d). These two anomalies
and the anomalies RI1-RS,
discussed earlier, seem (o be
associated with very complex
structures on the surface. This is
probably resulting from the rotation
of individual blocks making up these
anomalies, as well as the vertical
movements of these blocks in
association with this rotation.

Sub-zone A: Central Valley

One of the striking features of the magnetic map
(Fig. 11) is the linearity of sub-zone A with contours
starting at -150 gammas and reaching -400 gammas,
which from a structural point of view represents a
very deep valley. This central valley (Fig. 16)
displays a very peculiar pattern in which the contours
deviate from their northeast alignment at points Y
and Y2 (Fig. 16) to become aligned along an east-
west closer, as at Y1, or marked by an east-west
offset at Y2. This overall configuration gives the
ceniral valley a distinct right-stepping en echelon
setting. This en echelon setting is highlighted by the
hatched line along the centre of the valley in Figure
16, but could be viewed just as well on the magnetic
map of Fig 11.

The location of the NE-Line exactly on this valley
(Fig. 12) supports its en echielon setting, thus allowing
for the line drawn on figure 16 along the central valley
to represent a sinistral shear system. Such a
configuration will build compressional force at the
joining segments of the right-stepping en echelon
(Fig. 16, a). Within the framework of the proposed
shear system, the dominance of the NW trend-
especially the WNW trend—was attributed to a locked
shear system. A sinistral, left-stepping en echelon
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Woodcock and Fischer (1986)

Wilcox et al, 1973; Harding, 1974
Harding and Lowell, 1979; Reading,
1980; Allen and Allen, 1990;
Schandelmeier et af, 1997). The
axes of these en echelon folds are
found at right-angels to the direction
of the maximum principal
compressive stress (6,) causing the
shear system (see Fig. 9,d-1).

The stepping of these en
echelon folds is an indication for
the sense of movement of a
northeast-trending shear system

Podihee owi causing these folds: left-stepping

B e en echelon folds are associated

sy ) with a left-lateral or sinistral shear
/ system; right-stepping en echelon
/ folds are associated with a right-

[b] d]

lateral or dextral shear system.

Fig. 15. Applying kinematic model to magnetic anomalies U and D. a: location of anoma-
lies relative to geologic map (Fig. 2). b: kinematic model. ¢: interpretation of mechanical
development of anomalies. d: location of anomalies relative to locked fault (Fig. 8, a).

system (Fig. 16, b) does not follow the contours of
the central valley on the magnetic map, nor does it fit
with the dominance of the NW trend in the area.

Sub-zone B: En echelon Folds
En echelon folding is cited in the literature as an

indication for the existence of a wrench system even if
no clear fault system is observed (e.g. Campbell, 1958;

Figure 17 shows the possible
orientation of such folds in the
area, relative to a northeast-
trending wrench system, given as
either sinistral or dextral (Fig. 17, A and C,
respectively). In the case of a sinistral wrench system,
the en echelon folds have east-west fold axes, while
the dextral wrench system will develop north-south
fold axes.

Two corresponding world examples are given for
comparison. The Dead Sea rift, a north-south sinistral
strike-slip fault system (Quennell, 1959), shows left-
stepping en echelon folds with northeast axes (in

T T T

Fig. 16. The central valley within sub-zone A, interpreted as a sinistral shear system with a right-stepping en echelon set (a), where the
compression (xxx) explains why this system is a “locked” system, dominated by P and X shears (NW faults). A left-stepping configuration
(b) does not agree with the magnetic map nor with the dominance of P and X shears.
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Fig. 17 B it is orientated to match the case in A, the
study area). The San Andreas dextral wrench system,
with its north-west trending main strike-slip faolt (Fig.
17, D), has right-stepping en echelon folds with their
axes trending at about west-northwest (Fig. 17 D, this
is also orientated to be aligned with the case in C).
Between cases A and C, figure 17, the expected
orientation of these folds would be that of case A
since this setting, based on the structural information
gathered so far, is identical to the structural model
proposed (Fig. 9, d-1). Sub-zone B (Fig. 11) could be
viewed as representing a set of east-northeast, left-
stepping en echelon folds. The proposed en echelon
folds are highlighted on figure 18 A by a 5 gamma
contour interval on the background of the magnetic
map with a 50 gamma contour interval. These folds
are seen as anticlines and synclines with an east-
northeast plunge (Fig. 18 b). The plunge of the
individual folds is accompanied by a flatter overall
plunge. This association between individual and
regional plunge is in agreement with one of four
possibilities given by Campbell (1958) for en echelon
folds in the Kalgoorlie district in Western Australia.
The four possibilities are based on the direct
relationship between the en echelon pattern of folds
(whether left-stepping or right-stepping) and the en
echelon pattern of structure contours drawn on such
folds (also being either left-stepping or right-stepping).
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In our case, the conditions are as follows: left-
stepping en echelon folds in association with left-
stepping contours will result in steep individual plunge
of folds within a flat overall or regional plunge. These
conditions are fulfilled, as seen in figure 18, where
the en echelon pattern of the folds is clearly left-
stepping, and if one is to draw structure contours on
top of these folds, they will clearly show a left-
stepping pattern (compare between the contours of
more than 200 gammas at the western part of anomaly
U, figure 15, with those of 0 gamma at the eastern
end of the same anomaly). Figure 18 C is the model
given by Cambell to show the relation between
individual and regional plunge. Although it represents
flat individual plunge within a steep regional plunge,
whereas the case proposed here is the combination
of steep individual plunge with flat overall plunge,
nevertheless, this three dimensional model serves the
purpose where it is orientated to resemble the
configuration of the folds seen on the magnetic map
(Fig. 18 a).

It should be pointed out that anomalies R1-R5
(Fig. 14) and anomalies U and D (Fig. 15) described
earlier, are part of the en echelon folds discussed
here. While these anomalies were described in the
context of lozenges cut by R and P shears, they can
still be part of the en echelon folds discussed here.
Both structural events (folding and faulting) can be

A

SINISTRAL
i t left-stenpi SHEAR DgggigL
east-west, left-stepping north-south, right-stepping
en echelon folds en echelon folds
B D b
Fresno

] 20 miles
| NS |

Fig. 17. The alignment of en echelon folds in a predicted orientation depending on the wrench system being A: sinistral or C: dextral.
B: The Dead Sea Rift System (modified from Quennell, 1959). D: The San Andreas Fault System (modified from Wilcox et al, 1973.
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Fig. 18a. Sub-zone B, highlighted to show the possible en eclielon configuration of folds in the basement in response to the kinematic
model proposed. B: Trends of fold axes showing plunge to east-northeast. C: A 3D representation of folds, modified from Cambell

(1958).

accommodated for within the framework of the
proposed mechanical model. A pertinent example is
given by Harding and Lowell (1979) for the evolution
of a wrench fault developing hydrocarbon trapping,
modelled after examples in California. This example
is presented in figure 19 to match the case for a
sinistral wrench system, which is the

to form either rhomboid horsts or grabens,
depending on the en echelon offsets they have.
There is a direct relationship between the
structural setting of a wrench system and the
hydrocarbon accumulation within the closures at the
crests of the en echelon folds. This is shown by the

case in Dalma area (Survey area,
see Fig. 10) while the original
California example is that of a
dextral wrench system. It can be
seen that the initial stage creates
connected en echelon folds (Fig.

19 A). At a later stage, and while ‘ "(). )
the axes of these folds continue to g
extend east-west, the crests of (E/

these folds are cut by sinistral
faults having either left-stepping or
right-stepping en echelon patterns
(Fig. 19 B). At a more advanced

A incipient wrench zone

C intermediate stage wrench zone

B early slage wrench zone

stage (Fig. 19 C) the folds are
dissected by the sinistral faults, for
which these faults will join together

Fig. 19. The revolution of a wrench system, developing en echelon folding followed by
faulting which will create lozenge or rhomboid structures. Shaded regions represent
potential hydrocarbon traps within closures in fold crest modified
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shaded closures in figure 19, where they represent
the ideal hydrocarbon traps, being isolated at the
highest levels of the structures and sealed by faults
at predicted levels and orientations. This model is in
good agreement with the en echelon fold pattern
shown on figure 18, as well as with the kinematic
layout given for the magnetic anomalies R1-R5 and
both D and U anomalies. With the assumption that
the magnetic map and all the structures deduced from
it being that of the granitic basement, and if such en
echelon folding in this basement is transmitted to
the sedimentary cover, then the model proposed here
could be adopted for hydrocarbon exploration in the
area, where it could prove to be preductive.

While most of the structural trends identified on the

surface were shown, from the qualitative evaluation of

the magnetic map, to have conforming structural
influence at the “basement” level, the north-south en
echelon set of grabens (stippled on Fig. 7 ¢) had no
print on this basement (this is clearly seen on Fig. 12),
despite their profound impact on the distribution of faults
in all the filtered trend maps. According to the mechanical
model of figure 9 d-1, the structural trends defining
Graben 1 and Graben 2 (Fig. 7 b) belong to the north-
south normal faults of that model. These are the tension
fractures of Wilcox ef al (1973), and according to their
clay cake experiments, these tension fractures are short-
lived and only develop at the early stages of wrenching,
if they develop at all. Accordingly, these en echelon
grabens are not expected to extend vertically to the
depth of the granitic basement, firstly because they
develop during the early stages of wrenching, they
are easily taken over by folds and conjugate faults,
and secondly, these same folds and conjugate faults
will build up compressive stresses which will seal the
walls of these en echefon grabens and will not allow
them to extend vertically beyond the shallow depths
of the crust, hence they will arguably not show on
the magnetic map. This is a supporting evidence for
the nature of the en echelon set of grabens in the
area as discussed under Structiral Framework, and
a conformation for the mechanical model (Fig. 9 d-1)
proposed for the area.
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Late Cretaceous Stratigraphy and Palaegeography of Zaltan Platform
(Concession 59), South Central Sirt Basin, Libya

Miloud M. Abougares and Mahmud T. El-Bakai*
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{(Zaltan platform), are divided into five clearly
recognizable formations and their distribution is

Abstract: The Upper Cretaceous stratigraphic
sequences are widespread over the whole of Sirt

Basin and consist of marine shale and limestone,
ranging in age from the Turonian up to the
Maastrichian. The sequences, in the study area

*Petroleum Research Centre, P.O. Box 6431, Tripoli, Libya.

related mainly to the palaeogeography of the pre-
existing topography. In ascending order they are;
Pre-upper Cretaceous sandstone, evaporitic
Turonian Etel Formation (shallow water restricted
platform), Coniacian/ Santonian Rachmat
Formation (shallow open marine, slightly
protected), Campanian Sirte Shale (shallow
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restricted platform) and Maastrichian Waha
Limestone (shallow carbonate platform).

Upper Cretaceous sea transgressed towards
the south either over the basement and granite
wash or over Pre-upper Cretaceous sandstone.
It encroached gradually on the Al Wahalh and Ad
Deffah areas at the close of Santonian and the
beginning of Campanian time. During
Maastrichian time, sea continued to transgress
southwards and covered most of palaechighs in
the Zaltan platform. Two separated islands were
left uncovered, forming the palacohigh (Al Wahah
and Ad Deffah field area). The carbonate belts
arcund them grew narrower as the sea gof too
deep for the carbonate deposition. Carbonate
Jacies, known as Waha reservoir facies, were
developed on the highs and changed larerally
basinward into shally sequence deposits of tie
Sirte Shale.

INTRODUCTION

The study area is located in the south central part of
the Sirt Basin (Fig.1). It covers Concession 59 including
Al'Wahah, Ad Deffah fields and Al Harash area in Zaltan
platform. This study was carried out in order to further
understand the subsurface geclogy and the
palacogeographic distribution of the Late Cretaceous
stratigraphic sequences. It includes from base to top;
the Pre- upper Cretaceous, Etel, Rachmat, Sirte Shale,
Waha Limestone and Kalash Formation. The relation
between structural system and facies development in
the Zaltan platform is also considered.

The present study is based on subsurface well
logs data, collected and analyzed from twenty five
wells located in Concession 59 of the Al Wahah, Ad
Deffah field areas. Regional geological cross-
sections, palaeogeographic maps and schemalic block
diagrams were also constructed for this purpose.

TAL

Harash area

&
MMI-59

o126 fz_l'?(;a'u

=800’

LLI 3HI-59

Southern Shelf

1
20700 20°30" 21°00

Fig. 1. Map showing the major tectonic elements and location of wells and cross sections in the studied area.
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GEOLOGICAL SETTING AND
STRATIGRAPHY

The Mesozoic and Tertiary sequences of the Sirt
Basin were formed in a tensional regime with large-
scale area of uplift and subsidence, associated with
normal faulting and a noticeable absence of
compressional folds. The absence of Upper Paleozoic
and Lower Mesozoic sediments suggests that the area
was domed, faulted and eroded during the Late
Mesozoic (Lawson, 1988).

The widespread distribution of the Maastrichtian
carbonate facies over much of the platform and basin
areas suggests that the tectonics were relatively
inactive during the Maastrichtian time (Gumati and
William, 1985).

In the study area, the Zaltan platform has a NW-
SE trend parallel to Al Hagfah trough. It gets wider
towards the southern portion of the basin and is tilted
down towards the east while the depth of the
basement is comparatively deeper to the north (Fig.1).

The geological history of the Sirt Basin, during
the Upper Cretaceous period, demonstrates that there
has been a gradual onlapping over the fault - block
topography by marine sediments. At the very end of
the Late Cretaceous, almost all the topographic
eminencies were completely buried and shale and
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carbonates were deposited during the Late
Cretaceous time. Abrupt lateral facies changes are
apparent from Platform areas toward the deeper
troughs along with steep down dip thickening (Fig.
2). Contemporaneous faulting along structural
elements and normal step faults probably assisted
these conditions.

The regional geological setting and distribution of
the Upper Cretaceous sediments is illustrated (Figs.
3-12). Figures 11,12 and 13 exhibit the relationship
between the sedimentary patterns and structural
features of the central part of the study area.

PALAEOGEOGRAPHICAL
DISTRIBUTIONS AND DEPOSITIONAL
HISTORY

Pre-Upper Cretaceous
Nubian Sandstone

The term Nubian Formation or Nubian Sandstone
was first applied for a widespread, non-marine
sandstone sequence that is well exposed in Nubia, in
the Nile Valley of Upper Egypt. Nubian Sandstone
was used informally in Libya to cover a broad group

of poorly dated detritus sediments

R Ep—— representing a major clastic body that
A AL HARASH : R
SERIES | STAGE FORMATION | mELD FIELD AREA had shaped the pattern of distribution and
——r———r————— thickness in the study area (Figs.3 and
| N I D O N S A N B s arny oy 3 - z
KALASH Ls et e e e e 4). '_1"he Nub_m‘n FO.lmdtiOﬂ in the Sirt
o L e B 1 et e Basin was divided into three members
MAASTRICHIAN b : andsk b
g WAHA Ls. namely an upper san stone member,
8 middle shale and lower sandstone
o SIRTE member (Abdulgader, 1996). These
< | caweanan SHALE . " .
7 2 continental deposits reach a thickness
g 2 of more than 800 feet in well P1-71. It
RACHMAT . .
| B é Fn. unconformably overlies the basement on
t g the eastern - side and south-central part
S i ETEL of the Zaltan platfom-l and is absent in
Fm. the basement palacohigh of Al Wahah -
Ad Deffah ridge (Fig. 4).
CENGMANAIN Thick sequence of Nubian Sandstone
is widespread, over the south and east
gUlad'AtN of Ad Deffah, Al Wahah and Al Harash
PRE-UPPER CRETACEQU andstone. F~> ) :
1BASEMENT ale?s, and ex{en_d to.the south of Ad
Deffah area, which fill a large graben

LAGEND: @ LIMESTONE

Fig. 2. General stratigraphy of the study area.

at wells P1-71 and U-71 (Fig. 4). The
Lower and Upper Sandstone members
represent fluvial sedimentation that has
laken place under regressive conditions

SANDSTONE

BASEMENT
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Fig. 3. Palaeogeographic map of pre-Upper Cretaceous
sandstone in Zaltan platform.

Fig. 4. Palacogeographic map of Etel Formation in Zaltan
platform.

(El-Hawat.1996). On the other hand, Middle Shale
Member may represent deposition in lagoon during
the time of maximum sea level rise or still- stand
stage.

During the Cenomanian time, shallow restricted
platform deposits (Lidam Formation) represent the
first marine transgression episode that was related
to a global rise of sea level and tectonic subsidence.
Locally over the central parts this shallow restricted
platform deposits onlapped the continental clastic of
Nubian Formation.

Upper Cretaceous
Rakb Group
Etel Formation (Turonian Age):

Barr and Weegar (1972) introduced the name and
the type section, which is located in the subsurface
in well 02-59. The formation is widespread across
the study area and its thickness increases gradually
from 50 feet at well LL1-59 up to 330 feet at wells
Ul- 59 and ZZ1-59. It reaches more than 1365 feet
at the Al Hagfah and Ajdabiyah troughs, but it is
absent on the regionally high areas of Al Wahah and
Ad Deffah field areas (Fig. 4). Lithologically it is
composed of Anhydrite interbedded with dolomitic
limestone, shale and sandstone. The upper contact is
placed at the top of the anhydrite below the shale or
carbonates of the Rachmat Formation (Fig. 2), which
conformably overlies the Etel Formation. In the Zaltan
platform, the Etel Formation is transgressive over older
formations and unconformable overlies the Nubian
Sandstone. It becomes slightly less restricted in the
eastern side of the study area where the dolomite
rocks are commonly interbedded with anhydrite,
southward the Turonian Etel sequence bordered by
the basement palaeohighs, is known to geologists as
the southern shelf. In general, the Etel Formation is
deposited in arid climatic, shallow water restricted
platform and subtidal and intertidal with low energy
protected environment (Fig. 9).

Rachmat Formation (Santonian / Coniacian)

The Rachmat shale, according to Barr and
Weegar (1972), contains Santonian - Coniacian
shales and its type section was located in well O2-
59. It’s thickness in the Zaltan platform ranges
between 120 to130 feet in wells ZZ1-59, 3H1 and
LL1-59. It gets thicker towards the east in the deep
trough area and, is absent on the ridge of Al Wahah
and Ad Deffah areas (Fig. 5).

In the study area, the lithology of the Rachmat
Formation consists of dark gray green shale with
minor limestone, sandstone and occasional dolomite
interbeds in the lower part (Barr and Weegar, 1972).
The lower boundary is conformable with the Etel
Formation and the upper boundary is conformable to
disconformble with the Campanian - Maastrichtian
Sirte Shale (Fig. 2). The overall distribution of the
pre-existing palaeohighs during Santonain-Coniacian
time was similar to that of the Turonian time, except
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Fig. 5. Palacogeographic map of Rachmat Formation.

that the Rachmat Formation was deposited in less
restricted conditions where carbonate and shale
predominated. It is encountered in the wells drilled in
the central area of the Zaltan platform and also in Al
Hagfah and Ajdabiyah troughs (Fig.10). A gentle gradual
thinning westward toward the Al Wahah - Ad Deffah
ridge suggests the existence of a gentle slope shelf during
the deposition of the Rachmat Formation.

Sirte Shale (Campanian):

The Sirte Shale is dominantly a shale sequence
with thin limestone interbeds. It attains an average
thickness of about 270 feet and increases towards
the eastern part of the Zaltan platform. In the western
portion of the study area it is getting gradually thinner
towards the regional high of Al Wahah and Ad Deffah
field area (Fig. 6). It conformably overlies the Upper
Cretaceous (Santonian/Coniacian) Rachmat
Formation and in the northeastern part of the study
area, the Sirte Shale grades laterally and overlies
the Pre- Upper Cretaceous continental sandstone.
The upper boundary is conformable with the
Maastrichtian Kalash Limestone (Fig. 2). At the
close of Santonian and the beginning of Campanian
time Al Wahah and Ad Deffah ridge remained
subareally exposed separating the Ajdabiyah trough
to the east from Al Hagfah trough to the west at
an early stage of their subsidence. Widespread
gradual transgression extended shale deposition
covering the area of study except at the regional
highs (Hammuda, 1980).

Shallow restricted environmental setting
dominated the whole region of the central basin in

Fig. 6. Palaeogeographic map of Campanian Sirte Shale in Zaltan
platform.
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Fig. 7. Palaeogeographic map of Maastrichtian Waha and
Kalash formations.

the Zaltan platform and deposited thick sequences
of Sirte Shale in the Al Hagfah, Ajdabiyah troughs.
This shale is interpreted as shallow restricted platform
that is characterized by the dominance of dark - grey
shale and sandy limestone in the lower part.

Waha and Kalash Limestone (Maastrichtian)

The Waha Limestone exhibits its maximum thickness
at well A76-59 along the margin of the Al Wahah and
Ad Deffah areas of the Zaltan platform and thins
towards the northern and southern parts of the Zaltan
platform. In other places it overlies the basement rocks
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Zaltan Platform — ey

Al Harash Aree

Fig. 8. Depositional model of pre-Upper Cretaceous sandstone
(schematic).

West East
Zalbanplatform |

Al-Harash Area

Fig.10. Depositional model of Santonian / Coniacian Rachmat
Formation (schematic).

and is conformably overlain by an unusually thinly
developed Maastrichtian Kalash Limestone (Figs.13, 15).
In Ad Deffah field area, Defa Limestone overlies the
Waha Limestone; the latter is underlain by the basement
rocks (Fig.13). Tt ranges in thickness from 145 feet to
200 feet in Ad Deffah field area at wells B1, B2, B7
and B87-59. Widespread distribution of the Maastrichtian
Waha carbonate facies over much of the Zaltan Platform
and surrounding areas suggests that tectonics were
relatively inactive during the Maastrichtian (Hammuda,
1980). (Figs. 7 and 12).

In the southern part of the Zaltan platform, Waha
Limestone is the principal reservoir in Al Wahah field
(Fig.15). Here it is composed of a skeletal calcarenite
onlapping the structurally high area and was subjected
to winnowing, creating excellent reservoir conditions.
It is restricted to the platform areas because of its

East
Zalian Platform — .,

Wost A1 Hagfak Trough

Al Herash Area

Fig. 9. Depositional model of Turonian Etel Formation
(schematic).

East

West Al Hagfah Trough — | ——— Zattanplatform——

Fig. 11. Depositional model of Campanian Sirte Shale
{schematic).

shallow - water, high- energy depositional
environment. (Wenneker er af, 1996).

Kalash Limestone is widely recognized over much
of the Sirt Basin and is well defined in its type section
at well E1-57. It is conformably overlies the Sirte
Shale and Waha Limestone and it is overlain by
Paleocene Hagfa Shale or Lower Sabil Carbonales.
Abundant foraminifera fauna defined its age and
indicated that the kalash Limestone was deposited in
an open sed, probably neritic conditions during
Maastrichtian age. Because of its widespread
distribution it has characteristic signature on the wire
line logs. For this reason it was used as the datum
line on the top of Kalash Limestone. Towards the
south, the Kalash Limestone is distal, more shaly and
it onlaps the southern shelf and gradually disappears
through non-deposition (Wenneker et al, 1996).
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DISCUSSION AND CONCLUSION

The distribution of the lithestratigraphic rock
units was related mainly to the palacogeography
of the pre-existing topography. They are: Pre-
Upper Crelaceous sandstone, evaporitic Turonian
Etel Formation, Coniacian / Santonian Rachmat
Formation (shallow open marine, slightly
protected). Campanian Sirte Shale (shallow
restricted platform). Maastrichtian Waha
Limestone (shallow carbonate platform). The
Paleocene and Eocene sequences comprise Hagfa
Shale, Beda and Khalifa formations, Zeltan
Limestone, Harash and Khier formations.

Shales and carbonates were deposited during all
stages of the Upper Cretaceous as a lateral time

equivalent facies. It was developed in the western
palaeotopography high of the Zaltan Platform area
towards the deeper trough, east of the Harash area.
Contemporaneous faulting assisted the thickening.
During the Upper Cretaceous time southward
advancing seas, encroached gradually on the Al
Wahah and Ad Deffah areas which remained
emergent until the end of Early Campanian time.
At the close of Santonian stage, the Zaltan
platform remained subaerialy exposed separating
the Ajdabiyah trough to the east from the Al
Hagfah trough to the west at an early stage of
their subsidence. The area of Al Wahah and Ad
Deffah fields existed at this time as an island or
peninsulas surrounded by Pre-Upper Cretaceous
sandstone (Nubian Sandstone) which was



Late Cretaceous Stratigraphy and Palaegeography of Zaltan Platform 31

B B
Al Hagfah trough > | < Zaltan platform
Al Wahah field
3M1-59 A76-59 A4-59 AB-59 3E1-59
O e o ° O
DATUM LINE K.B.630 '

1

T.D. 6990°

INDEX MAP
) ~ Kalash Ls
Waha Ls
| <o
» 2 \
= - l %, N\ Sirte Shale
) ]
Tantel © B B \
,E“_;’;': - 0 T" Rachmat Fm
g et o
SoATA c /
EEE“‘;E:; E; outhern shelf Bl
B3 A Pre-upper Cretaceous

Fig. 15. Cross-section across Al Wahah field, Zaltan platform,

deposited east of Ad Deffah-Al Wahah area and
south of Ad Deffah field. Furthermore, seas
advanced toward the south at the Early Campanian
stage resulted in a sea connection between
Ajdabiyah and Al Hagfah troughs.

During Late Campanian and Early Maastrichtian
times seas transgressed over Ad Deffah - Al Wahah
ridge and reworked pre-existing sands from high
areas and redeposited them as marine shoreline
calcareous sands.

During Maastrichtian time the sea continued to
transgress southwards onto the peninsula until Al
Wahah ridge was separated from Ad Deffah ridge
forming two separate islands, while the carbonate
belts around them grew narrower as the sea got too
deep for carbonate precipitation. Rudist carbonate
facies developed on the highs. These deposits are
well known as Waha reservoir facies in this area.

Sandstone

Basement
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Petrography of the Uppermost Bahi Formation in the West Az Zahrah (B) Field,
Az Zahrah - Al Hufrah Platform, NW Sirt Basin, Libya
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Abstract : The Bahi Formation is diachronous in
age, range from Cenomanian to Maastrichtian,
and occurs in the subsurface of the Az Zahrah -
Al Hufrah Platform in the western part of the Sirt
Basin. The Bahi Formation onlapping the Al
Hufrah Formation /Gargaf Formation and wedged
out against the Az Zahrah Palaeo-high area. The

*Petroleum Research Centre. P. Q. Box 4631, Tripoli, Libya.
E-mail: akhmuitah@yahoo.com

core samples from the studied wells record mainly
sandstones units interbeded with shales and thin
lavers of dolomites in some parts. The uppermost
portion of the formation is characierised by
abundant glauconite, suggestive of a marine
influence with an average thickness of about 30

feet (9 m). Petrographic investigation shows that

the rock compositions of the uppermost Bahi
Formation are mainly quartz with an average of
76%:; feldspars make up to 22% mostly potassium

feldspar (orthoclase and microcline) and minor
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plagioclase (oligoclase) and rock fragments. The
latter represent only 1.6% of the total rock
Sframework composition, as a result the uppermost
Bahi Formation is classified as subarkose to
arkosic-arenites. Accessory minerals such as
pyrite, mica, iron oxides, zircon tourmaline, rutile,
ilmenite and apatite are present in a minor amount.
Presence of several kinds of clay minerals such
as kaolinite, illite, and chilorite, in additional to,
other cements such as dolomite, calcite and
anfiydrite, forming and growing of these minerals
in-between sand grains, caused a noticeable
changes in the porosity of the studied part from
the formation.

INTRODUCTION

The Bahi Formation is present in the subsurface
of the northwestern margin of the Az Zahrah - Al
Hufrah region. The formation
consists of sandstones interbed-
ded with shale and with thin

Muftah Ahmid

anhydrite and proposed that it was derived from re-
working of craton basement and recycled sediments.
All previously mentioned authors concluded that the
formation is diachronous in age, and its bulk, initially,
was as an alluvial and fluvial deposits, which passes
into marine-influenced sediments in its uppermost
part.

The area of study extends between Az Zahrah
Palaeo-high at Az Zahrah “B” field to the east and
Zallah trough to the west (Fig.1). Core samples were
selected from the six bore holes: JJ1-32, Q1-32,LL1-
32, FF1-32, 111-32 and MM 1-32 (Table 1).

Detailed petrographical study for the uppermost Bahi
Formation in the study area is presented. Several
petrographical techniques are applied in studying the
selected samples and polished thin sections, such as
binocular and polarizing microscope examination,
scanning electronic microscopy (SEM). The percentage
of component minerals for each thin section was
calculated using an automatic point counter. As a result,

Table 1. Data base of the study wells; formation thickness, core lengths and number of
samples of the uppermost Bahi Formation.

laminae of dolomite in some in- Well name | Subsea depth Bahi Fm Thickness in ft. | Core length Samples *
tervals. It is unconformably un- J1-32 -3740°  to -3931 191" (58 m) 105" (3.2m) 3
derlain by Lower Palacozoic | g3, 3735 10 -3870 135 (@lm) | 2I' (65m) 10
quartzitic sandstone and in 7750 T s T T G0 205 (62.5m) | 15 (4.6 m) 8
some areas by basement rocks. = .

¢ . . 2 FF1-32 -3723  to -3895 172" (52.5m) 33" (0.0 m) 13
The formation is diachronous
with Cretaceous sediments and [i-32 =377 to -3866' 89" (27.0 m) 35" (10.7 m) 13
in..turn Overlﬂin Wlth [he Lale MM1-32 -3768' to -3831 83 {253 m) 30 (9] m) 11
Cretaceous marine sediments * The total samples include; 2 samples dolomite and 2 samples shale from 60
or Tertia]'y sediments in some FFl and LL1, and one shale sample from JJ1-32.

areas. The Bahi Formation is

equivalent to a number of formations, Maragh For-
mation in Amal platform and Basal Upper Cretaceous
sandstone in the Hameimat trough east of Sirt Basin.
The formation age, ranges from Cenomanian to
Maastrichtian (Baird, 1964). Barr and Weegar, (1972)
studied the stratigraphy of the Bahi Formation in the
Bahi oilfield and subdivided it into upper and lower
units. The uppermost part of the upper unit is domi-
nated by glauconite, which indicates marine environ-
ment. They have recorded, that the Bahi Formation
deposits vary in thickness from a few feet to more
than 400 feet, and are comprised of inter-bedded
sandstones, siltstones, shales and conglomerate. Later
work by Sghair, (1990 and 1996), presented a de-
tailed petrographic description of the Bahi Formation
in the Az Zahrah - Al Hufrah region, particularly in
the Babhi field, and classified the Bahi Formation as
subarkosic sandstone, cemented with carbonate and

rock framework minerals, porosity, matrix and cement
amounts and types were determined. Percentage
contents are expressed in terms of total rock composition
(TRC), and total rock framework grains (TRFW).

Geological Setting of the Bahi Formation

The Bahi Formation was penetrated in
Concession 32 in the Bahi field area and some parts
of the Az Zahrah region, in the northwestern part
of the Sirt Basin on high structural area called the
Az Zahrah — Al Hufrah Platform. The concession
is topegraphically higher than the surrounding areas
that border it to both west southwest and east
northeast; the subsurface strata also show thin
stratigraphic sections and shallow depths to
basement relative to those preserved on both
adjacent down thrown sides, the Zallah trough to
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the west southwest and the Maradah trough to the
east northeast (Fig. 1).

The thickness of the Bahi Formation varies from
a few feet to 400 feet (122 m). in the Bahi field area,
and is about 200 feet (61 m) thick in the south western
corner of the Concession -32, at the wells LL1 and
FF1-32. It wedges out against the Az Zahrah Palaeo-
high to the east at well B1-32 and B2-32 where the
Bahi Formation was absent due to non-deposition or
to exposing the region to strong erosional events
(Figs. 2 and 3). As a result the formation is diachronous
and is both overlain by/or equivalent to sediments ranging
in ages from Cenomanian to Maastrichtian, or may be
younger in some parts (Fig. 4).

PETROGRAPHY OF THE UPPERMOST
BAHI FORMATION

General Lithology Description

The uppermost Bahi Formation sandstones are:
whitish, grey, to light greenish in colour in hand
specimen. They are fine to medium, occasionally
coarse in grain size; sub-rounded to sub-angular,

occasionally rounded or elongate-shaped grains;
moderately to well sorted, but locally poorly sorted.
They are moderate to well indurated. Some horizons
display oriented grains, which may reflect the
direction of flow during deposition. Clay-rich and
carbonate-cemented units show random grain
orientation with lack of primary porosity. The
uppermost part of the sandstone units are thicker,
coarser and highly porous with less interstitial clay.

The dominant mineral is quartz followed by feldspar
with only minor amounts of rock fragments and micas.
Phosphatic fragments and glauconite grains are also
present in very small amounts at the upper contact
boundary and sparsely within some clay-rich samples,
but they are absent in the cleaner sandstone units.

Rock Framework Minerals Composition
Quartz

Both monocrystalline and polycrystalline quartz
grains are present throughout the formation.

Monocrystalline quartz: is the most abundant
framework mineral in the studied samples of the

o
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Fig.1. Shows the structural boundaries of the Az Zahrah-Al Hufrah platform and the location of the study area.
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Fig. 2. Shows the correlation between the srtatigraphic columns of the Zallah trough (HH1-32), the SW Az Zahrah (B) field and the

Az Zahrah palaeo-high at (B) field.

uppermost Bahi Formation. Table 2, shows the
percentage range in each well and indicates that the
average percent of total quartz ranges between 68.4
to 81.7%, with an average of 73.4% of the total
framework. The grains typically display weak
undulosity with rare grains that are moderately
undulose. Straight extinction is also rare. Grains
commonly contain trails of vacuoles and occasionally
microlith inclusions of tourmaline and rutile.

Polycrystalline quartz: is present in the
studied samples in minor content only making up
0.87 to 3.2% of the total rock composition with an
average of 1.47% (Table 3). The uppermost Bahi
Formation is characterized by fine to medium,
occasionally coarse polycrystalline quartz. With
increase in grain size the percentage of the
polycrystalline quartz also increases, ranging from
4.99% of total framework grains in the coarse to
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Table 2. Distribution of monocrystalline quartz (Qm) in the various wells (TRC; total rock
composition. TRFW; total rock framework).
Well name Qm 9% range (TRC) Aver. (TRC) Qm % range (TRFW) Aver. (TRFW)
JJ1-32 47.7 ta 55.7 52 73.72 10 87.03 81.7
Q1-32 20.7 to 61 43.3 58.46 10 87.7] 7542
LL1-32 33 to4l.7 37.1 63.64 10 74.86 68.44
11-32 373 w0533 46.3 61.39 to 83.56 73.87
FF1-32 37 to 44 39.5 62.08 to76.14 66.43
MMI-32 331052 43.3 61.97 10 82.14 74.52
Aver. all 34.8 to5l.1 43.6 63.54 10 81.99 73.40
Table 3. Shows distribution of the polycrystalline in comparison with grain size (TRFW; total
rock framework. TRC; total rock composition).
Well name Grain size Q Poly 9% (TRFW) Q Poly % (TRC) Chert % in (TRC)
1J1-32 Cto VC 4.99 3.2 0.3
QI1-32 Cio V (CF-VF) 2.50.73 0.87 0.3
LL1-32 F-M 1.46 0.95 0.4
111-32 F-V (FM-C) 1.182.9 1.19 0.13
FF1-32 F-M 2.37 1.36 0.1
MM1-32 F-VF (F-m) 1.381.17 0.73 0.2
Average 311 1.47 0.9
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high.

very coarse sands (JJ1-32), down to 1.17% in the
finer sands (MM1-32).

Feldspars

The uppermost Bahi Formation framework mineral
counts indicate that feldspar shows variation in
amount, which is the inverse of the quartz content
(Table 4) reflecting the fact that these are the two
dominant minerals in the sandstones.

The average percentage of the total feldspars in
the different wells of the total framework ranges
between 11.48% in JJ1 to 30.37 % in FF1-32, with
an average of 22.318%, (Table 4). Variation in
feldspar content may be related to variation in grain
size, percentage of primary cement and development
of secondary porosity. At the same time, back-
scattered electron image analysis shows that the
percentage of the feldspar present is often higher
than that established using point counting with the
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Table 4. The uppermost Bahi Formation framework grains in percent, (total quartz; Qt, total

feldspar; Ft, and total rock fragments; Lt).

Well name Average % of Average % of Average% of General classification
Qt in (TRFW) Ft in (TRFW) Lt in (TRFW)
J11-32 87.08 11.48 1.45 sub-arkosic arenites
Q1-32 77.96 18.79 3.25 sub-arkosic arenites
LLI1-32 70.82 28.18 0.99 arkosic arenites
1-32 75.9 22.13 1.97 sub-arkosic arenites
FF1-32 68.65 30.37 0.98 arkosic arenites
MM1-32 76.16 22.96 0.88 sub-arkosic arenites
Average 76.096 22.318 1.586 sub-arkosic arenites

petrological microscope. This can be as high as 20
to 30% more in some samples. In fact it is possible
that most of the samples are arkosic rather than
subarkose according to the classification by (Pettijohn
et al., 1987). This highlights the difficulty experienced
inidentifying some of the feldspars, particularly unaltered
orthoclase, which can be mistaken for quartz, and micro-
size grains, which may be too small to count.

Plagioclase: is found in all samples in small
amounts (Plate I -1); with average range of 0.6 to
1.7% of total rock volume.

Potassivm Feldspar: is more chemically stable
than plagioclase, and the most abundant feldspars,
consist mainly of microcline and orthoclase (Plate I-
2). The average percentage of potassium feldspar
ranges from 6.03 to 17.03% of total rock volume.

Perthite: is also present, some of the perthite-
sensu stricto the lamellae are well defined (Plate I-
3) whereas in the authigenic form the albite lamellae
tend to be much more irregular and often grade into
discrete patches or crystals of albite (Plate I-4). It
is considered that the detrital perthite is rare in the
samples whereas the authigenic form occurs in all

cored intervals, BEven so, the average percentage
per rock volume in the studied samples is very low,
and ranges from 0.18 to 0.37% of total rock volume.

Rock Fragments

The rock fragments form only a small proportion,
ranging between 0.49% to 1.96% with average of
0.97% of total rock volume, and between 0.49% to
3.25%, with average of 1.59% of total rock
framework (Table 5).

The abundance of the rock fragments is clearly
related to grain size; the coarse-grained sandstones
contain more lithic fragments than the fine-grained
sediments in which the fragments have been broken
down to their individual components. The most
common rock fragments are quartz grains with
inclusions of stable non-opaque minerals such as
tourmaline, zircon and rutile. These fragments could
be igneous or metamorphic. The estimated
percentage of this lithic type is about 40% of the
total average of rock fragments.

Metamorphic Fragments: Polycrystalline
quartz aggregates are fine to medium- grained and
rarely coarse in size and display sutured,

Table 5. Framework percentage of samples in the study wells, (Qm; monocrystalline quartz, Ft; total
feldspar, Lt; total rock fragments, L; rock fragments; igneous, metamorphic and sedimentary).

Well Qm % range Ft % range Lt % range Aver. L % Aver. L %
name (TRFW) (TRFW) (TRFW) (TRC) (TRFW)
J11-32 73.72 - 87.03% 7.09 - 19.63% 4.07 - 8.9% 0.93% 1.45%
Q1-32 58.46.- 87.71% 8.05 - 37.54% .16 - 11.44% 1.96% 3.25%
LL1-32 63.64 - 74.86% 20.29-33.27% 1.89 - 4.85% 0.55% 0.99%
I1-32 60.75.- 83.56% 10.17 - 35.05% 1.25 - 9.05% 1.26% 1.97%
FF1-32 53.66 - 76.14% 21.87 - 34.56% 1.04 -5.97% 0.6% 0.98%
MM [ 61.97 - 82.64% 16,5 - 35.06% 1.4 -4.57% 0.49% 0.88%
Average 73.40% 20.73% 3.68% 0.97% 1.59%
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Plate -1
Plate [-1.

Plate 1-2.
Plate 1-3.

Plate 1-4.
Plate 1-5.

Plate 1-6.

Muftah Ahmid

Fresh plagioclase with albite twinning (A), orthoclase: cloudy grain (O), MM1-32, 4645' (- 37402 ), 22' helow formation
top. Thin section XP x 20.

Microcline feldspar showing cross-hatch twinning. MM 1-32, 4737.5' (-3780.5' ), 12.53' below top. Thin section XP x 10,
Perthite: K-feldspar grain intergrowth with albite along cleavages. MM1-32, 4741 (-3783'"), 26' below formation top. Thin
section XP x 20,

Perthite: K feldspar intergrowth with albite in patchy form. 1J1-32, 4921' (3740'), 12' below formation top. BSE.
Polyerystalline rock fragments with elongated grains components and sutured grain boundaries. FF1-32, 4946' (-3699"), 22'
below formation top. Thin section, XP x10.

Igneous rock fragments: micrograph quartz: quartz intergrowth in mosaic texture with k-feldspare. Q1-32, 4889", 3' below
formation top. SEM (BSE).
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crenulated internal grain boundaries (Plate I-5).
Such grains, though they are rare, typically
metamorphic in origin. These types of fragments
make up about 15% of the total average lithic
fragments in the studied samples.

Igneous Fragments: A few rock fragments were
identified as igneous in origin. Some of these, identified
by Back Scattered Image, are polycrystalline quartz
with equant grains, granitic in character and consisting

of a mosaic texture of about equal percentages of

microcrystalline quartz and potassium feldspar (Plate
[-6). Others display micrographic textures (Plate II-
1) and still others show intergrowth of quartz and
perthite (Plate 1I-2). These kind of fragments make
up about 25% of the total rock fragments.

Sedimentary lithic fragments: They represented
the major rock [ragments detected in the samples,
make up about 60 %, or more of the total average
rock fragments. They are represented by detrital
carbonate aggregate (Plate II-3), mudstone
fragments, which are frequent in some sand
sequences, especially near sandstone/shale contacts
(Plate II-4). Siltstone aggregate (Plate II-5), and
chert, which is frequently present in minor amount in
some samples varying between 0.3 and 1% of total
rock volume, and between ().1 to 0.4 % of the total
rock composition ( Table 3} and (Plate II-6). Recycled
quartz grains are those derived from older sandstones

rather than igneous or metamorphic rocks, they can
be distinguished from first generation grains by the
degree of roundness and abraded overgrowth (Plate
II-1).

Inter-framework Material

The average of the total inter-framework materials
including (detrital and authigenic cements such as
(calcite, pyrite and iron oxides) are ranged from 18.78
to 33.28%, with an average of 20% of the total rock
composition.

Matrix: The uppermost Bahi Formation shows
that the framework grains in some samples are found
floating in the clay matrix in the clay-rich sandstones.
Here the matrix is mainly clay and microcrystalline
quartz with very fine feldspar grains (Plate I1I-2).
This clay is contemporaneous with deposition of the
sand-size grains or introduced soon after deposition.
In some samples, matrix is patchy, which may be
interpreted as squashed clay fragments. Clay minerals
are detected by SEM and XRD techniques in the
most of studied samples, which include kaolinite, illite
and traces of chlorite (Fig. 5).

Accessory Minerals

The topmost of the upper Bahi Formation samples
contain only very minor amounts of accessory

912.04

Cps

-3.317

0’00

Fig. 5. XRD diffraction patterns of MM 1-32, depth 4748’ , 23' below formation top. Displays illite(1), and kaelinite (K) and traces of chlorite
(C ). The sample treatment patterns are (black: air dried, blue: glycolation, pink: heating to 350" C and green: heating to 550°C).
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Plate-I1
Plate I1-1.

Plate 11-2.
Plate 11-3.
Plate 11-4,

Plare 11-5.
Plare 11-6.
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Micrographic quartz fragments, suggestive of igneous sources, MM1-32, 4753' (- 3796 ), 28' below formation top. Thin
section XP x 10.

Perithite-quartz rock fragments, suggestive ol igneous sources. MM1-32, 4753" (- 3796"), 28' below top. Thin section
XP x 20.

Phosphatic rock fragment of micro algae, displaying quasi-oolitic texture, marine sediment source. Q1-32, 4803' (-3742"),
7' below formation top. BSE.

Clast of silty clay fragments within fine sandstone. FF1-32, 4635 (3730"), 12' below formation top. Thin section
XP x 4.

Siltstone rock fragments, well rounded grains. Q1-32, 4895' (-3747'), 4 below formation top. Thin section X P x 4.
Chert rock fragments. Q1-32, 4907' (-3736"), 21" below formation top. Thin section XP x [0.
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minerals: iron oxides, zircon, tourmaline and rutile
with traces of apatite, glauconite, and ilmenite. They
show percentage variations range from 0.56 to
1.08% of the total average rock composition.

Mica: Both mica types (muscovite and biotite)
are present in the studied samples, as they are quickly
removed from their sources (metamorphic or
igneous), carried and deposited by various
depositional processes in sediments.

Muscovite: is the dominant type of mica in the
studied samples, especially in the fine sandstone and
clay-rich sequences (Plate I11-3). It varies in amount
from one well to another; the average value range
between 0.58 to 1.8%, with average of 1.31% of
total rock volume. The general indication is that the
percentage of muscovite mica flakes increases
gradually with decreasing sample grain size.

Biotite: it is present as traces in the topmost of
the upper Bahi Formation, mainly in the fine-grained
sandstone and in clay-rich sequences (Plate I11-4).
[tis rare in coarse grain size beds, high porosity zones,
and in the carbonates cemented units. This could be
related to strong diagenetic processes, which
occurred in these types of sequences, or to hydraulic
grain size/shape sorting and separation during
transport,

Glauconite: it occurs in the uppermost part of
the cores. In the well 111-32, at 4899 feet (1493.6 m);
4904 feet (1495 m) and 4907 feet (1496 m). In the
well Q1-32, at depth 4913 feet (1497.8 m). It occurs
in traces as small grains, especially in the clay-rich
laminae (Plate III-53).

Heavy Minerals

Two different types of heavy minerals; non-opaque
and opaque, were distinguished.

Non-Opagque Minerals: The non-opaque
minerals such as zircon, tourmaline, rutile and
apatite are present in minor amounts or as traces
in the cored intervals. Average percentages range
from 0.38, to 1.23, 0.56% of the total rock
compasition, with an average of 0.77% of total
rock composition.

Zircon: is the most abundant non-opaque heavy
mineral, representing about 60 to 70% of the total

percent of the non-opaque heavy minerals (Plate
ITI-6).

Tourmaline: it makes up the second most
common non-opaque mineral with an average ranging
from 10 to 20% of the total. It is common as inclusions
in quartz (Plate TV-1).

Rutile: is also present making up about 15 to 20%
of the total non-opaque heavy minerals. It occurs as
inclusions in quartz, as tiny single grains in the matrix
and in between expanded mica flakes in association
with kaolinite alteration (Plate IV-2),

Apatite: this is abundant in the contact zone
between the Sirte Shale and the Bahi Formation
where it replaces phosphatic fragments, and is also
present as traces in the uppermost Bahi Formation
samples (Plate TV-3).

Opague Minerals: are such as iron oxides
(heamatite, limonite and magnatite), which formed as a
result of oxidation of detrital iron-rich grains during or
after deposition. Pyrite which can be derived from
dissolved of rich sulphide-iron minerals, or from seas or
formations waters, this occasionally precipitates under
reduction conditions in marine environments (Berner ¢t
al., 1979). The uppermost Bahi Formation shows
presence of pyrite, iron-oxides and traces of ilmenite.

Pyrite: TIs found scattered in the most of the
uppermost Bahi Formation with average range from
0.2 to 1.9%. Most of the wells samples are much
the same value except for Q1-32, which shows very
low content. These may be related to the depositional
environments (Plates I'V-4 and 5).

Iron Oxides: are widely spread, usually as
coatings on the detrital grains or as authigenic
cements; they include haematite and limonite.
Haematite cement is present especially in middle and
lower parts, which suggests continental depositional
environments (Plate IV-6). The studied samples also
show limoenite, dark brown to yellowish in colour,
coating the detrital grains especially in areas
surrounding pyrite where it appears to be an alteration
product (Plate IV-4). The total percentage of iron
oxides is very minor ranging between .03 and 0.39%
of the total rock composition. MM1-32 samples have
the highest percentage distributed throughout some
samples and appear to be absent from FF1 and LLI-
32, well samples.
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Plate-IIT
Plate 111-1.

Plate 111-2.
Plare 111-3,

Plate 111-4.

Plare 111-3.
Plare 111-6.

Well rounded quartz grains suggesting recycled older sedimentary sources, shows also authigenic quartz overgrowth and
anhydrite cement. Q1-32, 4907" (-3756'). 21" below formation top. Thin section XP x 20.

Matrix and cements; very fine framework grains. Q1-32, 4886' (-3735"), at formation top. Thin section XP x20.
Mica flakes bending in between detrital quartz grains due to sediments compaction. Q1-32, 4913 (-3762"), 27' below
formation top. Thin section XP x10.

Biotite akes bending in between detrital grains. MM 1-32, 4741 (-3784") 16' below formation top. Thin section
XP x10.

Glaoconite grain Q1-32, 4913" (-3762"), 27" below formation top. Thin section XP x20.

Zoned zricon in subrounded crystal shape probably recycled. Q1-32, 4505 (-3754", 19" below formation top. Thin
section XP x10.
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Plate -IV

Plate IV-1. Tourmaline inclusion in quartz. Q1-32, 4889' (-3738'), 3' below formation top. Thin section XP x10.

Plate IV-2. Needle-shape rutile crystals inclusion in quartz grain. FF1-32, 4645' (-3740", 22" below formation top. Thin section XP
x10.

Plate IV-3. Phosphate — apatite fragment. LL1-32, 4850" (3740"), 15' below formation top. BSE.

Plate IV-4. Discontinuous laminae of pyrite and authigenic limonite. MM1-32, 4729.2" (-3772.2"), 4.2' below formation top. Thin
section XP x20.

Plate IV-5.  Authigenic formboidal pyrite. FF1-32, 4628' (-3723') at top. SEM.

Plare IV-6. Haematite cement locally precipitated between and around the detrital grains. Q1-32, 4893' (-37442 ), 9 below formation
top. Thin section XP x20.
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Fig. 6. QLF diagram (after Pettijohn, 1987). for the framework grain composition of the uppermaost Bahi Formation samples from the
study area wells (JJ11-32, Q[-32, LL1-32, I11-32, FF1-32 and MM 1-32. All the samples fall within subarkosic and arkosic fields (Qt:

total quartz, F: total feldspars, L: total rock Iragments).

Hmenite: It is present in traces as single and
skeletal erystals (Plate V-1).

I' ‘lomite-Rich Units

The uppermost Bahi Formation contains a few
thin beds of dolomite and some sands rich in
carbonate cement. The dolomite beds range in
thickness from 2 to 4 inches (5-10 c¢m), inter-
bedded with the sandstone sequences, in which
carbonate (dolomite and calcite) cement fills the
porespace between the framework grains and
crystals. The dolomite beds occur in well LLI-
32, two dolomite thin beds were noted at depths
4850.9 ft and 4852.2 ft (1478.9 and 1479.3 m). In
well FF1 dolomite laminae occur at depth 4631 ft
(1411.9 m). The deolomite in these thin beds is
crypto to microcrystalline, showing almost idiotopic
crystals textures with some xenotopic textures

(Plate V-2). Widely dispersed, small patches of
pyrite occur throughout the beds or as infills of

fine fissures, quartz and feldspar grains are
scattered through the beds.

Porosities

Primary Porosity is not easy to detect primary
porosity in the upper Bahi Formation as the sediment
has been subjected to a range of diagenetic processes.
As a result primary porosity may have been
completely plugged by authigenic cements
precipitated on detrital grains with interlocking texture

(Plate V-3), or by pore-filling cement, which may
display detrital grains floating in cements such as in
carbonate (Plate V-4). Partial reduction of primary
porosity is indicated by precipitation of authigenic
cements associated with free pore space (Plate V-
5). Enlargement of primary porosity is indicated by
alteration and dissolution of detrital grains and matrix
(Plate V-6). These changes may be classified as
secondary porosity.

Uppermost Bahi Formation Classification

Applying the classification maodel find by
(McBride, 1963) and modified by (Pettijohn et al.,
1987), the uppermost Bahi Formation studied samples
show that 32 samples out of 55 (58%) of the studied
samples fall in the sub-arkosic arenite field, and 23
samples (42%) fall in the arkosic arenite field (Fig.
6). The uppermost Bahi Formation may be classified
as sub-arkosic to arkosic-arenite sandstone.

CONCLUSION

The Bahi Formation consists of sandstone
sequences interbedded with shale beds, the formation,
subdivided to upper and lower units, was deposited
mostly under continental conditions. The presence
of glauconite in the uppermost part of the upper unit
is suggestive of a marine influence. The petrographic
investigations of the uppermost Bahi Formation leads
to the following conclusions:
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Plate -V

Plare V-1, llmenite mineral structure Q1-32, 4893' (-3742"), 7' below formation top. SEM.

Plate V-2. Dense crypoterystalline dolomite laminac with fissures [illed with relatively coarser idiolopic dolomite crystals, partially
replaced by authigenic pyrite. Q1-32, 4895' (-3744"). 9" below formation top. Thin section XPx4.

Plate V-3, Authigenic quartz overgrowth and kaolinite completely filling the pore space between the detrital grains, FF1-32, 4651
(-3746'), 23' below formation top. SEM.

Plate V-4, Framework grains floating in early poikilotopic calcite cement, shows corrosion of quartz grains margins. J11-32,
4824" (-3755"), 15" below formation top Thin section XP x 10.

Plate V-5, Authigenic kaolonite pore [illing partially occupied part of intergranular porosity, LL1-32, 4856' (-3747", 7' below
formation top. BSE.

Plate V-6, Porosity enlargement due to dissolution of matrix and unstable grains. MM 1-32, 4784" (- 3791'). 23’ below formation lop.
Thin section XP x20.
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Monocrystalline quartz is the dominant mineral in
the uppermost Bahi Formation. It represents up to
70% of the total rock framework; feldspar minerals
represent the second mineral represents about 22%
and rock fragments display only minor percent. Main
feldspar mineral is potassium feldspar (orthoclase and
microcline), and less amounts of plagioclase (albite
and oligoclase). Perthite grains are largely authigenic,
with intergrowth in irregular and patchy forms rather
than in a regular pattern within and parallel to the
cleavages. In general SEM (BSE) investigation shows
that the percentages of feldspars are much higher
than the calculated percent by automatic Point
Counter, these will affect the classification of the
formation.

Rock fragments represent only a minor
component, most of these are extrabasinal but some
siltstone and mudstone fragments are almost certainly
intraclasts formed as rip-up clasts from underlying
beds. The presence of polycrystalline aggregates,
and other rock fragment is highly contrelled by grain
size; coarse sandstones display higher percentage of
coarsely crystalline fragments than the finer ones.

The common accessory minerals include mica
(muscovite and biotite), non-opaque minerals (zircon,
tourmaline and rutile); and opaque minerals (iron
oxides and ilmenite) are present in trace amounts.
The study shows only traces of glauconite, even
though the cores are taken near or at the topmost of
the upper Bahi Formation, which is described in the
literature as glauconitic. The fact of low amount of
glauconite in the samples can be related to diagenetic
alteration processes. Glauconite is best seen in the
well LL1-32 samples, where its presence, in addition
to dolomite beds, support the idea that the uppermost
part of the Bahi Formation was deposited in marine
depositional environments and it is approximate
thickness is about 30 feet. These show some
differences from the pervious studies, which
determined the thickness of these marine sediments
with about 20 feet.

Matrix is well developed in some units and
comprises 4 mix of clay minerals, fine grained quartz,
feldspars and other minerals. Illite and kaolinite are
the dominant clay minerals, whereas few samples
indicate the presence of traces of chlorite. The
primary porosity is hard to distinguish from the
secondary porosity as the formation had been
subjected to a complex diagenesis processes. As a
result the uppermost Bahi Formation can be classified
as subarkosic to arkosic - arenite.
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Controls on Porosity and Permeability of the Lower Cretaceous Nubian Formation
Reservoir, Abu Attiffel Oil Field, Eastern Sirt Basin, Libya.

Milad M. Ben Rahuma*
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Abstract: The Lower Cretaceous Nubian designated to explain the present characteristics

Formation forms the basal part of the sedimentary
sequence in Abu Attiffel oil field. It is
unconformably overlain by Upper Cretaceous
clastic rocks (Member VIII of Rakb Group.) and
the lower boundary is not reached. The Nubian
Formation represents fluvial deposits of braided
and meandering river systenis.

On the basis of detailed petrographic analyses
several controls on porosity and permeability are

* Petroleum Research Centre, P.O. Box 6431, Tripoli. Libya

of the Nubian reservoir in Abu Autiffel oil field.

Primary controls, represented by the variation
in the primary sedimentary texture of the facies,
show a clear regular relationship to porosity and
permeability values distribution. The highest
porosity and permeability are present in the
braided river and point bar deposits and, in
contrast, the overbank deposits have lower
porosity and permeability.

Secondary controls are represented by the
product of the diagenetic processes particularly
cements (silica, dolomite and clavs) and
dissolution of unstable constituents (feldspar and
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matrix). The porosity and permeability in the upper
part of the reservoir (braided river deposits) are
mostly reduced by precipitation of silica, ferroan
dolomite, and formation of kaolinite, whereas in
the lower part of the reservoir (meandering river
deposits) they are mostly reduced by quartz
overgrowth, and formation of authigenic chlorite
which can have a remarkably important effect in
reducing the permeability. With further burial
significant dissolurion of feldspar, some
authigenic cements (kaolinite), and matrix
generate secondary porosity and enhance the
permeabiliry.

INTRODUCTION

The Abu Attiffel oil field is located on the
Hameimat Trough, eastern Sirt Basin (Fig. 1) where
the Nubian Formation and its equivalent strata have
yielded major hydrocarbon production in addition to
the Sarir and Messlah fields (Abdulgader, 1996). The
stratigraphic sequence and lithofacies analysis of the
area have been generally described (Hea, 1971).

The Nubian Formation forms the basal units of

the Abu Attiffel oil field sedimentary sequence which
is subdivided into three members (Fig. 2). The Upper
and Lower members of the Nubian Sandstones
represent braided and meandering river systems,

Abu Attifel Field [ W s

Fig. I. Location map of the studied wells.

whereas the middle member Nubian Shale represents
shallow lake or lacustrine flood plain deposits. This
formation is unconformably overlain by Upper
Cretaceous clastic rocks (Member VIII of Rakb
Group.) and the lower boundary is not reached.
However, in a nearby well (Y1-80), the Nubian
Formation overlies the basement rocks of igneous
and metamorphic origins.

This study investigates the controls on porosity
and permeability of the Nubian Formation. In order
to achieve this objective one hundred and twelve thin
sections were made from conventional cores
recovered from A61-100 and A67-100 AGIP wells.
Petrographic analyses revealed the existence of
several diagenetic events which may explain the
present characteristics of the reservoir.
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Fig. 2. Generalized composite section of  Nubian Formation,
compiled from final well logs of the wells A61-100, AG4-100
and Y1-80.
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Geological Settings

The Sirt Basin is tectonically a northwest-
southeast elongated basin or embayment in which
the major structural features trend northwest-
southeast. Several trending faults in the basin
probably reflect the original basement block-faulting
and subsequent movement along these faults
(Goudarzi, 1980).

Early Cretaceous rifting in the Sarir and Al
Hameimat zone in the south of the Sirt Basin,
therefore, formed E-W and ESE-WNW trending
basin. The trend of these rifts was largely controlled
by the craton margin-parallel basement faults of the
north African megashear zone, which were in turn
strongly influenced by Hercynian structural trends
(Anketell, 1996).

Controls on porosity and permeability

The study of selected rock samples of the A61-
100 and AG7-100 wells suggest that the primary
depositional facies were considered the predominant
control on porosity and permeability distribution (Ben
Rahuma, 1997). The relationship of porosity and
permeability, however, appears to have been affected

by diagenetic processes, namely, formation of

authigenic cements and clays, and porosity
enhancement by dissolution of unstable minerals and
microfracturing.

Primary Controls

On the basis of primary sedimentary texture
variations; the facies types show a clear linear
relationship to porosity and permeability distribution.
The highest porosity and permeability values are
present in the braided river and point bar deposits.
This phenomenon is due to the fact that these
sandstones are coarse grained, with typical moderate
to good sorting characteristics and low detrital clay
content.

In contrast, the overbank deposits have low
porosity and permeability values owing to their
poor sorting and moderate to high detrital mud

t=
content (Fig. 3a).

Secondary Controls
Further controls to primary sedimentary texture

(grain size, sorting and matrix content) seem to have
affected porosity and permeability development,

These are represented by several diagenetic features,
observed in thin sections which have played a
significant role in modifying the original porosity and
permeability. The most important of these [eatures
are compaction, cementation and dissolution.

Several signs of compaction in the formation were
observed, and appear to have reduced the porosity.
Many thin sections display the effect of pressure
solution on sand grains in contact, where grains initially
with point contacts changed to concave-convex, or
sutured contacts and sometimes stylolitic (Fig. 3b and
5a). Permeability has also been reduced by pore
throat narrowing and squeezing of clay and labile
grains.

Authigenic cementation: The most common
authigenic cements in these sandstones are silica
overgrowths and carbonates, with less important
ones such as anhydrite, barite and pyrite. The net
effect of all these mineral cements has diminished or
nearly completely destroyed the primary intergranular
porosity.

Authigenic quartz: Abundant authigenic cement
throughout the formation shows a clear inverse
relationship to the detrital mud content and is strongly
controlled by the sorting of the sediments. Quartz
overgrowth is the most common type of porosity
destroyer in sandstones, particularly in braided river
and point bar deposits (Fig. 3c and d). There is,
however, sufficient porosity remaining even at deep
burial depth, but the permeability decreases
dramatically, owing to plugging of pore throats by
silica cement (Fig. 3d).

Carbonate cement: 1t is the second common type
of cement mostly found in the braided river deposits.
It occurs as typically rhomb-shaped crystals which
caused reduction of the intergranular and dissolution
porosities (Fig. 3e and [).

Authigenic anhydrite, barite, and pyrite: They
occur as scattered traces of cement in the studied
section causing negligible diminishing of porosity.

Authigenic clays: Authigenic clay minerals show
a wide distribution in the studied sandstones. Kaolinite
and chlorite occur as late pore filling minerals (Fig.
4b and c), and chlorite is found also as pore lining
(Fig. 4a). The presence of these authigenic clays have
destroyed part of the effective porosity and drastically
reduced permeability. Initial examination of the
petrographic data suggests that no clear trend exists
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Fig. 3. A) An immature and poorly sorted texture, containing very high amount of matrix, has often inherited precipitation of authigenic
cement, AG7-100 well, 1472ft. B) Solution seems (low amplitude stylolites). This is formed during compaction of relatively uncemented
material until relatively late in its diagenitic history, A67-100 well, 13976ft. C) A authigenic quartz cement (note cuhedral crystal faces),
in which a significant amount of pore space has been filled, A67-100 well, 13971fr. D) Advanced stage of silica cementation completely
obliterating intergranular porosity, A67-100 well, 14052ft. ) Authigenic cementation, fertoan dolomite associated with anhydrite. In
this case the dolomire is well recognizable by its thombic oudine, and sharply defined zonation. Ferroan dolomite is stained blue by
Alizarin Red, and anhydrite remains unaffected (arrows), AG7-100 well, 13944ft. F) Complex cementation. Quartz overgrowth formed
as the first generations of cement were followed by ferroan dolomite. The ferroan dolomite marginally replaced the overgowth and both
filled the porosity, AG7-100 well, 13949ft. All of these figures are mken in plain light.
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Fig. 4. A) Authigenic chlorite (as fibrous crystals), here seen pore filling and pore lining, clearly has destroyed the porosity and reduce the
permeability, A61-100 well, 13902ft. B) Authigenic chlorite (here as plate like erystals), seen as pore filling, clearly destroyed the porosity,
AG7-100 well, 13982ft. C) Authigenic kaolinite cementation, here seen as pore filling completely is obliterating the porosity, AG7-100
well, 13958ft, 1) Enlarged view of the outlined area in the previous figure, showing more detailed crystal morphology of the kaolinite.
This view showing micro-porosity of the kaolinite that has been complerely filled by bitumen. E) Authigenic pyrite cementation,
completely filling the intergranular porosity and replaced the matrix and detriwal grains, A61-100 well, 14729f. [} Ferroan dolomite
filling fracture. This fraceure may have formed at a relatively late during burial and has been completely healed by growth of dolomire
cement, AGT-100 well, 13944ft. All of these figures are taken in plain light, except of the fipure E wken in reflected light,
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between the distribution of authigenic clay minerals
and porosity.

Porosity Enhancement: At effective burial
secondary porosity was created by the dissolution of
unstable constituent, particularly those of feldspar
grains, rock fragments, matrix and authigenic cement
(Fig. 5b 1o I). The dissolution of these unstable
constituents highly enhanced the porosity, which later
was reduced again by precipitation of a second phase
of authigenic cement (ferroan dolomite, anhydrite,
barite, and pyrite) and clays (chlorite and kaolinite)
which were produced relatively during a later stage
of diagenetic history.

DISCUSSION AND CONCLUSIONS

Authigenic kaolinite is characteristic of the braided
river facies. The braided river deposits usually reflect
depositional processes of high energy which were
probably directly affected by the tectonic activity of
the area during deposition. This allows feldspar grains
to be aggregated in a higher amount than that in
meandering river deposits. These feldspar grains
appear to be completely alterated to authigenic
kaolinite and can have a remarkable effect in
reducing both porosity and permeability.

Authigenic chlorite is characteristic of the
meandering river facies. It is clearly seen from the
petrographic study of this facies that the chlorite is
produced mostly from the alteration of the detrital
mud, which is more abundant in the meandering river
deposits. The distribution of authigenic clay minerals,
therefore, is suggested to have been conirolled by
the variation of primary sedimentary texture and
mineral content.

Most of the porosity is suggested to have been
generated during burial by effects of carbonic acid.
Burial and thermal maturation can cause
decarboxylation of organic material, generating
carbon dioxide (CO,), which may combine with
subsurface water to form carbonic acid (H,CO,),
hence lowering the pH of the pore fluids and
increasing the potential of the dissolution (Brown et
al, 1989). The dissolution processes are directly
related to the ability of formation fluid to move
through the formation, Therefore, the dissolution
processes are directly controlled by the primary
sedimentary texture and burial rate through time. The
overbank facies ol meandering river deposits,
characterized by high detrital mud content, prevents

the movement of formation fluid and, therefore, less
early diagenetic cementation and dissolution
processes effect is expected. The braided river and
point bar deposits containing little detrital mud and
showing better sorting, render the dissolution
processes more effective to enhance the porosity.

The cement and matrix dissolution porosities were
mostly found in braided river deposits and were less
abundant in point bar deposits, whereas intergranular
and micro porosities were found more commonly in
the overbank of meandering river deposits.
Therefore, the braided river and point bar facies
represent the best reservoir properties and form the
main reservoir in the field.

The Lower Nubian Sandstone member is more
affected by authigenic cementation processes than
the Upper Nubian Sandstone member, and less
affected by dissolution processes. Therefore, the
Upper Nubian Sandstone member represents the
main reservoir of hydrocarbons in the field.
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Fig. 5. A) Intergranular porosity confined by quartz overgrowth and physical grain compacton, AG1-100 well, 13946ft. B) Chanalized
porosity. This porosity have resulred from subsequent dissolution of matrix and authigenic cementing material has left inrerconnected
pore spaces (appear mauve to blue coloured), AGT-100 well, 140781t €C) Partial dissolurion of detrital quarez grain and quartz overgrowth
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original grain morphology, AO7-100 well, 140486, F) The same phenomenon as in previous view, AGL-100 well, 138911, All of these
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Three New Ostracode Species of Buntonia and Protobuntonia from the
Upper Cretaceous of Iraq

Jenan M. Taha Al-Bashir*

FEPCLI PRURY TP CONVERRTE JL 00 || FLITARNS ST PRV L

setiall ahe sans lin

iy S Lagtiagis g (gadiy nl Ligting (glanll ) Ligts oo laST il diill
£ LY it Lalpa ] L] s Lo ol pals cgplall el S Sl o ot gl dl (] g3 Cyas o3

Abstract: Buntonia ibnalbaitari, and Buntonia

ibnrushdi, two new Ostracode species of

Buntonia, and Protobuntonia khasibaensis, a new
species of Protobuntonia, are recorded from the
Upper Turonian-Santonian formations of central
and southern Irag. Buntonia ibnalbaitari is also
Jound in the Upper Cretaceous (Coniacian -
?Santonian) of Iran. Their taxonomy have been
studied in detail and stratigraphic ranges and
occitirences have be discussed.

INTRODUCTION

The material examined in this study comes from
subsurface cuttings and cores obtained from two
drilling oil wells by the Iraqi National Oil Company,
South Rumaila well-104, and East Baghdad Well-3;

*0il Research and Development Centre, Baghdad - Iraq.

and three wells of the Basrah Petroleum Company
(B.P.C.), Ghalaisan Well-1, Safawi Well-1, and Kifl
Well-2 (Fig. 1). The samples studied are taken from
the Upper Cretaceous Formation of the Khasib shaley
and detrital limestones, the Tanuma fissile shale, and
the Sadi marly limestone. The Khasib Formation is
underlain uncomformably by the Mishrif or Kifl
formations,

The Upper Cretaceous sequence is marked by a
faunal break indicated by a first appearance of many
ostracode genera and species, some of which are
new, such as the new species of Buntonia and
Protobuntonia: and disappearance of the older
genera and species of the underlying strata of
Cenomanian-Lower Turonian age.

The new species are described in details and their
stratigraphic ranges are discussed (Fig. 2).

Repository

The Holotype specimens and the paratype
specimens have been deposited with the author’s
collections. An internal catalogue numbering system
has been used for these specimens.
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Systematic Description:

Subclass OSTRACODA Latreille, 1806
Order PODOCOPIDA Muller, 1894
Suborder PODOCOPINA  Sars, 1866

Superfamily CYTHERACEA
Family TRACHYLE-
BERIDIDAE

Baird, 18350

Sylvester-
Bradley, 1948
Subfamily BUNTONINAE  Apostolescu, 1961
Genus Buntonia Howe, 1935

Buntonia ibnalbaitari sp. Nov. pl. 1, figs. 1-7.
1973-Buntonia IRC , Grosdidier, pL.8, fig. 70 a-e

Material: Total namber of specimens are six. In
Kifl Well-2, five specimens from the Tanuma
Formation; In South Rumaila Well- 104, one specimen
has occurred in the base of the Sadi Formation.

Name: is named with reference to Abd Allah Ibn
Al-Baitar , the celebrated Arab botanist in the twelfth
century, who wrote two books which have made his
name famous.

Diagnosis: A species of Buntonia with a smooth
surface; three longitudinal ridges, the ventral being
thick, a fourth short ridge is present between the

UPPER CRETACEOUS

UPPER CONIACIAN
TURONIAN | owER | UPPER

SANTONIAN

KHASIB

|

TanuaMa | SADI
|
I

e ——

B. ibnalbaitari

B.ibnrushdi

3A0OYYHILSO NOLVYWYHOL| 39VLS HO0d3

Pr.Xhasibaensis

Fig. 2. Stratigraphic range chart ol Bintonia ibnalbaitari, bintonia
ibnrushdi and Protobuntonia khasibaensis.

median and the ventral ridge; one eve tubercle; a
very narrow depressed anterior behind and parallel
to the distinct anterior marginal area.

Holotype: Femal carapace, BM(NH)OS512940,
pl. L, fig.1.

Paratype: 1.'T. 121, and H.T. (123-124).

Type locality and horizon: Kifl Well-2; Tanuma
Formation, Upper Coniacian, at depth of 4370 ft.

Stratigraphic range: Upper Coniacian —
Santonian.

Description: Carapace small, pear-shaped in
lateral view. Greatest length is about the middle.
Anterior margin is broadly and evenly rounded;
posterior margin truncates in left valve, subrounded
in the right valve. Dorsal margin is nearly straight;
ventral margin is slightly coneave typically turned
upwards at posterior end. Left valve with pronounced
posterior margin truncates in left valve, subrounded
in the right valve.

Dorsal margin is nearlyh sraight; Left valve with
pronounced posterior cardinal angle. No eye tubercle
could be observed. The left valve is larger than the
right.

A distinct and thickly developed marginal rim
extends around the anterior margin continuing along
the ventral margin. A very narrow depressed anterior
area is present behind and parallel to the anterior
margin rim.
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Plate -1

Buntonia ibnalbaitari sp. nov
All specimens are from the Tanuma Formation of Kifl Well-2.

Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.
Fig. 5.
Fig. 6.
Fig. 7.

Female carapace, left valve, external, lateral view, (holotype OS 12940); stereoscopic paired photographs; 4370 fi; x103.

female carapace, right valve, external, lateral view, (paratype I.T. 123); stereoscopic paired photographs; 4380 ft. x104.
Female carapace, left valve, external, lateral view, (paratype J.T. 123); stereoscopic paired photographs; 4380 ft, x104.
Female carapace, right valve, external, lateral view, (paratype J.T. 124); stereoscopic paired photographs: 4375 ft; x104.
Female carapace, external, dorsal view, (paratype L T. 124); 4375 f1; x92.

Female carapace, external, ventral view. (paratype J.T. 123): 4380 ft; x90.

Female carapace, external, ventral view, (paratype J.T. 121); 4360 fi: x92.
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Main surface ornamentation consists of three
pronounced longitudinal ridges; dorsal, median and
ventral. The ventral ridge is thick and slightly swollen,
begninning in the antero-ventral area, and fading at
about three quarters of the length towards the
posterior. A fourth short ridge present between the
median and ventral ridges and bears a prominent pore
cone.

The areas between the longitudinal ridges appear
compressed. The entire surface of the carapace is
smooth; a few very small pore cones and papillae
are present in the posterior area at the ends of the
median and ventral ridges, with faint ones in the
anterior area and no internal details were seen.

Dimensions: (in mm)
L. H. W, L/H.
BM(NH)OS 12940 Female 0490 0315 0260 1555
(Holotype)

JT.121 Female 0490 0330 0240 1484
JT 123,124 Female 0490 0333 0260 1484
Discussion

Grosdidier (1973) illustrated forms which he called
Buntonia IRC,, from the Santonian-Coniacian ? of
the Coastal Fars Province in Iran which are identical
to Buntonia ibnalbaitari sp. nov.

Occurrrnce

This species is known from the Upper Coniacian
of Kifl Well-2, Santonian of South Rumaila Well-104;
and from the Coniacian ?- Santonian of the Coastal
Fars Province in Iran.

Buntonia ibnrushdi sp. nov.
PL 2, figs. 1-6

Name: Named after Abdul-Walid Ibn Rushid, a
great Arab philosopher of Spain and who was
celebrated in mediaeval Europe as Averrose of the
twelfth century.

Diagnosis: A species of Buntonia with
longitudinal rows of puncta in the central area; the
rest of the valve is smooth. The eye tuberule is
weakly developed. A slight ventral-lateral swelling
is present. A thin marginal rim is present along the
anterior and ventral margin. A distinet small node is
situated on the poistrrior cardinal angie of the left
valve.

Holotype: Male carapace, BM(NH) OS 12966,
pl. 2, figs. (1-2)(5-6).

Paratype: 1.T. 126 — 1.T. 127.

Material: Atotal of 6 specimens have been found
in the South Rumaila Well-104. five specimens {rom
the Sadi.Tanuma and Khasib Formations, and one
specimen fraom the uppermost beds of the Mishirf
Formation(as contaminant).

Type locality and horizon: South Rumaila Well-
104. Khasib Formation, Upper Turonian, depth of
2416m.

Stratigraphic range: Upper Turonian-Santonian.

Description: Carapace pyriform , male more
elongate; greatest length passes through the central point.
Anterior margin is broadly rounded; posterior margin is
truncate; dorsal margin is slightly sinuous; entral margin
is almost straight to weakly concave, with a very faint
convexity centrally in the male. Dorsal and ventral
margins converging strongly towards the posterior.
Posterior cardinal angle of left valve is distinct and bears
a small node. The left valve is larger than the right.
The eye tubercle is weakly developed. Sexual
dimorphism is pronounced. The central area appears
swollen. A thin marginal rim is present along the anterior
margin continuing along the ventral margin to the
postero-ventral corner. The lateral surface has 7-9
fongitudinal rows of pits or puncta in the central area of
the valve; faint ribbing is developed between the median
and ventrally placed puncta. A slight ventro-lateral
swelling is present; the rest of the surface is smooth. In
ventral view the ventro-marginal rim is seen. Internal
details could not be observed.

Dimensions: (in mm)

L H. W L/H.

BM(NH)OS 12940 Female 0.630 0330 0260 1.909
(Holotype)

JAL127 Female 0540 0305 0282 1.770

JT.130 Female 0.610 0380 0305 1.605

Discussion

The species described by Sayyab (1956) as
Eohuntonia Seminuda from the Upper Cretaceous
strata of the Arabian Gulf Coast shows a close
resemblance to Buntonia ibnrushdi sp. nov. in shape
and outline, but differs in details of surface
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Plate - 11

Buntonia ibnrushdi sp. nov.

All speciments are [rom the Khasib Formation of South Rumaila Well-104.

Fig. 1. Male carapace, left valve, external, lateral view, (holotype OS 12966); stereascopic paired photographs; 2416 m; x79.
Fig. 2. Male carapace, right valve, external, lateral, view, (holotype OS 12966); stereoscopic paired photographs; 2416 m; x81.
Fig. 3. Female carapace, left valve, external, lateral view, (paratype J.T. 127); stereoscopic paired photographs; 2416 m. x95.
Fig. 4. Female carapace, right valve, external, lateral view, (paratype JL.T. 127); stereoscopic paired photographs; 2416 m; x94.
Fig. 5. Male carapace, external, dorsal view, (holotype OS 12966); 2416 m; x72.

Fig. 6. Male carapace, external, ventral view. (holotype OS 12966); 2416 m; x73.
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ornametation. Buntonia ibnrushdi sp. nov. has been
placed in Buntonia on the basis of its external
characters, no internal characters could be observed
in these species so the possibility of a new genus is
left for future investigation.

The species illustrated by Grosdidier (1973) as
Buntonia IRE, from the Coniacian? of the Coastal
Fars Province of Iran resembles Buntonia ibnrushdi
sp. nov. in shape, general outline, in having a
compressed anterior area; but differs in having a
completely smooth lateral surface.

Occurrence: Known so far from the Upper
Turonian-Santonian and as contaminants in the
uppermost Lower Turonian of South Rumaila Well-104.

Genus Protobuntonia Grekoff, 1954
Protobuntonia khasibaensis sp. nov.

Name: After the Khasib Formation.

Diagnosis: A small species of Protobuntonia with
a punctate surface except for a smooth area at the
posterior, a very feeble eye tubercle with a shallow
short sulcus behind it, a narrow shallow sulcus
borders and parallel the wide antero-marginal zone.

Holotype: Female carapace, BM (NH) OS
12941, pl.3, fig. 1.

Paratype: J.T. 129 — J.T. 130.

Material: 4 specimens from the Khasib
Formation of South Rumaila Well-104.

Type locality and horizon: South Rumaila Well-
104; Khasib Formation, Upper Turonian, depth of 2408m.

Stratigraphic range: Upper Turonian — Lower
Coniacian.

Description: Carapace small, elongate to
subtriangular in lateral view, maximum length at about
the middle, maximum height in front of the middle.
The dorsal margin is nearly straight; the ventral
margin is slightly concave; both margins converge
towards the acutely pointed posterior end. The
anterior margin is broadly and evenly rounded. The
postero-cardinal angle is curved and distinct in the
left valve, less distinct in the right, The eye tubercle
is very feebly developed. The left valve is larger
than the right, with overlap strongest anterodorsally,

posterodorsally at the upper part of the posterior
margin and along the ventral margin.

The lateral surface is punctuate except for a
smooth area at the posterior. A very narrow shallow
sulcus borders the wide anteromarginal zone parallel
to the margin, another narrow sulcus parallel to the
posterior margin bounds the smooth posterior marginal
area, especially in the ventral part. A shallow sulcus
lies just behind the feeble eye tubercle. The internal
features could not be observed.

Dimensions: (in mm)
| 12 H. W. L/H.
BM(NH)OS 12941 Female 0630 0380 0305 1.657
(Holotype)
1T 129 Female 0.630 0380 0305 1657
JT. 130 Female 0610 0380 0305 1.605

These species seem to be females rather than
males when compared with other species belonging
to Protobuntonia.

Discussion

Protobuntonia semmamaensis Bismuth and Le
Fevre (1981) recorded by Bismuth et al. (1981) from
the upper part of the Lower Cenomanian to Middle
Cenomanian of Tunisia is similar to Profobuntonia
Khasibaensis sp. nov., but the latter differs in having
a more pointed posterior end, more distinct posterior
cardinal angle, broader and evenly rounded anterior
margin, wider anterior marginal zone with smaller
punctuation, and the overlap is stronger anterodorsally.
This species may be descended from the older
Protobuntonia semmamaensis. Protobuntonia
numidica Grekoff (1954) illustrated by Van Bold
{1964) from the Santonian of Egypt, and by Reyment
and Elofson (1959) who designated it as Buntonia
(Protobuntonia) mumidica (Grekoff) from the
Santonian of Tunisia, shows some resemblance to
Protobuntonia Khasibaensis sp. nov. in general
outline, in possessing a pointed posterior end, and in
the presence of a distinctly developed punctate lateral
surface with smooth posterior marginal area; but the
latter differs in having a very narrow curved sulcus
bounding the wide antero-marginal zone, and a short
sulcus lying just behind the eye tubercle.

Occurrence

Known so far from the Upper Turonian — Lower
Coniacian of South Rumaila Well-104.
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Plate - 111

Protobumtonia khasibaensus sp. nov.
All specimens are from the Khasib Formation of South Rumaila Well-104.

Fig.
Fig.

1.
. Female carapace, left valve, external, lateral view, (paratype I.T. 129); stereoscopic paired photographs; 2406 m; x80.
. Female carapace, right valve, external, lateral view, (paratype I.T. 130); stereoscopic paired photographs; 2412 m, x82.
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Female carapace, lelt valve, external, lateral view, (holotype OS 12941}); stereoscopic paired photographs; 2408 m; x79.

Female carapace, right valve, external, lateral view, (paratype J.T. 129); stereoscopic paired photographs; 2406 m; x80.
Female carapace, external, dorsal view, (paratype J.T. 130); 2412 m; x74.
Female carapace, external view. (paratype I.T. 130); 2412 m; x74.
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FTIR Infra-red Observations of the Adsorption of Ethene, Ethyne and Carbon
Monoxide on Supported Platinum Catalysts
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Abstract: The adsorption of ethene, ethyne and
carbon monoxide on silica-, y-alumina and
magnesia-supported platinum catalvsts was
studied by Fourier Transform Infrared
Spectroscopy (FTIR). On the basis of the
observed band frequencies and the reported
literature data, assignments have been made for
the bands detected in the spectra. The addition
of ethene and ethyne to freshly reduced Europi-
1(6.0% Pi/8i0,) resulted in the formation of an
ethylidyne (C-CH ) species as evidenced by the
development of bands at 1297 cm™ (6(CH )
and 954 cn' (v(C-C)) in addition to the vs(CH,)
at 3074 cm, 7
While on ethyne/hydrogen deactivated
catalysts, bands characteristics of surface species

* present address: The independent (Al-Muhaied) bureau, P. O.
Box 81437, Tripali-Libya. E. mail: muhaied @ Yahoo.com

such as, PtICH=CHP! (band at 1693 cm,
vs(C=C)) and of hvdrocarbon polymeric moieties
(bands at 2974-2884 cm”, f)'\(CHi) and 1374 cmr
"vs(CH,)), were detected. ‘

On freshly reduced caralysts, carbon monoxide
was found to adsorb in the linear form (Pt—C=0,
at v C-0 (2086 cm’, 2112 cm, depending on
support type). Exposure of the catalysts to air
tends to convert the linear form of carbon

= ) at v C-O

. . ; C
monoxide to bridged form ( Ptf
—_—

(1886 cm', observed on silica-supported pt-

catalysts).

INTRODUCTION

Although the chemical nature of the adsorbed
species at metal surfaces has been the subject of
debate for more than six decades, since the pioneering
work of Horiuti and Polanyi!”, it can be said with
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Fig. 1. The adsorption lorms of ethane.

confidence that, so far, these studies have not yet
brought about a clear and unambiguous picture of
the adsorbed states of even the most simple
molecules, such as ethene and ethyne, at these
surfaces. Knowledge concerning the adsorbed states
of olefins, di-olefins and carbon monoxide has been
obtained in part from infrared (I.R.) studies of
organometallic chemistry™ and the application of
direct instrumental methods developed by surface
physicists’l, such as, AES, LEED, XPS, efc., which
have been mainly concentrated on the adsorption of
ethene and ethyne on single crystals. However, the
application of the results of these methods to inerpret
catalytic processes is not straightforward. This is due
to the fact that most of these studies are carried out
over clean surfaces (generally without hydrogen),
under ultra-high vacuum conditions and usually at low
temperatures, whereas catalytic reactions take place
on surfaces covered with adsorbed species and under
several pressures of reactant gases at ambient or
elevated temperatures. The other source of
information regarding the adsorbed states of
unsaturated hydrocarbons and carbon monoxide
comes indirectly from the kinetics and product
distributions of various processes such as
hydrogenation, adsorbed states of unsaturated
hydrocarbons and carbon monoxide comes indirectly
from the kinetics and product distributions of various
processes such as hydrogenation, deuterium
exchange and isomerisation of these compounds!!.
Various states of ethene adsorption have been
proposed and these are presented in the formulae a-
j (Fig.1). The findings of the studies of ethyne
adsorption and hydrogenation on metal surfaces led
to the postulation of the adsorbed species presented
in the structures k-t (Fig.2). The presence of any of
these adsorbed species on any particular metal
surface is the subject of the literature data reported
by many investigators and found to depend on, the
metals themselves, their dispersion, oxidation state
and the type of the support. A wealth of research
has been done in recent years to try to understand

c=C c=C G0 C- C=C
| | [ ! I
* * * * * * * * * *
(k) {0 (m) (n) (o}
C=CH H)C=CH CH;=C CH3=CH CH;=C
| | non I
* * k ok X * k&

(p) (q) 0] (s) t

Fig. 2. The adsorption forms of ethyne.

the interaction of carbon monoxide with metal
surfaces. Primarily this because CO chemisorption
is an important stepiin various industrially important
reactions, such as, the methanol synthesis, Fisher-
Tropsch process and the formation of alcohols.
Secondly, CO has been used widely as a probe for
catalyst surface area determination and as a test
molecule to distinguish the active centres in the
catalytic reactions. The current knowledge of the
spectroscopy of adsorbed molecules on catalyst
systems originated from the pioneering studies on
organometallic compounds!"**. The C-O stretching
frequency of gaseous CO is at 2143 cm™ and this
band was observed to shift to between 2000 cm’!
and 2100 cm after monodentate ligand formation
(linear species) and shifts below 2000 cm™! when bi-
dentate ligands (bridged species) formed with
transition-metal compounds. The so- assigned ‘linear’
and ‘bridged’ CO species to adsorb on metal surfaces
are depicted in the structures (u-z, Fig. 3).

This paper presents the results of Fourier
transform infrared (FTIR) spectroscopy investigation
of the nature of adsorbed ethene, ethyne and carbon
monoxide on silica- , alumina- and magnesia-supported
Pt-catalysts at room temperature (22 + 2°C) under
different conditions and treatments.

EXPERIMENTAL

Apparatus

The apparatus which was employed for in situ
L.R. experiments consisted of a conventional vacuum
system containing a reaction vessel similar to that
described previously”'"! and storage bulbs for the
feed stocks of hydrogen, hydrocarbons and carbon
monoxide, which maintained at a pressure of ~0.01
Pascal (Pa) by means of a mercury diffusion pump
backed with an oil rotary pump. The in siti LR. cell
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Fig. 3. The adsorption forms of carbon monoxide.

used is shown diagramtically in figure 4. It contained
a catalyst wafer specimen holder, a Nichrome-wire
furnace surrounding the outer body of the quartz cell
which was capable of heating the wafer sample to
800°C. The temperature in the cell was monitored
by an electronic thermometer (Electronics Lid.- 1602
Cr/Al) coupled to a chromel-alumel thermocouple
located in a thermowell close to the sample. Two
KBr windows (25 x 4 mm x Barns), sealed in
stainless steel rings with Araldite adhesive, were fitted
to the two ends of the L.LR. cell by stainless steel
threaded jackets and sleeves surrounded by a water
coolant system to prevent thermal shock to the KBr
windows. The cell could be pumped to ~0.01 Pa using
the vacuum system. The catalyst powders (~ 0.05g)

' —Gases J

- — =

Bm.loin’r

Water ‘gfopc-t;F

Window

[

Thermocouple

Furnace

Fig. 4. The in-situ IR, cell.

were pressed in to wafer discs in air (~7 tonnes
pressure). The wafers were placed in the LR. cell
and about 500-1000 scans were recorded. This was
usually followed by I.R. measurements of the sample
after brief evacuation (~ 15 minutes), flushing with
He (25 ml min'!), or heating to an elevated
temperature.

When direct adsorption of ethene, ethyne or
carbon monoxide was required, a diffuse
reflectance collector (type DRIFT-Spectra-Tech
Inc.) was used. The design of the collector employs
4 flat and 2 spherical reflectors, plus an alignment
mirror (Fig. 5). The sample cup (13 mm, i.d.) could
be removed (for emptying and filling the catalyst)
from the top of the collector, by sliding the ellipsoids
out of the way. The collector was connected to a
vacuum system for evacuation and handling the

—— K Br Windaws
Environment
Chamber

7 ~——>3ample Cup
-

:u Cartridge Heater

Internal
Thermocouple

Vacuum Port

Rubber 0-Ring

Cooling Cooling Water
Water In Out
Gases

Circulating Gas Inlet
System

Fig. 5. The diffuse reflectance L. R. cell (DRIFTS).
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adsorbate gases. The catalyst samples were
heated to the required temperature by an internal
cartridge heater.

Catalysts

The catalysts employed in this study are standard
reference catalysts, Europt-1, is a 6% (w/w) Pt/SiO,
catalyst with a total surface area of 185m’g" and a
pore volume of 0.72 cm’g', prepared by Johnson
Matthey Chemicals ple!'?. Europt-3, is a 0.3% (w/
w) Pt/ALO,-0.82% Cl catalyst (coded KETJEN-CK
303) with a surface area of 184 m“g’' and a pore
volume of 0.49 em’g "l Another three platinum
catalysts supported on silica (Cab-O-Sil), y-alumina
(Degusa, Ltd.) and molybdenum trioxide (Koch-Light,
Ltd.) all of 99.9% purity. These catalysts were
prepared by impregnation of the aqueous solution of
the metal chloride (H,PtCl, ) containing the required
weight of the metal to an aqueous suspension of the
support. The excess water was evaporated using a
rotary evaporator and the material dried in an air oven
at 150°C. These catalysts were characterised as
0.8% (w/w) Pt/SiO,. 0.8% (w/w) PUALO, and 0.5%
(w/w) Pt/MoO, and will be referred to as the
impregnated catalysts.

Materials

Hydrogen (H) gas (B.O.C., Commercial grade)
was used in the catalyst reduction and hydrogenation
reactions (deactivation) without further purification.
Ethene (CEHJ) and ethyne (C:H:) were degassed at
liquid nitrogen temperature (-196 °C) for ~ 15 minutes
followed by bulb-to-bulb distillation vsing liquid
nitrogen and methylene chloride + solid CO, mixuure.
Helium (He) and carbon monoxide (CO) (Air
products Ltd.) were used as supplied.

Procedures

Two regimes were used for [.LR. measurements.
In the first, the catalyst samples which had been
subjected to C,H,, C,H, or CO adsorptions or ((1:3)
C_H./H.) deactivation were examined using a Niolet
5-DXC instrument with the in situ cell (Fig. 4) to
identify the surface species formed during adsorption
or surface interactions and also to examine the
effects of various treatments on these species, such
as heating or flushing with carrier gases such as He.

In the second, direct observation of the adsorption of

these molecules by the [.R. system was performed

using the diffuse reflectance cell (DRIFTS) (Fig. 5).
The procedure used in the ‘DRIFTS’ experiments
was as follows: a background spectrum was acquired
using KBr as a diftuse reflector in the Nicolet 5-
DXC spectrophotometer at 4 cm™ resolution. A
catalyst sample was loaded in the cup of the collector
and was reduced in flowing H, (30ml min ') at 250 +
5 °C for 1h, evacuated briefly (~10 min) at this
temperature and then cooled to room temperature
(22 £ 2°C). The catalyst was then pulsed with the
required adsorbate and after recording the [L.R.
spectra, the catalyst was subjected to various
treatments, such as, evacuation, flushing with He, or
heating at elevated temperatures.

RESULTS AND DISCUSSION
I.R. of Adsorbed CZH4 and C:Hz

In the DRIFTS experiments, the spectra following
the adsorption of C,H, and C,H, on Europt-1 at room
temerature are shown in figure 6. The spectrum of the
adsorbed species after subtracting the background and
gas phase spectra showed a medium band at ca. 1297
cm! and a weak band at ca. 954 cm! in addition to a
weak band at ca. 3074 cm'. These bands, which have
also been observed by Beebe e al. ™ for C,H, and
C,H, on Pd/ALO, at 1333 cm™ for (8 (CH,)), 1088
cm! for (v(C-C)) and 2867 cm™! for vs$(CH,), have
been assigned to the surface ethwlidyne species
(structure j, Fig. 1; structure t, Fig. 2).

A: After gas admitted to catalysts 4
B:After 30 min evacuation

Eliene
A

ABSDRBANCE

WAVENUMBERICH )
] ! 1 I/}

4000 3528 3078 2585 mi 1642 1" o0 9

Fig. 6. The [. R. spectra of ethene and ethyne adsorption on
Europt-1.
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In contrast, when the catalyst samples of Europt-
I and the impregnated 0.8% Pt/SiO, had been
deactivated by a series of C,H /H, and then examined
by FTIR, their in siti 1.R. spectra (Fig. 7) displayed
small bands in the region 2974-2884 cm™' and intense
bands at 2081cm!, 1975 cm™, 1840 cm™', 1705 cm’',
1693 cm™ and 1374 cm'. The bands at 2081 cm’!
and 1705 cm™' disappeared as the catalysts were
heated to 115°C and flushed with helium for 10
minutes. Based on the literature data %1517 the
bands at 2974-2884 em™ and 1374 cm™ were
assigned to the CH, group and are indicative of the
presence of surl’ace'alkyl species. While the band at
1693 cm™ has been attributed to C=C stretching and
is characteristic of a surface species such as
PtCH=CHPt (structure a, Fig. 1; structure m, Fig.
2). The bands at 2081 cm™, 1975 em™ and 1840 cm-
! are likely to be due to the adsorption of the
hydrocarbon molecules on the support material 1*!,

When ethyne was adsorbed (till saturation) on the
various catalysts, gas chromatographic analysis of
the gas phase showed that with Europt-1, ethane and
ethene were produced. However, with the other
catalysts ethene was never observed. From the yields
of ethane formed, the average composition of the
adsorbed hydrocarbon species at the saturation point
was calculated to be C,H,  (Europt-1) and C,H
(Europt-3). These observations suggest that a range
of adsorbed species is present on these catalysts as
aresult of an extensive dissociation of the C-H bonds.

2%

T, Buropt-1 6% PHSiog) A

o

ABSORBANCE

0.6 % PY/Siny

WAVENUMBER (CH )
1 I 1 | 1

1
4000 3550 3100 2650 7200 1750 1300 850

Fig. 7. The L. R. spectra of Pt-catalysts deactivated with C,H,/
H, reactions.
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Fig. 8. The L. R. spectra of carbon monoxide adsorbed on
Europt-1.

This in turn can lead to two possible processes which
may occur independently on the catalyst surface; (i)
an extensive dissociation of the adsorbed species to
yield multiple bonded species of the form (structures
g, i, j, Fig. 1). Figure 6. represents an L.R. evidence
for the detection of, ,structure j, following C,H, and
C,H, adsorption and hydrogenation on Europt-1 and
the impregnated 0.8% Pt/SiO, and was reported to
exist on Pt (111) surface!'®'®l, Consequently, the
amount of hydrogen released, together with any
hydrogen already present following the reduction
process may react with these species to produce
C,H, and CZH_,; (i1) the dissociated species may react
with an adsorbed C,H, or C,H, molecule leading to
the deposition of polymeric species on the catalyst
surface. Such hydrocarbon species have been
observed by Avery and Sheppard er al.'*"! on silica-
supperted Pd- and Pt-catalysts and in this work as
shown in the L.R. spectra of adsorbed C,H, on C,H./
H, deactivated, Europt-1 and the impregnated 0.8%
PUSIO, catalysts (Fig. 7), bands (2974-2884 cm,
1374 cm).
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I.R. of Adsorbed CO

The DRIFTS spectra of the adsorption of CO on
the different catalysts are shown in figure 8 ,(Europt-
1), figure 9, (0.8% P/Si0,, 0.5% Pt/MoO,) and figure
10, ((Europt-3) and 0. 8% PUALO 03 The spectra of
adsorbed CO on Europt-1 s.howed a band at 2086
cm™ and a companion shoulder at 2122 ¢m™, while,
on the 0.8% Pt¢/Si0O, and 0.5% Pt/MoO, catalysts,
CO adsorption, produced a single sharp b'md at 2086
cm'. On Europt-3 and 0.8% PV/AL O, catalysts, CO
adsorption gave rise to bands at 2124 cm, 2086 cm”
and 2070 cm'. These bands disappeared completely
by evacuation of the Europt-3 catalyst, while only
thermal treatment (up to 250 + 5 °C) was required to
remove the adsorbed CO from the 0.8% PtY/ALO,
catalyst (except for those species corresponding to
the 2124 ¢cm™ band, which shifted towards the lower
frequency region at ca. 2115 em™'). Based on the
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Fig. 9. The [. R. spectra of carbon monexide adsorbed on Pt-
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Fig. 10. The I. R. spectra of carbon monoxide adsorbed on Pt-
catalysts.

literature data!*>'*2" and the DRIFT -I.R. bands
observed on all the catalysts used in this work, the
bands at 2086 cm™', 2122 ¢cm™ and 2124 cm™' are
characteristics of the linear form of adsorbed CO
(structure u, Fig. 3) and such species have been
assigned to adsorp on terrace sites!".

The catalyst samples of Europt-1, Europt-3 and
0.8% Pt/Si0O, which were first subjected to CO
adsorption (untill it showed a saturation plateau) were
subsequently examined by the IR spectroscopy using
the in situ cell. As 1t can be seen from the spectra
(Fig. 11), these catalysts contained moites which are
characteristics of chemisorbed hydrocarbon species
as indicated by the bands at 1685 cm™ (C=C), 1632
cm! (C-C) and 1440 ecm! (CH, group). The band at
1685 cm! appeared as the cathlyst (Europt-1) was
heated at elevated temperatures followed by
evacuation. Interestingly, these species were likely
to be evolved by the reaction of CO with the H,
which may be retained on the catalyst metal and/or
on the support after the reduction process.
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Fig. 11. The L. R. spectra of Pt-catalysts deactivated with CO
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A band at 1886 cm has also appeared in the
spectra of Europt-1 and the impregnated 0.8% Pt/
Si0, (Fig. 11) which is representative of the adsorbed
bridged form of carbon monoxide. This observation
is likely to suggest that upon the exposure of these
catalysts to air (oxidation), the linearly adsorbed CO
detected in the DRIFT-LR. experiments plausibly
converled to the bridged form (structure v, Fig 3).
Such bridged species have been detected on oxidized
platinum Group metals!"-2l.

CONCLUSIONS

In conclusion, an L.R. evidence has been obtained
for the formation of an ethylidyne (C-CH,) species
upon the exposure of freshly reduced Europt-1(6.0%
PU/Si0,) catalyst to ethene or ethyne, while bands
characteristics of hydrocarbon polymeric species
were detected on ethyne/hydrogen deactivated
catalysts. On freshly reduced catalysts, carbon
monoxide was found to adsorb in the linear form.
Exposure of the catalysts to air tends to convert the
linear form of carbon monoxide to bridged form.
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Evaluation Study for a Number of Libyan Crude Oils and its Products by Using
Chemical Composition ("*C n.m.r. Spectroscopy Technique) and
Some Physical properties

M.A. Abdulaziz* and Abeer Abdul Kader*
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Abstract: in this investigation a number of Libvan
crude oils (Amna, Hamada, Sarier, Aldhara,
Zaggut, Sirtica, Rasco, Al Brega) were studied by
using ¥ C n.m.r. and true boiling point instrument
to evaluate and characterize each crude oil and
its products.

Each crude oil was distilled for five fractions
at different temperatures and pressures by using
true boiling point instrument (T.B.P.),

“ Ras Lanuf Oil and Gas Processing Co. Inc.

As a consequence, a number of physical
properties were determined for each crude oil and
its products, according to the ASTM standard
method, and by applving " C n.mn.r technique,
gualitative and guantitative results were obtained
as a percentage of aromatic and aliphatic for
each fraction. Then by using a number of
mathematical calculations, the straight chain
aliphatic, Cn straight chain aliphatic and the

average chain length are calculated.

It is clear that this valuable information,
obrained in this investigation, can be utilized for
crude oil marketing, and the development of
similar alternatives of crude for petrochemical
industries and refineries processes.
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INTRODUCTION

Crude oil is a mixture of a huge number of
aromatic hydrocarbons and aliphatic hydrocarbons.
This mixture contains hydrocarbon with sulphur,
oxygen and nitrogen atoms. A method of classifying
crude oils is necessary to provide a guide (o the quality,
and hence value, of the oil. The specific gravity of
the crude oil provides a rough measure of the amount
of the lighter fractions present. The lower the specific
gravity (or the higher of the API gravity, which is an
inverse scale) the greater is the yield of the light
fractions by simple distillation and hence the higher
the price of the crude oil''l. The quantitative
identification of each compound in crude oils is neither
practically feasible nor desirable.

Instead of this an overview of the chemical
composition of the crude oil can be obtained as
average structural parameters using the existing
analytical techniques. High-resolution *C n.m.r. of
I"-juid solution can make an important contribution for
codl and o1t derived products'* .

However. in the last thirty years the whole field

~hemical analysis has developed a base for
« emely rapid analysis. Qualitative and quantitative
analysis, lo single components in very complex natural
products, such as petroleum fractions, which were
considered impossible, are nowadays carried out as
a matter of routine in plant laboratories. Two main
factors account for this change; on one hand, the
discovery of new separation techniques, for instance
chromatographic methods and in particular gas-liquid
chromatography and on the other hand, the
development in instrumentation which has made
possible the production of fast, reliable and relatively
cheap instruments, such as n.m.r. , infra-red, uv-visible
and mass spectroscopy. But in spite of all the
advances, knowledge of the constituents of some
petroleum fractions is still very fragmentary,
particularly in the region of residual oils and asphalt
materials. Further-more. in the case of fractions for
which the total analysis is practicable, the very wealth
of information possible is difficult to interpret for the
purposes of plant design and operation. In such cases
use is made of simpler, though still accurate, methods
of characterization. One group of such methods uses
functions based on a set of physical constants, to
describe the factors or indices of the predominant
chemical character for the petroleum fraction.

The second group, comprising the methods of
structural group analysis, describes the character of
the fraction in terms of elements consisting of an

imaginary average molecule having the chemical and
physical properties of the sum of the individual
fraction’s component, which is based on their
concentration.

Hence, the use of C n.m.r. Spectroscopy offers
distinct advantages over other methods, as the
spectra, which can be recorded in relatively short
time, provide detailed compositional characteristics
of the crude that are unobtainable by other methods!

In this work quantitative and qualitative *C n.m.r.
Technique is applied for a number of Libyan crude
oils and their products to study their compositional
structure. The TBP was used to distil five fractions
for each crude oil. Then a number of physical tests
was carried out to correlate them with “C n.m.r.
results. The carbon percentages of (straight chain
aliphatic, average chain length, aromatic) were
calculated for all crude oil fractions. This paper
represents the first step of a research programme in
the RASCO laboratory to survey, characterize and
evaluate all Libyan crude oil and its products. The
obtained results provided plenty of compositional
information to be utilised for crude oil characterisation
and evaluation. This led to the establishment of
analytical technique using n.m.r. Instrument for
product quality control tests, crude oil alternative for
refineries, petrochemical industry requirements and
marketing policy.

EXPERIMENTAL

(1) - True Boiling Point: Three litres of crude
oil were distilled in the Fischer autodest 800 (ASTM
D-2892) apparatus into five fractions to the eight
crude oils as shown in Table 1.

(2) - NMR Spectroscopy: "C spectra were
taken on a Bruker AC/100 MHz super-conducting
spectrometer. “C Fourier transform spectroscopy
was performed at 25 MHz. The experimental
conditions were: memory capacity used for data

Table 1. True boiling point.

Fraction | Temperature range | Pressure

no. °C (AET)

F, up to 93 Atmospheric

F, 93-204 Atmospheric

F, 204-260 Vacuum pressure of 100 tore
F, 260-343 Vacuum pressure of 10 tore
F. 343-400 Vacuum pressure of 2 tore
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acquisition 64 k, sweep width 6024 Hz, flip angle 90"
, pulse width 5.7 ps, delay time 15s , acquisition time
5.4s, broad-band proton gated de-coupling, sampling
temperature and the sample diameter was Smm. The
PC n.m.r. spectrum for each of the five fractions of
crude oils was carried out in D-chloroform in the
presence of Cr(acac), as relaxation agent. The
experiments were carried out in the inverse gated
mode to eliminate the nuclear Over Hauser
enhancement. The spectrum was divided into two
parts, the aliphatic (0-70 ppm) and the aromatic
regions (110-160 ppm)©*9l.

The calculations were carried out by measuring the
integral for both regions and the straight chain aliphatic
were assigned according to Grant and Lindeman "',

Co-CP-Cy-Cn-Cy-CB-Coi: This formula showing
the position of the different carbons in the straight
chain aliphatic as assigned in the following Table 2.

Table 2. Straight chain aliphatic carbons assignment.

(3)- Physical Property Tests: All analyses were
carried out according to ASTM standard methods.

RESULTS
Physical Properties

As shown in Table 3, some physical properties of
the eight crude oils indicate that, all crude oils studied
are classified as paraffin crude oils, having API
gravity ranging from 35.48 (Zaggut crude) up to 41.84
(Brega crude), the pour point ranging from -3 “C
(Brega and Hamada crude oils) up to +24 °C (Sarier
crude) and total sulphur contents are generally low.

The API results in Table 3 show that Brega crude
oil has the highest value of API (41.84). This indicates
that, Brega crude oil should have the highest yield of
light and intermediate distillate. But this is not the

Type | Chomicalshif | Assignment case by the TBP distillation result as shown in Table
(ppm) 4. The total yield of the light and intermediate products

Col 14.2 A Hah T SRR G in Brega crude oil for the five fractions is (68.49 %)

G [0 | oo | Wi tun s e 13025 it

o 322 g-Carbon in straight chain of 0.8163 and 0.8266 in Brega and Sirtica crude oils

Cn 29.7 n-Carbon is further removed respectively also indicate that Brega crude oil should

parkin HrStREht i produce higher yield of light and intermediate distillate
Table 3. Physical properties of the different types of crude oil.

Physical properties Amna Sarier Hamada | Aldhara | Zaggut Sirtica Rasco Brega

Sp. Gr.@15.6 °C (0.8384 0.8417 0.8290 0.8433 0.8474 0.8266 (0.8328 0.8163

Density @135 °C 0.8380 0.8413 0.8286 (.8429 0.8470 0.8262 0.8324 0.8159

API Gravity @15.6"C 37.20 36.61 39.19 36.29 3548 39.88 38.40 41.84

RV.P@ 378'C 0.305 0.388 0.297 0.535 0411 0.562 0.503 0.469

Pour point ("C) +21 +24 3 +6 +6 3 + 18 3

Sulphur cont.(wtS) 0.204 0.170 0.080 0.406 0.420 0.399 0.128 0.167

Salt cont. (mg/l) 16.1 14.3 3.5 74 8.3 18.2 11 8.3

Viscosity @ 50 °C (CSt.)| * # 4.74 4.89 2.88 5.11 2.50

Table 4. The yield (wt. %) for the five fractions to the eight crude oils

Crude Name F, F, F, F, F, Total

Amna 4.47 16.51 7.59 15.49 10.47 34.53

Sarier 4.89 16.50 1.75 14.13 10.48 53.75

Hamada 6.00 24.30 9.60 16.90 12.90 69.70

Aldahra 6.45 19.00 9.11 16.77 11.13 62.46

Zaggut 6.00 17.80 10.00 16.20 11.50 61.50

Sirtica 9.45 28.55 0.46 18.16 8.30 73.92

Rasco 6.32 18.31 7.97 16.32 10.26 59.18

Brega 8.56 24.30 11.96 15.85 7.82 68.49
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in comparison to the seven crude oils, but this is not the
case. On the other hand, the pour point in Brega and
Sirtica crude oils has the same value (-3 "C) which
indicates that the physical properties do not give a clear
view about the nature and chemical compositions of
crude oils. Therefore, further information is still needed
about the chemical composition for more understanding
of the behaviour of crude regarding its physical
properties, products yield and specification.

B3C n.m.r. Analysis

The "C n.m.r. analyses were carried out, carbon
distributions for the different types of hydrocarbons were
calculated, and some qualitative analyses were also
carried out for the five fractions of all crude oils studied,

The aromatic, straight chain aliphatic, Cn and average
chain length carbons were calculated and the results
are shown in figures 1,2,3,4, respectively and Table 5.

Table 5.Integrated and calculated carbon distribution % for the eight crude’s fractions to:

{A)- Aromatic Carbon distribution %,

{B)- Aliphatic (straight, branched and cyclo-alkanes) carbon distribution %.

{C)- Straight chain aliphatic carbon distribution %.

(D)- Cn (further remote carbon) for straight chain aliphatic carbon distribution %.
(E)- Average chain length for straight chain aliphatic carbon distribution %.

Fraction (A) - Comparison of aromatic carbons % in the fractions for the eight crudes

number Amna Sarier Hamada Aldahra Zaggul Sirtica Rasco Brega
| 3.0 24 2.8 1.2 1.8 1.73 1.53 2.36
2 8.2 5.57 7.6 8.5 8.8 4.39 4.09 12.9
3 9.69 10.68 15.4 10.8 15.6 7.38 12.59 15.7
4 13.0 11.96 19.2 5.3 16.7 8.29 16.0 16.5
5 13.3 16.27 21.2 18.7 17.4 13.57 17.55 17.13
Fraction (B) - Comparison of aliphatic carbons % in the fractions for the eight crudes

number Amna Sarier Hamada Aldhara Zaggut Sirtica Rasco Brega
I 97.0 97.6 972 98.8 98.2 98.27 98.47 97.64
2 91.2 94.43 92.4 91.5 91.2 95.61 95.91 87.10
3 90.31 89.32 84.6 89.2 84.4 92.62 87.41 84.30
4 87.0 88.04 80.8 84.7 83.3 01.71 84.0 83.5
5 86.7 83.73 78.8 81.3 82.6 86.43 82.45 82.87
Fraction (C ) - Comparison of straight chain aliphatic carbons % in the fractions for the eight crudes

number Amni Sarier Hamada Aldhara Zaggut Sirtica Rasco Brega
l 44.32 26.38 44.8 24.6 21.4 12.19 16.24 24,39
2 48.53 28.06 48.3 A 18.2 19.12 23.47 21.91
3 57.5 33.88 49.6 22.1 254 25.13 2499 30.02
4 62.21 42.27 47.1 26.7 29.6 29,78 31.88 30.16
5 70.28 49.34 48 315 31.8 32.66 42.66 33.15
Fraction (D) - Comparison of Cn carbons % in the fractions for the eight crudes

number Amna Sarier Hamada Aldhara Zaggut Sirtica Rasco Brega
| 3 1.80 34 0.4 0.4 0.37 2.08 0.44
2 14 4.40 9.9 4.8 3.3 2.71 3.64 3.97
3 19.8 14.34 15.6 8.8 10 7.61 5.55 12.08
4 31.2 23.38 23.7 14.7 16.6 15.93 16.72 17.14
5 45.23 31.88 215 209 207 2121 28.45 21.78
Fraction (E) - Comparison of average chain length carbons % in the fractions for the eight crudes

number Amna Sarier Hamada Aldhara Zaggut Sirtica Rasco Brega
1 5.35 4.5 5.5 4.35 4.3 4.53 5.01 4.04
2 7.47 6.65 6.3 74 6.5 6.19 6.3 6.38
3 9.12 10.37 8.8 9.8 8.59 7.71 10.04
4 12.08 13.44 12.2 13.35 12.87 12.97 11.92 13.89
5 17.44 27.6 14.3 17.5 16.31 16.54 17.74 17.49
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From the “C n.m.r results and correlation with
the physical properties results obtained, it is clear that
an overview of each crude oil and its products for
characterisation and evaluations can be made.

The aromatic carbon percent results (Fig. 1) show
that the sum of aromatic content within the five
fractions for each crude oil is highest in Brega crude
oil (64.59) and lowest in Sirtica crude oil (35.36).
The other crude oils studied are ranging in between
which, are [Hamada (64), Zaggut (60.3), Aldhara
(54.5), Rasco (51.76) and Amna (47.19) and Sarier
(46.88). Secondly, the distribution of the aromatic
content within the fractions for each crude oil
indicates the properties of light and heavy products
for every crude oil. For example, the results show,
that apart from F, in Amna crude oil, which has 3%
aromatic carbon and 2.36 % aromatic carbon for F|
in Brega crude oil, the aromatic carbon % in the
remaining fractions is higher in Brega crude oil in
comparison to Amna crude oil. Thus, Brege crude
oil has higher aromatic content. But the coated results
of conradson carbon results'®! are showing that the
values are 1.9 wt% and 1.5 wt% for Amna and Brega
crude oil respectively. If the aromatic content only is
considered, these results are in contradiction with the
aromatic carbon %. But the aromatic types and
nitrogen content for these crude oils should be
considered. Then, the nature for both crude oils and
its product quality can be characterised.

In addition, the Cn % value results (Fig. 3) for the
five fractions of Amna and Brega crude oils are
clearly showing that Amna crude oil fractions have
higher value than Brega crude oil. This indicates that
Amna crude oil has longer chain length paraffin
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Fig. 1. Comparison of aromatic carbons in the fractions for
the eight crude oils.

distribution and higher average chain length (Fig. 4).
The straight chain carbon % results (Fig. 2) are
showing that Amna crude oil fractions contain higher
values in comparison to Brega crude oil fractions.

This clearly demonstrates how its physical
properties behavior can characterize each product
and yield %, etc.

Accordingly, Amna is classified as a paraffin
crude oil with a total sulphur content 0.2 wit% and
has low yield of light fraction, which is similar to Sarier
crude oil. Amna light naphtha has low iso-alkane and
cyclo-alkane compared to Sirtica and Brega crude
oils,

Therefore, Amna light naphtha has modest octane
number, if compared with Sirtica’s and Brega’s crude
oil light naphtha. Hence Amna light naphtha is not a
preferred cat-reformer feedstock, but is an excellent
feed stock for olefins production. A comparison and
evaluation of all eight crude oils and their products
are reported in detail ",

Furthermore, Sirtica crude oil is an intermediate
crude oil, having a gravity of 39.88 "API, total sulphur
content of about 0.4 wt. % and pour point of -3 °C.
This crude has the highest value of light and
intermediate distillate, which is 73.92% yield,
compared to the other seven crude oils. Sirtica crude
oil also has the lowest aromatic carbon percent (Fig.
1) in comparison to the other seven crude oils. The
highest aromatic carbon percentages were shown
by Hamada and Brega crude oils. However, the
aromatic carbon percentage distributions within the
five fractions for the eight crude oils to characterise
their products were shown clearly in (Fig. 1). Sirtica
crude oil results in (Fig. 2) for the straight chain
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Fig. 2. Comparison of straight chain aliphatic carbons in the
fractions for the eight crude oils.
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Fig. 3. Comparison of Cn carbons in the fractions for the eight
crude oils.

aliphatic carbon percentages are the lowest for all
five fractions in comparison to other crude oils
fractions, which makes it high in iso-aliphatic and
naphthenic carbons percentages, especially F, So,
heavy naphtha have a high octane number, which is
not good for olefin production, but is an excellent feed
stock for aromatic production.

The great content of straight chain aliphatic in
the light fraction (F, and F,) in Aldhara and Zaggut
(Esidera crude oil) makes it a good alternative for
Rasco crude oil to produce the olefins. It also enables
the Rasco refinery to produce a wider range of jet
kerosene with a suitable freezing point and high quality
gas oil to withstand low temperatures. Sulphur content
in crude oil and its distribution within the fractions
should be considered for the specification. However,
Rasco crude oil has less sulphur content (0.167 wt%)
than Aldhara and Zaggut (Esidera crude oil) which,
consist 0.535 and 0.411 wt% respectively.

Finally, all tabulated results and figures obtained
from "“C n.m.r. Provide an enormous amount of
information to characterize and evaluate all eight
crude oils and their products.

CONCLUSION

1- The quantitative “C n.m.r. for the five fractions
of the eight crude oils gives a good view about
the carbon distribution of aliphatic and aromatic
compounds within each crude oil.

2- The n-paraffin carbon are the highest in Amna,
Hamada and Sarier crude oil respectively.

3- Amna crude oil is an unsuitable feed stock for
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Fig. 4 Comparison of average chain length in the fractions for
the eight crude oils.

gas oil production. The percentage of n-paraffin
carbons indicates that the obtained gas oil will have
bad cold properties.

4- Rasco crude oil (Sarrier and Mesla feed for Ras
Lanuf oil refinery) can be classified as moderate
parafinic oil within the seven studied crude oils.

5- Aldhara and Zaggut (Esidera crude oil) are the
best alternative for Rasco crude oil among all
crude oil studied.

6- The obtained results in this study indicate that the
n.m.r. technique is a good and quick analytical
tool for structure characterisation of crude oils.
The obtained information can be used to:

- Predict some important properties of the
distilled products.

- Choose the refining processes and conditions
of crude oils.

REFERENCES

[1] Hobson, G.D., Modern Petrolenm Technology,
part 1.

[2] Bartle K.D and Jones, D.W., 1978, Analytical
Methods for Coal and Coal products Academic
Press, New York.

[3] Dreeskamp, H., Potempa, T., and Miiller, A., 1989.
Aspects of quantitative "C n.m.r- spectroscopy of
high boiling oil residues and coal tar pitches, Fuel,
68, 972-976.

[4]  Alhakimi,G., Abeer,A. Abdulaziz, A. and Gebrils,
S.,1999. Structure characterization of seven Libyan
crude oils by ®C n.m.r., The Sixth Mediterranean
Petroleum Conference and Exhibition, November 23-
25, 1999, Tripoli -Libya.



(5]

(6]

(7]

Evaluation Study for a Number of Libyan Crude Oils and its Products 79

Sarowha, S. and Singh, L., 1984. Recent trends in the
analysis of petroleum residues by NMR
spectroscopy, Journal of Scientific and Industrial
Research, 43, 570-575.

Misbah-ML-Hasan, M. Farhat Ali and M. Arab, 1989,
Structural characterization of Saudi Arabian extra
light and light crudes by 'H and "“C n.m.r.
spectroscopy, Fuel, 68, 801-803.

Clutter, D.R., Peterakis,L., Stenger,R.L., and
Jensen,R.K.,1972. Nuclear magnetic resonance
spectrometry of petroleum fractions carbon-13 and
proton n.m.r. characterization in terms of average
molecule parameters, Anal. Chemn., 44, No. 8, 1395-1404.

(8]

[10]

James N. shoolery and William L. Budde, 1976.
Natural abundance carbon-13-n.m.r. spectrometry for
crude oil and petroleum product analyses. Anal.
Chem., 48, No.11, 1458-1461.

National Qil Corporation (NOC) [994. International
Marketing, Evaluation of Libyan Crude Oils.
Abdulaziz,M and Abeer,A..2000. Crude Oil
Characterisation and Its Products Evaluations by
Using 7C nar. Technigue and Some Physical
Properties. Technical Report I, Ras Lanuf Gas and
Qil Processing Co., Libya.



	A Qualitative Structural Evaluation of Jabal Az Zalmah Area, Al-Kufrah Basin: Integration of Structural and Aeromagnetic
	Late Cretaceous Stratigraphy and Paleogeography of Zaltan Platform (Concession 59), South Central Sirt Basin, Libya
	Petrography of the Uppermost Bahi Formation in the West Az Zahran (B) Field, Az Zahran - Al Huţayrah Platform, NW Sirt B
	Controls on Porosity and Permeability of the Lower Cretaceous Nubian Formation Reservoir, Abu Attifel Oil Field, Eastern
	Three New Ostracode Species of Buntonia and Protobuntonia from the Upper Cretaceous of Iraq
	FTIR Infrared Observations of the Adsorption of Ethene, Ethyne and Carbon Monoxide on Supported Platinum Catalysts
	Evaluation Study for a Number of Libyan Crude Oils and its Products by Using Chemical Composition (13C n.m.r. Spectrosco

