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Abstract

The interpretation of the Jarrafa magnetic and igranighs, NW Libyan offshore,
suggests that it may be caused by a body of higisieand high magnetization.
Analysis of their power spectra indicates two gwop sources at : 1) 2.7 km depth,
probably related to the igneous rocks, some of whiere penetrated in the JA-1
borehole, 2) 5 km depth, corresponding to the faih@ causative body and 3) 10 km
depth, probably referring to the local basementldephe boundary analysis derived
from applied horizontal gradient to both gravitydanagnetic data reveals lineaments
many of which can be related to geological striegygrabens, horsts, faults).

The poor correlation between pseudogravity figsinduced magnetization
and observed gravity fields strongly suggests that causative structure has a
remanent magnetization (D=-16°, 1=23°) of Early @oeous age, fitting with the
opening of the Neo Tethy&Ocean.

Three-dimensional interpretation techniques in@id¢hat the magnetic source
of the Jarrafa magnetic anomaly has a magnetizatiensity of 0.46 A/m, which is
required to simulate the amplitude of the obsemwednetic anomaly. The magnetic
model shows that it has a base level at 15 km.

The history of the area combined with the analgsid interpretation of the
gravity and magnetic data suggests that : 1) tlwecsoof the Jarrafa anomaly is a
mafic igneous rock and it may have formed duringeanly Cretaceous extensional
phase, 2) the Jarrafa basin was left-laterally igtealong the WNW Hercynian North

Graben Fault Zone, during its reactivation in tleelECretaceous.
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1- Introduction

The study area is located between°B2E - 13 57°E] and [33 50'N - 34
43'N] (Figure 1). The Jarrafa magnetic and grasitymalies lie in a region known as
Pelagia, which is a salient of the African platel @aapresents an unstable continental
margin formed during the Carboniferous collisiontbé African and the Apulian
plates. This region has experienced a number obmigctonic events, namely
Hercynian compression, Jurassic extension and Alp@rogenic compression
(Dewey et al., 1989). During the Hercynian evene threa was extensively
restructured, forming the strong WNW fault systdratthas subsequently dominated
its structural evolution.

The magnetic and gravity data used in this studyewsbtained from ship-
borne measurements by various contractors in thed&975-1987; they have been
collated by the National Oil Corporation of LibyBhe anomalies considered in this
study were identified from magnetic and gravity edgirepared by the Simon-
Robertson Company for Sirt Oil Company.

The distribution of the gravity and magnetic measwnt points along
profiles within the study area are shown in FigRrd here are 166571 magnetic and
180955 gravity points. The latter were fully cotext for topographic effects using a
reduction density of 2.2 cgs. Densities and magraisceptibilities of sedimentary
basin and crystalline basement rocks are desifableny magnetic and gravity data
interpretation. Unfortunately, neither density nomagnetic susceptibility
measurements are available for the rocks of thaysitea.

The Jarrafa magnetic and gravity anomaly maps (Eg3a-b) were gridded
with a 2 km grid cell size and mapped at 1 mGaka@onintervals for gravity and 20
nT for magnetics. The magnetic data show that tlegnatic anomaly has an
amplitude of 200 nT, and a small low in its northeart, indicating a magnetization
dipping steeply to the north.

The gravity anomaly has a maximum value of 24 mdti values dropping
down to their lowest levels towards the SW. Thevilyaanomaly trends WNW and
the Jarrafa-1 borehole is located at its northwadt It is probably related to the north
Graben fault zone (NGFZ) as shown on the tectorip.m

Jongsma et al. (1985) have interpreted the longelgagth of magnetic
anomalies in the NW Libyan offshore as being causethe presence of Jurassic and

Late Cretaceous volcanics. The regional backgraninthe magnetic map of NW
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offshore Libya has been defined as a weak magbesement overlain by a thick
sequence of non-magnetic sediments (Dewey et39)1while the strong anomalies
are probably intrusive volcanic plugs which pertettae overlying sediments.

The aims of the present study are to interpretati@maly in terms of three-
dimensional models. Its purpose is to define tHatioln between the gravity and
magnetic lineament and geological structures bynsmed geophysical methods. We
can expect the geophysical data to illuminate #epdyeology, which is complicated
by the above mentioned orogenic phases, and to imedierstand the structural

development of the Jarrafa basin and its geodynanptications.

2- Geology

There are several wells in the Libyan offshore &ted penetrated igneous
rocks, some of them on more than one horizon. Mdsthese wells show that
volcanics become more common towards the boundatywden continental and
oceanic crust (NE of the study area; Seddig, 19B23. thickest and most significant
volcanics in the Libyan offshore area occur iniaeafa-1 borehole (Figure 4) which
penetrated thick volcanic rocks. In the Upper Gretais 434 m of basalts and
volcanic breccias were reported at a depth of 2#6®mplaced in the Turonian-
Cenomanian interval. The Lower Cretaceous conthtsm of basalts emplaced in
the Albian-Aptian interval. The borehole was ddlleear the centre of the anomaly
but was apparently not deep enough (3373 m) tchrdae source of the gravity and

magnetic anomalies, the top of which is estimatesdraost 5 km.

a) Tectonic setting

The Pelagian block is a collective term for theaate the north of the Libyan
Coastal Fault system, which separates it frometagively stable Saharan platform to
the south. The Pelagian block, which is underlgircdntinental crust, is a part of the
African plate that abuts the Apulian plate to foantontinental block separating the
Eastern and western Mediterranean Ocean basins.

Since the Hercynian there has been a more or lessnaous relative motion
between the African and European plates, whichndidactually separate them until
the middle Jurassic. This motion was complex wihesal changes in direction (from
NW-SE convergence prior to the Late Miocene to hbyigN-S or NNW-SSE

convergence) resulting in complicated structureth wepeated reactivation (Ziegler,
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1992). Global plate models suggest NNW convergearfide African and European
Plates in the Mediterranean north of Libya (Livermaand Smith, 1985). The
geological history of Pelagia has been describea bymber of different authors (e.qg.
Dewey et. al., 1973; Biju-Duval et. al., 1977; Pammet. al., 1981; Finetti, 1982; 1984;
1985; Dewey et al., 1989; Pavoni, 1993). The tdctbrstory of the study area, since
the Late Carboniferous, has been divided into fmeniods that correspond to large
scale plate tectonic episodes: the Hercynian evextends from the Late
Carboniferous into Late Permian; the stabilizatibthe Pangea supercontinent, after
its assembly during the Hercynian, from Late Pemi@amiddle Triassic; the initial
break-up of Pangea, beginning with Late Triassiting, that culminated in the
opening of the Central Atlantic and Neo-Tethys Osem the Middle Jurassic, and
continued to the mid-Cenomanian (Late Triassic i @enomanian); and the Alpine
Orogeny, driven by the convergence of Africa andopa, starting in the mid-
Cenomanian and continuing to the Present. Withi bhoad framework, Dewey et.
al. (1989) recognized nine distinct tectonic phasesh associated with a change in
relative plate motions and the resulting reorigateof the stress field over Pelagia. A
brief discussion of these phases follows:
1. Late Carboniferous to Late Permia@uring the Hercynian event Gondwanaland
and Laurasia collided to form the supercontinentPahgea. Although Pelagia lay
outside the orogenic belt that developed alongctikésional suture, its basement was
restructured by a series of major WNW trendingtfaurhese faults developed as part
of major right-lateral shear zones that extendedsacsouthern Europe and Northern
Africa. Within Pelagia the most important of thddercynian faults were the Jeffara
fault, the Libyan Coastal fault system, the Souttald&n fault zone (SGFZ), the
NGFZ and the Melita Graben fault zones. In therlatages of this event, right-lateral
motion along the Libyan coastal fault system arel $i6FZ caused compression and
fault uplift in the area that was to become ther&abbasin.
2. Late Permian to Middle TriassicAfter the Hercynian event there was a short
period, corresponding to this phase, when the gentiof Pangea was fairly stable.
With this stability the strike-slip motion of theektynian fault system ceased. In
Pelagia this was a tectonically quiet period withnmajor structural events.
3. Late Triassic to Middle Jurassicthis phase corresponds to the initial breakup of
Pangea, when rifting started between Africa andtiNd&merica along a zone which

was to become the central Atlantic Ocean. Differatds of extension along this zone
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resulted in the separation of Africa and Europeicafwas moved left laterally with
respect to Europe. According to this motion the WN¥ércynian faults were
reactivated and moved left laterally. This leftelal motion caused the initiation of
the Sabratah basin as a pull-apart between thahiBpastal fault system and SGFZ.

4. Middle Jurassic to Middle CenomaniaAfter the opening of the central Atlantic,
Africa drifted away from Europe to the SE, the bdary between the plates began to
fragment and the Apulian and Anatolian microplateied away from North Africa,
opening the Neo-Tethy3 Ocean. Northern Pelagia became a passive margimsof
new ocean and began to subside thermally.

5. Middle Cenomanian to Maastrichtiain this phase the motion of Africa relative to
Europe changed from southward divergence to nosthvaad convergence. This
event is usually regarded as marking the onsdieoftpine Orogeny and corresponds
with the beginning of this phase.

6. End of Cretaceous to YpresiaDuring this phase there was no detectable relative
motion between the African and European plates. Jemeafa basin, which lies along
the northern side of the NGFZ, began to subsideisitime.

7. End of Ypresian to end of Eocerauring this phase the motion of the African plate
with respect to the European plate had a NNE daectin both the Sabratah and
Jarrafa basins there was an increase in subsidence.

8. End Eocene to TortoniarDuring this phase, and until the middle of Burdimya
Africa had northward convergence with respect taoga. From the middle of
Burdigalian until the end of the Miocene the direatof convergence changed to
NNE.

9. Messinian to RecenDuring this phase, the motion of Africa relative Europe
changed from NNE to NW. The effect of this changepiate motion was the
reactivation of WNW Hercynian fault zones, whichoguced a number of deep
grabens across Pelagia. These include the soutth @waben fault zones in the

Libyan offshore.

b) I1gneous activity

The volcanism in the central part of the Meditee@n area has been
investigated by many authors (e.g Zarudski, 1972 PBola, 1973; Finetti, 1982:
Jungsma et al.,, 1985). Throughout the PelagianfShelcanic activity has been

intermittent from Triassic to Quaternary with stgolocal activity in the Jurassic,
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Cretaceous and middle Late Miocene to Quaterngnedus rocks occur as intrusive
dikes, laccoliths and extrusives. Finetti (1982yidkd the history of the central
Mediterranean into four extensional phases on tioairgls of numerous available
geological, geophysical and well data: 1- Middle Wpper Triassic, 2- Middle

Jurassic, 3- Upper Cretaceous , 4- Neogene-Quagerna

The first extensional phase started in the midiiessic and continued
through the Late Triassic. Many basaltic horizoasenbeen found in wells in the
Ragusa-Malta area as evidence of this large movemen
The second extensional phase occurred in the middtassic, when the most
impressive and prominent volcanic activity of theilg-Malta area took place.
Practically, over a large part of this provincds tbtratigraphic interval is completely
or almost completely made up of igneous rocks. kitdland along the Sicily-Malta
escarpment middle Jurassic volcanic rocks are found

The third extensional phase occurred during thée L@retaceous. In the
Sabratah basin there is evidence of extensiontdries with faulting and basaltic
effusions widely distributed at this time.

The last extensional phase occurred during thegdle®-Quaternary. During
this phase faulting activity affected the whole d&@@&n Sea. This rifting phase is
associated with prominent volcanic activity in mamnes of the Pelagian and lonian
Seas. Impressive volcanic bodies are recognizéigeidionian abyssal basin, the most
important one being the Marconi seamount area wiier¢hinnest crust conditions of
the lonian Sea exist and the maximum Bouguer gravibmaly of the Mediterranean
area is found (310.0 mGal) (Finetti and Morelli7 3.

The Sicily Channel has the typical tectonic suuetof a continental rift
valley formed by three main graben trending NW-8&ntelleria, Malta and Linosa
Graben). Geophysical studies (Allan and Morellif 1Pshow that an up to 90.0 mGal
positive Bouguer anomaly exists along the axedldheee graben which affect this
part of the Mediterranean Sea. Positive magnetamaties occur near Pantelleria,
Linosa and in other areas of the Sicily channelrddski, 1972). The magmatic
activity in the Sicily Channel has been relevamicsi the early Quaternary up to
Recent. The volcanism is strictly related to thetipalar tectonic structure of this
area. The main feeding fractures of the volcanismPantelleria and in Linosa,
together with the elongated shapes of submergechni relief, are parallel to the
main tectonic trend (NW-SE) of the Sicily Channié valley. Barberi et al (1969)
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obtained a K/Ar age for the Linosa rocks of lesantti Ma. All the rocks from
Pantellena and Linosa have basaltic affinitiesRBola, 1973).

A brief comparison of the four extensional phaséduced by Finetti (1982)
with the nine extensional and compressional phpegzosed by Dewey et al. (1989)
shows that both authors have agreed to call thasdier and Triassic phases
extensional phases, but there is a conflict betvieerLate Cretaceous and Neogene-
Quaternary phases : Finetti (1982) calls them eib@mal phases based on the
volcanic rocks that were found in the boreholes ttaded in the seismic profiles,
while Dewey et al. (1989) stated that, since theéelL@retaceous, there has been
compression between Africa and Europe based osttity of their relative motion. It
seems the classification of nine phases produce®dwey et al. (1989) is more
accurate than that produced by Finetti (1982).

However, Ziegler (1992) stated that the ltalo-Diehdlock split from Africa
during the Late Jurassic. Dewey et al. (1989) migid that, during the Middle
Jurassic, the Apulian and Anatolian plates pullecyafrom North Africa, opening
the Neo-Tethys 3cean between Africa and Europe. Thus the Libyarticental
edge was converted into a passive rift margin (Deeteal. 1989). At other passive
margins continental volcanism is often widespreading rupture (White, 1987).
Thus, the igneous rocks encountered in the borsholéhe NW Libyaroffshore are
probably related to the reactivation of Hercyniasdment faults due to the change of
the stress field direction between the African Bodopean plates, allowing magma to
erupt as lava flows. During the same period plut@mplaced in the Jurassic and
Triassic in the Libyan offshore and near the Ragdalia area, were probably related
to extension during Jurassic-early Cretaceous tifiés area is the edge of the
African continent where the Apulian and AnatolialatPs pulled away in the mid-
Jurassic, forming the Neo-Tethys 3 Ocean in theakev Considerable volcanic

activity would be expected in such a passive masgiting.

3- Geophysical data
a) Power spectrum analysis

From the digital data used to prepare Figures 3h 3m the azimuthally-
averaged power spectra were computed for both thgnaetic and the gravity
anomalies. Spector and Grant (1970) showed tharfansemble of prismatic blocks

with infinite depth extent the logarithmic radialexgy spectrum of the total magnetic
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intensity consists of a straight line whose gradierrelated to the average depth to
the tops of the prisms. Furthermore, in the case @buble ensemble of prisms, two
gradients would normally be obvious in the spectruith the steep gradient related
to the deeper sources and the low gradient retatdte shallow sources.

Figure 5a shows the graph of azimuthally-averagedep spectrum against
wave number for the magnetic data. Three lineamsegs are apparent before
significance is lost in digitization noise, indicey the presence of three discrete
magnetic sources at different depths. The stadisticodel of Spector and Grant
(1970) allowed source depth estimates to be deriveth the slopes of these
segments. For the magnetic anomalies these werputethat 2.7 km, 5.0 km and
11.0 km below sea level. The gravity spectra shiasit arises from four sources at
different depths computed at 2.3 km, 5.0 km, 9.4dad 13 km. The deepest gravity
source is probably related to the base of the fdacausative body, the other sources
are similar to the magnetic sources (Figure Sbiaddition, a power spectrum of the
reduced to the pole magnetic grid, which represémsmagnitude of the various
frequency components of a 2D image that has beemnidfaransformed, has been
computed and seems in agreement with the locafitimeanain source at the origin of
the anomaly. The shallow source is probably relébetthe volcanic rock encountered
in the borehole, the intermediate source represbntsausative body underlying the
Jarrafa anomaly, and the deeper source may reptbsetepth to the local basement.
The nature of the basement in the Libyan offsharestill unknown. In fact, the
deepest well in the Libyan offshore (L1-137) wadlelt in the Sabratah basin,
reaching the Upper Triassic succession, but iteisegally accepted that most of the
Palaeozoic was eroded during the Hercynian oro@ewlythe Triassic sediments are

thought to be unconformably lying on a Precambbasement. (Dewey et al., 1989).

b) Magnetic and Gravity inter pretation

The magnetic anomaly map is more difficult to iptet than the gravity map.
This is because of the shifting of the magneticnaaly away from the apex of the
underlying source by the inclination of the presealy field. Additionally, the
remanent magnetization associated with any magrieiidy may cause further
complications.

In order to compensate for this shift, the pseualdty anomaly (Baranov,

1957 ) is produced from the magnetic anomaly ughey induced magnetization
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direction and keeping the ratio of intensity of matization to density at unity. The
pseudogravity is used for magnetic interpretatiordétermine the edges of source
body. Furthermore, the comparison of pseudogravitly observed gravity is made to
see if the same feature is generating both grawitymagnetic anomalies.

We used in our calculations the transform of thes§tm equation relating the

gravity and magnetic field potentials expressedeyGip%—Y, where U, V, |, Jp, G
are, respectively, magnetic potential, gravitationpotential, direction of
magnetization, magnetization intensity, density d@Adavitational constant. The
application of this transform is well known and hmeeen applied successfully (Bilim
and Ates, 1999, 2004). The pseudogravity fieldhef darrafa magnetic anomaly for
induced magnetization of the present day field (9=1=47°) shows poor correlation
with the observed gravity field (Figure 6a), sudoesthat the causative body has a
remanent magnetization. Consequently several diffemagnetization directions
were used in the pseudogravity transformation amehs found that (D=-1% 1=23)
provided a pseudogravity field in which the maximanomaly is correlated with the
maximum observed gravity (minimization) (Figure 6B)he orientation of the
magnetization appears to be the most realistionasti of the total magnetization
vector orientation. Using the master apparent peirder path for Africa (Besse and
Courtillot, 1991), and reducing the data to theafarbasin (34°N, 13°E), we notice
that this direction of magnetization is Early Cosfaus in age. This age, which ranges
between 160 and 170 Ma, fits with the opening pkobthe Neo Tethys ocean. At
this time, the SE oriented stress directiphgse 4 mentioned by Dewey et al. (1989)
accommodates the extensional opening of the mainctatal features. As an
example, the orientation of most all of the Grafaarits, graben elongations, and the
Jarrafa basin are parallel to this stress directide also notice that the south-eastern
part of the Jarrafa basin is rotated counter-clas&vaccording to the gravity map
(Figure 3b).

The pseudogravity field for the induced magnetamatidirection was
interpreted using the iterative method of Cordatl #lenderson (1968), in which the
pseudogravity anomaly is simulated by that produmed suite of vertical rectangular
prisms, one per datum point. The prisms were assumbave a common base level.
Each prism has a horizontal cross-section of 2 Kirkrn. Several runs of the routine

with different base levels were necessary so tlebbdy reached the minimum depth
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of 5 km suggested by power spectrum analysis; #se tevel was then 15 km. The
model is shown in Figure 7a in terms of contourstlum centres of the top of each
prism.

The magnetic anomaly (Figure 3a) of the model Was talculated using a 3-
D Fortran code (see Kearey, 1991). The calculategnetic anomaly was adjusted to
simulate the amplitude of the observed magneticmaiy (Figure 7b). The
adjustment factor indicates 0.46 A/m to be theltattensity of magnetization.
Comparison of both observed magnetic anomaly (EigBa) and the calculated
magnetic anomaly (Figure 7b) shows that the magretiomaly of the model is
similar to the observed field.

The gravity field (Figure 3b) over the same arethasmagnetic field appears
to show a positive anomaly with a maximum value24fmGal associated with the
magnetic anomaly. It is flanked to the NE by the Whrending negative anomaly of
the Jarrafa basin and to the SW by the same WNWditrg negative anomaly of the
Sabratah basin. Since the density and density asintf the causative body are the
fundamental factors controlling the gravity anomaitgliable density values are
required for the gravity modelling. Unfortunatelthe Jarrafa-1 borehole did not
penetrate the body which caused the anomaloustgramd magnetic fields and,
therefore, no rock sample was available for meagutie physical properties of this
body.

The assumption was made that the source body kasathe composition as
the shallow igneous rocks that were penetratechbeylarrafa-1 borehole at 3373 m.
The shallow igneous rocks there have a basalticposition (Figure 4) and have a
density in the range 2.70-2.90 cgs, whereas thsityeof the upper crust is 2.68 cgs.
A density contrast of 0.12 cgs was consequently@dbfor this body. This appears
to be the most realistic estimate of the densitytrest value for the causative body.

The gravity anomaly was interpreted using a 3-Dviyaanomaly technique
(Cordell and Henderson, 1968), using the same &ortiode as before (Kearey,
1991). Different base levels were tried until tlog tof the model was 5 km as
calculated from the power spectrum (Figure 5b), appropriate level being 13 km
(Figure 8a). The gravity anomaly of the model whent calculated (Figure 8b).
Comparison of the calculated and the observed tgramomalies shows a reasonable
fit.
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In terms of magnetic and gravity boundary analy§lsydell and Grauch
(1982, 1985) presented a technique to estimateodegion of abrupt changes in
magnetization or density of upper crustal rocks.e Tmethod first requires
transformation of the magnetic anomaly into theupsgravity anomaly, which is the
gravity anomaly that the magnetized body would poadif it was of uniform
magnetization and density; the next step is toutaile the magnitude of the horizontal
gradient of the pseudogravity anomaly and to gietlocation of their maxima, which
approximately overlie the edges of the body. Biakeatd Simpson (1986) extended
this procedure to accelerate and automate the &teyd by comparing each grid
intersection with its eight nearest neighboursour fdirections along the row, column
and both diagonals to see if a maximum is preddaima are displayed at four
significance levels (N). The counter N is increadad one for each satisfied
inequality, ranging from 0 to 4 and provides a niea®f the quality of the maximum.
Their method was applied to the magnetic and gralata of the Jarrafa anomaly.

The magnetic field was transformed into a pseudatyrdield using a 23°
inclination and -18 declination. From the pseudogravity field the niagte of the
horizontal gradient was calculated. Then by conmgaeiach grid intersection with its
nearest neighbours in four directions using N=23t éawest, north to south and along
both diagonals, the maximum was obtained. The patemaxima in the horizontal
gradients provides the outline of the Jarrafa, raéigibody (Figure 9a).

The horizontal gradient of the gravity field, from whiche maxima of the
horizontal gradient are calculated with N=3 aretplh as crosses on the map (Figure
9b). The sinuous traces of maxima represent themiajrizontal gradients of the
gravity field. Many of these gradients can be bitied to geological bodies and major
structures. The map (Figure 9b) is rather more ¢exfhan for the magnetic field
because of the more numerous gravity anomaly ssungsing from density contrasts
within both sediments and basement.

The depth estimates to the magnetic sources wetained using Euler

deconvolution as described in the following equa(Beid et al., 1990):
%)M L y—v)OM 47—V OM _N (B-
(X=Xo)- I +(Y—Yo): 3y +(z-2): 57 N.(B-M)

where, ko,Yo:Z) iS the position of the magnetic source whosd tatgnetic field M is

measured atx(y,?. The total magnetic field has a regional valueBoand N is the
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structural index which is equal to three for a palipole and two for a vertical pipe.
More complicated bodies have indices ranging fr@rozo three. The technique is
based on the concept that the magnetic fieldsaafliced structures are homogeneous

functions of the source coordinates and therefatiefg Euler's equation.

Euler deconvolution provides a powerful tool to ifitate the mapping of
geological contacts and faults. It was performedhanreduced to pole total magnetic
field grid using a structural index of zero (suletp map geological contacts) with a
window size of 12km. The structural index is a measof the rate of change with
distance of the total magnetic field. The variotisictural indices (SI) for simple
models in a magnetic field are: (a) 0.0 for geatabicontacts and faults, (b) 0.5 for
thick step, (c) 1.0 for sills and dykes, (d) 2.0 pgpes, and (e) 3.0 for spheres.

The Euler deconvolution solutions for depths ragdimom 2km to 10 km are
plotted in Figure 10 on a contoured imagfereduced to pole total magnetic field.
They are plotted as a series of colour circleshwhie colour of each indicating the
depth to magnetic source and the centres indic#tiegosition of the source. Since
we used a structural index of 0.0 to calculateEhker solutions, we expect that the
map shows the position and depth of faults andaggodl contacts formed as a result

of juxtaposed rocks of various magnetic compos#tiorlowever, the NGFZ is

probably not a magnetized fault.

A composite map constructed from combining the Itesaf the gravity and
magnetic interpretations is displayed in Figure The map is self-explanatory and
shows that the main tectonic features in the are@rented in a NW-SE direction in
agreement with the mapped tectonic elements. This shows major trends (Figure
11): the boundary of the causative body of thealaranomaly, Jarrafa basin, and the

Sabratah basin North and South Grabens fault zdefined.
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4- Discussion and conclusions

The causative body of the Jarrafa anomaly is detyaa that of the igneous
rocks penetrated in the Jarrafa-1 borehole, suiggestat these igneous rocks do not
contribute significantly to the gravity and magoeinomalies because of either their
low density and magnetization or their alteration.

The high amplitudes of the gravity and magnetioraalies indicate that they
are caused by a high-density, magnetized igneoa that probably comprises mafic
igneous rocks, as these are the most common Idgledowith these properties.
According to the lithologies of rocks found in tharrafa-1 borehole, the volcanics,
which are composed mainly of breccias and basadtsyr at two different depths,
shallow at 2467 m and intermediate at 3272 m. ¢ivsethat there is a correlation
between the power spectra depths for the shallanceo(2.3 km for gravity and 2.7
km for magnetics, Figure 5) and the shallow depdimfthe borehole (~2.5 km). The
Jarrafa source body, which is located in the harea between the SGFZ and the
NGFZ, is elongated in a NW-SE direction. It shows tmaxima with two different
depths (5 km, 6 km) suggesting a dipping directmthe southeast. During the Late
Carboniferous, the NGFZ developed as a partly dhterega-shear zone (Dewey et
al., 1989). The north-eastern part of the bodyorstlled tectonically by the NGFZ,
which is steeply dipping to the northeast. Accogdio the gravity and magnetic
fields, the Jarrafa basin was left-laterally shdatwng the NGFZ (Figure 11) during
its reactivation. The age of this reactivationasrelated with the emplacement of the
Jarrafa source body, which is deduced from the misation age given by the
master apparent polar wander path at Early Cretesctmes. It is in agreement with
the reactivation of the WNW Hercynian faults, whioloved left-laterally in the
period ranging from Late Triassic through middlen@@anian (Ziegler, 1992).

By comparing both magnetic (Figure 3a) and grafffigure 3b) maps one can
respectively see a single anomaly and two locaheaties with varying amplitudes.
The 3D magnetic model shows two highs (Figure ajsed by magnetized bodies
located at 5 km and at 6 km, in agreement withdtevity highs shown in the 3D
gravity model (Figure 8a). This suggests that lleéhgravity and magnetic anomalies
are caused by the same igneous body. The calceaedy anomaly using a density
contrast of 0.12 cgs is probably affected by acstmal relief above the igneous body.

There are several wells in the Libyan offshoreaatfeat penetrate igneous

rocks, some of them at more than one horizon awsho Figure 4. Most of these

13 Page 13 of 36



wells show that volcanics become more common tosvdh@ boundary between
continental and oceanic crust (northeast of thdystwea; Seddig, 1992). The thickest
and most significant volcanics, consisting of biasah the Libyan offshore area occur
in the Jarrafa-1 well which penetrated predomiryamblcanics of 434 m thickness in
the Turonian-Cenomanian. It also penetrated 100otoawics in the Albian-Aptian.
An unconformity suggests some evidence that theemmppst volcanics were
emplaced during a tectonic event, probably thehsagt extensional regime related to
the southeast drift of Africa during Early Cretagsdimes.

Livermore andSmith (1985) and Ziegler (1992) indicated that tiagid
opening of the central Atlantic Ocean in the Lateassic - Early Cretaceous was
accompanied by an 8° clockwise rotation of Laurasid major sinistral translations
between Africa and Europe. Jongsma et al. (198&igated that the Early Jurassic
volcanics within the Jurassic section are relatedreak-up at about 180 Ma. Dewey
et al. (1989) indicated that, during the Middleassic, the Apulian and Anatolian
plates pulled away from North Africa, opening thed\Tethys 3ocean between
Africa and Europe. Thus, the Libyan continentaledeas converted into a passive
rift margin. At other passive margins continentallcanism can be widespread during
such rupture (White, 1987). For example, when toghern north Atlantic opened
during the Tertiary, the igneous province produgedritain, Northern Ireland and
Greenland is thought to be related to the rifting ¢he thermal anomaly produced by
a mantle plume. This plume is still active and &yrbe responsible for the active
volcanoes of Iceland (White and Mckenzie, 198=urthermore, rifting during the
Mesozoic opened a series of sedimentary basinitnwest Europe, such as the
More and Voring basins off Norway and the Rockalbdgh off northwest Britain
and Ireland (White and Mckenzie, 1989). In the laibyoffshore there is no evidence
to show that the central Mediterranean was undertai a hotspot during the
Mesozoic. Rather, a rift opened basins in the Libgtishore (including, for example,
the Sabratah basin). This margin apparently did dexelop into a true volcanic
margin like those in the northern north AtlanticdauB, the causative body of the
Jarrafa anomaly was probably intruded into the upgpest as a result of extensional
forces acting during the Jurassic-Early Cretaceous.

Based on the tectonic history of the area, apemnfthe Jurassic-Early
Cretaceous extensional phase, there is no othinteanechanism that can produce

such a large amount of magma. Although no attenast leen made to date the

14

Page 14 of 36



igneous rocks encountered in the Jarrafa-1 boretiedg were probably intruded into
the upper crust during the Cretaceous. North ofN&=Z (Figure 11), there is no
significant gravity or magnetic signature (FiguBes 3b).

According to our understanding of the opening @& @entral Atlantic Magmatic
Province (CAMP), we may suggest that, as recordestivard in the Reggane basin
(Smith et al., 2006), the far-field-stress effegfated to either the Cimmerian phase
(~140 Ma) or the Austrian phase (~125 Ma) could ks related to the small rotation
mentioned by Ziegler (1992). The signature of tbistion was probably recorded in
the south-eastern part of the Jarrafa basin asestemy by its counter-clockwise
curvature. The mechanism of this counter-clockwetation could be accommodated
by the left-lateral movement mentioned above.

The gravity and magnetic anomalies show a WNW tremdny tectonic
elements in the Libyan offshore follow this trersdich as the Libyan coastal fault
system, north and south Graben fault zones, Sdbead Jarrafa basins. This trend is
thought to have formed during Hercynian events ltiesu from the collision of
Laurasia and Gondwanaland to form the Pangea supérent (Badham, 1982). The
trend of the anomaly probably corresponds to pistieg weaknesses in the
continental lithosphere reactivated under exteraidarces during Jurassic-Early
Cretaceous times (see, for example, Courtillot,2)9Blowever, there is no evidence
of the existence of such a trend in the Pre-Herryrgeological history of North
Africa.

It is important to mention that the heat associatgh intrusion into an organic-
rich sedimentary rock may cause thermal alteratioiine organic matter. Maturation
of the organic matter in the vicinity of the intris can lead to the generation of
liquid hydrocarbons. Many accounts record hydrosashat the margins of and in the
vesicles of sills and dykes (e.g Parnell, 1985hilarly the heat of an igneous pluton
intruded into a suitable source rock could generatgy substantial volumes of
hydrocarbons. Calculations by Winkler (1979) sugdiest the country rock around a
10 km wide granite intruded at 800°C and 1.2 kmthlepould remain at nearly
maximum temperature for a million years. Therefdhee particular occurrence of
hydrocarbons around the igneous rocks in the Lilféshore could be related to the
role of these igneous rocks as a thermal and/octstral focus. This idea still needs
strong evidence for greater maturity of rocks frioaneholes surrounding the igneous

rocks.
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Figure captions

Figure 1. Tectonic and morphologic elements of the Pelagisea offshore Libya
(modified after Dewey, 1989).

Figure 2. Location of magnetic and gravity survey from shigrne profiles, run
during the seismic survey, within the study areahe period 1975-1987.
Black square: Jarrafa-1 borehole.

Figure 3. Jarrafa magnetic (a) and gravity (b) anomaly maipls l@spective contour
intervals of 20 nT and 1 mGal.

Figure 4. Lithology of the Jarrafa-1 borehole. 1: level@bbigering 2: Glauconite,
3: Marls, 4: Clays, 5: Chalk, 6: Limestones, 7: &tss 8: Volcanic breccias,
9: Bioclastics, 10: Bivalves, GR: Gamma Ray log (ARit), AT: Sonic log
(us/ft), D: depth (m).

Figure 5. a- Power spectrum of the Jarrafa magnetic anomalhadtvs three slopes
namely 1, 2, 3 respectively at 2.7 km, 5.0 km arid0O1km depth
corresponding to three levels of magnetizationPower spectrum of the
Jarrafa gravity anomaly showing roughly the sanopes (1-3) at similar
depths (2.3 km, 5.0 km and 9.4 km) except (4) lier deepest source (13.0
km), probably corresponding to the base of the ataresbody.

Figure 6. a- Comparison of Bouguer gravity map with pseudodyafield (contours)
for induced magnetization at the present day fi@d0°, 1=47°). Line
contour interval: 1 mGalb- Comparison of Bouguer gravity map with
pseudogravity field (contours) for the total maggaton of D=-168, 1=23"
and a ratio of density contrast to intensity of metgzation of unity. Line
contour interval: 1 mGal.

Figure 7. a- Three-dimensional model of the Jarrafa magnetieratyp, represented
by contours on the centres of the tops of the miggontour interval: 1 km.
b- Calculated magnetic anomaly of the 3D model ofifgg7a, based on the
magnetization effect of each given prism. Contoterval: 20 nT.

Figure 8. a- Three-dimensional model of the Jarrafa gravitynaaly represented by

contours on the centres of the tops of the prisbasitour interval: 1 kmb-
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Computed gravity anomaly of the 3D model of fig8a, based on the
density contrast effect of each given prism. Contoterval: 1 mGal.

Figure 9. a- Location of the maxima (x) of total horizontal dient of the
pseudogravity field (mGal/mh- Total horizontal gradient of the gravity data
with the location of the maxima (x).

Figure 10. Euler solutions for depth estimates (2-10 km). R§Bhown by contours
(contour intervals: 10 nT (50 nT) for thin (thickye). The coloured circle
indicates the depth to the magnetic source andctmre of the circle
indicates the position of the source.

Figure 11. Structural interpretation derived from magnetia amavity data. Notice

that a sinistral strike-slip (arrows) occurred aftee structuration of the

Jarrafa basin.

20 Page 20 of 36



ACCEPTED MANUSCRIPT

Page 21 of 36


http://ees.elsevier.com/geod/download.aspx?id=2786&guid=641f1149-aa14-47bd-add0-3f314d8ddbc3&scheme=1

-
-
c
O
2]
=
=
=
=
1l
=
o
i
3
g

1315’ 13°30° 13°45" 14
340000 360000 380000

13

12°45'

400000

T __ﬂ.ff.‘
ﬁ._—..._.w_.ﬁ../

T R N

RSN
3 .-.ﬁﬁ.?gn. 0

300000 320000

S

\+___.

SR A M A
b RN K,
oy .nu.h-.f*..'..wﬁ. .‘..-..H_..u".‘ .-“._

W
Ay

L. |4

|
0000Z8E
OE.PE

000D00BE 00008.LE
02.¥E OLYE

DODOSZE
Ve

0000FZE
06.68

13°30

14°

13'45

13158

13

10000 20000 30000

matres
WGE 84 / UTM zone 33N

10000 0

Page 22 of 36


http://ees.elsevier.com/geod/download.aspx?id=2768&guid=db7773fc-7689-42e4-8667-6327c2b4c3aa&scheme=1

ACCEPTED MANUSCRIPT

12745 13 1215 13°30° 13'45' 14
300000 320000 380000

L, [
D0000BE  QODDZBE  0DOOVEE
08.¥E Ob e

02.7E

OL.FE

. J
000096 0000BLE

0S.EE

s J | .|

300000 320000 340 360000 360000 400000
13 13'15' 13°30 1345 14"
10000 0 10000 20000 30000 nT
metres -358 -312 -297 -283 -268 -247 -192 —Wj—
WGS 84 / UTM zone 33N

0000 LE

Page 23 of 36


http://ees.elsevier.com/geod/download.aspx?id=2769&guid=1daf93f4-936e-41d0-8590-6932576b6bb2&scheme=1

Figure 3b
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Figure 5a-b
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Figure 7a
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Figure 7b
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Figure 8a
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Figure 8b
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Figure 9a

1245 13 1318 1330 1345 14
300000 20000 40000 60000 60000 400000

340
Drie

330

ks
O00CERE
0.

320
(Bl

a

3410
740000 FrGE0000 Fra0nod 0000 SER0000 340000

Fe

J
D000 OO0 OOO0CEE
oL

3350
05 e

1
00008

L I

300000 320000 340000 360000 380000 400000
13 1315 1330 1345 14

10000 0 10000 20000 30000
o e M—

metres
WGS 84 / UTM zone 33N mGal/m

0.000001 _ 0.000003 _ 0.000004 _ 0.000006 __0.000009

I, A | ]

Page 33 of 36


http://ees.elsevier.com/geod/download.aspx?id=2779&guid=e6708426-af70-4b52-951c-501dfb4b84dd&scheme=1

Figure 9b
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Figure 11
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