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Abstract: The study area is the south most of the western part of the Sirt Basin. Seismic and gravity data have been used to delineate
the local structures within the area of study and to investigate their lateral and vertical extension. The area is located nearby Al-
Harouge basaltic mountain which associated with a number of ingenious intrusions. The seismic data show that the area dominated by
a group of differentiated fault zones caused the common characteristics of the area. The majorities of these faults are trending NW-SE
coincidences with the general tectonic elements of the basin, and extremely controlled the strata thickness and formed a number of deep
sub-troughs. Group of wells was used to study the tectonic history of the area the analysis shows that the area passed with four main
tectonic stages, the first stage was the initial rift phase, started proximately at the Mid-Cretaceous time ~100Ma during which the area
underwent a significant amount of subsidence, the second stage began at the ~84Ma and characterized by a slow post-rift subsidence
persisted until the second rift phase initiated during which a rapid syn-rift subsidence took place and continued through the Paleocene—
Eocene time. At about 40Ma the second post-rift subsidence was begun and persisted to the present day.
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1. Introduction

Numerous of studies have been published about the tectonic
history of the Sirt Basin and the configuration of the related
regional structures, but in spite of these wealthy there are
some areas within the basin still need more investigation and
focused detailed tectonic studied, one of these areas is the
south most of the western part of the basin. The study area is
located in the southwestern part of Sirt Basin central north
Libya, between the longitudes 18° 20" And 19° 20" East and
latitudes 27° 30" And 28° 00" North, most of the area located
in Zallah Trough and the eastern part is located within Da-
hrah- Hofrah platform figure (1-a).

Good coverage of seismic data, about fifty of 2D-lines and
three volumes of 3D seismic data figure-(1-b), in an addition
to the borehole data have been used to delineate the local
structures within this area of study and to track their lateral
and vertical extension.

2. Literature Survey

The Sirt Basin is one of the youngest inland basins with Pa-
leogene and Neogene exposures; the basin consists of a se-
ries of grabens and horsts tectonics, some of which are de-
lineated by surface mapping. To the E and SE of the Sirt
Basin lies a depression with eolian sand often referred to as
the “Great Sand Sea” or the “Libyan Desert”. Below this
relatively thin veneer of sand lies a complex subsurface
ranging from Paleozoic to Neogene in age. During the early
Paleozoic (Cambrian), the continental siliciclastic deposition
was predominate most of the North Africa from Morocco to
the Middle East, and during Ordovician and Silurian, the
environment of depositions was marginal marine to marine
(Hammuda et al, 1985). Due to the late Silurian major event
(Caledonian Orogeny) uplift and erosion, the Paleozoic ba-
sins in Libya are limited. The major trends, such as the Sirt-
Tibisti arch that trending north-south and separating the Ku-
frah
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Figure 1: (a) location of the study area and the adjacent structural elements of Sirt Basin, (b) the coverage of the seismic data
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and eastern basins from the Murzuq Basin and Ghadamis
Basin in the west, and the Gargaf Arch that extending east-
west between the Ghadamis Basin and Murzuq Basin, were
created during the Hercynian orogeny (Klitzsch, 1971).

The characteristics of the abundance Ordovician glacial and
periglacial rocks in Libya and Algeria extremely supports
the suggestion said that the western Gondwana was too close
to the South Pole at that time, (Benchley et al., 1994). The
major source rocks of the hydrocarbon accumulation in
North Africa were performed after the marine transgression,
during the Silurian time marine deposition which produced a
thick sequence of a black shale that formed major source
rocks (Luning et al., 2000).

The Akakus Formation overlying the early Silurian black
shales in Libya consists of pro-delta and delta sediments.
Four transgressive sequences resulted due Western Gond-
wana rifting and crustal separation that finally produced the
dominated Early Devonian sediments in Libya then a large
scale of deltaic deposition took place by the mid-Devonian,
which was ultimately uplifted and eroded. During the mid-
late Devonian, the northwestern margin of Gondwana col-
lided with Laurasia (Hallett, 2002). The compressional tec-
tonics (Hercynian Orogeny) during Late Carboniferous up-
lifted and eroded both the whole widely distributed Devo-
nian marine siliciclastic rocks and the early Carboniferous
marine- continental deposition in Libya, the major trends
such as the Gargaf Arch, Jefarah uplift, and Sirt-Tibisti arch
were performed and subsequently formed the Paleozoic ba-
sin margins (Luning et al., 2000).

Most of these new trends created from the old regional tec-
tonic structures such as the former Kalanshiyu Trough pro-
duced the Sirt Arch by the inversion and subsequent deep
erosion events. The Qargaf Arch was resulting in the de-
tachment of the Ghadamis Basin from the Murzuqg Basin.
Thus, all these structures events were resulted by the super-
position of Hercynian trends upon the Lower Paleozoic
trends.

Most of Libyan region was exposed by mid-late Carbonifer-
ous time, and a major marine regression dominated the
North Africa, that led to erosion and terrestrial deposition
(De Wit et al., 1988). The Permian rifting subsequently ex-
tended from the Tethys gulf toward the west along the suture
line of the Gondwana-Laurasia (Ricou 1994, Hallett 2002).

2.1 Mesozoic events

During the Triassic the Pangaea break-up started when an
extension and crustal thinning predominated the North Afri-
can continental margin. By the late Triassic the incipient
break-up had spread into the West and East parts of former
Gondwana, coupled the African eastern margin rifting with
the southern margin of the Arabian plate (Morgan et al.,
1998). Onshore and offshore Libya are represent the Triassic
extensional fault systems, which are distenguished by a
number of unconformities. The Triassic deposition took
place first in the Libyan offshore basins and then into the
Nafusah Uplift, which formed the Tethyan shoreline, whe-
reas Triassic terrestrial sedimentation dominated the rest of
Libya (Wilson and Guiraud, 1998). Wilson and Guiraud

(1998), stated that the Triassic sediments in eastern Libya
may be deposited in incipient syn-rift grabens.

Dercourt et al. (1986) estimated the eastward displacement
of Africa during the early Cretaceous to be about
2.5cm/year. Such movement of Africa caused a stretching
and collapsing of Sirt Arch in the mid-Cretaceous took
place. Meantime, the northern margin of the African plate
tilted seaward. The Sirt Basin was has been formed from the
remains of the northern part of the collapsed Sirt Arch into
five major grabens (Hameimat, Ajdabiyah, Maradah, Zallah
and Hun), isolated by four major platforms (Amal-Jalu, Zel-
tan, Zahrah-Bayda, and Waddan). These major tectonic
structures  generally oriented  north-northwest—south-
southeast. In the Late Cretaceous and Paleocene, the Sirt
Basin kept the same structural construction throughout the
recurrent episodes of faulting (Barr and Weegar, 1972; Gu-
mati and Kanes, 1985; Baird et al., 1996).

In some troughs in the Sirt Basin such as the Hameimat and
Sarir Troughs there is an evidence of subsidence and pull-
apart that took place during the Neocomian and Barremian,
and the continental sands covered a widely area which pro-
duced one of the most generous hydrocarbon reservoirs in
the province. The sediments of the early Cretaceous re-
stricted to the northern margin of Libya. In the late Creta-
ceous, again the extension became dominant along the
southern margin of the Tethys, and the shallow marine car-
bonate sediments covered most of the Sirt Basin horsts, by
the end of Cretaceous, some of these carbonate sediments
performed significant hydrocarbon reservoirs, and simulta-
neously the grabens totally infilled (Guiraud, 1998; Boote
etal., 1998).

2.2 Cenozoic Events

In western Libya the early Cenozoic time characterized by
the Uplift and marine regression, while in the Sirt Basin a
gentle subsidence took place in the earlier Cretaceous gra-
bens. Major subsidence continued in the Ajdabiyah Trough.
The Paleocene and Eocene carbonates formed the major
carbonate hydrocarbon reservoirs in Libya (Hallett, 2002).
In the Hun Graben Subsidence occurred during Priabonian
to Burdigalian times. This period was characterized by the
direction change of Africa movement toward the northwest
(Dercourt et al., 1986). Since the end of the Oligocene a
number of great changes have occurred in the western Medi-
terranean. In the Sirt Basin tilting towards the ENE, gentle
folding, and subsidence were the main events at that time,
while on the Medina and Sirt Wrenches offshore the events
were represented in the dextral wrenching (Anketell, 1996).

A rate of ~1.0 cm/ year of a northeastward drift of Africa
has persisted Since the Tortonian. While a huge rise in salin-
ity characterized the Messinian time, when the drop of the
Mediterranean sea level exceeds 500 m, and huge thick eva-
porites were deposited in the deep basins of Mediterranean.
The presence of the buried deep valleys near to Ajdabiyah
Trough confirmed the drop of the base-level in the Messi-
nian time which exceeds 500 m below the present day sea
level (Barr and Walker, 1973; Hallett, 2002).
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3. Seismic Interpretation

Number of interesting reflectors has been picked from both
2D and 3D seismic data, the interpretation reveals that there
are three interesting aspects in the study area, on which the
analyses will be focused:

1) the most important one is the Barrut structure in the north-
ern part of Area (figure-2). G1la-72 is the nearest well that
was drilled in 1967 to evaluate the reservoir within this
structure which was appearing in a 2D data as a large high
relief four-way dip closed structure.

The uppermost continues horizon has been interpreted was
the top of Gialo Formation (top Upper Eocene) which repre-
sent the main reservoir in the Gialo field. The time structure
map of this horizon is clearly demonstrate the structure and

shows that it is elongated WSW-ENE and it is highly faulted
and segmented by a group of major and minor normal and
ramp faults striking NW-SE and dipping NE forming a semi
narrow graben in the central area of the structure. The crest
of the structure is rising about 0.25sec relative to the
bounded area (figure-2 & figure-3).

The defining narrow graben, itself nearly segmented the
structure into two sub-structures north and south labelled on
the map by A and B, with approximately covered areas ~180
km? and 148 km? respectively. The south portion (A)
represents the footwall of the fault zone-1 which consists of
large number of parallel to sub-parallel normal faults pro-
ducing a total heave of 1.0 km, and an ultimate throw as 0.3
sec (~840 m), this fault zone is one of several fault zones
dominated the study area as will be shown later.
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Figure 2: Time structure map created by 3D seismic data for the top Gialo Formation (top U. Eocene), the map is clearly

TATE]

demonstrate the Barrut Arch in the northern part which is highly impacted by NW-SE extension faults

L e
pox - g =

whis 000, — =omnw

o S

0.2004
03004
0.4004
05004
06004

07004
0004
09004

6 |

s-esesesepsss 5
5555588388358 [‘

AR R AR KRR IO

Figure 3: Interpreted seismic profiles showing the fault zones that dominated the area, (a) from the northern volume of 3D
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Figure 5: Interpreted N-S regional seismic line (~ 45 km), demonstrate the regional tectonics in the study area

The most faults within fault-zone-1 are younger than the
Mid-Eocene in age, since they started above the Gialo For-
mation (Mid-Eocene) and terminate in the Upper Cretaceous
depositional package; others are truncated by the antihiatic
faults and terminated shallower at the Lower Paleocene. The
interpreted arch (Barrut Arch) is a natural barrier separates
Abu Tumayam Trough in the south from the Zallah Trough
in the north.

the hanging wall of the fault zone-1 is clearly demonstrate
the rollover anticline form, which impacted by a group of

antithetic southward dipping faults that forming the fault
zone-2 (Figure-4), with a cumulative heave and throw about
125 m and 0.058 sec (~162 m) respectively. These faults
have impacted the depositional units of Paleocene, and
lower and Mid-Eocene, however the seismic data does not
obviously show any evidence confirm that these faults were
active during the Cretaceous stage of rifting, which suggest-
ing that their initiation age not early than the late Eocene.
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Figure 6: TWT structure map of the Top Facha Member (lower Eocene), the south part HA of the structural high started to
disappear while the north part HB still clear demonstrated. The grabens (L2 and L3) slightly dip westward.
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Figure 7: Time structure map of the top Precambrian basement, the northern prominent high structure, Barrut Arch (H1) tilted
to be east-west extending, the south structural high (H3) is still dominant at the basement depth, several parallel to sub-
parallel WNW-ESE faults crosscut the arch, the contour interval is (0.1 sec)

I1) The second high structure is located further to the south
centred at 27 45N and 18 40 E, although this structure in not
clear enough at the previous interpreted shallow surface, it is
quite prominent at the top of Facha Unit (figure-5 & figure-

6). Northward the structure is bounded by a low semi clo-
sure (graben shape) labelled L1 with an estimated area
~330km?. Due to the limitation of the data coverage the west
boundary of this graben is undefined, two fault zones are
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formed the graben, first one is the fault zone-3 at the south
flank, which is consists of a group of parallel to sub-parallel
normal faults dipping northward. The accumulation heave of
this fault zone is ~1.0 km and the sum of the total throw is
~0.27 sec, the deepest unit affected by these faults is the pre-
Upper Cretaceous unit (figure-6). The fault zone-3 obviously
caused that the time-stratigraphic units younger than the
Lower Eocene (upper blue interpreted surface) in the foot-
wall to be thinner than the equivalent units in the hanging
wall, which confirms that during the Mid-Eocene time these
faults were active. Unlike the fault zone-1 were the fault’s
dips decreases with depth, the dip of faults in this fault zone
is fixed. The second fault zone is fault zone-4, which has a
maximum heave of (~600 m) and vertical motion (~523 m),
the thickness of the hanging wall units is thicker than in the
foot wall, but the deference is being less than had been ob-
served in the previous fault zone. Units younger than the
Lower Eocene characterized by the presence of the rollover
anticline form along the main fault of this zone, this feature
disappears with depth. Number of produced wells (P1-72,
F3a-72, T1-72, and A1-NC73) were drilled at the flanks of
the structure high-2 as shown in the figure (6).

The deepest interpreted horizon is the top of the acoustic
basement, and due to the limitation of seismic data penetra-
tion, this basement may not consisted with the basement
determined from gravity data. True basement (pre-Cambrian
basement) mostly composed of intensively fractured and
deeply weathered of Pan-African age granophyric granite,
ranging between 670-460 Ma, (Williams, 1971 and 1972).

The producing of hydrocarbon from the basement rocks is
known in some reservoirs in the eastern part of Sirt Basin.
The time structure map of the top basement in the study area
(Figure-7) confirm that the Barrut Arch (H1) in the north
part is a basement-rooted structure that gently dipping east-
ward and steeply dipping northern and southern ward, the
morphology of this surface underwent a large depression as
a result of the impaction of the previous described fault

zones. H3 is another high structure dominated the south part
of the area (Figure-7), which also impacted by several NW-
SE normal faults, and considered as the third prospect in the
area.

The thickness variation of the deepest sediment succession is
demonstrated by the isopach map of the pre-Upper Creta-
ceous unit (Figure-8) which shows the distribution of many
closures with varies of low and highs peaks, caused by the
impact of the unconformity surface that caps this interval of
deposition (top basement- base of Upper Cretaceous), the
map displays only the present day thickness which has a
maximum value of ~2400 m at the south and decrease to the
less than 300 m at the north east of the area center. It is
noteworthy that the unconformity of the top surface of this
package and the faulting impact are both controlled this
variance of thickness. Tectonically this package of strata is
controlled by the first rift phase which likely began older
than Cretaceous and continued through the early Cretaceous
time.

4. Tectonic Subsidence Analysis

Group of six wells (Gla-72, P1-72, F3a-72, T1-72, Al-
NC177, B2-NC177,) located in the study area, in addition to
three other wells (S1-72, Q1-72, and U1-72) located nearby
to the south were used to study the tectonic history of the
area, the analysis shows that the study area passed with four
main tectonic stages, the first stage was the initial rift phase
which started proximately at the Mid-Cretaceous time
(~100Ma) during which the area underwent a significant
amount of subsidence, the second stage began at the ~84 Ma
(Campanian time) and characterized by a slow post-rift sub-
sidence persisted until ~65 Ma, sequentially the initiation of
the second rift phase took place, and a rapid syn-rift subsi-
dence had been accrued and continued through the Paleo-
cene—Eocene time producing a large amount of subsidence
estimated by (400m — 615m).
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Figure 8: The isopach map of the Pre Upper Cretaceous succession, the map reveals the general southward increase of thick-
ness, The contour interval is (200 m).
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At about 40 Ma (Bartonian time) the second post- rift subsi-
dence was begun and still persisted to the present day (figure
9).

The tectonic subsidence curves (TS) for the previously men-
tioned wells which produced by creating a back-stripping for
some depositional units are shown in (figure-10), it is note-
worthy that this recovered (TS) were computed without ap-
plying any sea-level or paleo-bathymetry corrections. The
TS curves for the all available wells show the first phase of
the subsidence (initial rifting phase) which took place during
the Late Cretaceous ‘Cenomanian through Santonian’ (100
Ma -83.5 Ma), with a maximum of 630m at well AL-NC177
and a minimum of 121m at well B2-NC177. Subsequently,
this initial rifting phase was followed by a slower period
persisted until 65.5 Ma (Campanian and Maastrichtian),
probably refer to the thermal subsidence period. Johnson and
Nicoud (1996) termed this stage by the rift-infill phase. The
TS curves show also a second rapid subsidence phase, iden-
tified hear as a second rift phase, during the period of Paleo-
cene - Mid-Eocene, that corresponding to the fault-activity
phase in the late Paleocene-early Eocene (Gumati et al.,
1991). Ultimately, the last stage of the subsidence appears

on all the tectonic subsidence curves for the used wells as a
slower subsidence episode, which considered as the second
thermal subsidence phase started in the late Eocene ~40.4
Ma and persisted to the present day. The subsidence range
during this phase is about 17 m at well S1-72, and 121 m at
well Gla-72, as minimum and maximum values respective-

ly.
4.1 Estimation of the stretching factor (p) value

It is known that there are varies method to calculate the
stretching factor (B) value. in this study, the using of the
computed tectonic subsidence curves was the approach, by
which we looking for the best matching between the ob-
served and the calculated curves through the program (Basin
Analysis Toolbox program ), the theoretical tectonic subsi-
dence curves created based on the McKenzie’s (1978) equa-
tions. The derived curves from the 9 actual wells have been
fitted to those theoretical curves, figure-11 shows the best fit
has been obtained for each single well.
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Figure 9: The accumulative tectonic subsidence through the geological time (2) at the end of the first rift phase ~ 83.5 Ma (b)
at the end of the first thermal basin sagging ~65.5 Ma, (c) at the end of the second rift phase ~48.3 Ma, and (d) the present day
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It is worthy to clarify that the used program for this purpose
has an optional setting for one rift phase or two rift phases
for more suitable comparison. We applied the second option,
since the characters of the observed curves are strongly sug-
gests that there are two rift phases. The displaying of the
results for the two rift phases reveals multi stretching values
distributed through the area. During the first rift phase, the
range of B values are 1.045 - 1.14, from which the maximum
crustal stretching value has been estimated and found about
14%, this maximum value recorded at well B2-NC177.
During the second rift phase the range of § values are 1.07

and 1.12, this indicating that the maximum value of the crus-
tal stretching was 12% recorded at the wells S1-72 and Q1-
72. However to obtain the net value of the total tectonic sub-
sidence from both rift phases, we calculated the product of
the multiplies of the both values (first and second B values)
for each single well, the final result shows that the minimum
and maximum [ values in the study area are 1.157 and
1.226, these values pointed that the maximum stretching of
the crust was 22.6%, obtained at well B2-NC177.

a Time (myrs) b Time (myrs) ‘ Time (myrs)
120 100 80 60 40 20 O 120 100 80 60 40 20 O 120 100 80 60 40 20 O
0 0 0
200 200 200
400 400 400 E
=
sooé 600:% 600 &
800 8 800 3 800 O
well G1-72 1000 - 1000 well F3a-72 1000
1200 | WEITE 1200 1200
d Time {myrs) e Time (myrs) f Time (myrs)
120 100 80 60 40 20 O 120 100 80 60 40 20 O 120 100 80 60 40 20 0
0 0 0
200 200 200
400 E 400 . 400 £
600 600 £ 600 £
8 £ &
800 800 § 800 5
O
well AL-NC177 1000 1000 well T1-72 1000
1200 well B2-NC177 1200 1200
§ Time (myrs) h Time (myrs) ! Time (myrs)
120 100 80 60 40 20 O 120 100 80 60 40 20 0O 120 100 80 60 40 20 O
0 0 0
200 200 200
400 £ 400E 400,5
600 < 600F 600 =
a > £
800 2 8000 800 3
1000 1000 10007
well U1-72 1200 well Q1-72 1200 Well 51-72 1200

Figure 10: The tectonic subsidence curves, evaluated from the stratigraphic data of 6 boreholes distributed in the study area
and 3 others close to the south (see the previous figures for the location). All the curves of used wells show the common shape
of a normal extension basin, with alternative phases of rifting and thermal sagging

4.2 Comparisons with previous published tectonic studies

The availability of well data in the Sirt Basin encourage
many researchers to study its subsidence history, i.e. Gumati
et al. (1991), Van der Meer and Cloetingh, (1993a), Tmalla
1996), Abadi et al (2008). Two previous studies have been
chosen for the result comparison, (Gumati et al., 1991), ‘fur-
ther will be noted as S-1°, and (Abadi et al., 2008), ‘further
will be noted as S-2°. Both studies (S-1 and S-2) were a re-
gional studies.

The comparison will be restricted to the results related to
area of my study. The subsidence results of well Gla-72
have been used for Comparisons with S-2 (figure-12, a & b),
some maps of the accumulative tectonic subsidence have
been used from S-1 (figure 12, ¢ and d). In general, both

studies suggested that there were multi mutual rapid rifts and
thermal sagging phases. Gumati and Nairn (1991) demon-
strated four main phases, similar to what have been obtained
from this study. Abadi et al. (2008) subdivided the main
phases into relatively short sub-phases based on each single
change in the rate of tectonic subsidence. The TS curves of
the common well G1a-72 for S-1 study, and this study have
quite similar shape but slightly differ in the accumulatively
amount of the tectonic subsidence versus time (probably due
to the different used programs). The three studies show the
magnitudes of the accumulated TS for the initial rift phase
(~90 Ma) as following: S-1 at this age the result not shown,
S-2 is ~390 m, and this study is ~432 m. regarding the sec-
ond stage which is denoted in this study by the ‘first thermal

sagging
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Figure 11: Estimation of () values, by obtained the best fit between the computed Tectonic subsidence curves of the nine
wells with the expected subsidence Theoretical curves which based on the McKenzie’s (1978) equation

phase (~65 Ma), the accumulative TS obtained by the study
S-1 is about 600 m, and by the study S-2 is about 530 m
while by this study S-3 is about 586 m. By nearly the end of
the second rapid rift phase (~50 Ma) the accumulative TS
values obtained from the three studies S-1, S-2, and S-3 are
1400 m, 735 m, and 1056 m respectively. Ultimately the
final maximum accumulation of TS at the present time from
S-2 and S-3 are 830 m, and 1116 m respectively, and unfor-
tunately S-1 does not show the value for this interval.

Table summarizes these tectonic subsidence values versus
time from the three studies.

Table 1: Summarising the tectonic subsidence values in
meters at the point location of well G1-72 as computed from
three different studies (Saleem, 2015)

Age (Ma) | Gumati study Abadi study | This study
() ($-2) (5-3)
90 Not shown 390 432
65 ~600 530 586
50 ~1400 735 1056

| present | Notshown | 830 [ 1116 |

4.3 The impact of paleo-water depth in the subsidence
calculation

It is obviously that the sediments load and the thermal con-
traction are the main factors that have the strong impact on
the basins rift (Watts et al., 1984).however, additional to that
there are a group of other factors when they combined to-
gether they have significant roles on the final result of the
basin rift, such of these are; paleo-bathymetry, global sea-
level changes, unconformities, and climate evolution & ero-
sion. The missing of any published quantitative data regard-
ing the paleo-water depth in the study area may be that made
the estimated values of the paleo- bathymetry are not highly
dependable.
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Figure 12: (a) and (b) The calculated tectonic subsidence curve (TS) at the well G1a-72, estimated by the study of Abadi et al
(2008), and by this study respectively. (c) and (d) show the maps published by Gumati et al. (1991) for the accumulation of
the tectonic subsidence of the Sirt Basin at 64 Ma and at 50 Ma respectively,. The red bounded area define the location of this
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Therefore to make sure that the estimated values are as close
as possible to the reality, all the available information related
to the sedimentary units and their depositional environments
have been gathered, as well as the confirmed information
about the fossils that found within each single sedimentary
unit of the stratigraphic column of the area.

Based on the collected information, and with help of one of
the expertise (pers. Comm., 2014), the paleo-bathymetric
values for each sedimentary units have been estimated. All
the estimated values is restricted by the information identi-
fied by Bezan (1996) and Muftah (1996), which documented
that the depth of the paleo-water in the Sirt Basin never ex-
ceed 200 m. The estimated paleo-water depth for each sedi-
mentary unit is shown in table-2, where slightly changed in

some wells according to the somewhat variation in the rela-
tive percentages of lithology identified in these wells. Ulti-
mately the paleo-water depth values have been used to pro-
duce the new tectonic subsidence curves (TS) as shown in
figure 13. To give a clear comparison, we plot three different
application simultaneously for every single well, the first
(blue), resulted from no paleo-water depth applying (zero
paleo-water depth), the second (brown) and the third (green)
resulted from applying the minimum and maximum paleo-
water depth respectively. One can note, that the general
shape of the curves is more or less the same (blue and
brown) while applying the minimum estimated values (0-45
m), However when the maximum estimated values are ap-
plied (40 m-200 m), an obvious drop down in the curves is
resulting, which reflect the increase in the subsidence value.
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Table 2: The minimum and maximum paleo-water depth values that assigned for different stratigraphic units which used to
produce the new tectonic subsidence curves, after (Saleem, 2015)

Unit name Age Ma Max dept. | Min. dept.
(m) (m)
Augila U. Eocene 0-40 40 10
Gialo Mid Eocene (Lutetian) 40.4-48.6 120 30
Gir L. Eocene(Ypresian) 48.6-53 80 20
Facha L. Eocene 53-55.8 130 30
Zeltan U. Paleocene (Thanetian) | 55.8-56.8 180 45
Dahra Mid Paleocene (Selandian) | 56.8-61.7 130 25
Beda L. Paleocene (Danian) 61.7-63.5 70 15
Hagfa L. Paleocene (Danian) 61.7-65.5 180 45
kalash U. Cret (Maastrichtian) | 65.5-83.5 100 25
Rachmat U. Cret. (Santonian) 83.5-89.3 200 45
Etel U. Cret. (Turonian) 89.3-93.5 100 25
Early U. Cret U. Cret (Cenomanian) 93.5-99.6 120 35
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Figure 13: The impact of applying the paleo-water depth on the subsidence curves of the used wells.
Note: that the same previous stratigraphic information from the 9 boreholes has been used

4.4 The effect of the global sea level change on the tec-
tonic subsidence

The determination of the amount of eustatic variations along
the depositional geological time is not easy task (Guidish et
al., 1985; Burton et al, 1987; Kendall and Lerche, 1988), and
due of that, the different long-term sea-level change that
have been estimated by a number of authors, revealed signif-
icant variation, especially at the Late Cretaceous time (Mil-
ler et al., 2005). To clarify this variation we can see some
examples of the previous attempts of estimating the global
sea-level changes such as; Vail et al. (1977) who consider

the depositional sequences as a base of his own Estimation
(Mitchum et al., 1977); Pitman (1978) follow a different
method in which he has suggested that the long-term fluc-
tuation in the sea level scale can be result only by the change
in the length and rate of the seafloor spreading. While Watts
& Steckler (1979), based their estimation on the paleo-
environmental and the stratigraphic record data. The more
recent curves have been published by Miller et al. (2005),
which is similar to what proposed by Watts and Steckler, put

it is less in the magnitude, the mentioned curves are shown
in (
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Figure ). The curves of Watts & Steckler (1979) and Miller
Vail et alef187702005) have been used to observe the impact of the

400 pitman (gygjga}l sea-level change during the geological time in the
study area, as shown in
300 Watts & Steckller 1579)
— 200 Miller et FhipPOASY applying these values for the 9 used wells A new
£ tectonic subsidence curves were produced as shown in
—j 100 (Figure ). It is clear from the produced curves that at all the
vi 0 R wells, the application of (Watts and Miller) values of sea-
o ge always cause a slightly reduction to TS depth,
-100 however the reduction of Miller Model is little bit less than
the one by Watts.
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Figure 14: The Global relative sea-level change, as estimated by Miller et al. (2005) (brown line); Watts & Steckler (1979)
(black line); Pitman (1978) (green line); and Vail et al. (1977) (blue line). Modified from Watts et al. (1984).

Table 3: Sea level change versus time (Ma), relative to the present day sea-level, constructed from the published curves of
Miller et al. (2005) and Watts et al. (1979)
Age (Ma)

0 [ 339 ] 404 | 443 ] 484 | 535 | 558 | 57.7 | 60 | 655 | 835 | 90 | 93 | 996
Watts Model (m)

0 | 48 [ 60 | 65 | 75 | 75 | 80 | 80 [ 85 ] 100 [ 75 [ 60 | 58 | 10
Miller Model (m)

0 [ 20 [ 3 | 50 [ 58 | 60 | 59 | 52 [ 50 | 42 | 45 | 44 | 42 ] 40
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Figure 15: The impression of the sea-level change, onto the tectonic subsidence curves of the available nine wells in the area
of study. The effect is negligible at most of the wells, and just a small change in the curves shape occurred

5. 2D Gravity Modelling

To add more valuable analysis to the current study, two
gravity models have been constructed along two profiles A-
Al and B-B1 by utilizing the modeling facility (GM-sys)
program. The density values for the modeled units were ob-
tained from the density logs of the available wells, or from
the composite information of the units (lithology and porosi-
ty). The estimated density values of the unities are shown in
(table- 4). The boreholes information and the interpreted
seismic sections were used as a control tools for the gravity
models. The strike direction of each profile has been chosen
to pass through the good coverage areas and to cross cut the
dominant anomalies (figure-16).

5.1 Model A-Al
The first E-W profile A-Al is proposed to simulate the sub-

surface units until the basement depth, and to approach this
target we used the residual gravity anomaly after removing

the regional filed from the Bouguer anomaly. Figure- 17
demonstrates the final shape of the A-A1l, the profile is 108
km long. The model attempted to simulate the same deposi-
tional units as having shown previously on the interpreted
seismic data of the area of study.

As one can note, that the model suggests an average depth
for the top surface of the basement ~ 5.25km (minimum
4.6km and maximum 5.7km). The consistency of the base-
ment depth that obtained from the gravity model and the one
obtained from the seismic data is not always satisfying, this
variation in the depth values occasionally result from the
miss define the right horizon that represents the true base-
ment due the low resolution of the seismic data, or from the
other hand could be as a result of the miss-define the proper
density of the model units. The model reveals a structural
high (an anticline) at the middle of the profile where affected
by a number of major faults, that possibly being the reason
for increasing the hydrocarbon potentiality of this structure
since a number of produced wells were drilled. A group of
other faults were noted to the right and left of this high struc-
ture. Most of these faults dipping eastward with angles range
from 50 -60 degrees, others are dipping westward. One can
note that all the faults are nearly parallel normal faults which
may confirm that they are most likely related to the same
tectonic event (extension event).
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Figure 16: Showing the gravity data coverage and the location of the profiles A-Al and B-B1

Table 4: The assigned densities for the different Units estimated from a group of wells in the area of study, after Saleem

(2015)
Unit name S. U Gialo Gir Facha Beda
(M. Eoc.) (L. Eoc. 2) (L. Eoc.1) (Paleoc.)
Density g/cc 1.938 2.198 2.5 2.485 2.559
Unit name U. Cret. Pre- U. Cret. Basement L. Crust Mantle
Density g/cc 2.597 2.621 2.67 2.75 3.3
5.2 Model B-B1

The second model has been constructed along the N-S pro-
file B-B1 with a length of 62.5 km. The simulated deposi-
tional units have been given the same density values as in
the model A-Al. In this model, the deep crust layers until
the Moho depth were targeted for simulation. The upper part
of the model is zoomed in (Figure-18) from which it is no-
ticed that another structural high exists at km 42.5 from the
north begging, the high seems to be a produced trap where
some oil wells were drilled such as A1-NC177, the mini-
mum and maximum depth of the top surface of the basement
are 4300m and 7290m respectively. The lower part of the
simulated model is shown in (figure-19) which demon

strate the morphology of the basement, lower-crust, and
Moho surfaces, the minimum and maximum depth of the
Moho are 27600m and 33450m respectively. These four
depth values for the basement and Moho will give us an in-
dication of the crustal extension factor (B). According to the
McKenzie (1978), McKenzie (1985), and McKenzie (1988)
the variation of the Moho and basement depth can gives an
estimation of the crust extension factor (B), since p=L/LI
where L is the original thickness of the crust (29.15km), and
L1 is the thickness of the thinned crust (20.31 km). There-
fore, the estimated value of the B factor in the study area
regarding to this model is ~1.43.
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6. Results, Discussion, and Conclusion

Seven seismic horizons trough the 2D and 3D seismic data
that covering the area of study, representing multi important
surfaces and marks in the area were interpreted, the interpre-
tation revealed that a number of fault zones are dominated
the area of study. These fault-zones impacted the strata units
and controlled their thickness. It is suggested that they are
either young faults or may be resulted due reactivation of
older basement structures, because it is observed that most
of these faults are cut the Cenozoic deposition (late post-rift)
and show respectable changes in thickness during the post-
Eocene. These fault zones are:

Fault zone-1, in the north part of the area, caused a total
heave and throw of ~1.0 km and ~0.3 sec respectively. With
a ramp master fault propagating deeply along the strata,
these faults are younger than the Mid-Eocene, since they
crosscut the formation of this age (Gialo Formation) and the
older units below; the faults can be traced as deep as the
Upper Cretaceous, and have significant impact on the Barrut
Arch structural high.

Fault zone-2, has a maximum throw of 0.058 sec (~162 m),
its age is also younger than the Mid-Eocene, and propagate
deep to the top of Upper Cretaceous, from which it believed
that they are related to the post-time of the second rift phase
(Upper Cretaceous - Mid-Eocene).

Fault zone-3 forming and define the south flank of the struc-
ture low L-1 which has the graben shape within the Enaga-4
area, group of parallel to sub-parallel normal faults perform-
ing this fault zone with a northward dipping direction, the
net sum of heave and throw is ~1.0 km and ~0.27 sec re-
spectively, most of these faults are post Mid-Eocene in age,
but they extended deeply to the pre-Upper Cretaceous unit.
Obviously, the fault zone-3 caused that the hanging wall
time-stratigraphic units being thicker than their equivalent
units in the footwall, since in some area, such as the graben
L-1the maximum variation in thickness exceeds 300 m.

Fault zone-4 define the north flank of the graben L-1, it
caused a maximum heave of (~600 m) and throw of ~0.16
sec (~523 m) the throw is being decreases with depth. Com-
paring with the fault zone-3 the deference in thickness of the
stratigraphic units in the hanging wall and foot wall is less.
Along the main fault of this zone the most upper layers
(above the top of Lower Eocene) distinctly have a rollover
anticline shape appearance, and this phenomenon disappears
as we move deeper.

The majority of faults in the study area extending NW-SE
(N31°-60°W), some are E-W trending, and others, essen-
tially under the top of Cretaceous, are NE-SW. the interpre-
tation shows that the Barrut Arch in the north part of the area
is a deep-seated (basement rooted) structural high, which is
sectioned due to the fault zones into two parts. The NE part
performs a rollover anticline in the hanging wall of fault
zone-1, while the SW segment performs the footwall of
Fault zone-1, the arch is also predominated by a group of
parallel faults performing the fault zone-2. The interpretation
reveals that the footwall of the fault zone-3 which located in
the area of Enaga-4 represents another structural high (H2),
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this structure formed a significant trap for the hydrocarbon
of the Facha Unit (one of the produced units in the area).
The structure extends in depth from lower Eocene unit until
the pre-Upper Cretaceous unit where it becomes gentler.

In addition to these structural-highs there are number of gra-
bens distributed in the area adjacent to these highs, with dif-
ferent geometries and depth, as following:

Graben shape structural low (L1) which is a semi-closure
included within the Enaga-4 area, the graben being bounded
southward by the fault zone-3 and northward by fault zone-
4,

Low structural (L2), adjacent to the Barrut arch from the
northwest side, is expected to be an extension of structure
(L1), but the lack of data does not allow us to confirm this
explanation.

Structural low (L3) included within the Enaga-3 region, has
E-W elongated shape, bounded from the south by a highly
faulted area.

the basement depth map and the pre-Upper Cretaceous unit
thickness map both are exceedingly demonstrate the Abu
Tumayam deep Trough, but the overlying stratigraphic units
show an inverse dipping of their strata (northward dipping)
due to the big unconformity took place after the end of the
pre-upper Cretaceous caused the trough area appears as an
elevated area on the younger units maps.

Obvious there are four noticeable events in the tectonic sub-
sidence values due the applying the high values of the paleo-
water depth. First of them is nearly at the end of the first rift
phase (~83.5 Ma), resulted when we applied a value of ~200
m of paleo-water depth, this application made a reverse pat-
tern on the second tectonic phase (first post rift phase) in
most curves of the wells, that appear a slightly uplifted in-
stead of getting subsidence.

The second and third noticeable events are during the time
~61.7 Ma and ~55.8 Ma (second rift phase interval), here the
subsidence curves didn’t go smoot but they show some
troughs and peaks during its slope, due to the extremely rela-
tive changes in the values of water depth (80 m-180 m). The
fourth event noticed about the subsidence curve of the last
phase (second post rift, ~40.4 Ma) when 120 m water depth
applied, this application also leads to a partially uplift in
some wells since that time to the present.

7. Future Scope

The study has been performed on a limited area due to the
limited data therefore the results restricted to this area. We
attempt to continue the study to cover the entire basin with a
borehole data for a significant number of wells and good
coverage of seismic data. At the same time we can use other
software such as the Move™ software for more investiga-
tion and extra quantitative information about the tectonic
events that took place through the geological time.
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